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Background: Cardiovascular diseases are prevalent in individuals with chronic obstructive pulmonary disease (COPD), but current
cardiovascular risk assessment models are not optimised for COPD. We aimed to develop a prediction model for the 10-year risk of
major adverse cardiovascular and respiratory events (MACRE) in patients with COPD.

Methods: We used nationwide primary care electronic health records from individuals with COPD, aged >40 years in 2011 without
prior myocardial infarction in the UK Optimum Patient Care Research Database. Practices were randomly divided at the practice level
into derivation (80%) and validation (20%) datasets. The primary composite outcome (MACRE) consisted of myocardial infarction,
coronary revascularization, heart failure, severe COPD exacerbation, and all-cause mortality. Multivariable Cox regression was used to
derive the model using the derivation dataset, with the least absolute shrinkage and selection operator used for variable selection and
shrinkage. Performance was evaluated using the validation dataset over prediction horizons of five and 10 years.

Results: Among the 122,077 patients included (98,959 in the derivation set; whole cohort: 47.9% women and mean age 69.3 (SD
11.2) years), cardiometabolic risk factors were prevalent, and most had moderate (53.4%) or severe (24.7%) COPD. Over a median
follow-up of 10.5 [interquartile range: 4.2—12.4] years, MACRE occurred in 50.2% of the validation set. Sixty-one predictor variables
constituted the model, which demonstrated good-to-excellent discrimination and satisfactory calibration across prediction horizons
(AUROC 0.78 at five years and 0.82 at 10 years, Brier score of 0.18 at five years and 0.16 at 10 years) in the validation set.
Conclusion: A model derived using electronic medical records predicts MACRE in COPD with high discrimination and satisfactory

calibration across medium and longer-term prediction horizons. Its utility to inform trial enrolment and clinical decisions requires further study.

Plain Language Summary: In this study, we used medical records from the United Kingdom (UK) and selected 122,077 patients
with a long-term lung condition called chronic obstructive pulmonary disease (COPD) to find the factors which make them more likely

to have a heart or lung flare-up in the following years. We found that:

https://doi.org/10.2147/POR.S551291 Pragmatic and Observational Research 2026:17 551291 |
Received: 3 July 2025 © 2026 Gale et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 9 February 2026 A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work
Published: 10 March 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For

permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-4732-382X
http://orcid.org/0000-0002-1911-4169
http://orcid.org/0000-0003-0435-858X
http://orcid.org/0000-0002-0419-7862
http://orcid.org/0000-0002-0333-3308
http://orcid.org/0000-0002-3892-3113
http://orcid.org/0000-0002-2760-0693
http://orcid.org/0000-0002-4644-9845
http://orcid.org/0000-0002-7112-9317
http://orcid.org/0000-0002-9728-9992
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Gale et al

e Half of the selected patients went on to have a major heart- or lung-related event during the study period, which spanned at least
10.5 years for half of the patients. Sixty-one factors, selected from data routinely collected during clinical consultations, were
found to predict the chance of a major heart or lung-related event happening over both the medium (5-year) and long (10 year)
term.

® Future work should allow healthcare professionals to identify patients under their care who are most likely to have heart or lung
flare-ups in the next 5 to 10 years, so that they can act earlier and be proactive in lowering the chance of such events happening.

Keywords: pulmonary disease, chronic obstructive, cardiovascular diseases, cardiorespiratory, cohort, prediction, prevention

Introduction

Chronic obstructive pulmonary disease (COPD) is a prevalent public health problem, affecting an estimated 10.3%
of people aged 30-79 years globally in 2019 which translated to 392 million patients with COPD." Across Europe
in 2020 alone, COPD incurred estimated direct costs of between €1963 and €10,701 per patient-year.> Notably,
COPD is not a single-system disease and is associated with multiple comorbidities, with cardiovascular disease
(CVD) being one of the most prevalent. Compared to those without COPD, patients with COPD have a higher

prevalence of CVDs, including ischaemic heart disease, arrhythmia, heart failure (HF) and stroke,3*5

and higher
risk of incident cardiovascular diseases and cardiovascular mortality.® There is also an increased risk of adverse
cardiovascular events shortly after COPD exacerbations.” ® Such elevation in cardiovascular risks in patients with
COPD may be due to shared risk factors, pulmonary and systemic inflammation, deconditioning and frailty, arterial
stiffening, hyperinflation of the lungs, and haemodynamic alterations.'® Nonetheless, it is unclear whether other
aspects of COPD in the stable setting influence cardiovascular risk. The presence of CVD is associated with worse
prognosis in patients with COPD."'"'* The clinical presentation of some CVDs, such as HF, may overlap with
COPD, meaning that the diagnosis of such conditions in patients with COPD can be difficult.'*'> Notwithstanding
this, both CVDs and COPD exacerbations contribute to the substantial health and financial burden on patients with
CcopPD.'*"”

Whilst a number of primary prevention cardiovascular risk prediction models exist, including QR4,'® QRISK3," the
SCORE2 family,”>* PREVENT,** and the pooled cohort equation,”> none have been validated in patients with COPD.
The QRISK3 equation underestimates incident myocardial infarction (MI) and stroke in COPD,* and all — with the sole
exception of QR4 — do not include COPD as a predictor. Indeed, no primary prevention cardiovascular risk model has
considered COPD-related factors such as COPD exacerbation or hospitalisation history, use of oral steroids, and COPD
severity. Current cardiovascular risk prediction models are not optimised in patients with COPD, something that has been
identified as a key gap in evidence by the Global Working Group on Cardiopulmonary Risk in COPD (now the
International Cardiovascular and Respiratory Alliance).?’

