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Abstract

Background: While diabetes increases HF risk, it is unclear how various dysglycemia markers
(hemoglobin A;c [HbA ], fasting plasma glucose [FPG], homeostasis model assessment of
insulin resistance [HOMA-IR], and fasting insulin) are associated with HF subtypes (HFpEF and
HFrEF). We assessed the relation of markers of dysglycemia and risks of heart failure (HF) with
preserved ejection fraction (HFpEF) and reduced ejection fraction (HFrEF).

Methods: We included 6,688 adults without prevalent cardiovascular disease who attended

the first MESA visit (2000-2002), and were followed for incident hospitalized HF (HFpEF or
HFrEF). Association of glycemic markers and status (normoglycemia, prediabetes, diabetes) with
HFpEF and HFrEF were evaluated using adjusted Cox models.

Results: Over a median follow-up of 14.9 years, there were 356 HF events (145 HFpEF,

173 HFrEF, and 38 indeterminate HF events). Diabetes status conferred higher risks of HFpEF
(hazard ratio [HR]: 1.85, 95% ClI: 1.57, 2.68), and HFrEF (HR: 2.02, [1.38, 2.97]), compared to
normoglycemia. Higher levels of FPG (=126 mg/dL) and HbA1¢ (=6.5%) were associated with
similarly higher risks of HFpEF (HR for FPG: 1.96 [1.21, 3.17], HR for HbA1¢: 2.00 [1.20,
3.31]) and HFrEF (HR for FPG: 1.84 [1.18, 2.88], HR for HbAc: 1.99 [1.28, 3.09]), compared to
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reference values. Prediabetic range HbA ¢ (5.7-6.4%) or FPG (100-125 mg/dL), HOMA-IR and
fasting insulin were not significantly associated with HFpEF or HFrEF.

Conclusions: Among community-dwelling individuals, HbAc and FPG in the diabetes range
were each associated with higher risks of HFpEF and HFrEF, with similar magnitudes of their
associations.

Lay Abstract

Heart failure has two major subtypes (heart inability to pump or to fill up). Diabetes is known to
increase heart failure risk; but its effects and that of markers of high glucose levels (fasting blood
glucose and hemoglobin A1C) on the occurrence of heart failure subtypes remains unknown.
Among 6,688 adults without known cardiovascular disease followed for nearly 15 years, diabetes
conferred significantly high risks of both heart failure types, compared to those with normal
blood glucose levels. Higher levels of fasting blood glucose and hemoglobin A1C were similarly
associated with higher risks of both types of heart failure.
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INTRODUCTION

Heart failure (HF) and type 2 diabetes are common and related conditions (1, 2). Type 2
diabetes (diabetes) is associated with a 2—4 fold increase in the risk of incident HF (3, 4).
While diabetes can increase the HF risk in part through its association with coronary heart
disease (CHD), extant evidence suggest that hyperglycemia is an intrinsic causal factor in
the pathogenesis of HF, as diabetes is associated with changes in left ventricular structure
and function in the absence of ischemia (5, 6). Several potential mechanisms explain the link
between hyperglycemia and cardiac dysfunction. These various pathways may be captured
by the different markers of glucose metabolism (5, 6). It is therefore logical to think that
various glycemic markers (e.g. glycosylated hemoglobin [HbA1¢]), fasting plasma glucose
[FPG], hyperinsulinemia, and insulin resistance measures) may relate to the different
aspects of the link between dysglycemia and HF, and may associate with HF subtypes
differentially. However, community-based studies linking diabetes to HF have not always
distinguished between HF subtypes (i.e., HF with preserved ejection fraction [HFpEF] or
HF with reduced ejection fraction [HFrEF]) (7-13). Indeed, diabetes-related HFpEF and
HFrEF may originate from distinct processes, driving myocardial remodeling in each HF
phenotype (14). Exploring the link between diabetes and HF subtypes is an important
question as ~ 45% of patients with diabetes and HF have HFpEF (15). Regarding HFpEF for
example, mechanistic evidence suggests that diabetes increases cardiomyocyte hypertrophy
and stiffness, because of hyperinsulinemia and microvascular endothelial inflammation and
microvascular rarefaction (14, 16).

An evaluation of the various aspects of glucose dysregulation (as captured by various
markers) and incident HF can shed more light on the role that dysglycemia plays in the
development of HF, and may help in refining HF risk assessment and potential preventive
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interventions. Using data from the Multi-Ethnic Study of Atherosclerosis (MESA) cohort,
we assessed the associations of various glycemic markers and diabetes status with the risk of
HF and its subtypes — HFpEF or HFrEF

METHODS

Study sample

The Multi-Ethnic Study of Atherosclerosis (MESA) is a multi-center cohort investigating
risk factors for and clinical implications of subclinical cardiovascular disease (CVD). The
MESA study design and methods have been described elsewhere (17). The study enrolled
6,814 White, Black, Hispanic, and Chinese-American men and women between the ages
of 45-84 years, who were free of clinical CVD and HF at enrollment. Participants were
enrolled from six different U.S. sites: New York, N, Baltimore, MD, Chicago, IL, Los
Angeles, CA, St. Paul, MN, and Winston-Salem, NC). Visit 1 (enrollment) took place
between 2000 to 2002, visit 2 between 2002 to 2004, visit 3 between 2004 to 2005, visit 4
between 2005 to 2007, visit 5 between 2010 to 2012, and visit 6 between 2016-2018. At
each MESA visit, demographics, medical history, physical examination, and medication use
were obtained for each participant as previously described (17).

