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Abstract

Aims The choice of revascularization with coronary artery bypass grafting (CABG) vs. percutaneous coronary intervention (PCI) 
in people with ischaemic left ventricular dysfunction is not guided by high-quality evidence.

Methods 
and results

A trial of CABG vs. PCI in people with heart failure (HF) was modelled in silico using routinely collected healthcare data. The 
in silico trial cohort was selected by matching the target trial cohort, identified from Hospital Episode Statistics in England, 
with individual patient data from the Surgical Treatment for Ischemic Heart Failure (STICH) trial. Allocation to CABG vs. 
complex PCI demonstrated random variation across administrative regions in England and was a valid statistical instrument. 
The primary outcome was 5-year all-cause mortality or cardiovascular hospitalization. Instrumental variable analysis (IVA) 
was used for the primary analysis. Results were expressed as average treatment effects (ATEs) with 95% confidence intervals 
(CIs). The target population included 13 519 HF patients undergoing CABG or complex PCI between April 2009 and March 
2015. After matching, the emulated trial cohort included 2046 patients. The unadjusted primary outcome rate was 51.1% in 
the CABG group and 70.0% in the PCI group. IVA of the emulated cohort showed that CABG was associated with a lower 
risk of the primary outcome (ATE −16.2%, 95% CI −20.6% to −11.8%), with comparable estimates in the unmatched target 
population (ATE −15.5%, 95% CI −17.5% to −13.5%).

Conclusion In people with HF, in silico modelling suggests that CABG is associated with fewer deaths or cardiovascular hospitalizations at 
5 years vs. complex PCI. A pragmatic clinical trial is needed to test this hypothesis and this trial would be feasible.
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© The Author(s) 2022. Published by Oxford University Press on behalf of the European Society of Cardiology. 
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distribution, and reproduction in any medium, provided the original work is properly cited.
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Structured Graphical Abstract

In silico trial modelling, using variation in the regional rates of CABG vs. PCI as an instrumental variable, suggests that CABG is superior to PCI at 5 
years for the primary composite outcome of all-cause-death or cardiovascular hospitalization. M, matched—emulated trial cohort; U, unmatched— 
targeted trial cohort; CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention; CI, confidence interval.

Keywords Clinical trial emulation • Hospital episode statistics • Coronary artery disease • Revascularization • Coronary artery 
bypass grafting • Percutaneous coronary intervention • Trial feasibility
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Introduction
Heart failure (HF) affects 1%–2% of the population, causes severe 
symptoms, high rates of mortality, frequent hospitalizations, and costs 
the UK National Health Service (NHS) £2bn per year.1 Coronary artery 
disease (CAD) is the most common cause of HF with reduced ejection 
fraction (HFrEF).2 The Surgical Treatment for Ischemic Heart Failure 
(STICH) trial failed to show treatment benefit in patients aged >60 
years or those enrolled in Western Europe or North America.3

Moreover, advances in pharmacological therapy since the STICH trial, 
mean that there remains significant uncertainty as to whether revascu-
larization is superior to medical therapy, and if so, which revasculariza-
tion strategy is optimal. Currently, patients with HF and CAD routinely 
undergo revascularization with coronary artery bypass grafting (CABG) 
or percutaneous coronary interventions (PCIs), despite there being 
limited evidence that it improves symptoms of HF or prognosis. The 
choice of the revascularization strategy is not guided by high quality evi-
dence, because most randomized controlled trials (RCTs) comparing 
the effectiveness of CABG vs. PCI excluded patients with HF.4,5 In 
the Synergy between PCI with Taxus and Cardiac Surgery 
(SYNTAX) trial, for example, only 1.8% of participants had left ven-
tricular ejection fraction (LVEF) < 30%.6 Therefore, the evidence 
from these studies is not generalizable to people with HF, who have dif-
ferent relative risks and benefits for both CABG and PCI, when com-
pared with people without HF.7 No RCT has compared CABG vs. 
PCI in this patient population. This means that these high-risk patients 
are routinely managed by Heart Teams in the absence of evidence.

Randomized controlled trials are challenging in high-risk groups. The 
need for extended timelines and high costs arise from lengthy govern-
ance processes, the requirement for feasibility studies, and failure to 
meet recruitment targets. One way to abbreviate this process is to 
model trials in silico using existing large-scaled routinely collected 
healthcare data. In silico trials are computational methods that use rou-
tinely collected healthcare data, pre-specified eligibility criteria, alloca-
tions to exposures of interest (treatments), measurement of 
outcomes of interest, along with advanced analytics, to emulate clinical 
trials. The results do not replace the need for clinical trials but can pro-
vide information on feasibility, outcome event rates, treatment effects 
sizes, optimal design of future clinical trials, and likely generalizability of 
these trials to the patient population as a whole.

The aims of the current study were to follow a structured process to 
model clinical trials in silico using Health Episodes Statistics (HES) in 
England linked to the national death registry, and to apply this frame-
work to test whether CABG is superior to complex PCI in people 
with multi-vessel CAD and HF.

Methods
Design
The outline of the target trial is illustrated in Table 1. Briefly, the design was 
as follows: patients: adults with a hospitalization for HF who had undergone 
revascularization (PCI or CABG). Intervention: CABG. Comparator: com-
plex PCI. Outcome (primary): composite of all-cause mortality or cardio-
vascular hospitalization at 5 years.