Real-world primary care data provide an excellent opportunity for deriving and validating a COPD-specific cardio-
vascular risk prediction model. This proof-of-concept study thus seeks to demonstrate the viability of using only
electronic medical records data to predict cardiorespiratory risk and identify high-risk patients. Specifically, we aimed
to use the Optimum Patient Care Research Database (OPCRD), a large primary care electronic medical records database
representative of the United Kingdom (UK),?® to develop and validate a prediction model for MACRE in patients with
COPD.

Methods

This study was performed in accordance with the Transparent Reporting of a multivariable prediction model for
Individual Prognosis Or Diagnosis (TRIPOD),> the Strengthening The Reporting of OBservational studies in
Epidemiology (STROBE),* the REporting of studies Conducted using Observational Routinely-collected health Data
(RECORD) statement,®’ the CODE-EHR best-practice framework for using structured electronic healthcare records in
clinical research,32 and the Declaration of Helsinki.
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Source of Data

Electronic health records were extracted from OPCRD, which comprises data extracted through the Optimum Patient Care
(OPC) Clinical Service Evaluation.”® At the time of writing, OPCRD contains anonymized, research-quality data for over
23 million patients from over 1100 general practices across the UK, with mean follow-up duration of 11.7 years. The
OPCRD encodes diagnostic, prescription and procedural data using SNOMED-International codes, SNOMED-UK codes,
Read codes v2 and v3, and ICD-10 codes.*® The OPCRD is approved by the Health Research Authority for clinical research
use (Research Ethics Committee reference: 15/EM/0150), is governed by the Anonymised Data Ethics & Protocol
Transparency Committee, and has been used extensively for research.>* > There was no linkage to other databases.

Study Design and Key Timepoints

For this population-based, retrospective, observational study, the index date was 1 January 2011. The baseline period, during
which covariates were assessed, was defined as the entire period available for each patient prior to the index date. All patients
were followed up from the index date to the date of the outcome, end of data availability, or 6 July 2023, whichever was
earliest. The time horizons of prediction were five and 10 years. Non-informative censoring was presumed.

Inclusion and Exclusion Criteria

To be included patients were required to fulfil all of the following criteria: 1) recorded with any diagnostic code for
COPD on or before the index date; 2) aged >40 years old on the index date; 3) with at least two years of continuous
practice data prior to index date; and 4) ever recorded to be a smoker or ex-smoker. Patients who were recorded with any
diagnostic code for MI on or before the index date were excluded. This is because it was not possible to accurately
distinguish new episodes of MI from follow-up visits in these patients.

Outcomes

The primary outcome was MACRE, a five-component composite of the following clinical events after index date: 1) HF
hospitalization; 2) MI; 3) coronary revascularization (percutaneous coronary intervention and/or coronary artery bypass
grafting surgery); 4) severe COPD exacerbation (defined as a COPD-related hospitalization); and 5) all-cause mortality.
Only the first occurrence of any component of MACRE was analyzed.

The components of MACRE were chosen with consideration of the conventional definition of major adverse
cardiovascular events (MACE) in the existing literature. MI and HF were chosen because occurrence of COPD
exacerbation is associated with subsequent MI and HF.”® Severe COPD exacerbation was added to reflect
respiratory risks. Although many studies used cardiovascular mortality as a clinical outcome measure, ascertaining
cause of death is challenging in patients with COPD, as it is clinically difficult to definitively arbitrate the
cardiovascular and respiratory deaths. Given this ascertainment issue with cause-specific mortality, and that 80%

37,38

of deaths in patients with COPD result from cardiorespiratory causes, all-cause mortality was chosen as

a component of MACRE instead of cause-specific counterparts.

Candidate Predictor Variables

Candidate predictor variables were identified from the literature, including the predictors in the Cambridge
Multimorbidity Score and QRISK3 (Supplementary Table 1).'°%“° Briefly, the candidate predictor variables included
demographics, anthropometric measurements, smoking status, family history of CVD, comorbid diagnoses, lung function

test parameters, COPD-specific parameters (time since COPD diagnosis, severity measures, exacerbation history, and
prescription of inhalers and oral corticosteroids), prescription of other medications, lipid measurements, blood pressure,
and vaccination history.

Statistical Analysis
Continuous variables were expressed as means with standard deviations (sd) or medians with inter-quartile ranges (iqr),
depending on the distribution of the variables on visual inspection of histograms. Categorical variables were expressed as
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counts with percentages. The number of patients with missing values for each variable were reported. For all analyses,
two-sided p-values <0.05 were considered statistically significant. All statistical analyses were performed using Stata
version 18.0 (StataCorp LLC, College Station, Texas, United States of America).

