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Abstract

Importance—Whether the extent of coronary artery disease (CAD) is associated with the
occurrence of heart failure (HF) after myocardial infarction (MI) is not known. Further, whether
this association might differ by HF type according to preserved or reduced ejection fraction (EF)
has yet to be determined.

Objective—To evaluate in a community cohort of patients with incident (first ever) Ml, the
association of angiographic CAD with subsequent HF and to examine the prognostic role of CAD
according to HF subtypes: HF with reduced EF (HFrEF) and HF with preserved EF (HFpEF).

Design, Setting and Participants—Population-based cohort study of Olmsted County,
Minnesota residents (n=1,922; mean age, 64 years) with incident M1 diagnosed between 1990—
2010 and no prior HF; followed through 2013.

Main Outcomes and Measures—The extent of angiographic CAD was defined at baseline
according to the number of major epicardial coronary arteries with =50% lumen diameter
obstruction. HF was ascertained by the Framingham criteria and classified by type according to EF
(50% cutoff).

Results—During a mean (SD) follow-up of 6.7 (5.9) years, 588 patients developed HF. With
death and recurrent MI modeled as competing risks, the cumulative incidence rates of post-MI HF
among patients with 0-1, 2, and 3 diseased vessels were 10.7%, 14.6% and 23.0% at 30 days; and
14.7%, 20.6% and 29.8% at 5 years, respectively (p for trend<.001). After adjustment for clinical
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characteristics in a Cox model, the hazard ratios (95% CIs) for HF were 1.25 (0.99-1.59) and 1.75
(1.40-2.20) in patients with 2 and 3 vs 0-1 occluded vessels, respectively (p for trend<.001). The
increased risk with greater number of occluded vessels was independent of the occurrence of a
recurrent MI and did not differ appreciably by HF type.

Conclusions and Relevance—The extent of angiographic CAD is predictive of post-Ml
HF, regardless of HF type and independently of recurrent MI. These data underscore the need to
further investigate the processes taking place in the transition from myocardial injury to HF.

Introduction

Several recent publications have drawn attention to the extent of coronary disease as a
therapeutic target in acute myocardial infarction (MI) beyond the treatment of the culprit
lesion.13 How preventive revascularization of non-infarct related arteries is protective
against death is not fully understood and, in particular, it is not known whether this
beneficial effect could be related to a reduction in heart failure (HF) after MI. This is
important as HF remains frequent after M1 despite widespread use of acute
revascularization.#-8 The mechanisms linking acute MI to HF development may
theoretically be envisioned as direct sequelaes of the Ml including loss of functioning
myocytes, development of myocardial fibrosis, and subsequent left ventricular (LV)
remodeling adversely affecting ventricular function.” The overall atherosclerotic burden
could also be evoked as a mechanism of post Ml HF. Indeed, chronic myocardial
dysfunction resulting from hypoperfusion and/or hibernation may increase the risk of HF,?
particularly if superimposed on a ventricle with irreversibly damaged myocardium.2:10
While these complex putative mechanisms are challenging to explore clinically, a pragmatic
approach is to study the relationship between atherosclerotic burden and HF in a cohort of
patients with acute M1l where comprehensive follow-up can account for recurrent MI. This is
important because a clearer clinical appraisal of the determinants of HF after Ml could
support consideration of revascularization after M| that would extend beyond the acute
treatment of the culprit lesion to prevent HF. We therefore evaluated the association of
angiographic CAD with subsequent HF in a well-defined community cohort of patients with
incident (first ever) MI. Further, community-based studies have shown that CAD, diagnosed
based on a history of M, revascularization, or electrocardiographic changes, is common in
HFpEF, and is present in 40% to 50% of patients.11-15 To assess the clinical relevance of
CAD in the genesis of HF with preserved ejection fraction (EF),11 we examined the
prognostic role of CAD according to HF subtypes: HF with reduced EF (HFrEF) and HF
with preserved EF (HFpEF).

