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Abstract

Background:  Glucose and non-esterified fatty acids (NEFA) are myocardial fuels whose fasting and post-prandial levels are under different 
homeostatic regulation. The relationships of fasting and post-load glucose and NEFA with incident heart failure (HF) remain incompletely 
defined.
Methods:  Serum glucose and NEFA were measured during fasting and 2 hours post-oral glucose tolerance test, performed in Cardiovascular 
Health Study participants not receiving hypoglycemic medication. Participants with prevalent HF or lacking relevant data were excluded. 
Outcomes were incident HF (primary), and HF with preserved (HFpEF) and reduced (HFrEF) ejection fraction (secondary).
Results:  Among 2 238 participants (age 78 ± 4) with a median follow-up of 9.9  years, there were 737 HF events. After adjustment for 
demographic and lifestyle factors, both fasting (hazard ratio [HR] = 1.11 per SD [95% confidence interval {CI} = 1.01–1.23], p = .040) and 
post-load (HR = 1.14 per SD [1.05–1.24], p = 0.002) glucose were significantly associated with incident HF. No association was seen for 
fasting or post-load NEFA. Upon mutual adjustment, only post-load glucose (HR = 1.11 [1.003–1.22], p =  .044), but not fasting glucose 
(HR = 1.06 [0.94–1.20], p = .340), remained associated with HF. Further adjustment for cardiovascular disease and other risk factors in the 
causal pathway did not affect the association for post-load glucose, but eliminated that for fasting glucose. Associations for fasting and post-
load glucose appeared stronger with higher adiposity and were observed specifically for HFrEF but not HFpEF.
Conclusions:  Fasting and post-load glucose, but not NEFA, were associated with incident HF. The association was especially robust for post-
load glucose, suggesting that pathways involved in post-prandial dysglycemia could offer new targets for HF prevention late in life.
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Heart failure (HF) affects more than 26 million people globally, 
and this prevalence is climbing (1). HF incidence and prevalence in-
crease with age—up to 80% of those with HF are older adults (2). 
The disorder’s 2 subtypes, HF with preserved (HFpEF) and reduced 
ejection fraction (HFrEF), carry a similarly grim prognosis (1).

Aside from age, obesity and glucose dysregulation are major HF 
risk factors whose prevalence is also increasing worldwide (3,4). 
Abnormal glucose metabolism is common in older adults, resulting 
from distinct (patho)physiological changes associated with advancing 
age (5). Along with diminished physical activity, older adults exhibit 
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increases in fat mass and loss of lean mass. These changes in body 
composition promote insulin resistance, which, coupled with de-
creased pancreatic β-cell activity, leads to dysglycemia (6).

Previous work in older adults from the Cardiovascular Health 
Study (CHS) documented that glucose level 2 hours after an oral glu-
cose tolerance test (OGTT) is more strongly associated with athero-
sclerotic cardiovascular disease (ASCVD) and mortality than fasting 
glucose level (7). Several population-based studies of elders have 
evaluated fasting and post-load glucose in relation to incident HF, 
with inconsistent findings. Two studies, including an earlier CHS re-
port comprising the mostly White participants enrolled at the study 
baseline, found that post-load glucose was positively associated 
with incident HF (8,9). By contrast, two other investigations linked 
fasting glucose, though not post-load glucose, to an increased risk 
of HF events (10,11). The foregoing studies were limited by incom-
plete adjustment for covariates, modest HF numbers, and inability 
to assess HF subtypes. They also did not undertake a concurrent 
assessment of fasting and post-load glucose in relation to HF events. 
Hence, the relative associations of fasting and post-load glucose with 
incident HF late in life remain unclear.