The hold-out method was used for the derivation and validation of the prediction model: 80% of practices were
randomly allocated to the derivation set using the Mersenne Twister pseudorandom number generator for building the
model, which was then validated in the remaining 20% of practices (ie the validation set). The risk prediction model was
constructed for the primary outcome using multivariable Cox regression. The least absolute shrinkage and selection
operator (LASSO) was used to select predictor variables from the candidate predictor list, with the penalty parameters
chosen by minimizing the Bayesian Information Criterion. The performance of the resultant risk prediction model was
then evaluated within both datasets separately, with the Brier score at five and 10 years used as a measure of the overall
predictive accuracy. Discrimination was evaluated using Harrell’s c-statistic, and the area under the receiver operating
characteristics curve at five and 10 years. Calibration was evaluated by overlaying a plot of the model-predicted
cumulative freedom from the primary outcome over time on the Kaplan—Meier survival curve for the observed
cumulative freedom from the primary outcome over time, with the patients divided into quintiles by the 10-year
predicted risk. Calibration slope and intercept with 95% confidence intervals were also calculated.

Baseline cardiopulmonary risk was further stratified by the presence of CVDs and/or cardiovascular risk factors and
mMRC score, according to the heatmap recommended by the Global Working Group on Cardiopulmonary Risk in
COPD, in which the top right-hand corner denotes patients with the highest cardiorespiratory risk, and the bottom left-
hand corner denotes those with the lowest risk.*! Definitions of cardiovascular risk factors, established CVDs, and recent
cardiovascular events are detailed in Supplementary Table 2. The predicted risks of MACRE were calculated for each

risk category.
Multiple imputation was not performed. Missing data were imputed where possible according to the rules set in
Supplementary Table 3. Where imputation was not possible, a separate category of “missing” was used. This approach

was used as it does not require knowledge of the dependency of missing data on other patient characteristics, meaning
that further-refined models in the future will be more straightforward to apply in a clinical setting.

Results

Of 23,063,807 patients in OPCRD, 122,077 informed the analytical cohort after applying inclusion and exclusion criteria
(Figure 1), of whom 98,959 (81.1%) were included in the derivation set and 23,118 (18.9%) in the validation set. Key
baseline characteristics of the whole cohort, specifically variables included in the eventual multivariable model, are
summarized in Table 1. A detailed summary of all baseline characteristics can be found in Supplementary Table 4. The

mean age of the whole cohort was 69.3 (SD 11.2) years and 47.9% were women. Cardiometabolic risk factors were
prevalent, and most patients had moderate or severe COPD by GOLD grading.

Over median follow-up of 9.9 [iqr 3.8—12.4] years in the derivation set and 10.5 [iqr 4.2—12.4] years in the validation
set, MACRE cumulatively occurred in 49,461 (50.0%) patients in the derivation set and 11,602 (50.2%) patients in the
validation set — such high cumulative incidences of MACRE were congruent with the high prevalence of cardiometabolic
risk factors and moderate or severe COPD as aforementioned, as well as the long follow-up duration. The most frequent
component of MACRE was severe COPD exacerbation, accounting for 56.3% of first MACRE after the index date in the
derivation set and 54.3% in the validation set (Supplementary Table 5), followed by all-cause mortality (34.4% in the
derivation set, 35.9% in the validation set), MI (4.7% in the derivation set, 5.0% in the validation set), HF hospitalization
(2.4% in the derivation set, 2.6% in the validation set), and revascularization (2.1% in the derivation set, 2.2% in the
validation set). Notably, 15.2% of all first MACRE (14.8% in the derivation set and 16.7% in the validation set) occurred
in the first year of follow-up, with similar proportions of constituent events (Supplementary Table 6). The median time to

MACRE was 7.2 years in both derivation and validation sets.

Predictor Selection and Model Validation
In total, 61 predictor variables were selected (Table 2 and Supplementary Table 7). The predictors with the greatest
magnitudes of effects were age (HR [in multivariable model] per 10 years: 1.539 [95% CI: 1.521, 1.557]), underweight
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Patients in the OPCRD database
N=23,063,807

N Excluded:
il * Patients without any diagnosis code for COPD ever (N=22,481,784)
‘ N=582,023 ‘
I e Patients with COPD diagnosis code recorded after 1/1/2011 (N=227,425)
] N=354,508 |
I |« Patients with <2 years of continuous practice data prior to 1/1/2011 (N=196,940)
] N=157,658 |
Excluded:
* Patients aged <40 years old at 1/1/2011 (N=7,985)
| N=149,673 |
e Patients who were never recorded to be a smoker / ex-smoker (N=16,384)
‘ N=133,289 ‘
. Excluded:
il *  Patients with a myocardial infarction prior to the index date (N=11,212)
Patients included in this study
N=122,077
, l

Derivation set
N=98,959 (81.1%)

Validation set
N=23,118 (18.9%)

Figure | Patient flow diagram. COPD, chronic obstructive pulmonary disease.

(HR: 1.479 [95% CI: 1.421, 1.540]), dementia (HR: 1.580 [95% CI: 1.469, 1.699]), chronic kidney disease stage 4 (HR:
1.510 [95% CI: 1.378, 1.654]) or 5 (HR: 1.559 [95% CI: 1.393, 1.744]), mMRC score 5 (HR: 1.670 [95% CI: 1.493,
1.868]), and GOLD classification severe (HR: 1.489 [95% CI: 1.441, 1.539]) or very severe (HR: 1.951 [95% CI: 1.855,

2.053)).