Methods

Study Design and Setting

This study was conducted in Olmsted County, Minnesota (2014 population, approximately
150,287), a setting well suited for disease association research due to its relative isolation
from other metropolitan centers and because complete medical records from all sources of
care for the local population are indexed and linked via the Rochester Epidemiology
Project.16 Since virtually all Olmsted County residents are represented in this system, this
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data source provides a practically complete enumeration of the source population for many
decades.’ Following approval as a minimal risk study by the Mayo Clinic and Olmsted
Medical Center Institutional Review Boards, the study was carried out utilizing the above
resources. All persons included in the study provided authorization for use of their medical
records for research.

Cohort Identification and Validation

Residents admitted to Olmsted County hospitals with possible MI from 1990 to 2010 were
identified with methods previously described.18 Briefly, all events with International
Classification of Diseases, 9th revision (ICD-9) code 410 (acute MI) were reviewed. In
addition, a random sample of events with code 411 (other ischemic heart disease) were
reviewed (a 50% random sample through 1998, a 10% random sample from 1999 through
2002, and a 100% sample from 2003 through 2010). Additional codes were not included
because of their low yield. MIs were validated using standard epidemiologic criteria.
Patients diagnosed with MI prior to 1990 were excluded so that only incident (first-ever)
cases were studied. The diagnosis of MI was verified based on the presence of two out of
three of the following: cardiac pain, electrocardiogram (ECG) changes, and elevated
biomarkers. Cases were reviewed to ensure there were no alternative causes resulting in
biomarker elevation.

Primary Exposure Measure

Registries of all coronary angiography procedures, diagnostic and therapeutic, performed in
Olmsted County have been maintained since 1979. Because Mayo Clinic is the sole provider
of coronary angiography in the county, a complete retrieval is possible via the Mayo Clinic
Coronary Care Unit database. The primary exposure variable was the extent of CAD as
expressed by the number of major coronary arteries with a significant obstruction (0-, 1-, 2-,
or 3-vessel disease) obtained from coronary angiograms at a median (251-75™ percentile)
of 0 (0-1) day after MI. A significant obstruction was defined as angiographic evidence of
50% or more luminal stenosis of any of the epicardial coronary vessels, including side
branches.1?

Additional Covariates

The medical record was reviewed to determine cardiovascular risk factors, comorbid
conditions, MI characteristics, and acute interventions at the time of incident MI. Cigarette
use was classified as current, past, or never. Body mass index (BMI, kg/m?2) was calculated
using the current weight and earliest adult height. Clinical definitions were used to identify
hypertension, diabetes mellitus, and hyperlipidemia. Overall comorbidity burden was
assessed by the Charlson index,2 which consists of 17 serious comorbid conditions
weighted according to the degree to which they predict mortality. The Modification of Diet
in Renal Disease equation2! was used to estimate glomerular filtration rate. ST elevation,
anterior M1 and Killip class were recorded. The latter was determined within 24 hours of
index MI and analyzed as a categorical variable (class >1 vs. class 1). Acute interventions
included reperfusion (thrombolytic therapy or percutaneous coronary intervention (PCI))
and coronary artery bypass grafting (CABG) during the index hospitalization.
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Outcome Measures