The protocol for the target trial was co-developed by patients and clin-
icians as part of the National Cardiac Surgery Clinical Trial Initiative.8,9 The 
working group consisted of 46 stakeholders, of which 26 members were 
service users. In total 12 investigator meetings were held between 2020 
and 2021 along with 2 dedicated Patient and Public Involvement workshops. 
All patient members had personal experience of cardiovascular disease 

either as patients or carers and came from a diverse range of backgrounds.9

The target trial protocol was used to develop an emulated trial protocol, 
which included all the key design features of the target trial, and gave the 
best approximation of the trial protocol given the limitations and con-
straints of the observational data used (Table 1). To model the trial in silico, 
first, we implemented the eligibility criteria, identified the intervention and 
comparator populations (target trial population), and mapped out the out-
come event rates using HES data, as specified in the emulated trial protocol. 
To mimic an actual trial population for analysis, as an estimate of the gen-
eralizability of a trial to the overall UK population, the emulated trial cohort 
was selected from the target trial population, by matching with individual 
patient data from the STICH trial cohort5 (Figure 1).

Due to the non-randomized nature of the data, we used statistical meth-
ods that mitigated the effect of confounding on treatment effect estimates, 
a key limitation of observational analyses. Specifically, the primary analysis 
used the random variation in the proportions of patients treated with com-
plex PCI vs. CABG across regions in England as a statistical instrument to 
assess treatment effects. We used instrumental variable analysis (IVA) to es-
timate the treatment effects of CABG vs. complex PCI for the primary out-
come. Sensitivity analyses were used to test the reproducibility of these 
estimates across alternative analytical approaches and outcome definitions. 
Finally, we outlined the design of a future pragmatic clinical trial that would 
confirm or refute our in silico findings.

The study received appropriate governance approvals from the 
University of Leicester Research Ethics Committee, NHS Digital, and the 
National Institutes of Health (NIH).

Data sources
Data sources included (i) UK HES, routinely collected healthcare data for all 
hospital admissions at NHS hospitals in England linked to the National 
Death Registry and (ii) individual participant data from the STICH trial; 
the only high quality RCT to date that evaluated revascularization in the tar-
get population, from the NIH.3

Setting
All NHS hospitals in England (HES).3

Patient cohort
Patients hospitalized for HF (ICD10 I50) in England between 2009 and 
2015, who underwent revascularization (CABG or PCI) within the subse-
quent 2 years, were identified from the HES Admitted Patient Care dataset. 
Left ventricular ejection fraction is not available in HES and therefore we 
could not identify a HFrEF subset. Individual patient data from the STICH 
trial, detailing baseline status, interventions, and outcomes were acquired 
from the NIH.

Case ascertainment and outcome definitions
Phenotyping algorithms for defining study cohorts, inclusion and exclusion 
criteria, patient comorbidities and trial outcomes of interests are provided 
in Table 1 and Supplementary material online, Tables S1–S4. We defined in-
dex episodes as the hospital episodes in which revascularization (CABG or 
complex PCI) was performed. Coronary artery bypass grafting was defined 
by OPCS4 codes K40–K46. To model a trial in patients with multivessel dis-
ease, where either surgery or PCI may be indicated, we included only pa-
tients undergoing complex PCI in the PCI arm. Non-complex PCI was 
excluded as we judged that surgery would be less likely to be indicated in 
these patients. Complex PCI was defined by either of the following condi-
tions: (i) a single PCI involving multiple coronary arteries (OPCS4 K492) or 
deployment of three or more stents (OPCS4 K752, K754), or (ii) a staged 
PCI where the patient underwent more than one PCI intervention (OPCS4 
K49, K50, K75) within 90 days.

This definition would include PCI procedures described in contemporary 
trials of multivessel revascularization.6,10
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Table 1 Target trial and emulated protocols for a superiority trial of coronary artery bypass grafting vs. percutaneous 
coronary intervention in the UK

Target trial Emulated trial

Trial design Parallel Parallel

Blinding Open label Open label

Setting 30 cardiac centres in the UK All patients undergoing NHS care in England

Eligibility criteria of 
participants

Inclusion criteria:  
Adults (>18) with HF – LVEF ≤40% (any modality).  
Severe coronary artery disease.  
Significant amount of myocardium at risk because of coronary 
artery disease [BCIS myocardial jeopardy score >6 on recent 
coronary angiogram (<6 months)].  
Heart team believes that revascularization can be achieved by 
both PCI or CABG.  
Informed consent.

Inclusion criteria:  
HF diagnosis in any hospital admissions within 2 years prior to 
the index revascularization.  
Severe coronary artery disease defined by patients who had 

undergone CABG or complex PCI (revascularization).

Exclusion criteria:  
Perioperative cardiogenic shock.  
Decompensated HF <48 h prior to randomization.  
Myocardial infarction within 30 days of randomization.  
Previous valvular heart disease requiring surgical repair/ 
replacement.  
Known high bleeding risk.  
Pregnancy.

Exclusion criteria:  
Cardiogenic shock in the preceding 7 days.  
Decompensated HF, defined by: (i) LVAD insertion, (ii) CVC 

or arterial line insertion, (iii) ventilation or (iv) HF, within 2 days 
prior to revascularization.  
MI within 30 days prior to the index intervention date.  
Valve surgery within 2 years prior to the index date.  
Known high bleeding risk (2 year lookback) defined by: chronic 
kidney disease (CKD), stroke, transfusion, bleeding diathesis, 
liver disease with portal hypertension, malignancy, brain 
arteriovenous malformation.  
Maternal admission, either in the preceding, or the year 

following, the index intervention.