Table | Key Baseline Characteristics of Included Patients. Only Variables Included in the Eventual Multivariable Model are Listed

Total N=122,077

Missing

Age at index date (mean (SD))

69.3 (11.2)

0 (0%)

Sex (n (%))

398 (0.3%)

Current

Ex-smoker

43,928 (36.0%)
77,995 (64.0%)

Female 58,289 (47.9%)

Male 63,390 (52.1%)
Body Mass Index (closest to index date) (mean (SD)) 27.3 (6.1) 1465 (1.2%)
Smoking status (n (%)) 154 (0.1%)

IMD quintile of practice (n (%))

2383 (2.0%)

I (Poorest) 30,926 (25.8%)
2 29,293 (24.5%)
3 21,320 (17.8%)
4 18,638 (15.6%)
5 (Richest) 19,517 (16.3%)
(Continued)
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Table | (Continued).

Total N=122,077 Missing

Patient ethnicity (n (%)) 0 (0%)

White 111,305 (91.2%)

Asian 1043 (0.9%)

Black 210 (0.2%)

Other 9519 (7.8%)
Family history of heart issues or Ml (n (%)) 4574 (3.7%) 0 (0%)
Asthma status in year prior to index date (n (%)) 0 (0%)

Never diagnosed 71,939 (58.9%)

Active 17,700 (14.5%)

Inactive 32,438 (26.6%)
Evidence of asthma before the age of 40 (n (%)) 10,572 (8.7%) 0 (0%)
Atrial fibrillation (n (%)) 9523 (7.8%) 0 (0%)
Angina (n (%)) 10,406 (8.5%) 0 (0%)
Ischaemic heart disease (with no Ml or angina diagnosis) (n (%)) 8808 (7.2%) 0 (0%)
Stroke (n (%)) 3105 (2.5%) 0 (0%)
Heart failure (n (%)) 6504 (5.3%) 0 (0%)
Hypertension (n (%)) 53,816 (44.1%) 0 (0%)
Diabetes (n (%)) 17,090 (14.0%) 0 (0%)
Dyslipidemia (n (%)) 57,399 (47.0%) 0 (0%)
Sleep apnoea (n (%)) 1886 (1.5%) 0 (0%)
Peripheral arterial disease (n (%)) 12,352 (10.1%) 0 (0%)
Cancer diagnosis in 5 years up to and including index date (n (%)) 6587 (5.4%) 0 (0%)
Dementia (n (%)) 1628 (1.3%) 0 (0%)
Alcohol problems (n (%)) 6293 (5.2%) 0 (0%)
Epilepsy (n (%)) 2447 (2.0%) 0 (0%)
Mental disorder (n (%)) 1419 (1.2%) 0 (0%)
Constipation (n (%)) 8334 (6.8%) 0 (0%)
Anxiety and/or depression (n (%)) 44,856 (36.7%) 0 (0%)

Chronic kidney disease stage (1-5) (n (%))

450 (0.4%)

No CKD 103,986 (85.5%)

Stage | 158 (0.1%)

Stage 2 1537 (1.3%)

Stage 3 14,387 (11.8%)

Stage 4 909 (0.7%)

Stage 5 650 (0.5%)
Rheumatoid arthritis (n (%)) 3205 (2.6%) 0 (0%)
Hearing loss (n (%)) 19,392 (15.9%) 0 (0%)
Irritable bowel syndrome (n (%)) 8090 (6.6%) 0 (0%)

(Continued)
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Table | (Continued).

Total N=122,077 Missing
Erectile dysfunction (n (%)) 9229 (7.6%) 0 (0%)
Allergic rhinitis (n (%)) 11,286 (9.2%) 0 (0%)
Non-allergic rhinitis (n (%)) 5733 (4.7%) 0 (0%)
Nasal polyps (n (%)) 2959 (2.4%) 0 (0%)
Gastroesophageal reflux disease (n (%)) 19,478 (16.0%) 0 (0%)
Years from first COPD diagnosis to index date (median [IQR]) 6 [3, 10] 3 (0.0%)

GOLD severity (nearest before index date) (n (%))
Mild
Moderate
Severe

Very severe

17,274 (17.6%)
52,508 (53.4%)
24,263 (24.7%)
4352 (4.4%)

23,680 (19.4%)

Last MRC score (n (%))

v AW N -

17,573 (18.0%)
38,413 (39.4%)
25,012 (25.6%)
13,421 (13.8%)
3112 (3.2%)

24,546 (20.1%)

GOLD treatment group (nearest within 2 years prior to index date) (n (%))

20,191 (16.5%)

A 30,809 (30.2%)

B 17,657 (17.3%)

Cc 27,744 (27.2%)

D 25,676 (25.2%)
Acute OCS prescription in 2 years prior to index date (without non-respiratory indication) (median [IQR]) 0 [0, 2] 0 (0%)
Antibiotics prescription in 2 years prior to index date (without non-resp. indication) (median [IQR]) I [0, 3] 0 (0%)
SABA daily dose (mcg) (in 2 years prior to index date) categories (n (%))

None 27,649 (22.6%)

>0-100 19,747 (16.2%)

>100-200 16,056 (13.2%)

>200-300 9766 (8.0%)

>300-400 9800 (8.0%)

>400 39,059 (32.0%)
Number of consultations with respiratory related event (in 2 years prior to index date) (median [IQR]) 412, 7] 0 (0%)
Exacerbations in 2 years prior to index date (n (%))

None 38,571 (31.6%)

lor2 39,249 (32.2%)

3or4 18,634 (15.3%)

S5oré 9494 (7.8%)

7or8 5168 (4.2%)

>8 10,961 (9.0%)
COPD maintenance therapy prescribed in the year prior to index date (n (%)) 0 (0%)

None 35,805 (29.3%)

ICS 9798 (8.0%)

LABA 2036 (1.7%)

LABA+ICS 28,732 (23.5%)

(Continued)
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Table | (Continued).

