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At a Glance Commentary
Scientific Knowledge on the Subject
The relationship between COPD exacerbations with cardiovascular events is recognised in literature. However many studies have been post-hoc analyses of clinical trials and self-controlled studies, thus including more severe patients, evidenced an increased relative magnitude of effect of cardiovascular events in the short-term following an exacerbation of COPD, but with mixed results around the importance of exacerbation severity and relative effects of cardiovascular events. To date, the understanding of the temporal relationship between COPD exacerbations and cardiovascular disease has not been described with focus on routine care settings, to reflect a spectrum of COPD phenotypes. 
What This Study Adds to the Field
We used a generalizable, primary care-defined COPD cohort to determine relative and absolute rates for a wide range of non-fatal cardiovascular events, following both moderate and severe COPD exacerbations, split into short time periods, and over one-year follow up. We demonstrate the period immediately following hospitalization for an exacerbation presents an acute, critical opportunity for clinical intervention and treatment optimisation to prevent future cardiovascular events in COPD. Heightened relative effects remain over one year later irrespective of exacerbation severity. This study illustrates that COPD intervention approaches should proactively include management of cardiopulmonary risk to subsequently reduce the risk of both COPD and cardiovascular events, in the short and long term. 

Word count: 200 /200

Abstract
Rationale
Cardiovascular events risk following COPD exacerbations is recognised. Studies to date have been post-hoc analyses, did not differentiate exacerbation severity, included death in the cardiovascular outcome, or had insufficient power to explore individual outcomes temporally.
Objectives 
We explore temporal relationships between moderate and severe exacerbations with incident, non-fatal hospitalised cardiovascular events, in a primary care-derived COPD cohort. 
Methods
We included people with COPD in England from 2014-2020, from the Clinical Practice Research Datalink (CPRD) Aurum primary care database. Index date was first COPD exacerbation, or for those without exacerbation, date upon eligibility. We determined composite and individual cardiovascular events (acute coronary syndrome, arrhythmia, heart failure, ischaemic stroke, pulmonary hypertension) from linked hospital data. Adjusted Cox Regression models estimated average and time-stratified hazard ratios(aHR). 
Measurements and Main Results 
Among 213,466 patients, 146,448 (68.6%) had any exacerbation; 119,124 (55.8%) a moderate exacerbation and 27,324 (12.8%) a severe exacerbation. 40,773 cardiovascular events were recorded. There was an immediate period of cardiovascular relative rate post any exacerbation (1-14 days, aHR=3.19,95%CI 2.71-3.76), followed by progressively declining yet maintained effect magnitude, elevated after one year(aHR=1.84,1.78-1.91). HRs were highest 1-14 days following severe exacerbations (aHR=14.5,12.2-17.3) but highest 14-30 days following moderate exacerbations (aHR=1.94,1.63-2.31). Cardiovascular outcomes with greatest two-week effects post severe exacerbation were arrhythmia (aHR=12.7,10.3-15.7) and heart failure (aHR=8.31,6.79-10.2).
Conclusions
Cardiovascular events following moderate exacerbations occur later than severe exacerbations; however, heightened relative rates remain beyond one year irrespective of severity. The period immediately following exacerbation presents a critical opportunity for clinical intervention and treatment optimisation to prevent future cardiovascular events. 	Comment by Mullerova, Hana: Cardiopulmonary?
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Background
The pathophysiological links between chronic obstructive pulmonary disease (COPD) and cardiovascular disease (CVD) are recognised and thought to be related to underlying systemic inflammation(1), hyperinflation, or arterial stiffness and common risk factors(2, 3). COPD is associated with an increased risk of cardiovascular events independently of age, sex, smoking history and other confounders(4, 5). In addition to the association in stable COPD(5), studies have found the time of an exacerbation of COPD offers a period of heightened cardiovascular risk(6). 

Previous studies examining the relationship between COPD exacerbations and CVD focused on COPD exacerbation frequency(7–10), subgroup analyses by effect modifiers such as at-baseline CVD status(8, 9, 11–13), and within-patient self-controlled designs exploring relative effects comparing stable to post-exacerbation periods(8, 9, 11, 13–16). Few studies have defined a range of individual outcomes(13, 15), those that have focused on solely stroke and myocardial infarction (MI)(6, 8, 14, 15, 17), atrial fibrillation (AF)(16), and/or a composite outcome(9, 12, 18). Few have investigated exacerbation severity, either through primary care managed versus hospitalised events(8, 9, 12), or medication status(11, 14, 18). Although studies have established effects across multiple periods in the first year(8, 9, 12, 14, 16, 18), to our knowledge, this is the first study to use a generalisable primary care defined COPD cohort to determine absolute risk (%) and rates of specific non-fatal cardiovascular events following both moderate and severe COPD exacerbations across multiple intervals, over long-term follow up.	Comment by Graul, Emily L: For context:



The Exacerbations of COPD and their OutcomeS on CardioVascular diseases (EXACOS-CV) is a multi-country programme that seeks to further characterise the exacerbation-CVD association through retrospective longitudinal cohort studies across various databases and country contexts(19). Here, we explore the temporal relationship between moderate (primary care managed) and severe (hospitalised) exacerbations with non-fatal cardiovascular events among people with COPD in England using the UK’s Clinical Practice Research Datalink (CPRD) Aurum database. Our aim was to determine the absolute and relative rate of cardiovascular events (individual and composite) at multiple intervals across long-term follow-up, post-COPD exacerbation. 

[bookmark: _Toc135250586]
Methods
Data source
We used routinely collected electronic healthcare record (EHR) data from the CPRD Aurum database. CPRD is a pseudonymised primary care database covering 20% GP-registered patients in England(20). CPRD Aurum is broadly representative in terms of age and sex(21). Linked data from the Office for National Statistics (ONS) for mortality, socioeconomic data from the Index of Multiple Deprivation (IMD), and secondary care data from Hospital Episode Statistics (HES) were obtained from CPRD.

Study population and study design
We conducted an open cohort study including people with both new diagnoses of and longstanding diagnoses of COPD. People were eligible to be included in the cohort if they met the following criteria: 1.) aged 40 years and older, 2.) had a COPD diagnosis, the definition of which is based on a validated algorithm (86.5% predictive positive value)(22), 3.) were eligible for linkage with HES and ONS data, 4.) had a smoking history (i.e., current or ex-smoker), 5.) had continuous GP practice registration with acceptable quality data in the year before start of follow up, and 6.) had data recorded after 1st of January 2014. Index date in the exacerbation group (exposed) was the date of the first exacerbation after meeting eligibility criteria. For the non-exacerbating group (unexposed), index date was the latest of; COPD diagnosis date, 40th birthday, at least one year of continuous acceptable quality data or 1 January 2014.  Follow up was from index date, until 31st December 2019 or earlier if patients died or transferred GP practice (Figure 1). Minimum follow-up was one day. 

Exclusion criteria
For primary outcome analyses, patients were excluded if in the year prior to index they had evidence of any type of cardiovascular event (composite outcome), and in the unexposed group, also had an exacerbation (Figure 1; Figure E1 inclusion diagram; Table E8.1 exclusion details). For secondary outcome analyses, patients were excluded if they had evidence of that specific outcome-of-interest only in the year prior to index.  



[figure1_final_AJRCCM.pptx]
Figure 1. Study timeline with exclusion criteria, and periods of covariate measurement

CV = cardiovascular. ACS = Acute Coronary Syndrome. HF = Heart Failure. PH = Pulmonary Arterial Hypertension. HES = Hospital Episode Statistics. GP = General Practitioner ONS = Office for National Statistics. IMD = Index of Multiple Deprivation. 
*Upon index date: “acceptable” data quality, age 40, COPD diagnosis, ex/smoker, HES, ONS, IMD linkage eligibility, continuous 1-year GP registration
†2 year window covariates: Medical Research Council (MRC) dyspnoea score, GOLD grade, COPD and CV medications, Venous thromboembolism, Chronic kidney disease
‡Other covariates defined all-time unless specified: age, sex, Index of Multiple Deprivation (IMD), ethnicity, recent smoking history, BMI (previous 5 years), Type-II diabetes, current asthma (period of 3 years before a 2-year period prior to COPD diagnosis), depression, anxiety, hypertension



[bookmark: _Toc135250590]Exposure 
[bookmark: _Toc135250591]The exposure was any exacerbation (moderate or severe), whichever came first after meeting eligibility criteria. We repeated analyses distinguishing first moderate or first severe exacerbation in the study period.  A moderate exacerbation was defined as a COPD-related primary care (GP) visit with either a code for exacerbation (including Lower Respiratory Tract Infection (LRTI) SNOMED-CT codes) and/or prescription for respiratory antibiotics and oral systemic corticosteroids not on the same day as an annual review. This definition has been validated in CPRD(23). A severe exacerbation was defined as a hospitalisation with an acute respiratory event code including COPD or bronchitis as a primary diagnosis, or a secondary diagnosis of COPD, as previously validated in HES(24). We considered exacerbations to be the same event if recorded within 14-days in which case the highest level of severity was chosen. 