Like glucose, non-esterified fatty acids (NEFAs) are a principal 
myocardial fuel source (12). NEFAs are metabolic byproducts of 
triglyceride hydrolysis whose circulating level reflects the balance 
between lipolysis and lipogenesis as regulated by insulin, catechol-
amines, and other hormones (13). In the fasting state, blood NEFA 
concentration is largely determined by adipose tissue lipolysis, 
whereas in the post-prandial state, it is primarily governed by the ex-
tent of re-esterification by adipocytes of chylomicron-derived NEFA 
(13). Higher fasting NEFAs have been associated with incident dia-
betes, as well as HF, in prior work from CHS (14,15). As relates to 
HF risk, NEFA promotes endothelial dysfunction, and high levels 
exacerbate myocardial injury under ischemic conditions owing to 
the greater oxygen requirement of fatty acid as compared with glu-
cose oxidation (16).

We previously showed that circulating NEFA level 2 hours after 
OGTT, whose decrease is blunted in the setting of obesity or in-
sulin resistance, is preferentially associated with incident diabetes in 
older adults (17). Although regulation of NEFA differs in the ab-
sorptive and post-absorptive state, the relationship of post-load or 
post-prandial NEFA level with HF has not been examined. We set 
out to determine the relative contributions of fasting and post-load 
NEFA, alongside fasting and post-load glucose, to incident HF in 
community-dwelling adults late in life.

Method

Study Population
Details of the design and procedures for the CHS have been pub-
lished (18). Briefly, CHS is a prospective investigation of adults 
≥ 65  years old recruited from 4 locations in the United States: 
Washington County, MD; Allegheny County, PA; Sacramento 
County, CA; and Forsyth County, NC. Medicare eligibility lists in 
the 4 communities were used to identify potential participants (19). 
Initial enrollment included 5 201 individuals in 1989–1990, which 
was followed by the enrollment of 687 mostly African American 
participants in 1992–1993 (from all locations except Washington 
County). Eligible participants included those who were able to con-
sent and complete a home interview and 4-hour clinic examination, 
were planning to reside in the respective county for at least 3 years, 
and were not wheelchair dependent, receiving cancer treatment, or 
institutionalized.

Examinations in CHS included a medical history, physical exam-
ination, blood collection, and diagnostic testing. The NEFA ancillary 
study included those with available serum who were eligible for a 
2-hour OGTT (ie, not on medical treatment for diabetes mellitus) 
during the 1996–1997 examination. For the present study, the pri-
mary analysis focused on participants free of prevalent HF who had 
either both fasting and post-load NEFA levels or both fasting and 
post-load glucose levels.

NEFA and Glucose Measurement
For the OGTT, participants had fasting serum collected after an 
8-hour overnight fast. They then consumed 75 g of dextrose, and 
post-load serum was collected 2 hours later. Serum was shipped to 
the University of Vermont (Burlington, VT) central laboratory for 
storage at −80°C. Glucose and NEFA measurements were conducted 
at the central laboratory. Glucose measurements were performed 
shortly after collection with the Kodak Ektachem 700 analyzer 
(Eastman Kodak Corp., Rochester, NY). NEFA measurement was 
performed on never-thawed samples in 2019–2020 with the Wako 
enzymatic method (Wako Life Sciences, Mountain View, CA) (20). 
Previous work has shown the stability of serum lipids when stored 
at −80°C for up to 10 years. The intra-assay coefficient of variation 
was 5%.

Glycemia Categories
Impaired fasting glucose was defined as fasting glucose of 100–
125 mg/dL, and impaired glucose tolerance as post-load glucose of 
140–199 mg/dL. Diabetes was variously defined as fasting glucose 
≥126 mg/dL, post-load glucose ≥200 mg/dL, or either of these 2 cri-
teria, or as fasting glucose ≥126 mg/dL and/or use of hypoglycemic 
medication.

Heart Failure Ascertainment
Participant contacts occurred twice a year either by in-person or 
telephone visits throughout follow-up (21). The primary endpoint 
was incident HF; the secondary endpoints were HF HFrEF and 
HFpEF. All potential cases of HF were adjudicated by an events 
committee (21). HF assessment was determined by the treating 
physician’s diagnosis, confirmatory signs and symptoms, a current 
prescription of a diuretic and vasodilator or digitalis, and diagnostic 
imaging (chest radiography or cardiac imaging) when available (22). 
HF subtype determination was based on documented EF. HF events 
were classified as HFpEF when EF ≥50%, as HFrEF when EF <50%, 
or of unknown subtype. Adjudication of HF extended through June 
2015.