Total N=122,077 Missing

LABA+LAMA 1278 (1.0%)

LABA+LAMA+ICS 33,291 (27.3%)

LAMA 8227 (6.7%)

LAMA+ICS 2910 (2.4%)
Highest eosinophil count (cells/pL) in 5 years prior to index date (categories) (n (%))

<100 cells/uL 3005 (3.0%)

100—<300 cells/pL 48,129 (48.3%)

300—<500 cells/pL 31,568 (31.7%)

2500 cells/uL 16,979 (17.0%)
Antidiabetic medications in 2 years prior to index date (n (%)) 12,393 (10.2%) 0 (0%)
Statin in 2 years prior to index date (n (%)) 48,606 (39.8%) 0 (0%)
ACE inhibitor in 2 years prior to index date (n (%)) 32,640 (26.7%) 0 (0%)
ARB in 2 years prior to index date (n (%)) 13,191 (10.8%) 0 (0%)
Calcium channel blocker in 2 years prior to index date (n (%)) 29,329 (24.0%) 0 (0%)
Mineralocorticoid receptor antagonist in 2 years prior to index date (n (%)) 3070 (2.5%) 0 (0%)
Antiplatelet in 2 years prior to index date (n (%)) 36,844 (30.2%) 0 (0%)
Anticoagulant in 2 years prior to index date (n (%)) 8383 (6.9%) 0 (0%)
Atypical antipsychotic in 2 years prior to index date (n (%)) 1625 (1.3%) 0 (0%)
Total cholesterol to HDL ratio categories (closest up to 10 years prior to index date) (n (%))

1-<2.5 12,691 (14.1%)

2.5-<3.5 33,138 (36.8%)

3.5-<5.0 32,882 (36.5%)

5.0-<6.0 7576 (8.4%)

2 6.0 3776 (4.2%)
Systolic BP (closest up to 10 years prior to index date) (mean (SD)) 134 (16) 4160 (3.4%)
Diastolic BP (closest up to |0 years prior to index date) (mean (SD)) 76 (10) 8242 (6.8%)
Pneumococcal vaccination (any time up to and including index date) (n (%)) 63,071 (51.7%) 0 (0%)
Influenza vaccinations in last 5 years prior to index date (mean (SD)) 2.6 (2.1) 0 (0%)

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; A&E, accident and emergency; BMI, body-mass index; BP, blood pressure; CKD,
chronic kidney disease; COPD, chronic obstructive pulmonary disease; FEV |, forced expiratory volume in | second; FVC, forced vital capacity; GOLD, Global Initiative for
Chronic Obstructive Lung Disease; HDL, high-density lipoprotein; ICS, inhaled corticosteroids; IMD, index of material deprivation; IQR, interquartile range; LABA, long-
acting beta-agonists; LAMA, long-acting muscarinic antagonists; mMCR, modified Medical Research Council; OCS, oral corticosteroids; SABA, short-acting beta-agonists; SD,
standard deviation.

In the derivation set, the model’s Harrell’s c-statistic was 0.719 [95% CI: 0.716, 0.721] and had an AUROC of 0.779
[95% CI: 0.776, 0.783] at five years and 0.813 [95% CI: 0.809, 0.817] at 10 years (Supplementary Figure 1). Overlaid
predicted and observed (Kaplan-Meier) curves of cumulative freedom from MACRE demonstrated good calibration

(Supplementary Figure 2), as did the calibration slope, intercept and plots for both five and 10 years (Supplementary

Table 8). Overall, the model achieved a Brier score of 0.183 at five years and 0.162 at 10 years.

In the validation set, the model’s Harrell’s c-statistic was 0.717 [95% CI: 0.712, 0.722] and had an AUROC of 0.781
[95% CI: 0.774, 0.789] at five years and 0.817 [95% CI: 0.810, 0.825] at 10 years (Figure 2). Overlaid predicted and
observed (Kaplan-Meier) curves of cumulative freedom from MACRE demonstrated good calibration (Figure 3), as did
the calibration slopes, intercepts and plots for both five and 10 years (Supplementary Table 8). The 95% confidence
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Table 2 Summary Statistics of the Variables Selected by the Least Absolute Shrinkage and
Selection Operator (LASSO) in the Multivariable Model in the Derivation Set

HR [95% CI]

Age (per 10 years) 1.539 [1.521, 1.557 %
Sex

Female 0.942 [0.923, 0.961]**

Male (reference) 1.000

Missing 0.750 [0.654, 0.860]***
BMI

Underweight (BMI<18.5) 1.479 [1.421, 1.540]+*

Normal weight (BMI 18.5 to <25) (reference) 1.000

Overweight (BMI 25 to <30) 0.840 [0.821, 0.859]***

Obese (BMI 230) 0.828 [0.808, 0.8497*+*

Missing I.167 [1.056, 1.290]**
Smoking status

Current 1.203 [1.178, 1.228]**

Ex-smoker (reference) 1.000

Missing 1.088 [0.867, 1.366]
Ethnicity

White (reference) 1.000

Asian 0.803 [0.730, 0.883]***

Black 0.859 [0.693, 1.065]