Not feasible to phenotype the following criteria due to 
lack of available data:  
LVEF ≤40% (any modality).  
BCIS myocardial jeopardy score >6 on recent (<6 months) 

coronary angiogram.  
Heart team believes that revascularization can be achieved by 
either PCI or CABG.  
Informed consent.

Comparative 
populations

Intervention: PCI 
Control: CABG

Patients undergoing CABG (OPCS4 K40–K46) were compared 
with patients undergoing high-risk complex PCI procedures. 
Complex PCI was defined as either: (i) A PCI involving multiple 
coronary arteries (OPCS4 K492), or (ii) A PCI with 
deployment of 3 or more stents (OPCS4 K752, K754), or 
(iii) A staged PCI where the patient underwent more than one 
PCI intervention (OPCS4 K49, K50, K75) within 90 days. Index 
date of intervention was defined as the date of 
revascularization, whether CABG or PCI. For patients 
undergoing a staged PCI, index date is defined as the date of the 
first PCI.

Treatment 
allocation

Randomization in 1:1 ratio—computer generated Randomization was emulated by harnessing the naturally 
occurring regional variation in treatment practices across 
hospitals. Using the regional surgical rate as an instrument 
variable, we conducted instrument variable analysis which 
controlled for known and unknown confounders to estimate 
treatment effects.

Continued 
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Patient demographics including age, sex, ethnicity, and index of multiple 
deprivation (IMD) were extracted from the index episode. Diagnoses and 
procedures performed in all hospital episodes within 2 years prior to the 
index episodes were used to establish patients’ medical history and eligibility 
to the trial. Diagnoses recorded in hospital episodes following the index epi-
sodes were used to map out the outcome events. Linkage to the UK 
National Death Registry (Office for National Statistics) was used to record 
deaths outside hospitals.

The primary outcome was a composite of 5-year cardiovascular hospital-
ization or all-cause mortality that has a low risk of detection bias (see 
Supplementary material online, Table S4). Secondary outcomes included: 
cardiovascular mortality, myocardial infarction (MI), stroke, HF hospitaliza-
tion, cardiovascular hospitalization, venous thromboembolism (VTE) (see 
Supplementary material online, Table S4). Patients were followed up for a 
minimum of 5 years.

Hospitalization outcomes were identified using the primary diagnosis re-
corded in HES. Death outcomes were ascertained from HES hospital and 
the National Death Registry. Myocardial infarction can either be an indica-
tion for revascularization, or a complication following the intervention, we 
therefore began follow-up for this outcome from the next admission 

following the index episode. Follow-up for cardiovascular rehospitalization 
began the day after the intervention for patients undergoing CABG or a 
complex PCI intervention. For staged PCI, follow-up for cardiovascular hos-
pitalization began from the first PCI episode within the 90-day window.

Matching the targeted trial cohort to the 
STICH trial cohort
Patients participating in clinical trials are healthier and carry fewer risk fac-
tors than the target trial population due to the voluntary basis of participa-
tion.11,12 To account for this potential bias in our model, we matched our 
targeted trial population obtained from HES, to an existing trial cohort, tar-
geting the same high-risk patient population, based on important prespeci-
fied baseline characteristics. This was used to derive the emulated patient 
cohort, which mimics an actual trial population. In this study, we matched 
our HES-derived HF patient cohort to the individual patient data of the 
STICH trial5 using logistic propensity score matching. The model included 
key clinically important covariates available across both cohorts including 
age, gender, and comorbidities including diabetes, hypertension, lipidaemia, 
chronic kidney disease (CKD), previous MI or peripheral vascular disease.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Continued  

Target trial Emulated trial

Recruitment Patients with HF will be identified in cardiac catheterization day 
wards and in heart team meetings over 4 years.

Patients with a prior diagnosis of HF hospitalized between 2009 
and 2015 undergoing CABG or complex PCI. Index episodes 
and all hospital admissions within 2 years prior to the index 
episode were used to establish patient characteristics and 
eligibility.

Follow up Follow-up following revascularization (CABG or PCI) until 5 years. Follow-up after the index intervention (CABG or complex PCI) 
for a minimum of 5 years.

Primary outcome Composite of all-cause mortality or cardiovascular hospitalization 
at 5 years.

Composite of All-cause mortality and Cardiovascular 
hospitalizations (ICD I00–I99) identified based on primary 
diagnosis at 5 years. Sensitivity analysis to be conducted using 
both primary and secondary diagnosis.

Secondary outcome (1) All-cause mortality at 5 years.
(2) Cardiovascular hospitalization at 5 years.
(3) Cardiovascular-cause mortality at 5 years.
(4) Myocardial infarction at 5 years.
(5) Stroke at 5 years
(6) Other major adverse events e.g. HF hospitalization, venous 

thromboembolism at 5 years.
(7) Quality of life measured using the EQ-5D-5L at 5 years.
(8) Quality-of-life adjusted days-alive-out-of-hospital at 5 years.

(1) All-cause mortality at 5 years.
(2) Cardiovascular hospitalization at 5 years.
(3) Cardiovascular-cause mortality at 5 years.
(4) Hospitalizations for myocardial infarction at 5 years.
(5) Hospitalizations for stroke at 5 years.
(6) Hospitalizations for other major adverse events: HF 

hospitalization at 5 years.
(7) Hospitalizations for other major adverse events: venous 

thromboembolism at 5 years.