The present study included participants who participated in visit 1 (2000 to 2002).

We excluded participants with missing data on HF outcome status (n=29), diabetes

status (n=24), or covariates (n=73). The final analysis sample included 6,688 participants
(Supplementary Figure 1). The analysis including HbA;¢ was conducted among 6,059
individuals, as HbA ¢ was only measured at visit 2. The analyses including insulin measures
were conducted on participants without diabetes at visit 1 (n= 5,843 individuals — nine
individuals without diabetes had missing data on insulin levels). Visit 1 (at which FPG and
diabetes status were assessed) or visit 2 (at which HbA;c was measured), the time of the
participant’s assessment of glycemic markers, was considered their baseline for this present
analysis.

The study protocol was approved by the Institutional Review Board at each MESA study
participating site. All the participants provided informed consent.

Markers of Glucose Metabolism

FPG was measured using the glucose oxidase method and the Vitros analyzer (Johnson

& Johnson Clinical Diagnostics, Rochester, NY). HbA;c was measured using high-
performance liquid chromatography (Tosoh G7, Tosoh Corporation, Tokyo, Japan). Fasting
insulin was measured by a radioimmunoassay method using the Linco Human Insulin
Specific RIA Kit (Linco Research, Inc., St. Charles, MO). HOMA-IR was calculated as
[fasting glucose (mmol/L) x fasting insulin (uWU/mL)]/22.5 (18).

The glycemic status of the included participants was assessed at visit 1, using the FPG
levels and the American Diabetes Association (ADA) criteria (19). Diabetes was defined
as a FPG = 126 mg/dL, or self-reported diabetes or confirmed use of insulin or oral
hypoglycemic medications at the index clinical examination, or a self-report of physician-
diagnosed diabetes. Among individuals without a prior diagnosis of diabetes, prediabetes
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was defined as a FPG of 100 to 125 mg/dL, and normoglycemia as a FPG <100 mg/dL (19).
Among individuals, especially those with diabetes, the levels of glycemic markers (FPG and
HbAc) are variable (depending on whether they are adequately treated or not), and may be
differentially related to the risks of various forms of HF. Consequently, we additionally
considered glycemic markers (FPG and HbA¢) individually, both as continuous and
categorical variables among individuals with and without diabetes.

Incident Heart Failure Assessment

Covariates

The incident outcomes included overall HF hospitalization, HFpEF hospitalization, and
HFrEF hospitalization events. The process of identification of HF events in MESA has

been described (20). In brief, trained staff contacted participants by telephone to obtain
information on hospitalizations at a 9-12-month frequency. If a hospitalization was reported,
medical records were obtained. The formal adjudicated diagnosis of HF hospitalization,

led by a panel of MESA physicians using standardized criteria, was conducted based on a
review of medical records. HF events included probable or definite hospitalized HF events.
Probable HF was defined as a physician diagnosis and HF medical treatment. A diagnosis
of definite HF required an additional objective criterion such as evidence of pulmonary
congestion on chest radiography, reduced left ventricular (LV) function by echocardiography
or ventriculography, or evidence of LV diastolic dysfunction.

HFpEF was defined as a HF event with an ejection fraction = 45% as identified on
echocardiogram or imaging studies at the time of HF hospitalization. HFrEF was a HF
event with an ejection fraction of <45% (20). There were 38 cases of HF hospitalization for
which there was no information about EF to classify as HFrEF vs HFpEF; these cases were
included in analyses for total HF events but not HF subtype events. There were insufficient
events to categorize HF events into three tiers of HFpEF, HFrEF, and HF with mid-range EF
(HFmEF), so only HFpEF and HFrEF were considered.

The evaluation of adjudicated incident HF events was performed from study enrollment at
visit 1 until death or through December 31, 2016.

The covariates (demographics, behavioral characteristics, and medical history), were
assessed at visit 1, by standardized questionnaires, physical examination, and laboratory
tests. These covariates were selected a prioribased on their known association with the
exposures (glycemic status and markers) and the HF outcome.