Covariates
Covariates were determined at the 1996–1997 examination, or for 
lipid fractions and height, measured and carried forward from the 
1992–1993 examination. Age, race, sex, smoking, and alcohol con-
sumption were assessed by self-report. Height, weight, waist cir-
cumference, and blood pressure were measured using established 
procedures. Physical activity was determined by self-report of type 
and intensity of activities. Use of pharmacotherapies was documented 
annually. Serum albumin, C-reactive protein (CRP), and lipid pro-
files were quantitated at the central laboratory. The estimated glom-
erular filtration rate (eGFR) was calculated using cystatin C. As was 
the case for prevalent HF, prevalent coronary heart disease (CHD) 
and stroke were ascertained through a combination of CHS ques-
tionnaires, medical-record review, and physician confirmation upon 
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enrollment, and adjudication of interim events through the base-
line exam for the current analysis (21,23). Incident CHD was ad-
judicated by the events committee during follow-up (21). Prevalent 
atrial fibrillation (AF) was identified by yearly electrocardiograms, 
International Classification of Diseases, ninth revision (ICD-9), diag-
nostic codes, and Center for Medicare and Medicaid Services claims 
data, as previously described (24). The proportion of missing data 
for all individual covariates was <5%.

Statistical Analysis
Descriptive summaries of the included sample are provided with the 
mean ± standard deviation (SD) for continuous variables and counts 
(%) for categorical variables. The included sample was compared 
with the remainder of the CHS cohort at the year 1996–1997 using 
a t-test for continuous variables and a chi-squared test for categor-
ical variables. For all analyses of fasting and post-load glucose and 
NEFA with incident HF, extreme outliers (≥99th percentile of the 
distribution of the exposure measures) were removed (n  =  23 for 
glucose measures; n = 21 for NEFA measures).

The cross-sectional associations of fasting and post-load glucose 
and fasting and post-load NEFAs with continuous covariates were 
assessed with Pearson correlation coefficients. Linear regression was 
used to determine the average differences in glucose or NEFA across 
different levels of categorical covariates.

Cox proportional hazards regression was applied to evaluate the 
associations of glucose and NEFA measures with incident HF and 
its subtypes with adjustment for potential confounders. A  cause-
specific approach was used for modeling HF subtypes, censoring 
the participant at the time of a diagnosis of HF of the alternative or 
unknown subtype. Sequential models added covariates selected on 
the basis of known associations or underlying mechanisms. Model 
1 was unadjusted. Model 2 adjusted for age, sex, race, and enroll-
ment site. Model 3 (main model) additionally adjusted for body 
mass index (BMI), physical activity, smoking, alcohol use, estrogen 
replacement therapy, serum albumin, and eGFR. Model 4 adjusted 
for additional covariates that are potentially on the causal pathway, 
including systolic blood pressure, anti-hypertensive medication use, 
low-density lipoprotein, high-density lipoprotein (HDL), triglycer-
ides, lipid-lowering medication, prevalent CHD, prevalent stroke, 
prevalent claudication, and prevalent AF. Restricted cubic splines 
were examined for departures from linearity. Since relationships 
were approximately linear, we report associations per SD increment 
in glucose and NEFA levels. In additional analyses, we assessed 
whether fasting and post-load glucose measures were independent 
of one another by including them simultaneously in the models. In 
exploratory analyses, we examined whether further adjustment for 
waist circumference, CRP, or interval development of CHD influ-
enced the associations under study. Additional secondary analyses 
assessed for effect modification of glucose and NEFA measures 
by each other, and also by sex and BMI, by including appropriate 
cross-product terms in the main model. We performed a sensitivity 
analysis to examine associations at a more proximate follow-up of 
5 years. In further exploratory analyses, we repeated the assessment 
of the relationships for glucose measures with HF using fasting and 
post-load glycemia categories. Last, we conducted a parallel ana-
lysis in the larger cohort who attended the 1996–1997 examination 
and had fasting glucose levels available. We explored how glycemia 
categories defined only by such levels, with and without hypogly-
cemic therapy, related to incident HF and its subtypes beyond our 
primary study sample.