The primary endpoint was time to incident HF. Participants were followed using their
complete inpatient and outpatient medical records in the community from the index Ml
(January 1990-December 2010) to HF incidence, death, or the most recent clinical contact
(last follow-up, March 2013). Participants diagnosed with HF by ICD-9 code 428 were
identified. Abstractors then reviewed records to validate HF using the Framingham criteria.
These criteria require the presence of at least 2 major criteria, or 1 major criterion in addition
to 2 minor criteria, to confirm HF.22 This approach has been applied previously, showing
minimal missing data and excellent inter-observer agreement.23 The type of HF was defined
according to echocardiographic measurement as HFrEF (EF<50%) and HFpEF (EF=50%).
EF was measured using an approach that was recently described.24 The EF measurement
that was closest to the HF diagnosis (applying a predefined maximum period of 60 days)
was recorded for each participant. The cutoff of 50% to define preserved/reduced EF was
selected according to the guidelines.2> Death (occurrence and date) was ascertained by
multiple sources including autopsy reports, death certificates filed in Olmsted County,
obituary notices, and electronic death certificates obtained from the Section of Vital
Statistics, Minnesota Department of Health. Recurrent MI (occurrence and date) data were
obtained via the Rochester Epidemiology Project on the basis of clinical diagnoses.26

Statistical Analysis

Baseline characteristics across CAD categories are presented as mean and standard
deviations for continuous variables and as frequencies for categorical variables. Cox
proportional hazards regression models2’ were constructed to estimate the hazard ratios
(HRs) and 95% confidence intervals (Cls) for HF incidence in CAD categories. Several
adjustment methods were employed. A traditional multivariable adjustment was performed
with age, sex, year of index MI, BMI, Charlson comorbidity index, smoking status,
hypertension, hyperlipidemia, atrial fibrillation, Killip class, ST-segment elevation Ml,
anterior M1, CABG, reperfusion, and estimated glomerular filtration rate as covariates in the
model. Secondly, a propensity score was constructed using multinomial logistic regression,
through which the probability of being classified into a specific CAD category (0-1, 2, or 3
diseased vessels), conditional on observed baseline covariates, was estimated. Baseline
covariates in the latter model included various socio-demographic measures, cardiovascular
risk factors, MI characteristics, comorbid conditions, laboratory data, and clinical
interventions. Inverse probability weighs were calculated using the propensity score28.29 and
used to create a synthetic sample in which the distribution of measured baseline covariates is
independent of CAD category, thus accounting for differences between the patients in the
CAD categories that could influence the outcome. Because of the instability that can be
induced by extreme weights, stabilized weights were used which also preserve the original
sample size. Truncation was additionally applied by resetting observations with weights
below the 15t percentile and above the 99t percentile to the values of the 15t and 99t
percentiles, respectively.28:2% Additionally, since in the presence of competing risks,
standard survival predictions might produce biased estimates,3° the Fine and Gray
subdistribution hazard regression model was employed, with death and recurrent Ml treated
as competing events.3! Multivariable-adjusted cumulative incidence rates across CAD
categories, based on the abovementioned competing risks model, were estimated using the
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direct adjustment method.32 Survival analyses were repeated with HFrEF and HFpEF as
individual outcomes. The proportional hazards assumption was tested using different
approaches and found not to be violated. Missing values did not exceed 2% in any of the
variables used except for EF (18% of HF cases). When applicable, an indicator variable
reflecting unknown EF was used. Analyses were performed using SAS statistical software,
version 9.4 (SAS Institute Inc., Cary, North Carolina).

Between January 1990 and December 2010, 2,943 residents of Olmsted County, Minnesota,
were hospitalized with first MIl. Among these, 347 patients had a history of prior HF, 601
had no angiographic assessment available at study entry, and 73 had missing data on
important variables and were therefore excluded, leaving 1,922 participants in the present
study [mean (SD) age, 64 (13) years; 66% men).

Classified according to the number of occluded coronary arteries, 692 had 3-vessel CAD,
595 had 2-vessel CAD, 566 had 1-vessel CAD, and 69 showed no evidence of substantial
coronary occlusion. For analytical purposes, the latter two groups were combined. On
average, patients with more extensive angiographic CAD were older, presented with greater
comorbidities, had a worse cardiovascular risk factor profile, and higher Killip class. They
were also more likely to undergo CABG and less likely to undergo reperfusion compared
with patients with fewer diseased vessels (Table 1). Stabilized weighting using the inverse
propensity score of being classified into a specific CAD category resulted in achieving
balance in baseline characteristics between the groups (Table 1).