Not feasible to phenotype the following outcomes due 
to lack of available data:

(1) Quality of life measured using the EQ-5D-5L at 5 years.
(2) Quality-of-life adjusted days-alive-out-of-hospital at 5 years.

Statistical analysis Both intention to treat and per protocol analyses will be reported. 
Primary outcome will be analysed using the Kaplan–Meier 
method with event or censoring times estimated from the date 
of randomization. Differences in outcomes between treatment 
arms will be assessed using the log-rank test.

As we expect imbalance across our patient groups, IVA will be 
used to estimate the treatment effects with the instrumental 
variable being the regional surgical rates. IVA can potentially 
adjust for observed and unobserved confounders. Sensitivity 
analysis used alternative analytic models for estimating adjusted 
treatment effects including (i) multivariable regression 
adjustment, (ii) propensity score matching, and (iii) 
meta-learning models.

LVEF, left ventricular ejection fraction; CVC, central venous catheter; LVAD, left ventricular assist device; CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention; 
BCIS, British Cardiac Intervention Society; CKD, chronic kidney disease; OPCS-4, classification of interventions and procedures; ICD10, international classification of diseases; EQ-5D-5L, 
EuroQol-5 dimension-5 level; IVA, instrumental variable analysis; HF, heart failure.
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Statistical analysis
Continuous variables are expressed as medians with interquartile ranges, 
and categorical variables as numbers with corresponding percentages. 
Comparisons between groups were performed using Mann–Whitney U 
test or Pearson’s χ2 test as appropriate. Two-sided P-values were used 
for all analyses. The analysis of the primary outcome in the target trial would 
be based on time-to-first-event analyses using the Kaplan–Meier method. 
We expected imbalance across our patient groups, IVA was therefore 
used as the primary analysis method to estimate treatment effects for 
the in silico trial.

Instrumental variable analysis is a two-stage regression which is often 
used to account for both observed and unobserved confounders. The first 
stage regression is between the instrumental variable and treatment 
selection. The second stage regression is between the outcome and the 
predicted probability of treatment selection, using the model built in the 
first stage. A good instrumental variable should strongly correlate with 
the treatment allocation and is not associated with any patient characteris-
tics (observed or unobserved). A Recursive Bivariate Probit (RBiProbit, 
STATA) model was used to model the 5-year composite outcome of all- 
cause mortality or cardiovascular hospitalization.13 At both stages, the 
models controlled for the following prespecified covariates: age, gender, 
ethnicity, IMD and comorbidities (diabetes, hypertension, lipidaemia, 
CKD, previous stroke, previous MI). The instrumental variable model esti-
mated average treatment effects (ATEs) with 95% confidence intervals 
(CIs), interpreted as absolute risk differences.

In this study, regional variation (derived from the outward postcode) in 
physician preference for the use of CABG or PCI, was used as the instru-
ment variable. This instrument performs like a natural randomization of pa-
tients to regional treatment groups, as the instrument directly dictates 
treatment allocation, but is independent of patient characteristics, as a re-
sult, it can be used to remove the effects of hidden bias.

A funnel plot (FunnelplotR, R-package) was used to investigate variations 
in regional surgical rates by plotting standardized surgical ratios against the 
expected number of CABG surgeries in each geographical region. A logistics 
model adjusting for age, gender, comorbidities, ethnicity and IMD, was used 
to estimate the expected number of surgeries in each region.

Subgroup analyses
To explore any potential heterogeneity in treatment effects, a subgroup 
analysis was completed for all patients in our cohort, stratified by 

prespecified patient factors. Treatment effects were reported as ATEs 
with 95% CI, from a Probit regression model (teffects, STATA).

Sensitivity analysis
Alternative analytical models to estimate ATEs, including multivariable re-
gression adjustment, propensity score matching, and meta-learning meth-
ods, were implemented as sensitivity analysis.

For regression adjustment, we used a multivariable Probit regression 
model (teffects, STATA) which controlled for the following prespecified 
covariates: age, gender, ethnicity, IMD and comorbidities (diabetes, hyper-
tension, lipidaemia, CKD, previous stroke, previous MI). Estimates were ex-
pressed as ATEs with 95% CI, interpreted as absolute risk differences.

For propensity score matching, propensity scores were estimated using a 
Probit regression model (PSMatch2, STATA) with the binary dependent 
variable being treatment allocation and covariates being age, gender, ethni-
city, IMD and comorbidities (diabetes, hypertension, lipidaemia, CKD, pre-
vious stroke, previous MI). Variables were selected to be included in the 
propensity scoring model based on clinical expertise. Patients with missing 
data were excluded from the analysis. Patients were sampled without re-
placement. A nearest neighbour algorithm with a calliper of 0.01 was 
used to optimize the matches between the CABG and PCI groups. 
Standardized mean differences were used to check balance after propensity 
score matching.14 All unmatched individuals were excluded from the ana-
lysis. Estimates were expressed as ATEs with 95% CI.