All analyses were conducted with R (R Development Core Team; 
http://www.r-project.org). A 2-sided p < .05 was considered statis-
tically significant.

Results

Among the 4 413 participants attending the 1996–1997 exam, 2 238 
individuals were free of prevalent HF, had glucose and/or NEFA 
measurements, and made up the primary study sample (Figure 1). 
(Of the 488 participants excluded for prevalent HF, cardiac imaging 
was available for adjudication in 193 cases.) The baseline character-
istics of included participants, compared to those not included, are 
given in Table 1. The study sample was slightly younger with less 
medical comorbidities, including hypertension, diabetes, prevalent 
CHD, prevalent stroke, and prevalent AF, than the excluded sample.

Both glucose values were available for 2  237 individuals. The 
mean fasting glucose was 98 ± 15 mg/dL. There were 718 (32.1%) 
participants with impaired fasting glucose (≥100  mg/dL) and 69 
(3.1%) with diabetes (≥126  mg/dL). The mean post-load glucose 
was 140  ±  52  mg/dL, with 928 (41.5%) participants having im-
paired glucose tolerance (≥140  mg/dL) and 264 (11.8%) having 
diabetes (≥200 mg/dL). Both NEFA values were available for 2 008 
individuals. The mean fasting NEFA was 0.37 ± 0.16 mEq/L, and the 
mean post-load NEFA was 0.06 ± 0.05 mEq/L.

The cross-sectional associations between glucose and NEFA 
measures with baseline characteristics are presented in Table 2. Both 
fasting and post-load glucose were related to measures of adiposity 
and hypertension, triglycerides, serum albumin, and CRP (all posi-
tively), as well as strenuous physical activity, HDL cholesterol, and 
eGFR (all negatively). The two glucose measures showed direction-
ally different associations with male sex, and current versus former 
smoking. Only post-load glucose was related to age and prevalent 
stroke (both positively), while only fasting glucose was associated 
with estrogen replacement therapy (negatively). As for NEFA meas-
ures, both were associated with adiposity, hypertension, triglycerides, 
serum albumin (all positively), and current smoking (negatively). 
The two NEFA measures showed opposite associations with alcohol 

Figure 1.  Flow diagram of participants included in the present analysis.  
* Participants in the top first percentile of glucose or NEFA distributions were 
excluded from the relevant analyses. For glucose, this corresponded to 23 
participants, and for NEFA to 21 participants. NEFA  =  non-esterified fatty 
acids.
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consumption and HDL cholesterol (positive for fasting and negative 
for post-load NEFA). Only fasting NEFA showed associations with 
age (positive), and male sex, moderate/strenuous physical activity, 
former smoking and prevalent CHD (all negative). By contrast, only 
post-load NEFA was related to eGFR (negatively).

During the median (interquartile range) follow-up of 9.9 (5.3–
15.1) years, 737 cases of incident HF occurred. Lost to follow up 
was 1.6%. CHD preceded or coincided with HF in 410 of incident 
cases. HF was classified as HFpEF in 257 cases, and as HFrEF in 
196 cases, the rest were undefined. Both fasting and post-load glu-
cose showed a positive association with incident HF in the minim-
ally adjusted and main models (Models 2 and 3), but no association 
was present for either fasting or post-load NEFAs at either level of 
adjustment (Figure 2). Upon further adjustment for factors at least 
partly in the causal pathway, the relationship for fasting glucose was 
substantially attenuated and became nonsignificant, while that for 
post-load glucose persisted with only slight attenuation.

When fasting and post-load glucose were adjusted for each other 
in the main model, only post-load glucose (hazard ratio [HR] per 
SD  = 1.11 [95% confidence interval {CI} = 1.00–1.22], p  =  .044) 
remained associated with incident HF, while fasting glucose (HR 
per SD  =  1.06 [95% CI  =  0.94–1.20], p  =  .340) was no longer 
significantly so.