Height and weight were measured and body mass index (BMI1) was calculated (kg/m?).
Resting blood pressure (BP) was measured three times in the seated position. The

average of the last two BP readings was used as the examination BP, and hypertension

was defined as systolic BP =130 mmHg or diastolic BP =80 mmHg, or self-reported
antihypertensive medication use. Serum creatinine was measured using the rate Jaffe
reaction, and the kidney function was assessed using the estimated glomerular filtration

rate (eGFR) calculated by the CKD-EPI study equation (21). Plasma total cholesterol, high-
density lipoprotein (HDL) cholesterol, and triglycerides concentrations were measured using
standard enzymatic methods. Self-reported information on medical history, medication use,
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alcohol use, smoking, and physical activity, was obtained using standardized questionnaires.
Physical activity was determined using a 28-item Typical Week Physical Activity Survey
and measured in metabolic equivalent minutes per week (22).

Statistical Analysis

We compared the baseline characteristics of participants by glycemic status
(normoglycemia, prediabetes, and diabetes) using appropriate tests (for categorical or
continuous variables). We also examined the baseline characteristics by categories of FPG
(<100 mg/dL, 100-125 mg/dL, =126 mg/dL or diagnosed diabetes) and of HbA ¢ (< 5.7%,
5.7-6.4%, = 6.5% or diagnosed diabetes), and quartiles of insulin-based measures (fasting
insulin and HOMA-IR). We examined insulin-based measures (HOMA-IR and fasting
insulin) only among those without diabetes. Incidence rates and 95% confidence intervals
of Crude HF, HFrEF and HFpEF were calculated by exposure levels (glycemic status
[normoglycemia, prediabetes, and diabetes]) and by categories of HbA¢c, FPG, HOMA-IR,
and fasting insulin).

The person-time of follow up was from the baseline examination (visit 1 for most glycemic
markers or visit 2 for HbA1¢) until the first occurrence of a) HF outcomes b) death or ¢)
administrative censoring (date of the last available follow-up). Heart failure-free survivor
curves were plotted using the Kaplan—Meier method, and differences between event-free
survivor probability between the different categories of exposure (glycemic status, HbA ¢,
FPG, HOMA-IR, and fasting insulin) were compared using the log-rank test.

We fitted multivariable adjusted Cox proportional hazards regression models to relate the
various exposures to the various HF outcomes. We fitted HbA¢ in models as a continuous
(standard deviation [SD] change) and a categorical variable (using clinically relevant
categories < 5.7%, 5.7-6.4%, = 6.5%). We also fitted FPG in models as continuous (SD
change) and categorical (clinically relevant categories [<100, 100-125, and =126 mg/dL])
variables. We assessed insulin-based measures as continuous (SD change) and categorical
(quartiles with the lowest quartile as the reference group) variables. We also modeled the
continuous association between glycemic markers (HbA;c and FPG) and incident HF events
using restricted cubic splines to allow for deviations from linearity.

In the models, we adjusted for the following confounders: age, sex, race/ethnicity, education,
health insurance, study site, smoking, alcohol use, physical activity, BMI, total cholesterol,
HDL cholesterol, use of lipid lowering drugs, SBP, use of antihypertensive drugs, and eGFR.
For the HFpEF and HFrEF separate analyses, we used cause-specific Cox proportional
hazards models, treating the other type of HF as a censoring event, and adjusting for the
relevant covariates. We verified the proportional hazards assumption by the assessment of
the Schoenfeld residuals.

We conducted additional analyses in which for each type of HF subtype, we accounted for
the competing risk of the other type of HF (HFpEF or HFrEF where relevant) and death. To
achieve that, Fine-Gray proportional sub-distribution hazards models were fitted separately
for HFpEF and HFrEF (23).
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Two-sided P values of <0.05 were considered statistically significant, including for
interaction terms. All analyses were performed using STATA (version 15.0).

Characteristics of the Study Sample

Our study included 6,688 participants (mean age 62 * 10 years, 53% women, 39%
White, 28% Black, 12% Chinese, and 22% Hispanic). Table 1 summarizes the baseline
characteristics of participants by glycemic status categories (normoglycemia, prediabetes,
and diabetes). Compared to individuals with normoglycemia, individuals with diabetes or
prediabetes were older, and more likely to be Black or Hispanic adults, have a higher
BMI, systolic BP, and use of BP or lipid-lowering medication. They had lower average
physical activity levels. We also examined characteristics of participants by categories

of FPG, HbA;c, HOMA-IR, and fasting insulin, and observed roughly similar patterns.
(Supplementary Tables 1, 2, 3 and 4).

Unadjusted Associations of Glycemic Markers and Incidence of HFpEF and HFrEF

Over a median follow-up of 14.9 years (IQR: 11.7, 15.6 years), there were 356 HF events
(145 HFpEF, 173 HFrEF, and 38 indeterminate HF events). The absolute risk (incidence
rate) of HF and its subtypes (HFpEF and HFrEF) was higher across increasing levels of
glycemic status (hormoglycemia, prediabetes, and diabetes), and the levels of FPG and
HbA ¢ (Table 2). There was a less clear gradient across the categories of HOMA-IR, and
fasting insulin for HFpEF than for HFrEF (Table 2).