The final class of estimators implemented were a series of meta-learning 
models (S-learners, T-learners and X-learners).15 Meta-learners break esti-
mation of within-person treatment effects into (at least) two, separate 
steps: (i) models are trained to estimate outcomes for intervention and con-
trol groups, and then (ii) for every observed outcome, a counterfactual, al-
ternative outcome is generated from a fitted model, this is then used to 
estimate the within-person treatment effect, and then generalized to pro-
vide the ATE across the cohort. Meta-learning approaches have several 
key advantages over traditional methods in causal inference, all of which 
have been described in the supplementary material, along with their individ-
ual algorithms (see Supplementary material online, Figures S1–S4). In this 
analysis, extreme gradient boosting (XGBoost) was used as the base learner 
for each of the three separate meta-learning algorithms. Rigorous bench-
marking analyses have consistently demonstrated that XGBoost models of-
fer the best combination of prediction performance and processing time 
and was therefore used in this analysis.11,12,16–18

Figure 1 Trial modelling framework. ① Data cleaning, harmonization and linking. ② An in silico trial protocol is developed as a best approximation of 
the target trial protocol given the limitations of the routinely collected HES data. ③ Phenotyping algorithms developed using ICD 10 and OPCS-4 codes 
are applied to the Health Episodes Statistics database to shortlist a targeted patient cohort. ④ The targeted patient cohort is matched to an existing trial, 
targeting the same population (STICH), based on key patient baseline characteristics, to derive the emulated trial cohort, which approximates a likely 
trial cohort. ⑤ Statistical and machine learning methods are applied to the emulated trial population to provide information on trial feasibility, outcome 
event rates and treatment effects sizes.
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In HES, each episode records one primary diagnosis and up to 19 second-
ary diagnoses. For the primary analysis, the outcome measures were de-
fined using primary diagnoses only. As a sensitivity analysis, we also 
repeated all analyses and reported the treatment effects using all available 
primary and secondary diagnoses to define outcomes.

We used R (V4.2) and STATA (V17) to run the statistical analyses and 
Python (V3.10) to run the machine learning models. Data were managed 
using PostgreSQL (V13) and DataGrip (V2022.2).

Trial design
Sample sizes for a future clinical trial to confirm or refute our findings were 
estimated based on time-to-event analysis, for a superiority trial, comparing 
CABG (intervention) to complex PCI (control) (ARTSURV, STATA).19 Event 
rates along with survival probabilities for the anticipated study duration 
were obtained from our HES analysis.

Results
Patient cohort
Between 1 April 2009 and 1 April 2015, 13 519 patients with HF undergo-
ing revascularization with CABG or complex PCI met the target trial eligi-
bility criteria and were analysed as the target trial cohort (Figure 2). There 
were 10 669 patients undergoing CABG compared with 2850 patients 
undergoing complex PCI. Patients undergoing complex PCI were older, liv-
ing in areas with higher relative deprivation (IMD), with increased preva-
lence of diabetes, previous MI and CKD (Table 2). The Hospital Frailty 
Risk Score (HFRS) and Charlson Comorbidity Index (CCI)6–9 were greater 
in the population undergoing complex PCI (Table 2).

Matching
Propensity score matching with logistic regression was used to match 
the HES-derived cohort (n = 13 519) with the STICH trial cohort 
(n = 1211). The CABG and complex PCI patient cohorts were matched 
separately with the STICH cohort. In total, 2046 patients (1174 CABG 
and 872 PCI patients) were matched with the STICH trial participants 
and included in the final analysis as the emulated trial cohort. All 
covariates achieved a standardized mean difference of <10% following 
matching (see Supplementary material online, Figures S5 and S6, 
Supplementary material online, Tables S5 and S6). The baseline charac-
teristics of the emulated trial cohort closely resembled the STICH co-
hort, but were significantly younger, with fewer long-term conditions 
than the unmatched HES cohort (Table 2).

After matching with STICH, the baseline characteristics between the 
CABG and the PCI groups within the matched cohort were more ba-
lanced (Table 2), although there remained differences between the two 
groups. Patients undergoing CABG were younger, with lower preva-
lence of CKD and diabetes, but a larger proportion having a history 
of previous MI, when compared with patients undergoing complex 
PCI (Table 2). Both the HFRS and CCI6–9 remained greater in the popu-
lation undergoing complex PCI (Table 2).

Variation in regional surgical rates
Regional CABG rates among revascularized HF patients (CABG and 
complex PCI) ranged from 33% to 100% across England (mean: 
77.6%, standard deviation: 11.3%). After adjusting for patient character-
istics, evidence of variation in the regional surgical rates remained 
(Figure 3). The first stage F-statistic of 194.45 (P < 0.001) was greater 
than the Stock–Yogo critical value of 16.38, at the 10% level. 
This was consistent with the Anderson canonical correlations test 

(P < 0.001), which demonstrated that this instrument was strongly 
correlated with treatment allocation. We then analysed the baseline 
characteristics of the entire cohort split by quartiles of the instrument 
(see Supplementary material online, Table S7). A number of features 
remained well balanced across the quartiles. Although, covariates in-
cluding diabetes and ethnicity showed some variation. These analyses 
supported the use of the regional variation in physician preference 
for the use of CABG or PCI as a valid instrumental variable.

Primary outcome—matched cohort
In the emulated trial cohort (matched, n = 2046), patients undergoing 
CABG had lower rates of mortality (CABG 18.9%, PCI 31.8%) and car-
diovascular hospitalization (CABG 42.2%, PCI 60.6%) at 5 years when 
compared with PCI (Table 3). The corresponding 5-year event rates for 
the composite primary outcome was 51.1% for CABG and 70.0% for 
PCI, with an absolute risk difference of 18.9%. With IVA, the ATE 
was −16.2% (95% CI −20.6% to −11.8%) (Figure 4).