In exploratory analyses, additional adjustment for waist cir-
cumference had no meaningful impact on the risk estimates 
(Supplementary Table 1). Further adjustment for CRP slightly at-
tenuated the associations for both glucose measures, but that for 

post-load glucose remained significant (HR per SD  =  1.09 [95% 
CI = 1.00–1.20], p = .049). Additional adjustment for intercurrent 
CHD led to minimal further attenuation of the association, which 
became nonsignificant (HR per SD = 1.08 [95% CI = 0.97–1.19], 
p  =  .174). The sensitivity analysis truncating follow-up at 5 years 
revealed a strengthening of risk estimates for all glucose and NEFA 
measures (Supplementary Table 1), but the findings were broadly 
similar to those with full follow-up.

Assessment of HF subtypes showed that both fasting and post-
load glucose had associations with incident HFrEF, though these 
were not noted for fasting or post-load NEFA (Figure 3A). Similar 
relationships were seen in the minimally adjusted and main 
models. These associations were not meaningfully altered after ad-
justment for putative causal intermediates in Model 4. There were 
no associations for either glucose or NEFA measure with HFpEF 
(Figure 3B).

Exploratory analysis of fasting and post-load glycemia categories 
revealed significant associations with incident HF for impaired fasting 
glucose and diabetes based on post-load glucose (with or without 
fasting glucose) in early models, which persisted only for diabetes by 
post-load glucose across levels of adjustment (Supplementary Table 
2). There were small numbers in certain categories and broad and 
largely overlapping 95% CIs, which limited assessment. Analysis of 
fasting glycemia categories in both the study sample and the larger 
cohort showed significant graded associations with HF for impaired 
fasting glucose and diabetes, both with and without the inclusion 
of hypoglycemic therapy, through the main model (Supplementary 

Table 1.  Baseline Characteristics of Participants Included and Not Included in the Study Cohort

Characteristics Included (n = 2 238) Not Included (n = 2 175) p Value 

Age, years 77.7 ± 4.4 79.5 ± 5.6 <.001
Male sex, n (%) 885 (39.5) 807 (37.1) .102
Black race, n (%) 333 (14.9) 405 (18.6) .001
High school education or more, n (%) 1 130 (50.6) 846 (39.1) <.001
Body mass index, kg/m2 26.7 ± 4.4 27.3 ± 5.1 <.001
Waist circumference, cm 96.3 ± 12.7 98.6 ± 14.2 <.001
Physical activity score, n (%) <.001

 None/little 479 (21.6) 721 (41.7)  
 Moderate 1 138 (51.4) 777 (44.9)  
 Strenuous 597 (27.0) 231 (13.4)  

Smoking, n (%) .035
 Never 1 069 (48.5) 875 (46.9)  
 Former 957 (43.4) 795 (42.6)  
 Current 180 (8.2) 196 (10.5)  

> 7 alcoholic drinks per week, n (%) 270 (12.1) 116 (6.1) <.001
Estrogen replacement (women), n (%) 259 (19.2) 259 (19.2) <.001
Systolic blood pressure, mmHg 136.8 ± 20.3 137.2 ± 21.3 .574
Antihypertensive medication, n (%) 1 138 (50.9) 1 309 (67.9) <.001
Diabetes mellitus*, n (%) 69 (3.1) 549 (44.2) <.001
LDL cholesterol, mg/dL 129.0 ± 32.5 126.7 ± 33.7 .037
HDL cholesterol, mg/dL 54.3 ± 14.5 52.9 ± 14.6 .001
Triglyceride, mg/dL 137.6 ± 75.9 151.8 ± 96.9 <.001
Lipid-lowering medication, n (%) 236 (10.6) 210 (10.9) .763
Serum albumin, g/dL 3.83 ± 0.3 3.83 ± 0.3 .899
Prevalent CHD, n (%) 418 (18.7) 747 (34.3) <.001
Prevalent stroke, n (%) 102 (4.6) 256 (11.8) <.001
Prevalent atrial fibrillation, n (%) 75 (3.4) 106 (7.5) <.001
eGFR, mL/min/1.73 m2 72.3 ± 18.3 66.8 ± 21.27 <.001
C-reactive protein, mg/L 1.2 ± 1.6 1.5 ± 1.6 <.001