The time to first HF event was shorter for individuals with diabetes (median 14.2 years
[IQR: 0.1, 16.1]), as compared to individuals with prediabetes (14.7 years [IQR: 0.1, 16.4])
or normoglycemia (15.0 years [IQR: 0.1, 16.5]) (Supplementary Table 5).

In unadjusted analyses, compared to the lowest relevant category, the highest levels of
glycemic status, FPG, HbA;¢, FPG, HOMA-IR and fasting insulin exhibited a higher
cumulative incidence of HFpEF (Figure 1, P-log rank <0.05). For HFrEF unadjusted
analyses, compared to the lowest relevant category, the highest levels of glycemic status,
FPG and HbA ¢, were characterized by a higher cumulative incidence of HFrEF (Figure

2, P-log rank <0.05). The corresponding cumulative incidence rates for HFrEF did not
significantly differ with higher levels of HOMA-IR and fasting insulin (Figure 1, P-log rank
>0.05).

Adjusted Associations of Glycemic Markers with risks of HFpEF and HFrEF

In multivariable adjusted analyses (Table 3), compared to normoglycemic individuals, those
with diabetes had significantly higher risk of incident HF (adjusted hazard ratio [aHR]: 2.05;
95% CI: 1.57, 2.68). The corresponding aHRs were 1.85 (95% CI: 1.20, 2.84) for HFpEF
and 2.02 (95% CI: 1.38, 2.97) for HFrEF (Table 3). Prediabetes status was not associated
with higher risk of either HFpEF or HFrEF (Table 3).

Higher levels of FPG (>125 mg/dL) as compared to lower levels (<100 mg/dL) were
associated with incident HF (aHR: 1.94; 95% ClI: 1.43, 2.63), both for HFpEF (aHR: 1.96;
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95% Cl: 1.21, 3.17) and HFrEF (aHR: 1.84; 95% CI: 1.18, 2.88). Compared to the referent
HbA1c (<5.7%) category (Table 3), high levels of HbAlc (= 6.5%) were associated with
incident HF (aHR: 2.05; 95% ClI: 1.50, 2.79), both for HFpEF (aHR: 2.00; 95% CI: 1.20,
3.31) and HFrEF (1.99; 95% ClI: 1.28, 3.09). FPG and HbA¢ had significant continuous
associations with both HFpEF and HFrEF (Table 3). The aHRs for a SD change in FPG
were 1.25 (95% ClI: 1.09, 1.43) for HFpEF and 1.21 (95% CI: 1.07, 1.36) for HFrEF.

The aHRs for a SD change HbA ¢ were 1.28 (95% Cl: 1.12, 1.47) for HFpEF and (1.21;
95% CI: 1.10, 1.40) for HFrEF. Supplementary Figure 2 shows the HF risk associated with
glycemic markers, with a linear relation between HbA ¢ and the risk of HF, and a less linear
relation of FPG with risk of HF.

Among participants without diabetes, quartiles of HOMA-IR or fasting insulin were not
significantly associated with incident HF, or with either incident HFpEF or HFrEF (Table
3). In supplementary analyses, using a competing risk approach (Supplementary Tables 6

& 7), whereby for each subtype of HF we accounted for the competing risks of the other
type of HF subtype and death, the magnitude of our estimates remained significant and their
magnitude was marginally affected.

DISCUSSION

In a multiethnic community-based cohort of adults, we studied the association of several
markers of glucose dysregulation (FPG, HbA;c, HOMA-IR, diabetes and prediabetes
status) with HF and its subtypes (HFpEF and HFrEF). We observed that higher degrees
of dysglycemia (diabetes overall, as well as higher levels of FPG and HbA1¢) were
significantly associated with a higher risk of both HFpEF and HFrEF, and to a similar
extent. Higher insulin resistance (assessed by HOMA-IR) and hyperinsulinemia were not
significantly associated with either HF subtype (HFpEF or HFrEF).

Diabetes has been described as a major risk factor for the development of HF (5, 6),
although the potential for differences by HF subtype has been less clear. In addition to
assessing diabetes status (5, 6), the extant studies have also reported on the association

of glycemic markers and incident HF, with some studies focusing on HbA; ¢, others on

FPG, but few have examined both simultaneously (3, 4). These studies show a positive
association of these markers with incident HF (9, 10, 24). However, the prior studies

seldom investigated associations with HF subtypes. Our findings on FPG are in keeping
with those of the few prior studies that assessed HFpEF and HFrEF, and showed a similar
degree of association with both conditions (25). More specifically, our findings expand those
from the Jackson Heart Study which also examined the association of dysglycemia and
incident HF (26). The Jackson Heart Study investigation exclusively included Black adults,
whereas we examined a multi-ethnic/racial cohort. Furthermore, that study also had a shorter
follow-up period, and a much lower number of HF events (26); thus, it had limited power

to robustly detect estimates of the associations with each HF subtype. The current study
from MESA has nearly three times the number of participants and number of HF events that
the prior Jackson Heart Study analysis. Although imaging studies highlight the importance
of diastolic dysfunction in the context of diabetes (27-29), and mechanistic studies suggest
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distinct pathways by which diabetes leads to HFpEF (14, 16), we did not find significant
differences in the risks of HFpEF and HFrEF related to diabetes.