Other 1.083 [1.049, 1.119]+*
IMD quintile

| (Poorest) 1.081 [1.050, I.113]%**

2 1.015 [0.985, 1.045]

3 1.021 [0.990, 1.053]

4 1.008 [0.976, 1.041]

5 (Richest) (reference) 1.000

Missing 0.947 [0.863, 1.038]
Cardiac family history 1.122 [1.077, 1.169]+*
Prior angina 1.107 [1.072, 1.144]%F*
Prior IHD (without Ml or angina) 1.095 [1.059, 1.132]#*
Prior heart failure 1.195 [1.149, 1.243]%F*
Prior stroke 1.073 [1.019, 1.1307**
Atrial fibrillation 1.196 [1.152, 1.242]+*

(Continued)
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Table 2 (Continued).

HR [95% CI]

Hypertension 1.045 [1.020, 1.0707***
Dyslipidaemia 0.968 [0.949, 0.987]**
Diabetes 1.133 [1.084, 1.1847%**
Sleep apnoea 1.146 [1.067, 1.230]***
Peripheral arterial disease 1.225 [1.191, 1.2607%*
Cancer diagnosis in last 5 years 1.333 [1.286, 1.382]***
Dementia 1.580 [1.469, 1.6997%+*
Alcohol problems 1.287 [1.236, 1.340]***
Epilepsy 1.165 [1.096, 1.238]***
Mental disorder 1.194 [1.090, 1.308]***
Constipation 1.183 [1.145, 1.222]+**
Rheumatoid arthritis 1.180 [1.120, 1.2447%*
Hearing loss 1.021 [0.997, 1.046]
Erectile dysfunction 0.967 [0.934, 1.001]
Non-allergic rhinitis 0.942 [0.903, 0.9837**
Nasal polyps 0.976 [0.921, 1.034]
Gastroesophageal reflux disease 1.059 [1.033, 1.084]#*
Anxiety or depression 1.103 [1.082, I.125]+*
Allergic rhinitis 0.930 [0.901, 0.9617#**
Irritable bowel syndrome 0.932 [0.898, 0.968]***
Years since first COPD diagnosis (per 10 years) 0.980 [0.968, 0.993]**
Acute OCS prescription for respiratory in 2 years prior (per 10) 1.103 [1.080, I.126]***
Antibiotics prescription in 2 years prior (per 10) 1.050 [1.018, 1.083]**
Respiratory consultations in 2 years prior (per 10) 1.119 [1.103, 1.135]***
CKD stage

No CKD (reference) 1.000

Stage | 0.973 [0.762, 1.241]

Stage 2 1.036 [0.960, 1.119]

Stage 3 1.079 [1.049, 1.1097%**

Stage 4 1.510 [1.378, 1.6547%**

Stage 5 1.559 [1.393, 1.7447%%*

Missing I.110 [0.971, 1.269]

(Continued)
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Table 2 (Continued).

HR [95% CI]

SABA daily dose in 2 years prior (mcg)

None (reference) 1.000

>0-100 1.047 [1.012, 1.083]**
>100-200 1.071 [1.033, 1107
>200-300 1.140 [1.094, 1.187]+%
>300-400 I.110 [1.065, 1.156]%
>400 1.258 [1.218, 1.3007%*

Exacerbations in 2 years prior

None (reference) 1.000

lor2 1.068 [1.042, 1.0957%*
3or4 1.068 [1.034, 1.1047%*
S5oré6 1.150 [1.104, 1.198]%*
70r8 1.176 [1.117, 1.2377%
>8 1.320 [1.252, 1.392]%*

mMRC score

| (reference) 1.000

2 1.136 [1.102, 1.172]%*
3 1.158 [1.045, 1.282]**
4 1.392 [1.255, 1.5447%+*
5 1.670 [1.493, 1.868]***
Missing 1.374 [1.283, 1.47 17

GOLD classification

Mild (reference) 1.000

Moderate I.164 [1.130, I.198]***
Severe 1.489 [1.441, 1.5397%*
Very severe 1.951 [1.855, 2.053]**
Missing 1.264 [1.216, 1.3147%*

GOLD treatment group

A (reference) 1.000

B 1.060 [0.960, 1.171]

C 1.203 [1.169, 1.2397%*
D 1.251 [1.132, 1.382]%*
Missing 0.796 [0.742, 0.853]***

(Continued)
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Table 2 (Continued).