Outcomes
The primary outcome was the first of any non-fatal cardiovascular event as determined in HES data using ICD-10 codes in the primary diagnostic position across all episodes in a single hospitalisation.  The composite outcome comprised of acute coronary syndrome – ACS (including myocardial infarction - MI and unstable angina), arrhythmias, heart failure  (HF), ischaemic stroke, and pulmonary hypertension (PH). Secondary outcomes were by each individual cardiovascular component of the original composite outcome (Table E8.2 extended outcome definitions). The date of admission was the date of outcome. 

[bookmark: _Toc135250592]Covariates
We had a “core” set of covariates that we adjusted models for, including age, sex, Index of Multiple Deprivation (IMD), smoking history, BMI, Type-II diabetes, current asthma, depression, anxiety, hypertension, venous thromboembolism, COPD medication, and CVD medication. Within sensitivity analyses only, in addition to the core set of covariates, we adjusted for a “sensitivity” set of covariates, including Medical Research Council (MRC) dyspnoea score, GOLD grade, chronic kidney disease (CKD), due to missing data (Table E8.3 extended covariate definitions). We chose covariates for models based on (i) clinical expertise, (ii) previous literature demonstrating relationships between selected covariates and cardiovascular events, and (iii) previous research that we have done on the COPD-CVD relationship using similar covariates (as appropriate).

[bookmark: _Toc135250593]Codelists
[bookmark: _Hlk133577261]Codelists for primary care covariates were generated using SNOMED-CT and British National Formulary ontologies; we used our standardisable, reproducible methodology, available on GitHub: for drug codelists (25) and for medical/phenotype codelists, respectively. Codelists for hospital events used ICD-10 codes. All codelists are available on our GitHub repository.

[bookmark: _Toc135250594]Statistical Analysis
Analyses were performed in STATA v17. Baseline characteristics were described, overall and by exacerbation status. Absolute rates and crude incidence rates were calculated across follow up for patients with exacerbations (of any severity and by severity) and for patients without exacerbations. 

[bookmark: _Toc135250596]Pre-specification of subperiod hazards
We anticipated the effect of exacerbation on cardiovascular events would not be constant over time,8 i.e., violating the Cox proportional hazards assumption. We visualised the instantaneous hazard of the event over time and assessed event rates across time to prespecify the following six subperiods, focusing within the first year: one to 14 days, 14 to 30 days, 30 days to three months, three months to nine months, nine months to one year and one year to end of follow-up (Appendix 8 extended methodology).

[bookmark: _Toc135250597]Survival analyses
Cox regression was used to investigate time from index date to first composite non-fatal cardiovascular event, comparing patients with and without exacerbation, adjusted for all “core set” covariates. Before running final multivariable models, we examined covariates for potential collinearity, no collinearity was found (Table E8.4). Models were fitted with and without stratification of time (according to the six pre-specified subperiods). We applied Bonferroni corrections to the significance level for time-stratified models (Table E8.5) (Appendix 8 extended methodology). 

[bookmark: _Toc135250598]Sensitivity Analyses
We undertook extensive sensitivity analyses. Specifically, we 1.) re-ran our core analysis to include covariates for which we had extensive missing data (GOLD stage, ethnicity, CKD, and MRC dyspnoea scores), 2.)  ran our model including patients with evidence of a cardiovascular event in the year prior to index date, 3.)  included patients with only a single exacerbation in the follow up period prior to the outcome, to investigate patients whose outcome was not related to subsequent exacerbations, 4.) removed PH as an outcome in the composite event, 5.) included all-cause death within the composite event 6.) included all-cause mortality as a competing risk with the composite event, and 7.) included patients whose cardiovascular outcome occurred on the same day as their exacerbation. 

Exploratory Analyses
We calculated the proportion of patients who had their cardiovascular outcome within the same hospitalisation as their exacerbation. 

[bookmark: _Toc135250599]
Findings
213,466 people diagnosed with COPD were included (Figure E1). At start of follow-up, 67,018 (31.4%) had no exacerbation, 146,448 (68.6%) had any type of exacerbation, of those 119,124 first had a moderate (GP) exacerbation and 27,324 first had a severe (hospital) exacerbation (81.3% and 18.7% of any exacerbation, respectively). Baseline characteristics are detailed in Table 1 and prescriptions at index in Table 2. 


[table1_table2_AJRCCM.docx]
Abbreviations: BMI, Body Mass Index; CVD, Cardiovascular Disease; eGFR, estimated glomerular filtration rate; MRC, Medical Research Council;  uAlb, microalbuminuria. 