Prior studies that have investigated the relation of insulin resistance (mainly assessed by
HOMA-IR) with incident HF generally indicate a positive association (25, 30-32). To our
knowledge, only one study specifically explored HFpEF and HFrEF (30-32), finding a
stronger association of diabetes with HFpEF (25). In terms of fasting insulin levels, our
findings were at variance with those of the Uppsala Longitudinal Study of Adult Men

(32) and the Cardiovascular Health Study (30), which both described a significant positive
association of fasting insulin and HF risk. However, these studies did not separately examine
HFpEF or HFrEF. The differences between our results and those from prior studies in terms
of the relation of insulin resistance or fasting insulin and HF could be explained (at least
partially) by the differences in the extent of adjustment for covariates, the number of HF
events, the age range of participants, and the methods of assessment of insulin resistance.
Indeed, studies that used insulin resistance measures based on dynamic tests such as oral
glucose tolerance test (OGTT) (30, 32), and insulin clamp (32), found a stronger association
of these measures with HF than with fasting-based measures such as HOMA-IR (30, 32).

Our observations extend the literature on the topic of diabetes-related cardiac dysfunction,
by providing additional evidence on the association between glycemic markers and subtypes
of HF. Our study attempts to capture the whole spectrum of dysglycemia (including
prediabetes and diabetes), as well as different pathways representing the metabolic milieu
associated with diabetes that may contribute to cardiac dysfunction. These pathways

include glucotoxicity (captured by FPG and HbA1¢), lipotoxicity/insulin resistance and
hyperinsulinemia (captured by the degree of insulin resistance and fasting insulinemia), or
increased tissue glycation leading to fibrosis (captured by HbA1¢) (5, 33). Our study is
important for our understanding of the diabetes-related myocardial dysfunction, especially
given the strong evidence on the efficacy of sodium-glucose co-transporter-2 (SGLT2)
inhibitors in reducing adverse HF outcomes among individuals with or without diabetes who
have established HFrEF (34-36) or HFpEF (37, 38).

Mechanisms underlying diabetes-related cardiac dysfunction remain unclear. Our results
suggest a possible predominance of pathways that involve direct glucose-toxicity and
increased tissue glycation for both HFpEF and HFrEF, over the ones that involve altered
insulin signaling related to insulin resistance. These hyperglycemia-related mechanisms
include for example: i) increased concentration of advanced glycation end products

(AGEs) that would promote myocardial collagen deposition and fibrosis; ii) hyperglycemia-
related oxidative stress leading to myocardial injury and fibrosis; and iii) mitochondrial
dysfunction and autonomic perturbations (5, 6). Other postulated pathways would include
hyperglycemia-related coronary vasomotor abnormalities, endothelial dysfunction, and
impaired angiogenesis (5, 33).

Our results have clinical and public health implications. Regarding the clinical relevance,
our findings reinforce the need to implement effective therapies such as SGLT2 inhibitors,
especially in high-risk subgroups of patients such as individuals with diabetes, in whom
these would otherwise help with glycemic control. Additional interventions that would be
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potentially beneficial include favorable lifestyle changes, such as meeting recommended
physical activity levels, following a healthy diet, and maintaining a normal BMI for
preventing or managing both diabetes and heart failure (39, 40). Our results might also
help identify adults at increased risk for HF, and inform future screening strategies, and
assess the impact of interventions targeting glycemia on HF, especially for HFpEF, as the
latter condition has limited therapeutic options.

Strengths/Limitations

Some limitations of our study should be acknowledged. First, diabetes disproportionately
affects different race/ethnic groups (2). We did not have enough power to perform race/
ethnicity-specific analyses. For similar power reasons, we also did not conducted sex-
specific analyses, which could be important, as HFpEF tends to be more frequent among
women (41). Second, with respect to the HF endpoint, there were 38 unclassified cases

of HF (neither HFpEF nor HFrEF), which may have influenced our results. Third, our
outcome was adjudicated hospitalized HF events. We did not consider early stages of

the HF process such as stage B (as defined in the new universal definition by imaging
parameters and/or the relevant biomarkers (39, 42). Fourth, we did not have longitudinal
data for all of the glycemic makers to evaluate for changes in levels over time; these are
inherently time-varying parameters. We also did not have data on 2-hour post load glycemia,
thus we may have underestimated the extent of diabetes and its effects, as a number of
individuals would have diabetes by OGTT that would neither be detected by FPG nor by
HbA ¢ (43). Fifth, we lacked insulin resistance measures based on dynamic tests such as
OGTT or insulin clamp, which more effectively capture the extent of insulin resistance

(44). Sixth, we lacked detailed data on the use of diabetes medications, especially on the

use of cardioprotective medications such as SGLT2 inhibitors and glucagonlike peptide -1
receptors agonists (GLP-1RAS). Lastly, although we comprehensively adjusted for a number
of potentially confounding variables, we cannot rule out residual confounding.