Primary outcome—unmatched cohort
Unadjusted 5-year composite primary outcome rates in the target trial 
cohort (unmatched, n = 13 519) were 58.7% for CABG and 75.9% for 
PCI, with an absolute risk difference of 17.2% (Table 3). The Kaplan– 
Meier plots demonstrated a statistically significant survival benefit in 
the CABG cohort (log rank P < 0.001) (Figure 5). With IVA, the ATE 
at 5-year follow-up was −15.5% (95% CI −17.5% to −13.5%, Figure 4).

Secondary outcomes
Adjusted analysis in the matched cohort demonstrated that patients 
undergoing CABG had significantly lower rates for cardiovascular hos-
pitalization (ATE −16.7%, 95% CI −21.3% to −12.1%), all-cause mor-
tality (ATE −8.0%, 95% CI −13.1% to −2.9%), cardiovascular 
mortality (ATE −7%, 95% CI −10.3% to −3.7%), HF hospitalization 
(ATE −7.6%, 95% CI −11.2% to −4%) and MI (ATE −11.9%, 95% CI 
−15.0% to −8.9%) at 5 years, when compared with complex PCI. 
There was no statistically significant difference in 5-year stroke (ATE 
−1.9%, 95% CI −0.1% to 3.8%) or 5-year VTE (ATE −0.6%, 95% CI 
−1.5% to 0.4%) (see Supplementary material online, Figures S7–S13).

Sensitivity analysis—matched cohort
Using alternative analytical models including multivariable regression 
adjustment (ATE −17.1%, 95% CI −21.3% to −12.9%), propensity 
score matching (ATE −16.6%, 95% CI −21.1% to −12.1%, 
Supplementary material online, Figures S14 and S15 and 
Supplementary material online, Tables S8–S11) and meta-learners 
(S-learners: ATE −16.9%, 95% CI −21.1% to −12.7%, T-learners: 
ATE −17.2%, 95% CI −19.6% to −14.9%, X-learners: ATE −17.2%, 
95% CI −19.2% to −15.2%), on the matched cohort, demonstrated 
consistent treatment effects for the primary outcome, confirming the 
validity of all estimates from the primary analysis (Figure 4). All analytical 
models in the primary analysis also demonstrated greater treatment ef-
fects being observed in the matched cohort compared with that in the 
unmatched cohort (Figure 4).

When the phenotyping algorithms were broadened to include both 
primary and secondary diagnosis codes, both the direction, magnitude, 
and precision of the treatment effect sizes remained consistent with 
the primary analysis (Table 4, Supplementary material online, Figures 
S16–S22). When visually inspecting the forest plots, it was clear that using 
both the primary and secondary diagnoses resulted in a reduction 
in the estimated treatment effect for both the composite outcome of 
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all-cause mortality or cardiovascular hospitalization (see Supplementary 
material online, Figure S16), and cardiovascular hospitalization (see 
Supplementary material online, Figure S17). In contrast, there was an in-
crease in the estimated treatment effect for cardiovascular mortality (see 
Supplementary material online, Figure S18) and HF hospitalization (see 
Supplementary material online, Figure S19). No significant impact was 

observed for MI, stroke or VTE (see Supplementary material online, 
Figures S20–S22).

Subgroup analyses
Average treatment effects were evaluated for each patient subgroup 
and found to be generally consistent for all groups evaluated (see 

Figure 2 Modified CONSORT diagram describing how our cohorts were defined and the flow of patients in our analyses once the trial-modelling 
framework had been applied. HES, Hospital Episode Statistics; ONS, Office for National Statistics; NIH, National Institutes of Health; CABG, coronary 
artery bypass graft; CONSORT, consolidated standards of reporting trials; PCI, percutaneous coronary intervention; NSTEMI, non-ST elevated myo-
cardial infarction; STEMI, ST-elevated myocardial infarction; LVAD, left ventricular assist device.
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Supplementary material online, Figure S23). All high-risk patient sub-
groups had non-significant interaction terms. Patients with either a pre-
vious history of CKD or stroke tended to have reduced benefit when 
undergoing revascularization with CABG when compared with PCI, al-
though these differences failed to reach statistical significance.

Sample size for the target trial
To explore the feasibility of delivering a randomized clinical trial to test 
the superiority of CABG over PCI in patients with ischaemic cardiomy-
opathy, we estimated a sample size based on a time-to-event analysis19

for a range of important treatment effects (see Supplementary material 
online, Table S12) with the following assumptions: (i) a primary out-
come with an event rate of 70% at 5 years in the PCI cohort, as shown 
by our analysis; (ii) 4-year accrual with equal recruitment; (iii) a total 
study period of 7 years, resulting in a median follow-up of 5-years; 
(iv) an expected crossover rate of 5%; and (v) zero attrition due to 
the use of HES data for the primary outcome. To detect a hazard ratio 
(HR) for CABG vs. PCI of 0.7, which falls within the range of treatment 
effects (0.63–0.74) observed in previous pragmatic RCTs evaluating re-
vascularization strategies that have changed clinical practice,6,20,21 a to-
tal of 370 events or 592 participants (n = 296 in each arm) would be 
required. Given that over 2000 patients meet the eligibility criteria 
for the target trial protocol per year in England (over 13 000 eligible pa-
tients identified over 6 years), a superiority trial testing our hypothesis 
should be considered feasible.