Table 2. Baseline prescriptions by exacerbation status 
[table1_table2_AJRCCM.docx]
Abbreviations: CCB = calcium channel blocker, PDET4 = phosphodiesterase type-4, ICS = inhaled corticosteroid, LABA = long-acting beta agonist, LAMA = long-acting muscarinic antagonist, SABA = short-acting beta agonist, SAMA = short-acting muscarinic antagonist. n(%) described for the COPD and cardiovascular prescription categories may be mutually exclusive, as they can be taken in combination elsewhere in the table (e.g., patient prescribed a long-acting inhaler, short-acting inhaler, oral therapy, and a cardiovascular medication)




[bookmark: _Toc135250600]Exacerbation and future cardiovascular events
A total of 40,773 cardiovascular events were recorded over a median 2.40 years follow-up (IQR 0.94-4.45) (Table 1), of which 4,108 (10.1%) were ACS, 20,080 (49.3%) arrhythmia, 12,694 (31.1%) HF, 1,492 (3.66%) PH, and 2,399 (5.88%) ischaemic stroke. Cumulative incidence of composite cardiovascular event following any exacerbation is shown in Figure 2A, and by exacerbation severity in Figure 2B (Figures E2A, E2B for the first 100 days). Follow-up was similar among those exacerbating and not; upon stratification, those with a severe exacerbation had median 1.21 years follow-up (IQR 0.26-2.89).

Approximately 28 people experienced at least one cardiovascular event out of every 100 hospitalised exacerbations (7,564/27,324). About 22 people experienced a cardiovascular event out of every 100 managed for an exacerbation in primary care (25,831/119,124) (Table E2.1 for absolute risks (%) and rates). 


A
[figure2A_final_ARJCCM.pdf] 
B
[figure2B_final_ARJCCM.pdf]
[bookmark: _Hlk132635823]Figure 2. Cumulative incidence for Composite Cardiovascular events for the COPD population for Exacerbation dichotomised (A) and stratified by severity (B).
A) Moderate or severe Exacerbation: Unadjusted HR 2.36, 95%CI (2.30-2.42), Adjusted HR 1.84, 95%CI (1.79-1.90). B) Moderate Exacerbation: Unadjusted HR 2.11, 95%CI (2.06-2.17), Adjusted HR 1.67, 95%CI (1.62-1.72). Severe Exacerbation: Unadjusted HR 4.07, 95%CI (3.94-4.21), Adjusted HR 3.18, 95%CI (3.06-3.29). Refer to supplementary Figures E2A, E2B for any and exacerbation by severity respectively, for identical but subset plots focusing on the first 100 days of follow-up to illustrate cumulative incidence in the immediate exacerbation aftermath.



Crude Incidence Rates of cardiovascular events
In the whole cohort over all follow up time, the crude incidence rate of any cardiovascular event was 7.01 per 100 person-years (95%CI 6.95-7.08). Among patients without an exacerbation, the crude rate was 3.66 per 100 person-years (95%CI 3.58-3.75). Among patients with any exacerbation, the crude rate of cardiovascular events was higher; 8.79 per 100 person-years, (95%CI 8.70-8.88). The rate of a subsequent cardiovascular event was different by exacerbation severity. Among patients with a moderate exacerbation, the rate was 7.79 per 100 person-years, (95%CI 7.69-7.88), whereas among patients with a severe exacerbation, the rate was 15.7 per 100 person-years, (95%CI 15.3-16.0).

Hazard ratios for composite cardiovascular events
Compared with patients without an exacerbation, patients with an exacerbation had a higher hazard of composite future cardiovascular event over the entire follow-up duration (Figure 3  and Tables E2.1-2.3). When analysing by subperiods of time, the relative rate of cardiovascular event peaked in the immediate two weeks following exacerbation (1-14 days aHR=3.19, 95%CI 2.71-3.76; followed by declining hazards thereafter, but with an elevated HR maintained even after the first year (exceeding one year aHR=1.84, 95%CI 1.78-1.91). 

Compared with those without an exacerbation, those with a severe exacerbation had a higher rate of a cardiovascular event in the immediate two-weeks following exacerbation (1-14 days aHR=14.5, 95%CI 12.2-17.3) (Figure 4). For moderate exacerbation the highest relative rate was in the 14- 30-day period (14-30 days aHR=1.94, 95%CI 1.63-2.31) and attenuated thereafter. For both moderate and severe exacerbations, rates remained statistically significant beyond one year after the exacerbation (aHR for moderate=1.74, 95%CI 1.67-1.80; aHR for severe=2.71, 95%CI 2.59-2.86) (Figure 4).  