Notes: CHD = coronary heart disease; eGFR = estimated glomerular filtration rate; HDL = high-density lipoprotein; LDL = low-density lipoprotein.
*Defined as a fasting glucose ≥126 mg/dL, random glucose ≥200 mg/dL, or use of hypoglycemic medication up to and including the 1996–1997 examination.
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Table 3). These associations were attenuated across successive 
models, remaining significant only for diabetes upon adjustment 
for potential intermediate factors. Risk estimates were numerically 
higher for untreated diabetes in the study sample than the larger co-
hort, or treated versus untreated diabetes, there was a large overlap 
of 95% CIs. Exploration of HF subtypes in the larger cohort showed 

significant associations for diabetes, both untreated and treated, 
with HFrEF at higher levels of adjustment, but these were not seen 
for HFpEF (Supplementary Table 4).

Table 2.  Cross-sectional Associations of Glucose and NEFA Measures With Baseline Characteristics

Covariates Fasting Glucose (β or r) Post-load Glucose (β or r) Fasting NEFA (β or r) Post-load NEFA (β or r) 

Age −0.01 0.06* 0.08* −0.04
Male sex 3.28* −6.72* −0.10* 0.003
Black race 1.02 1.02 −0.003 0.003
BMI 0.27* 0.16* 0.09* 0.15*
Waist circumference 0.27* 0.15* 0.05* 0.17*
Physical activity

 Moderate −0.33 −3.08 −0.03* −0.003
 Strenuous −1.56* −8.74* −0.06* −0.004

Smoking
Former 1.82* −3.00 −0.04* −0.001
Current 0.80 −11.53* −0.04* −0.007*
Alcohol consumption 1.26 −6.72 0.03* −0.01*
Estrogen replacement therapy −4.46* 3.78 0.04* 0.01*
Systolic blood pressure 0.01 0.07* 0.14* 0.05*
Antihypertensive medication 2.73* 9.15* 0.01 0.003*
Diabetes 38.26* 98.75* 0.03 0.04*
LDL cholesterol 0.03 0.02 0.01 −0.01
HDL cholesterol −0.22* −0.09* 0.23* −0.18*
Triglycerides 0.13* 0.17* 0.08* 0.33*
Lipid lowering medication 0.004 4.62 −0.01 0.004
Serum albumin 4.89* 0.07* 0.08* 0.09*
Prevalent coronary heart disease 0.70 1.30 −0.03* −0.001
Prevalent stroke 1.39 10.99* 0.02 −0.004
eGFR −0.05* −0.07* −0.01 −0.09*
C-reactive protein 0.10* 0.17* 0.09* 0.17*

Notes: β  =  average increase in the outcome associated with the participant characteristic or per unit of the characteristic; r  =  correlation coefficient pro-
vided for those characteristics which are continuous; BMI = body mass index; eGFR = estimated glomerular filtration rate; HDL = high-density lipoprotein; 
LDL = low-density lipoprotein; NEFA = non-esterified fatty acids.

*Indicates cross-sectional associations with a p value <.05.

Figure 2.  Associations of fasting and post-load glucose and non-esterified 
fatty acids (NEFA) with incident heart failure. Standard deviations for 
exposure measures are as follows. Fasting glucose, SD  =  15  mg/dL; post-
load glucose, SD  =  52  mg/dL; fasting NEFA, SD  =  0.16  mmol/L; post-load 
NEFA, SD = 0.04 mmol/L. Model 1. Unadjusted model. Model 2. Adjusted for 
age, sex, race, and enrollment site. Model 3. Adjusted for Model 1 covariates, 
as well as body mass index, physical activity, smoking, alcohol use, 
estrogen replacement therapy, serum albumin, and estimated glomerular 
filtration rate. Model 4. Adjusted for Model 2 covariates, as well as systolic 
blood pressure, anti-hypertensive medication use, low-density lipoprotein 
cholesterol, high-density lipoprotein cholesterol, triglycerides, lipid-lowering 
medication, prevalent coronary heart disease, prevalent stroke, prevalent 
claudication, and prevalent atrial fibrillation.