During a mean (SD) follow-up of 6.7 (5.9) years, 588 patients developed HF (78 [13%] in
the outpatient setting). Of these, 295 had HFrEF, 186 had HFpEF, and 107 had no EF
assessment available. The cumulative incidence rates of HF during follow-up across CAD
categories, treating death and recurrent M1 as competing risks, are depicted in Figure 1. The
cumulative incidence rates of HF among patients with 0-1, 2, and 3 diseased vessels were
10.7%, 14.6% and 23.0% at 30 days; and 14.7%, 20.6% and 29.8% at 5 years after Ml,
respectively (p for trend<.001). Thus, a higher incidence rate with increasing number of
diseased coronary arteries was evident in both short-term and long-term follow-up after MI.

On a relative scale, worse CAD was associated with an increased risk of subsequent HF
(Table 2). A strong, dose-response relationship in the unadjusted model was attenuated, but
not eliminated, upon the traditional multivariable adjustment and the inverse probability
weighting using the propensity score. In general, the results of the two adjustment methods
were similar. Analyzed by HF type, the associations did not differ materially between
HFrEF and HFpEF for either type of adjustment method (Table 2). Further adjustment for
recurrent MI as a time-dependent covariate in the multivariable Cox regression model
yielded HRs (95% Cls) for HF of 1.24 (0.98-1.57) and 1.66 (1.33-2.09) in patients with 2
and 3 vs 0-1 occluded vessels, respectively (p for trend<.001); the increasing trend in HRs
was observed similarly for HFrEF [1.19 (0.85-1.65) and 1.71 (1.24-2.35), p for trend=.001]
and HFpEF [1.23 (0.81-1.89) and 1.67 (1.11-2.50), p for trend=.014], respectively. Thus,
although recurrent M1 was associated with HF risk (HR=4.01, 95% CI: 3.03-5.30), it did not
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substantially confound the CAD-HF association. Similarly, infarct size, as estimated by
creatine kinase-MB and cardiac troponin T, has been shown to be associated with HF risk
after M1 ,26 but no association was observed between the biomarkers and more extensive
CAD (p for trend=0.64 and 0.91 for creatine kinase-MB and cardiac troponin T,
respectively). Thus infarct size did not substantially confound the CAD-HF association
either. Effect modifications of year of index MI, age and sex on the association between
CAD extent and HF were assessed and rejected (all p>.10).

In ancillary analyses, results from the Fine and Gray subdistribution hazard regression
models, with death and recurrent Ml treated as competing events, were similar to those
obtained from the multivariable adjusted models. Once again, a dose-response association
was observed between CAD extent and HF [HR (95% CI) for HF of 1.24 (0.96-1.59) and
1.55 (1.21, 1.99) in patients with 2 and 3 vs 0-1 occluded vessels, respectively (p for trend<.
001)]. When analyzed by type of HF, similar results were seen for HFrEF [1.26 (0.88-1.81)
and 1.66 (1.17-2.34, p for trend=0.004)], while a greater attenuation was observed for
HFpEF [1.06 (0.68-1.65) and 1.28 (0.83-1.98), p for trend=0.24].

In a second ancillary analysis, patients with no evidence of coronary artery occlusion (n=69)
were excluded from the analysis. The results were almost identical to those presented herein.

Discussion

The present study represents the comprehensive experience of an entire community, with
nearly 2,000 patients with validated first MI, no prior HF, and baseline angiographic
assessment followed longitudinally for a mean duration of 7 years. During this period, over
30% of the participants developed incident HF. Patients with greater atherosclerotic burden
at baseline tended to be older with higher Killip class and worse cardiovascular profiles;
their HF-free survival was substantially shorter than that of patients with lower
atherosclerotic burden in a clear dose-response fashion. Using comprehensive statistical
adjustment methods to balance the baseline characteristics of the compared groups and
accounting for competing risks during follow-up, the association between angiographic
CAD extent and HF incidence remained robust, statistically significant and clinically
substantial. When evaluated by HF type, the magnitude of the association did not differ
materially according to preserved or reduced EF. Thus, increasing extent of CAD, as
detected by angiography at the time of first Ml, is predictive of HF incidence during long-
term follow-up. The association manifests itself promptly after Ml, is independent of
recurrent MI and applies similarly to HFrEF and HFpEF.