[figure3_final_AJRCCM.pptx]
Figure 3. Forest plot illustrating the association between exacerbation and composite cardiovascular event, overall and by pre-specified subperiod of clinical interest.
N refers to number of patients at-risk in the respective period, i.e., the denominator. Events, i.e., the numerator, are available in Appendix 2, Tables E2.1-2.3.
*Reference estimate representing non-exacerbators refers for overall and subperiod effect estimates is HR 1.00 regardless of time strata.
 **Adjusted for all core set covariates 


[figure4_final_AJRCCM.pptx]
Figure 4. Forest plot illustrating the association between exacerbation by severity and composite cardiovascular event, overall and by pre-specific subperiod of clinical interest.
N refers to number of patients at-risk in the respective period, i.e., the denominator. Events, i.e., the numerator, are available in Appendix 2, Tables E2.1-2.3.
*Reference estimate representing non-exacerbators refers for overall and subperiod effect estimates is HR 1.00 regardless of time strata.
 **Adjusted for all core set covariates






[bookmark: _Toc135250602]Hazard ratios for individual cardiovascular events
Compared with patients without an exacerbation, patients who had any exacerbation had an increased relative rate of all individual cardiovascular outcomes, apart from ischaemic stroke which had mixed results.  HRs across follow-up were highest for PH (aHR 3.15, 95%CI 2.81-3.52), followed by HF (aHR 2.33, 95%CI 2.24-2.42). In the first 14 days post any exacerbation, the highest magnitude of effects were observed for arrhythmias, HF, and PH (1-14 days: aHR 2.86, 95%CI 2.36-3.47; aHR 2.87, 95%CI 2.36-3.50; aHR 2.85, 95%CI 1.57-5.17, respectively) (Figure 5; Tables E9.1-E9.15).






 [figure_5_final_AJRCCM.pptx]
Figure 5. Forest plot illustrating the association between exacerbation by each secondary cardiovascular endpoint, overall and by pre-specific subperiod of clinical interest.
N refers to number of patients at-risk in the respective period, i.e., the denominator. Events, i.e., the numerator, are available in Appendix 9 tables.
*Reference estimate representing non-exacerbators refers for overall and subperiod effect estimates is HR 1.00 regardless of time strata.
 **Adjusted for all core set covariates
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[bookmark: _Toc135250603]Sensitivity analyses 
When adjusting for sensitivity set covariates, hazard ratios were comparable with the core set of covariate adjusted models (Tables E2.1-2.3). 

When including patients with a prior cardiovascular event in the year before index date, HRs of cardiovascular events following an exacerbation were lower compared with the main model (Tables E3.1-3.3). 

When restricting to people who only had one exacerbation over follow-up, the results remained consistent however, there were modest higher relative rates within the first two weeks (any exacerbation: aHR=7.81, 95%CI 6.65-9.17; moderate exacerbation: aHR=3.31, 95%CI 2.78-3.95; severe exacerbation: aHR=27.7, 95%CI 23.5-32.7) (Tables E4.2-4.3 for time-stratified models;E4.1 across follow-up). 

When defining the composite outcome without PH, HRs and 95%CIs were equivalent to the main model (Tables E5.1-5.3).

When including death in the composite outcome definition, absolute risks (%) and crude rates across follow-up were higher than main models, particularly for severe exacerbation. 
Relative rates were comparable to main models, except for the first month for severe exacerbation which were slightly higher (1-14 days aHR=17.2, 95%CI 1.50-19.8; 15-30 days aHR=7.71, 95%CI 6.66-8.93) (Tables E6.1-6.3).

When including all-cause death as a competing event, the HR of composite cardiovascular event was attenuated compared with main models across time (any exacerbation aHR=1.63, 95%CI 1.57-1.68, moderate exacerbation aHR= 1.61, 95%CI 1.55-1.66, severe exacerbation aHR= 1.73 95%CI 1.65-1.82) (Table E7.1; Figure E3A-E3B for cumulative incidence function curves). 

When we explored the inclusion of patients who had a COPD exacerbation and cardiovascular event on the same day, relative rates were remarkably elevated in the first two weeks (Tables E8.1-8.3). Of these 9,597 patients, 9,401 (98%) had severe exacerbation. 

Exploratory analysis
We found 0.2% (13/6,274) experienced the cardiovascular outcome within the same hospitalisation as for an exacerbation.  