Figure 3.  Associations of fasting and post-load glucose and non-esterified fatty 
acids with incident heart failure subtypes. (A) Heart failure with reduced ejection 
fraction. (B) Heart failure with preserved ejection fraction. Standard deviations 
for exposure measures, models, and abbreviations are as given in Figure 2.
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Assessment for interaction showed significant effect modifica-
tion by BMI of the relationships of both glucose measures with in-
cident HF. The interaction with continuous BMI was such that the 
associations were stronger with higher adiposity for both fasting 
glucose (pinteraction  =  .025) and post-load glucose (pinteraction  =  .002). 
Supplementary Table 5 shows the associations of fasting and post-
load glucose with incident HF stratified by standard BMI categories, 
illustrating the gradient of increasing risk at higher adiposity. Such 
risk was especially pronounced in the obese category, particularly 
for post-load glucose. There was no corresponding interaction with 
BMI for either NEFA measure (pinteraction ≥ .553). No evidence of ef-
fect modification by sex was detected for fasting or post-load glucose 
or NEFA (pinteraction ≥ .409), nor of glucose and NEFA measures with 
each other (pinteraction ≥ .126)

Discussion

Main Results
In this community-dwelling cohort of older adults, we found that 
fasting and post-load glucose, but not fasting or post-load NEFA, 
were associated with an increased risk of HF events. Although both 
glucose measures were related to HF incidence after adjustment for 
potential confounders, only post-load glucose retained this associ-
ation after adjustment for putative causal intermediates or upon 
concurrent adjustment with fasting glucose. In secondary analyses, 
both fasting and post-load glucose were associated with HFrEF, but 
not HFpEF, although associations became nonsignificant on mutual 
adjustment. Additional analyses documented consistent associations 
for impaired fasting glucose and diabetes with HF and HFrEF in 
the larger sample that did not undergo OGTT, supporting the val-
idity of the fasting glucose measure for the broader cohort. Last, 
exploratory assessments showed evidence of effect modification 
by adiposity, such that the relationships for fasting and post-load 
glucose each, but not for either NEFA measure, were stronger with 
increasing BMI.

Prior Studies
Diabetes has long been associated with the development of HF (25). 
This relationship has also been documented for dysglycemia in the 
prediabetic range, with impaired fasting glucose and impaired glu-
cose tolerance, each showing a significant association with HF inci-
dence in a recent meta-analysis (26). The design and sample types 
of included studies varied, however, and many relied on HF out-
comes from administrative data (26). Among older adults, several 
population-based studies have previously examined the relationships 
of fasting and post-load glucose with incident HF. In the Kuopio and 
Health ABC studies, fasting glucose, but not post-load glucose, was 
associated with incident HF, whereas in an earlier analysis of CHS 
and the Uppsala Longitudinal Study of Adult Men, only post-load 
glucose showed a significant association with this outcome (8–11). 
These prior studies, however, often included a modest number of in-
cident HF events. They did not fully account for important potential 
confounders such as BMI, lifestyle factors, or eGFR, nor did they 
assess the impact of thorough adjustment for putative causal inter-
mediates. Notably, these previous studies did not evaluate fasting 
and post-load glucose concurrently or HF subtypes.

Fewer longitudinal studies have evaluated circulating NEFA and 
HF. Previous data from CHS showed fasting NEFA to be associated 
with an increased risk of HF events (15). No association between 
fasting NEFA and incident HF was observed in middle-aged to older 

adults enrolled in the Multi-Ethnic Study of Atherosclerosis (27). 
Like the earlier CHS investigation, there was no opportunity to ana-
lyze post-load NEFA, as OGTT was not performed.