The strengths of this study include a well-characterized multiethnic community-based
sample, the availability of several markers of glycemic dysregulation including insulin
resistance measures, and the exploration of the various HF subtypes. Our study provides
further insight into the relative contributions of various makers of glucose dysregulation
to HF risk and its subtypes, which may guide further investigations of diabetes-related
myocardial dysfunction.

CONCLUSION

In conclusion, in a multiethnic community-based cohort of adults free of clinical CVD at
baseline, we found that diabetes and various glycemic markers were associated with both
HFpEF and HFrEF, to a similar extent. These results add to the current understanding of

the link between diabetes and HF. These findings are of contemporary significance given the
rising burden of HF among patients with diabetes, and the rapidly changing landscape of
therapies for HF.
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Highlights
. Glycemic dysregulation and its markers are precursors of heart failure (HF).
. Diabetes, fasting glucose and HbA1¢c were similarly associated with high
risks of both HF subtypes.
. Higher insulin resistance and hyperinsulinemia were not significantly

associated with either HF subtype.

J Card Fail. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Echouffo-Tcheugui et al.

Page 14
Bullet points for patients

. Diabetes and other markers of elevated blood glucose are related to higher
risks for the future development of heart failure.

. Markers of elevated blood glucose were similarly associated with both heart
failure with reduced ejection fraction and heart failure with preserved ejection
fraction.

. Lifestyle and pharmacotherapies for the prevention of diabetes and of elevated

blood glucose are important strategies for the prevention of heart failure.
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Figure 1:
Cumulative incidence of heart failure with preserved ejection fraction across levels of

glycemic markers [Glycemic status, Fasting plasma glucose, Homeostatic model assessment
of insulin resistance (HOMA-IR), Fasting plasma insulin and Glycated hemoglobin
(HbA1¢)]. Cl: cumulative incidence, HFpEF: heart failure with preserved ejection fraction..

J Card Fail. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Echouffo-Tcheugui et al. Page 16

Fasting plasma glucose, HFrEF

10

Logrank P<0.004

Cormbale s b oras of Pemilldkie %
5
i

Q

ﬂ/

5 10 15 2
Time, y2ars

1 -

Number at risk
<100mgidL: 5043 (34) 4520 (33) 4092 (35) 2485 (3) O
100-125mgidL: 1104  (13) 971 {(13) 821 (10) 377 (3) O
=126mgidl: S41 (10) 456 (9) 355 (9) 165 (D) O
— <] 0mgidL
100-125 mgidL
2126 mgidL

Glycemic status, HFrEF

10

Logrank P<0.001

Cormbis s e eros of Penitlaloie %
5
i

——
o e o i
0 g 10 15 20
Time, y=ars
Mumier at risk
Normal: 4931  (31) 4532 (31) 4020 (34) 2454 (3] O
Prediabetes: 321 (10) 819 (7) 691 (8 319 {2) O
Diabetes: 836 (16) 696 (17) 558 (13) 255 (1) O
—— MNomal
Pre-diabetes
—— Diabetes

Figure 2:
Cumulative incidence of heart failure with reduced ejection fraction across levels of

glycemic markers [Glycemic status, Fasting plasma glucose, Homeostatic model assessment
of insulin resistance (HOMA-IR), Fasting plasma insulin and Glycated hemoglobin
(HbA10)]. Cl: cumulative incidence, HFrEF: heart failure with reduced ejection fraction.
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Table 1:

Characteristics of MESA participants by glycemic categories

Glycemic categories (N = 6,688)

Characteristics Normoglycemia Prediabetes Diabetes P-value

(n=921) (n=1836)

(n=4,931)
*Age, years 61 (10) 64 (10) 65 (9) <0.001
Male, n (%) 2,204 (45%) 516 (56%) 442 (53%) <0.001
Race/Ethnicity, n (%)
White 2,137 (43%) 287 (31%) 150 (18%)
Chinese American 557 (11%) 135 (15%) 103 (12%)
Black 1,245 (25%) 268 (29%) 321 (38%) <0.001
Hispanic 992 (20%) 231 (25%) 262 (31%)
Education, n (%)
> Bachelor’s degree 1,908 (39%) 266 (29%) 190 (23%) <0.001
< Bachelor’s degree 3,023 (61%) 655 (71%) 646 (77%)
Health insurance, n (%)
Yes 4,501 (91%) 842 (91%) 749 (90%) 0.27
No 430 (9%) 79 (9%) 87 (10%)
7Physica| activity, MET-min/wk 4,208 3,690 3,244 0.001
(2,100-7,650) (1,815-7,005) | (1,380-7,343)