The association between angiographically-determined CAD extent and post-MI HF was
previously reported in two studies. Among 1,619 patients enrolled in the Thrombolysis and
Angioplasty in Myocardial Infarction (TAMI) trials, the number of diseased vessels was
predictive of HF development, both in-hospital and during 1-year follow-up.33 In the
Valsartan in Acute Myocardial Infarction Study (VALIANT), among patients with acute Ml
complicated by either clinical or radiologic signs of HF, Janardhanan et al.3* suggested a
prognostic role for increasing extent of CAD in adverse cardiovascular outcomes, including
HF exacerbation. While these findings are important, caution should be used in interpreting
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them. As both studies used selected populations of clinical trial participants, the
generalizability of their results is uncertain.3®> Moreover, these results now reflect somewhat
dated cohorts which do not capture major changes in the epidemiology of Ml that occurred
in the last 2 decades, including increased proportion of non-ST-segment elevation Ml,
improved treatment, reduced short-term case fatality and recurrent Ml rates, and increased
proportion of morbidity and mortality from noncardiovascular causes.18:36:37 Temporal
trends have also occurred in HF complicating M1, with a decline in its incidence*® and a
change in the case mix with an increasing proportion of HFpEF.4

The clinical implications of CAD among 376 patients with HFpEF were recently reported.11
Angiographically-proven CAD, present in 68% of the subjects, was associated with
increased mortality and greater deterioration in ventricular function. A worse prognosis
associated with increasing extent of CAD was also noted in HFrEF.38 While these studies
demonstrated the prognostic role of angiographic CAD in symptomatic patients with HFrEF
and HFpEF, to the best of our knowledge no study to date has evaluated the association
between angiographic CAD at the time of acute MI and subsequent risk for HF according to
EF. Herein, we address this gap in knowledge and provide evidence that the number of
diseased vessels, as defined angiographically at the time of the first ever MI, is a strong
predictor of both HFrEF and HFpEF.

The mechanisms through which concomitant atherosclerosis in coronary vessels other than
the culprit artery adversely affects HF risk post-MI need further study. Diffuse
atherosclerosis may directly or indirectly exert an adverse impact on long-term prognosis of
MI, either because of the extent of ischemic damage or by causing subsequent events (e.g.,
recurrent MI) that increase the risk of HF. Because we capture recurrent Mls during follow-
up in our community cohort and accounted for recurrent Mls analytically, our results do not
give credence to recurrent Ml being a determinant of the CAD-HF association. Interestingly,
LV dilation was shown to frequently occur after primary PCI in patients with acute Ml
despite sustained patency of the infarct-related artery and preservation of regional and global
LV function.39 This finding, while highlighting the importance of optimal microvascular
flow and tissue reperfusion, also suggests that other factors different from infarct size and
culprit vessel patency may play a role in post-MI LV remodeling and subsequent HF.
Patients with both epicardial and endocardial CAD may have chronic hypoperfusion which
leads to increased myocardial stiffness secondary to chronic inflammation and fibrosis. This,
in turn, may impair systolic and diastolic function.1% These findings resonate with reports of
an association between CAD and HFpEF.11

Limitations and Strengths

Some limitations of our study should be acknowledged to aid in data interpretation. As in
any observational study, we cannot rule out the effect of residual confounding due to
unmeasured variables. Of the potentially eligible patients, 601 subjects (23%) did not have
an angiographic assessment during the index hospitalization, which may limit the
generalizability of this sample. Of the participants diagnosed with HF, 106 (18%) were
missing EF data. These results emanate from a single community of mostly white race/
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ethnicity and the racial and ethnic composition of the population may limit the
generalizability to groups not adequately represented.