[bookmark: _Toc135250604]Discussion
[bookmark: _Toc135250605]Principal findings
This is the first study using a generalisable primary care defined COPD cohort to determine absolute and relative rates of specific non-fatal cardiovascular events following both moderate and severe COPD exacerbations, split into relatively short time periods over long-term follow up, with sufficient power to explore multiple individual cardiovascular outcomes temporally. We observed an increased, immediate risk for composite and individual cardiovascular outcomes following an exacerbation, a risk distinctively elevated in severe exacerbation compared with moderate exacerbation, with risk occurring later following a moderate exacerbation, and with sustained risk even after one year of follow-up irrespective of severity.. Scaling our findings up to the wider COPD population, approximately 28 people will experience at least one cardiovascular event out of every 100 hospitalised exacerbations and 22 out of every 100 primary care exacerbations. 

We observed a distinctively higher magnitude of effect among patients with a severe rather than a moderate exacerbation. For all individual outcomes, HRs were highest following a severe exacerbation in the 1-14 days, attenuating but remaining statistically significant even after one year. The two-week HRs were highest for arrhythmia and HF. This heightened risk may be due to impaired gas exchange secondary to exacerbation, leading to a hypoxemic state or alternatively, treatments used for exacerbation (e.g., increased short acting beta agonist use or oral corticosteroids) may play a role(26).  The attenuated and mixed associations across time for ischaemic stroke could be explained by factors for stroke such as arrhythmia being identified and treated(27). It is likely exacerbations requiring hospitalisation are associated with a greater inflammatory response and this may explain why we find an increased rate of events overall in this group. It is also possible that people are more heightened to their symptoms having been in hospital and therefore have a lower threshold for seeking healthcare with ongoing or new symptoms. It is plausible patients post-severe exacerbation have vigilant monitoring(8), however, our exploratory analysis revealed only 0.2% of severe exacerbating patients experienced a cardiovascular event within the same hospitalisation as the exacerbation.  

The relative rate of cardiovascular events following a moderate exacerbation occurred slightly later, with the highest risk for HF, PH, and ACS, not appearing until after two weeks, after 1 month, and after 3 months, respectively. The relative rate of arrhythmia was again highest in the 1-14 days following an exacerbation and evidence of association was maintained across time. This may be for similar mechanistic reasons to those seen following a severe exacerbation. It could be that for HF, PH, and particularly for ACS, it takes time for the accumulation of lower-intensity inflammation to take effect, before imposing an increased cardiovascular risk with longer term inflammatory mechanisms important. It is also possible that there is some misdiagnosis or delayed diagnosis or misclassification of cardiovascular and exacerbation events given the overlap in symptoms, and lack of cardiovascular investigations readily available in primary care(8, 28–30). There may also be a delay in healthcare seeking behaviour or a false re-assurance that symptoms related to a new cardiovascular event are being attributed to the COPD exacerbation. Given the delay there may be opportunities to intervene or pro-actively diagnose these events earlier to start treatment and ultimately improve outcomes. There was no association between a moderate exacerbation and subsequent stroke.

Relative rates remaining elevated after one year is an interesting finding. Previous studies have had shorter follow-up, either between one to six months(8, 11, 13, 14, 18), or only up to one year(9, 15, 16), with less-than-a-week time cuts for many of the shorter length studies(8, 9, 12, 14, 16). These studies with multiple subperiods found no increase in risk within or by the first-year(8, 9, 12, 14, 16), unlike the sustained associations we observed across time. Reasons for this discrepancy may partly be due to study cohorts. All studies included only patients with worse clinical prognosis, requiring people to have exacerbation history(8, 14, 16), or cardiovascular history(18). Other studies were post-hoc trial analysis in which there had been specific inclusion criteria(9, 12). 

Defining solely non-fatal events also allowed us to better understand the clinical implications and important time points for intervention following exacerbation. In post-hoc analyses of clinical trials(9, 12, 13), a case-crossover study(11), and one small registry-based study(18) including mortality in outcomes revealed higher magnitudes of effect than our findings, particularly for severe exacerbations(9). We performed a sensitivity analysis including death as a competing event, observing overall attenuation of HR magnitude. We performed a sensitivity analysis including death as part of our composite endpoint, where we found higher absolute measures (risk %, rate), and comparable relative rates except for the first month for severe exacerbation. This aligns with what we anticipated as we expanded the outcome definition (i.e., more events), and as the greater magnitude in relative effects within the first month for severe exacerbation reinforces the urgency of taking immediate preventative measures particularly for exacerbations occurring in-hospital.