Current alcohol use, n (%) 2,886 (59%) 504 (55%) 324 (39%) <0.001
Current smokers, n (%) 651 (13%) 113 (12%) 108 (13%) 0.85
*Body mass index, kg/m2 28 (5) 30 (6) 30 (6) <0.001
Obese, n (%) 1,339 (27%) 392 (43%) 408 (49%) <0.001
“Fasting plasma glucose, mg/dL 86 (7) 108 (7) 151 (57) <0.001
*HbALC, % 5.4 (0.4) 5.9 (0.8) 7.4(L7) <0.001
THOMA-IR 1.6 (1.2-2.3) 3.0 (2.2-3.0) - <0.001
Trasting plasma insulin, mU/L 7.4 (5.7-10.8) 11.3(8.:3-15.8) . <0.001
*Systolic blood pressure, mmHg 124 21) 132 (21) 133(22) <0.001
Anti-hypertensive medications, n (%) 1,525 (31%) 426 (46%) 535 (64%) <0.001
Use of beta-blockers 385 (8%) 112 (12%) 105 (13%) <0.001
Use of ACE Inhibitors or ARBs 532 (11%) 146 (16%) 332 (40%) <0.001
Use of diuretics 545 (11%) 168 (18%) 185 (22%) <0.001
*Total cholesterol, mg/dL 195 (35) 194 (35) 188 (40) <0.001
*HDL-chOIesterol, mg/dL 53 (15) 47 (13) 46 (13) <0.001
Lipid-lowering medication, n (%) 683 (14%) 173 (19%) 236 (28%) <0.001
*GFR, mL/min/1.73 m? 78 (15) 77 (16) 80 (20) 0.003
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Abbreviations: eGFR, Estimated Glomerular Filtration Rate; HDL, High Density Lipoprotein; HbA1C, Glycated Hemoglobin; HOMA-IR,
Homeostatic Model Assessment of Insulin Resistance; MET-min/wk, Metabolic Equivalent of Task-minute/week; MESA, Multi-Ethnic Study
of Atherosclerosis.

Analysis for fasting plasma insulin and HOMA-IR excluded participants with diabetes (n = 836).
Chi-square test was used to calculate the differences between categorical variables by glycemic categories.
ANOVA was used to calculate the differences between continuous variables by glycemic categories.
Obese = BMI = 30 kg/mz. HbA1C was measured at exam 2.

*
Presented as mean (SD).

7‘Presented as median (IQR).
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Table 2:

Event rates of incident heart failure among MESA participants

Page 19

Overall HF HFpEF HFreF
Cases/No. at Event Rates Cases/No. at Event Rates (per Cases/No. at Event Rates (per
Risk (per 1000 Person- Risk 1000 Person- Risk 1000 Person-
Years) Years) Years)

Glycemic status
Normal 204/4,931 3.1(2.7,3.6) 86/4,931 1.3(1.1,1.6) 99/4,931 15(1.2,1.8)
Pre-diabetes 52/921 45 (3.5,6.0) 22/921 1.9 (1.3,2.9) 27/921 2.4 (1.6,3.4)
Diabetes 100/836 105 (8.7, 12.8) 37/836 3.9(2.8,5.4) 47/836 4.9 (3.7, 6.6)
Pooled 356/6,688 4.1(3.7,4.6) 145/6,688 1.7 (1.4, 2.0) 173/6,688 2.0(1.7,23)
Fasting plasma
glucose
<100 mg/dL 219/5,043 3.3(2.9,3.8) 91/5,043 14 (1.1, 17) 106/5,043 1.6 (1.3, 1.9)
100-125 mg/dl 75/1,104 5.5(4.4,6.9) 29/1,104 2.1(15,31) 39/1,104 29(2.1,3.9)
> 126 mg/dL 62/541 10.1 (7.9, 12.9) 25/541 41(2.7,6.0) 28/541 4.6(3.1,6.6)
Pooled 356/6,688 4.1 (3.7, 4.6) 145/6,688 1.7 (1.4, 2.0) 173/6,688 2.0(17,2.3)
HbAc
<57% 145/3,812 2.8(2.4,33) 58/3,812 1.1(0.9,1.4) 73/3,812 14(1.1,1.8)
57-6.4 % 93/1,559 4.6(3.8,5.6) 45/1,559 2.2(1.7,3.0) 40/1,559 2.0(15,2.7)
>65% 75/688 9.0 (7.2, 11.2) 28/688 3.3(2.3,4.9) 37/688 4.4(32,6.1)
Pooled 313/6,059 3.9(35,43) 131/6,059 1.6(1.4,1.9) 150/6,059 1.9(1.6,2.2)
HOMA-IR™
Quartile 1 47/1,462 2.4(18,3.2) 15/1462 0.8(0.5,1.3) 26/1462 1.3(0.9,2.0)
Quartile 2 55/1,460 2.8(2.2,3.7) 25/1,460 1.3 (0.9, 1.9) 27/1,460 1.4 (1.0, 2.0)
Quartile 3 74/1,461 3.9 (3.1,4.9) 34/1,461 1.8(1.3,2.5) 32/1,461 1.7 (1.2, 2.4)
Quartile 4 80/1,460 4.2 (3.4,5.3) 34/1,460 1.8 (1.3, 2.5) 41/1,460 2.2 (1.6,3.0)
Pooled 256/5,843 3.3(3.0,38) 108/5,843 1.4(1.2,1.7) 126/5,843 1.6 (1.4, 2.0)
Fasting plasma
insulin ™
Quartile 1 50/1,462 2.6 (2.0, 3.4) 17/1,462 0.9 (0.5, 1.4) 27/1,462 1.4 (1.0, 2.0)
Quartile 2 54/1,500 2.7(2.1,35) 23/1,500 1.2(0.8,1.7) 29/1,500 1.5 (1.0,2.1)
Quartile 3 77/1,423 4.2(3.6,5.2) 38/1,423 2.1(15,2.8) 31/1,423 1.7 (1.2, 2.4)
Quartile 4 75/1,458 4.0(3.2,5.0) 30/1,458 16 (1.1, 2.3) 39/1,458 2.1(15,2.8)
Pooled 256/5,843 3.3(3.0,3.8) 108/5,843 1.4(12,1.7) 126/5,843 1.6 (1.4, 2.0)