HR [95% CI]

Antidiabetic prescription 1.076 [1.024, 1.1317**
Statin prescription 0.900 [0.880, 0.921]***
ACE inhibitor prescription 1.005 [0.982, 1.029]

ARB prescription 0.970 [0.941, 1.0007*

Calcium channel blocker prescription 1.055 [1.031, 1.080]***
MRA prescription 1.260 [1.194, 1.3297%*
Antiplatelets prescription 1.105 [1.080, I.1317**
Anticoagulant prescription 1.184 [1.137, 1.232]***
Atypical antipsychotic prescription 1.248 [1.146, 1.359]***

Total cholesterol to HDL ratio

1-<2.5 (reference) 1.000

2.5-<35 0.932 [0.903, 0.96 1 7***

3.5-<5.0 0.945 [0.915, 0.976]***

5.0-<6.0 0.973 [0.930, 1.019]

2 6.0 1.072 [1.otl, 1.1377*

Missing 0.995 [0.960, 1.030]
Systolic BP (per 10 mmHg) 0.996 [0.990, 1.003]
Diastolic BP (per 10 mmHg) 0.995 [0.985, 1.007]
Pneumococcal vaccination 1.030 [1.006, 1.053]*
No of influenza vaccinations last 5 years 0.977 [0.972, 0.983]***

Highest blood eosinophil (cells/uL)

<100 cells/pL 1.016 [0.956, 1.079]
100-<300 cells/pL (reference) 1.000

300-<500 cells/pL 1.020 [0.998, 1.043]
2500 cells/pL 1.047 [1.019, 1.076]**
Missing 0.896 [0.872, 0.922]***

Validated COPD diagnosis

No (reference) 1.000
Yes 1.023 [0.994, 1.053]
Missing (no spirometry) 1.176 [1.142, 1.2] 1]

(Continued)
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Table 2 (Continued).

HR [95% CI]

Asthma status

Never diagnosed (reference) 1.000

Active 0.893 [0.868, 0.918]***

Inactive 0.881 [0.860, 0.902]*+*
Evidence of asthma before age 40 years 0.981 [0.941, 1.022]

COPD maintenance therapy

None (reference) 1.000

ICS 1.042 [1.000, 1.0847*

LABA 1.083 [1.006, I.1657*

LABA|ICS 1.124 [1.090, I.1597%**
LABA|LAMA I.153 [1.057, 1.2577**
LABA|LAMA|ICS 1.314 [1.274, 1.3557%*
LAMA I.115 [1.070, I.162]**
LAMA|ICS I.167 [1.099, 1.238]%*

Notes: *p<0.05 ** p<0.01 *** p<0.001.

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BMI, body-mass index;
BP, blood pressure; Cl, confidence interval; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary
disease; FEVI, forced expiratory volume in | second; FVC, forced vital capacity; GOLD, Global Initiative for Chronic
Obstructive Lung Disease; HDL, high-density lipoprotein; HR, hazard ratio; ICS, inhaled corticosteroids; IMD, index
of material deprivation; IQR, interquartile range; LABA, long-acting beta-agonists; LAMA, long-acting muscarinic
antagonists; MI, myocardial infarction; mMRC, modified Medical Research Council; MRA, mineralocorticoid receptor
antagonist; OCS, oral corticosteroids; SABA, short-acting beta-agonists.

intervals of all of the above quantitative measures of discrimination and calibration for the validation set overlapped with
those of the derivation set. Overall, the model achieved a Brier score of 0.184 at five years and 0.156 at 10 years.

Risk Classification Heatmap
Per the heatmap recommended by the Global Working Group on Cardiopulmonary Risk in COPD, patients with COPD in
higher cardiopulmonary risk categories had higher five- and ten- year MACRE risks as predicted by the model (Figure 4).

Discussion

In this proof-of-concept historical cohort study of a large British electronic medical record database, we constructed
a risk prediction model for MACRE in patients with COPD with good discrimination and calibration. As one of the first
studies predicting cardiorespiratory risk in patients with COPD, this study demonstrated that such prediction using
electronic medical records data is feasible, which can serve as a basis for further efforts to construct more refined and
clinically usable cardiorespiratory risk models for patients with COPD.

Our model achieved discriminative performances that were largely comparable with contemporary guideline-
recommended cardiovascular risk scores for the general population, such as SCORE2 (internal validation c-statistic
0.739) and the pooled cohort equation (cross-validation c-statistics 0.713-0.818 in different subsets).?>** Our model also
achieved comparable performance in both the derivation and validation sets. However, as a proof-of-concept study, our
model was intended to demonstrate the viability of using electronic medical records data for cardiorespiratory risk
prediction, and it was not yet optimized for clinical use. As a result, it included a much larger number (ie 61) of
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Figure 2 Receiver-operating characteristics (ROC) curves for major adverse cardiorespiratory events (MACRE) at five (A) and 10 (B) years in the validation set.

predictors compared to the aforementioned risk scores, with SCORE2 including six predictors and the pooled cohort
equation including nine.?**> Although the most important predictors were clinically sensible, some predictors exhibited
associations with MACRE which were counterintuitive and contradicted medical consensus or conclusive prior literature,
such as dyslipidaemia being associated with a lower risk of MACRE, and having a pneumococcal vaccination being
associated with a higher risk of MACRE. These may have resulted from bias by indication, eg sicker patients were more
likely to have received pneumococcal vaccination, as well as being a result of the reliance on data-driven variable
selection methods in a large derivation cohort. Some of these variables may also be surrogate markers of higher quality of
care, such as coding for dyslipidemia potentially reflecting more thorough health monitoring, and pneumococcal
vaccination possibly indicating greater attentiveness to preventive care. Overall, our model was not set up to be causal
in nature, and given the risk of other biases such as over adjustment bias, the estimates should be interpreted with caution
outside causal contexts. Clinically, the large number of predictors meant that clinical use of the resultant model will be
difficult, and the counterintuitive associations meant the predictors cannot be interpreted as treatment targets. Further
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Figure 3 Overlaid predicted and observed (Kaplan—Meier) curves of cumulative freedom from major adverse cardiorespiratory events for the validation set.

studies using more deliberate and knowledge-driven predictor selection processes are needed, with greater a priori
emphasis on the clinical utility of the model and interpretability of associations. This study, having demonstrated the
viability of using routinely available electronic medical records data from primary care practices to predict MACRE and
identify high-risk patients with COPD, should serve as a basis and stepping stone for these future endeavours.