Discussion
We presented a structured, transparent, and reproducible process to 
model clinical trials in silico using routinely collected health data. The results 

of our in silico trial suggests that the risk of the death or cardiovascular hos-
pitalization at 5 years was significantly lower amongst HF patients who 
underwent CABG, when compared with those who underwent PCI 
(Structured Graphical Abstract). The primary analytical approach used IVA 
in an attempt to adjust for hidden bias. When the analysis was performed 
in the emulated trial cohort matched with STICH trial participants, who 
were younger with fewer comorbidities than the unselected English pa-
tient population, treatment effects were increased. Treatment effects 
measured in a future clinical trial may therefore overestimate the treat-
ment effect of CABG vs. PCI in the real world, but the differences will 
be small. These observations were consistent across multiple sensitivity 
analyses and secondary outcomes. Subgroup analyses demonstrated con-
sistent treatment effects across all high-risk patient groups. Finally, the re-
sults demonstrated the feasibility of a pragmatic clinical trial to test a 
superiority hypothesis in English cardiac centres.

Strengths
The strengths of this analytical approach include, first, the use of a com-
prehensive national dataset reducing the likelihood of sampling bias, and 
increasing the likely generalizability of the results. Second, HES data 
have a primary diagnostic coding accuracy of 96% from 2002 onwards, 
whilst operative coding has been found to be 97% accurate, reducing 
the likelihood of detection or attrition bias.22,23 Third, our data demon-
strated that regional surgical rates can serve as an effective instrumental 
variable. The variable was normally distributed, highly correlated with 
treatment allocation, and largely independent of patient characteristics, 
increasing the likelihood that the analysis has adjusted for unmeasured 
confounders. Fourth, linkage of HES and death registry data provided 
long-term follow-up at 5 years. These data are typically not available 
from feasibility studies or published data. The follow-up period can 

Figure 3 Funnel plot showing regional variation in surgical rates among revascularized heart failure patients in England. A total of 320 administrative 
regions in England plotted. CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention.
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also be modified as required to assist with the design of a future trial. 
Fifth, by matching our analysis to STICH trial participants, we were 
able to confirm the generalizability of any trial findings to the population 
as a whole. Sixth, this approach can be used to model any future clinical 
trial where the interventions and diagnoses are coded in HES.

Limitations
Important limitations of the approach include, first, in this study we did 
not have access to data on LVEF and therefore do not know whether 
our analysis applies to the subset of patients with HFrEF; the phenotype 
enrolled in the STICH trial. Second, the analyses utilized observational 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 3 Crude event rates at 5 years for the matched and unmatched cohorts—primary diagnosis codes

Matched—emulated trial cohort Unmatched—targeted trial cohort

CABG PCI P-value CABG PCI P-value

No of patients 1174 872 10 669 2850

All-cause mortality 222 (18.9%) 277 (31.8%) <0.001 3046 (28.6%) 1187 (41.6%) <0.001

Cardiovascular mortality 130 (11.1%) 181 (20.8%) <0.001 1842 (17.3%) 710 (24.9%) <0.001

Myocardial infarction 59 (5.0%) 138 (15.8%) <0.001 448 (4.2%) 434 (15.2%) <0.001

Stroke 65 (5.5%) 33 (3.8%) 0.066 636 (6.0%) 145 (5.1%) 0.076

Heart failure hospitalization 163 (13.9%) 203 (23.3%) <0.001 1902 (17.8%) 766 (26.9%) <0.001

Cardiovascular hospitalization 495 (42.2%) 528 (60.6%) <0.001 4725 (44.3%) 1758 (61.7%) <0.001

Venous thromboembolism 10 (0.9%) 10 (1.1%) 0.50 80 (0.7%) 39 (1.4%) 0.002

Composite of all-cause mortality or cardiovascular hospitalization 600 (51.1%) 610 (70.0%) <0.001 6267 (58.7%) 2164 (75.9%) <0.001

CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention.

Figure 4 Average treatment effects with 95% confidence interval for the primary composite outcome of all-cause mortality or cardiovascular hos-
pitalization at 5 years for both matched and unmatched cohorts. Only primary diagnosis codes were used. M, matched—emulated trial cohort; U, un-
matched—targeted trial cohort; CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention; 95% CI, 95% confidence interval; PD, 
primary diagnosis codes; ATE, average treatment effects.
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data intended for administrative use. Therefore, despite controlling for 
both known and unknown confounders, any associations cannot be 
considered causal. Third, bias by indication in this setting would strongly 
favour CABG which is performed in people considered fit to withstand 

surgery, whereas PCI is often used in people who are not as fit. This bias 
is evident from our data and favours longer-term outcomes in the 
CABG group. We used IVA in an attempt to mitigate this important 
source of bias. Previous observational cohort studies comparing long- 

Figure 5 Kaplan–Meier plots for coronary artery bypass grafting vs. percutaneous coronary intervention in the matched and unmatched cohorts for the 
primary composite outcome of all-cause mortality or cardiovascular hospitalization. M, matched—emulated trial cohort; U, unmatched—targeted trial 
cohort; CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention; 95% CI, 95% confidence interval; PD, primary diagnosis codes.
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Table 4 Crude event rates at 5 years for the matched and unmatched cohorts—primary and secondary diagnosis codes

Matched—emulated trial cohort Unmatched—targeted trial cohort

CABG PCI P-value CABG PCI P-value

No of patients 1174 872 10 669 2850

All-cause mortality 222 (18.9%) 277 (31.8%) <0.001 3046 (28.6%) 1187 (41.6%) <0.001

Cardiovascular mortality 192 (16.4%) 257 (29.5%) <0.001 2642 (24.8%) 1062 (37.3%) <0.001