Studies exploring the risk of arrhythmias following COPD exacerbation are limited. Only three small studies have investigated an exacerbation-cardiovascular relationship for atrial fibrillation. These studies were all small in sample size,  and did not include both primary-care and hospitalised exacerbations(13, 15, 16). Our subperiod HRs in the first three months are comparable to the 1-90 day incidence rates seen in a US study examining AF with hospitalised exacerbation(16), but no association was observed past 90 days, unlike the sustained effect sizes we observed.  These differences could be due to our broader non-fatal arrhythmia definition, where 35% were AF/flutter, and the remaining encompassing non-fatal cardiac arrest and other types of arrhythmias. Alternatively, the inclusion criteria of the US study(16) required a history of AF and exacerbation; these patients are likely receiving treatment for their condition which may reduce long-term cardiovascular risk. Our results are comparable with results of Halpin et al post-hoc, subgroup analysis among patients without cardiac disorder at baseline (1-180 days: 3.73, 95%CI  0.77–17.9)(13). In our sensitivity analyses including these patients with prior incident cardiovascular events, we observed dampened HRs, likely as people with recent cardiovascular history if appropriately treated have reduced cardiovascular risk. Interestingly however we did not observe differences in the distribution of cardiovascular medication status relative to the main cohort. 

The general attenuation or lack of an association for ischaemic stroke is also novel and differs from most studies in which associations were observed(8, 11, 13, 15, 17). Again, these prior studies did not always include generalisable patient populations and were either  post-hoc analysis(13) or used self-controlled designs(8, 11, 15). Our results concur with two UK studies, a small study in The Health Improvement Network (THIN) database(14), and an earlier case-control study using primary care data investigating the role of ischaemic stroke with exacerbation frequency(10). The associations observed in previous studies could be due in part, to residual confounding(17). 

Our observations of delayed and sustained temporal effects for ACS, HF, and PH is different from previous literature(8, 11, 13–15), particularly as no previous studies have explored the relative effects of PH following exacerbation in this way. In the two UK self-controlled studies stratifying on time post-exacerbation, MI risk shortly returned to baseline by one week(14) and in our previous self-controlled case series, by one month(8). While there are studies that do observe average three-month effect sizes for MI(11, 13) and angina(13), and heart failure(13, 15), and for MI and HF up to one year(15), they do not measure multiple and subsequent subperiods, and again are all post-hoc trial analyses or self-controlled designs. 

[bookmark: _Toc135250607]Strengths and Limitations 
In general, completeness in diagnostic recording in CPRD is high and missing information on exposure or outcome is unlikely(31). To limit misclassification we used standardisable methods,(25) and where possible previously validated and/or tested methods(22–24, 32–35) including validated definitions for COPD and COPD exacerbations or used a pulmonologist and/or cardiologist to review all codelists and definitions. Our use of routine, primary care data allows our results to be generalisable to the wider COPD population and representative of UK patients, given COPD diagnosis and management in the UK predominantly takes place in primary care. We used primary care data to define prior CVD covariates to best capture existing, lifelong concomitant CVD with COPD. 

Still, limitations are possible and residual confounding inevitable. We undertook sensitivity analyses to include variables with substantial missingness that we thought may be important and this had a minimal effect on the effect sizes seen. Confounders were not time-updated and we are aware that in exploring stratified HRs beyond one year, time varying exposures should be included. However, given the relatively short follow up time, we assumed covariate status would not change remarkably. Finally, we acknowledge that we explored many outcomes in this study and therefore, have applied Bonferroni corrections, reporting p-values in the Supplementary Materials. 

Whilst we recognise that individuals with lower SES may have reduced healthcare access and/or reduced monitoring of their conditions, particularly around diagnosis of COPD, given the use of an open cohort where 65.7% of the population had prevalent disease, we do not think that first exacerbation recording is likely to differ buy SES in this dataset. Indeed previous cardiovascular studies have shown this not to be the case.[ref]

We acknowledge the challenges of diagnosing and defining PH in health data and although we used routinely collected electronic healthcare record data, we could only access the structured EHR data (i.e., not free text) and therefore may have missed detailed information around PH diagnosis. However, when removing PH from the composite analysis in a sensitivity analysis, effect estimates remained unchanged. We believe that these results are useful as hypothesis generation for future studies.

We acknowledge the possibility of misdiagnosis or misclassification of COPD exacerbations with cardiovascular events, and that this misclassification could go in either direction. [ref] In particular, it could lead to an overestimation of CV hospitalization rate for hospitalized exacerbations, and an underestimation of CV event rate in the no-exacerbation group. However, as with all electronic healthcare record research, we are ultimately limited by the clinical accuracy and the ultimate diagnosis made by the physician seeing the patient. Data were not available to enable case review to adjudicate definitions.