Abbreviations: HbA1c, Glycated Hemoglobin; HF, Heart Failure; HFpEF, HF with Preserved Ejection Fraction; HFrEF, HF with Reduced Ejection

Fraction; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; MESA, Multi-Ethnic Study of Atherosclerosis.

*
Only individual without diabetes were included in the analyses
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Table 3:

Page 20

Estimates of the multivariable adjusted associations of glycemic markers and incident heart failure among

MESA participants

Adjusted Hazard Ratio (95% CI)

Overall HF

HFpEF

HFrEF

Glycemic status

Normal

Reference

Reference

Reference

Pre-diabetes

1.01 (0.74, 1.38)

1.00 (0.62, 1.63)

1.12(0.72, 1.74)

Diabetes

2.05 (1.57, 2.68)

1.85 (1.20, 2.84)

2.02 (1.38, 2.97)

Fasting plasma glucose

<100 mg/dL Reference Reference Reference
100-125 mg/dl 1.09 (0.83,1.43) | 1.02 (0.66, 1.58) | 1.22(0.83,1.79)
= 126 mg/dL 1.94(1.43,2.63) | 1.96 (1.21,3.17) | 1.84(1.18,2.88)

1 SD increment of fasting glucose

1.24 (1.15, 1.35)

1.25 (1.09, 1.43)

1.21 (1.07, 1.36)

HbA, ¢

<57% Reference Reference Reference
57-6.4% 1.17 (0.89, 1.54) | 1.49 (0.99, 2.27) | 0.98 (0.65, 1.47)
>65% 2.05 (150, 2.79) | 2.00(1.20,3.31) | 1.99 (1.28, 3.09)
1 5D increment of HbA ;¢ 1.27(1.17,1.38) | 1.28 (1.12,1.47) | 1.24(1.10, 1.40)
HOMA-IR

Quartile 1 Reference Reference Reference
Quartile 2 0.94 (0.63,1.39) | 1.30(0.67, 2.51) | 0.89 (0.51, 1.54)
Quartile 3 1.01 (0.68, 1.51) | 1.47 (0.76,2.84) | 0.86 (0.49, 1.50)
Quiartile 4 1.00 (0.65, 1.53) | 1.36 (0.66, 2.81) | 1.01 (0.56, 1.82)

1 SD increment of HOMA-IR

0.91 (0.79, 1.06)

0.88 (0.70, 1.12)

0.96 (0.78, 1.17)

Fasting plasma insulin

Quartile 1 Reference Reference Reference

Quartile 2 0.93(0.63,1.39) | 1.19(0.62,2.27) | 0.94(0.55, 1.61)
Quartile 3 1.12 (0.76, 1.65) | 1.64 (0.88,3.06) | 0.89 (0.51, 1.56)
Quiartile 4 0.95(0.62, 1.47) | 1.14 (0.56,2.33) | 0.98 (0.54, 1.77)

1 SD increment of fasting insulin

0.91 (0.78, 1.06)

0.88 (0.70, 1.12)

0.95 (0.7, 1.16)

Abbreviations: CI, Confidence Interval; HbA1C, Glycated Hemoglobin; HF, Heart Failure; HFpEF, HF with Preserved Ejection Fraction;

HFrEF, HF with Reduced Ejection Fraction; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; MESA, Multi-Ethnic Study of
Atherosclerosis; SD, Standard Deviation.

Statistically significant results at p <0.05 are in bold font.

Hazard Ratios were adjusted for age, sex, race/ethnicity, education, health insurance, MESA field site, physical activity, alcohol use, smoking, body
mass index, systolic blood pressure, use of anti-hypertensive medication, total cholesterol, HDL-cholesterol, use of lipid-lowering medication and

eGFR.
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