Myocardial infarction 81 (6.9%) 146 (16.7%) <0.001 613 (5.7%) 464 (16.3%) <0.001

Stroke 85 (7.2%) 61 (7.0%) 0.83 860 (8.1%) 235 (8.2%) 0.75

Heart failure hospitalization 445 (37.9%) 476 (54.6) <0.001 4789 (44.9%) 1765 (61.9%) <0.001

Cardiovascular hospitalization 817 (69.6%) 711 (81.5%) <0.001 7581 (71.1%) 2331 (81.8%) <0.001

Venous thromboembolism 16 (1.4%) 19 (2.2%) 0.16 170 (1.6%) 76 (2.7%) <0.001

Composite of all-cause mortality or cardiovascular hospitalization 879 (74.9%) 748 (85.8%) <0.001 8530 (80.0%) 2539 (89.1%) <0.001

CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention.
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term outcomes for CABG vs. PCI in ischaemic cardiomyopathy which 
used statistical methods that do not adjust for unmeasured confoun-
ders demonstrated much larger treatment effects in favour of CABG, 
than reported here, providing further support.24 However, we noted 
treatment effect estimates similar to the IVA analysis 
across sensitivity analyses that did not adjust for unmeasured confoun-
ders including propensity matching and logistic regression. This is 
suggestive of residual confounding in our own analysis, which is 
not unexpected as there are still residual differences in measured 
covariates across regions. Fourth, imaging data, prescribing data 
(renin-angiotensin-aldosterone system blockade, beta-blocker, min-
eralocorticoid receptor antagonist), non-pharmacological therapy 
use, laboratory data, requirement for social care, and quality of life 
data are not available in HES, which limited our ability to phenotype pa-
tient cohorts at baseline, determine completeness of revascularization, 
or to validate outcomes. Neither could we model patient preference 
for one treatment vs. another. Fifth, matching was limited to the 
STICH cohort. This trial recruited participants between 2002 and 
2007, prior to publication of the SYNTAX trial6 and other pivotal trials 
of myocardial revascularization strategies. Subsequent developments in 
diagnosis and treatment strategies may change the characteristics of pa-
tients who are recruited to a contemporary clinical trial. In mitigation, 
STICH was the only published high quality trial of revascularization in 
ischaemic cardiomyopathy available at the time of the analysis. Sixth, 
we could not reproduce the judgement that ‘the heart team believes 
that revascularization can be achieved by either PCI or CABG’, in silico. 
In mitigation however, we approximated this criterion by including 
those who either had complex PCI or CABG, as surgical interventions 
are less likely to be indicated in patients who required non-complex 
PCI. In addition, we addressed this by clear reporting of both the pro-
posed and emulated trial protocols, as well as the trial modelling pro-
cess, so that this is reproducible, to enable qualified interpretation of 
the data. Seventh, this study used data from NHS hospitals across 
England. Therefore, the results from this study can only be generalized 
patients who are treated in the English public sector healthcare envir-
onment. Finally, the patients included in this study underwent their re-
spective intervention between 2009 and 2015. As a result, 
improvements in clinical care due to the evolution of clinical practice 
and introduction of new innovative approaches in PCI may not have 
been captured in this analysis.

Clinical importance
There is uncertainty about the best revascularization strategy for 
patients with HF and CAD, whether or not LVEF is reduced.25–27

In STICH, the HR for the primary analysis of the primary endpoint 
(all-cause mortality) was 0.86 (95% CI 0.72–1.04; P = 0.12) but with ex-
tended follow-up was 0.84 (95% CI 0.73–0.97; P = 0.02) in favour of 
CABG.3,28 Interestingly, guideline recommendations on revasculariza-
tion for patients with HFrEF are rather discordant, although there is 
general agreement that CABG should be preferred over PCI.25,26

Heart failure guidelines, written mainly by physicians and nurses, give 
a rather weak recommendation (Class IIb) with a surprisingly low level 
of evidence (Level C) for CABG.25 In contrast, guidelines on myocardial 
revascularization, written mainly by surgeons and interventional cardi-
ologists, give a strong recommendation (Class I) for CABG with a mod-
erate level of evidence (Level B).26

In the REVIVED-BCIS2 trial, PCI was non-inferior to best medical 
therapy alone in people with ischaemic cardiomyopathy, who were 
considered ineligible for surgery (HR 0.99; 95% CI 0.78–1.27; 

P = 0.96).10 Although not immediately generalizable to our target trial 
population, the REVIVED-BCIS2 results point towards limited effect-
iveness of PCI in people with HF.

No trial has compared CABG vs. PCI in this population. As shown in 
the current analysis, this knowledge gap is associated with unwarranted 
variation in practice that is associated with variation in outcomes. Here 
we show that a superiority RCT of CABG vs. PCI is feasible. The inter-
national STICH consortium is currently conducting nation specific trials 
of CABG vs. PCI in HF across seven countries (NCT05427370, 
NCT05329285). These trials will not deliver results until the end of 
the decade. In the absence of high quality RCT evidence, and the limita-
tions of our analysis notwithstanding, the results of the current analysis 
suggest that CABG is the treatment of choice in ischaemic 
cardiomyopathy.

Conclusions
In silico trial modelling, using IVA, indicates that the risk of all-cause 
death or cardiovascular hospitalization at 5 years, was significantly low-
er amongst HF patients who underwent CABG, when compared with 
those who underwent PCI. The treatment estimates are robust across 
multiple sensitivity analyses. A pragmatic clinical trial is needed to test 
this hypothesis and our analysis showed that this trial would be feasible.
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