The present investigation has several notable strengths. We capitalized on the comprehensive
data resources of the Rochester Epidemiology Project to examine the role of
angiographically-determined CAD on post-MI prognosis in the community. We report on a
large, population-based inception cohort registered at the time of their first MI validated by
standardized criteria.1® HF, the primary outcome measure, was rigorously ascertained and
also validated using established criteria.22 Echocardiographic data allowed categorization
into HFrEF and HFpEF, which is important to understand the HF syndrome. Finally,
different analytical methods were used to estimate the net effect of CAD on HF risk, all
yielding similar results, which attest to the robustness of our findings.
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Summary and Implications

Over the past 2 decades, major changes in the epidemiology of MI have occurred.
Progress in its acute treatment improved short-term survival, but HF remains frequent
after MI and leads to excess mortality. Hence, the acute treatment of Ml aimed at
restoring vessel patency is not sufficient to prevent HF, underscoring the importance of
understanding the contemporary mechanisms leading to its development. Our study
provides insight into the prognostic role of the extent of CAD at the time of first Ml in
the development of HF, and sheds some light on the mechanisms involved. The present
findings underscore the importance of further investigations into processes taking place in
the transition from the initial myocardial injury to HF. Understanding this transition is
crucial to prevent HF after M.
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Figure 1.
Cumulative incidence rates of HF according to CAD categories

Cumulative incidence rates of post-myocardial infarction (MI) heart failure across coronary
artery disease (CAD) categories in Olmsted County, MN, 1990-2010. Death and recurrent
MI are treated as competing events. Follow-up begins at the time of the index Ml and is
truncated at 6 years (the mean follow-up duration in this analysis).
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Hazard Ratios (95% ClIs) for Heart Failure Incidence According to Coronary Artery Disease Categories
among Myocardial Infarction Patients in Olmsted County, Minnesota, 1990-2010

Table 2

Adjustment Methods

Unadjusted Multivariable Inverse probability

CAD regression@ weighting using the

category propensity scoreP
Any HF

0-1 vessel 1 (ref.) 1 (ref.) 1 (ref.)

2vessels 151 (1.20-1.90) 1.25(0.99-159)  1.43 (1.15-1.80)

3vessels  2.43(1.97-2.99) 1.75(1.40-2.20)  1.67 (1.35-2.06)

p for trend <.001 <.001 <.001
HFrEF

0-1 vessel 1 (ref.) 1 (ref.) 1 (ref.)

2 vessels 1.46 (1.06-2.01) 1.23(0.88-1.71) 1.43 (1.04-1.96)

3vessels 230 (1.71-3.08) 1.81(1.31-2.49)  1.68 (1.25-2.27)

p for trend <.001 <.001 <.001
HFpEF

0-1 vessel 1 (ref.) 1 (ref.) 1 (ref.)

2vessels  152(1.01-2.30) 1.24(0.81-1.90)  1.46 (0.99-2.16)

3vessels 253 (1.74-3.68) 1.75(1.16-2.63)  1.79 (1.24-2.58)

p for trend <.001 .005 .002

Page 14

CAD, coronary artery disease; Cl, confidence interval; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure
with reduced ejection fraction.

a . ... . A . . I .
Multivariable Cox regression model adjusting for age, sex, year of index MI, body mass index, Charlson comorbidity index, smoking status,

hypertension, hyperlipidemia, atrial fibrillation, Killip class, ST-segment elevation MI, anterior M1, coronary artery bypass grafting, reperfusion,

and estimated glomerular filtration rate.

blnverse probability weighting Cox regression model based on the propensity score for CAD category.
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