Contrasting existing cardiovascular risk tools which focus solely on incident cardiovascular diseases, this study
focused on MACRE, a novel outcome, which provided a potential means of meaningfully capturing cardiac and
respiratory events in a single composite outcome. Additionally, this circumvented the issue of misdiagnosis and thus
miscoding between COPD and cardiac events, especially HF. Our finding that higher-risk categories among those
stipulated in the heatmap recommended by the Global Working Group on Cardiopulmonary Risk had higher
incidences of MACRE also provided a qualitative validation of said heatmap. Nevertheless, with MACRE being
a novel outcome that is yet to be considered by international guidelines to guide management, these estimates of
MACRE incidences may not yet be clinically actionable, although they may be used cautiously as a potential reference
for understanding the cardiorespiratory risk of different patients with COPD. Moving forward, further studies on
MACRE are warranted. These include studies that examine the mortality- and morbidity-equivalence of cardiovas-
cular and respiratory events in patients with COPD, which is a gap in evidence identified by the Global Working
Group on Cardiopulmonary Risk and a means of examining the validity of MACRE as a composite outcome.?” In the
longer run, together with further variable reduction and, subsequently, external validation of the model, these efforts
may lead to the establishment of clinically actionable thresholds that guide cardiorespiratory interventions in patients
with COPD to prevent MACRE.

This study represented an effort to focus on the cardiorespiratory interface, building on a prior study which observed
an association between COPD diagnosis and cardiovascular mortality,® as well as associations between cardiovascular
conditions and COPD outcomes.” ° Mechanistically, these associations are multifactorial in nature. Aside from over-
lapping risk factors such as smoking, other biological factors likely contribute significantly to this complex relationship
as well, including pulmonary and systemic inflammation, deconditioning and frailty, arterial stiffening, hyperinflation of
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Figure 4 Risk classification heatmap showing the predicted risks of major adverse cardiorespiratory events (MACRE) in the overall cohort at (A) five years and (B) 10
years, stratified by the cardiovascular risk profile and the modified Medical Research Council (nMRC) score. Numbers represent the predicted risks in percentages.

the lungs, haemodynamic alterations, subclinical atherosclerosis, and left ventricular hypertrophy and concentric
remodelling.'®***® Furthermore, many medications used for treating COPD (such as systemic steroids) or cardiovas-
cular diseases have adverse effects on each other, further compounding the complexity of the overlap between these
broad clinical entities.'” Notwithstanding the above, studies of the cardiorespiratory overlap in patients with COPD
remain relatively scarce and crude. Further studies with greater nuance and consideration of COPD-specific factors, such
as severity and healthcare resources utilization measures, remain warranted.

Limitations

This study had a number of limitations. First, as a proof-of-concept study, external validation was not performed, which
remains required for developing a clinically useful model. Second, the dataset represented information collected for
clinical and routine use rather than specifically for research purposes. The validity and completeness of individual patient
records could not be adjudicated. Nonetheless, the source of data (OPCRD) has been used extensively in other studies of
respiratory and cardiovascular conditions or outcomes.****>%*” Third, non-linear associations, inter-predictor interac-
tions, and time-varying associations were not considered but may be useful in improving the predictive accuracy of the
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model. Fourth, patients with prior occurrence of MI were excluded. This ensured accurate ascertainment of MACRE, but
also limited the generalizability and clinical relevance of our model, especially since these patients were at an elevated
risk of cardiorespiratory events, meaning that the model may underestimate risks in these patients. Fifth, cardiac events
constituted only a small proportion of MACRE, which may be partly due to the aforementioned exclusion of patients
with prior MI. Further studies and validation of MACRE or similar composite cardiorespiratory outcomes remain
required. Sixth, the study period included the COVID-19 pandemic period, during which the skewed rates of cardior-
espiratory events may have affected our results and limited the model’s generalizability.**** Nonetheless, the model
demonstrated good predictive performance at both five years — which is unaffected by COVID-19 — and 10 years,
suggesting that the model is robust and not substantially impacted by the COVID-19 pandemic. Lastly, it is possible that
some important predictive variables were unobserved, including behavioural data which were not widely available from
the source of data used in this study.

Conclusions

In a large British cohort of patients with COPD, cardiorespiratory events (MACRE) were common. As one of the first
studies predicting cardiorespiratory risk in patients with COPD, this study demonstrated that prediction of MACRE using
primary care electronic medical records data was feasible and showed a good predictive value. Further studies with more
rigorous predictor selection processes, greater emphasis on clinical utility and interpretability, and external validation are
required, which may allow establishment of clinically actionable thresholds that guide cardiorespiratory interventions in
patients with COPD to prevent MACRE.
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