In a previous study, people with exacerbations, were more likely to be prescribed diuretics than people without exacerbations. [ref] Given diuretics can serve as an early indication of possible HF in COPD, this suggests there could have been delayed HF misdiagnosed as COPD exacerbations diagnosis in COPD.[ref]

Echocardiography, although a diagnostic standard for the diagnosis of HF is not routinely undertaken in primary care and when taken in secondary care, is usually returned to the GP in letter format rather than the detail entered in a coded format to the primary care record and therefore we cannot always see the detail for research purposes. ECHO is also not routinely undertaken at the time of an admission for a COPD exacerbation. Previous research on the validation of HF with reduced ejection fraction within another UK primary care-based electronic healthcare records database (THIN) demonstrated that there was little difference between PPV when including a general HF code, guideline directed medical therapy and evidence of an echocardiogram (91.7%) compared with including only a general HF code and guideline directed medical therapy, without evidence of an echocardiogram (87.5%). [ref]

Whilst studies using electronic healthcare records are useful in studying populations generalisable to the wider population of patients seen in everyday clinical practice, they do have limitations and results should be interpreted with caution. CPRD data were not collected for the purpose of research and further studies, for example pragmatic randomised control trials, should be performed to better understand the relationship between COPD exacerbations and cardiovascular disease.

We were unable to include sleep apnea as a covariate due to data sparsity, despite it being common in people with COPD and a risk factor for cardiovascular disease [ref]. We found a prevalence of 2.3% of sleep apnea in our study, which is much lower than has been previously reported [ref].

Similarly, we were unable adjust for long-term oxygen due to data sparsity, despite its common use among people with COPD and it being an indicator of disease severity. In our cohort, only 0.45% of people had evidence of any long-term oxygen use. This underestimate is due to the way in which oxygen services are commissioned and recorded in the UK. Together, by not adjusting for sleep apnea and long-term oxygen, we may have overestimated the effect estimates, as these factors may explain some of the association we observe. However we adjusted for other severity markers in main analyses (i.e., COPD medications; exacerbation frequency) and in sensitivity analyses (i.e., GOLD grade of airflow limitation, MRC dysponea grade), so there is likely minimal residual confounding due to respiratory-related disease severity.

[bookmark: _Toc135250608]Clinical implications
The time immediately following an exacerbation presents a finite, critical window of opportunity for intervention to prevent and treat cardiovascular events as well as to prevent future COPD exacerbations(7, 39). However, current guidance points to general cardiovascular guidelines, not considering complexities when considering a second organ system(1, 2, 40). Given the novel finding of sustained HRs beyond a year post-exacerbation irrespective of exacerbation severity, long-term cardiovascular health should be prioritised in addition to reducing exacerbation events and optimising COPD management. If we can proactively screen for cardiac state (e.g., echocardiogram) in patients with COPD, perhaps we can treat and or prevent future events. Incorporating routine screening for patients with history of exacerbation documented in their GP record, even if the exacerbation occurred greater than a year prior is worth considering. Heightened awareness for arrhythmia immediately after exacerbation should be considered. 

[bookmark: _Toc135250609]
Conclusions
Acute exacerbations of COPD are associated with an increased relative rate of cardiovascular events. Highest relative effects were observed in the immediate wake of an exacerbation, yet still maintained after one year. These findings highlight the interconnectedness of COPD and cardiovascular disease. Whilst there is a clear window of opportunity for prompt clinical intervention and treatment optimisation following an exacerbation, continued recognition and optimisation is important for reducing this long-term cardiopulmonary risk. Prevention of COPD exacerbations may ultimately help to reduce cardiovascular risk. 
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Table 2.1. Risk of composite cardiovascular event during follow-up, comp:

A
Exacerbation Total events (d) | Absolute Risk (N, %) | Crude Rate /100 P-Y
a=40,773 40,773/213,466 (19.1%) | (95% CT)
7.01 (6.95-7.08)
No exacerbation | 7,378 T378/67,018 (11.0%) | 3.66 (3.58-3.75)
Exacerbation 33,395 33,395/146.448 (22.8%) | 8.79 (8.70-8.88)
B
Exacerbation by | Total events () | Absolute Risk (4/N, %) | Crude Rate /100 P-Y
Severity a=40,773 (95% CI)
7.01 (6.95-7.08)
No exacerbation | 7,378 T378/67,018 (11.0%) | 3.66 (3.583.75)
Moderate 25,831 25,.831/119,124 (21.7%) | 7.79 (7.69-7.88)
Severe 7.564 7.564127.324 (27.7%) 15.7(15.3-16.0)