To our knowledge, this is the largest investigation to evaluate 
both fasting and post-load glucose in relation to HF in a prospective 
cohort, and the first to do so concurrently with fasting and post-load 
NEFA. The current study newly shows that fasting and post-load 
glucose are positively associated with incident HF in older adults 
after accounting for potential confounders, while failing to detect 
corresponding associations for either fasting or post-load NEFA. 
Moreover, the present analyses are the first to highlight that upon 
concurrent adjustment, or after accounting additionally for putative 
causal intermediates, post-load, but not fasting, glucose retained its 
association with incident HF, attesting to a more robust association 
for this measure. Secondary analyses provide novel details to these 
associations, showing that the relationship with HF for fasting and 
post-load glucose were each more pronounced at higher BMI, and 
occurred with HFrEF, but not HFpEF.

Potential Explanations and Mechanisms
Among older adults, 2-hour glucose level post-OGTT uncovers a 
larger proportion of dysglycemia—both pre-diabetes and diabetes—
than fasting glucose or glycated hemoglobin (28). While fasting 
glucose predominantly reflects hepatic insulin resistance, post-load 
glucose is determined primarily by skeletal muscle insulin resistance 
and impaired pancreatic β-cell secretory reserve (7). The latter are 
cardinal features of dysglycemia in older adults, explaining their 
greater contribution to the dysglycemic burden in this age group (6).

The observation that 2-hour glucose bore a relationship with 
incident HF independent of fasting glucose or a range of putative 
intermediates aligns with the more robust associations identified pre-
viously in relation to ASCVD and all-cause mortality in this cohort 
(7). This finding suggests that derangements in post-prandial glucose 
regulation or the consequences of such glycemic excursions may be 
of particular relevance to HF pathogenesis, as they are for ASCVD 
and death.

That post-load dysglycemia is a particularly strong marker of 
HF risk in older adults may owe to its relationship with skeletal 
muscle (29). In the presence of sarcopenia, the reduced glucose dis-
posal into the organ would be manifest through elevated post-load 
rather than fasting glucose (28). This would have especially adverse 
consequences for HF susceptibility because exercise intolerance 
in HF is dependent as much on impaired cardiac filling as it is on 
impaired skeletal muscle function (30). In fact, impaired skeletal 
muscle quality has been previously associated with incident HF in 
older adults (31).

Additionally, there are data to suggest that acute glucose swings, 
such as occur post-prandially, result in more oxidative stress than 
more stably elevated glucose levels, as seen in the post-absorptive 
state (32). The consequences of amplification of oxidative stress for 
the heart and vasculature could account for the more robust asso-
ciation observed for post-load glucose and incident HF herein (33).

Analyses of interaction showed that post-load and fasting glu-
cose bore stronger associations with HF at higher BMI, particularly 
among participants with obesity. These findings, though secondary, 
are consistent with the role of adiposity in the development of in-
sulin resistance in older adults, as well as its proinflammatory influ-
ences and contribution to volume expansion (34,35). Such actions 
would serve to only compound the relations of glycemic measures, 
both fasting and post-load, with HF risk.
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Interestingly, both fasting and post-load glucose were related 
to incident HFrEF, but not HFpEF. The relationship between post-
load glucose and HF persisted after adjustment for intercurrent 
CHD, suggesting that this was not a function of ischemic myocar-
dial injury. Yet, the hyperinsulinemia that would be a preceding 
or ongoing feature of the observed dysglycemic abnormalities can 
heighten oxidative and endoplasmic reticulum stress, and lead to the 
cardiomyocyte injury and cardiac systolic impairment that would 
account for the association observed (36). Dysglycemia and related 
features have also, however, been implicated in the pathophysiology 
of HFpEF (37). It is unclear why similar associations with HFpEF 
were not detected, but these secondary findings will require add-
itional investigation.

Turning to the absence of association documented for NEFA, 
the finding for fasting NEFA is at odds with the association with 
HF documented at an earlier CHS exam (15). The previous ana-
lysis was larger, at 4 248 participants with 1 286 HF events. But, 
the upper bound of our 95% CI (1.12) for fasting NEFA excludes 
the HR = 1.15 observed therein, such that the difference is unlikely 
to be primarily due to power. A more probable explanation may in-
volve the different populations included. Unlike the prior study, the 
present analysis excluded participants with medically treated dia-
betes, since such participants were ineligible for OGTT. Accordingly, 
the proportion with prevalent diabetes in the previous analysis was 
14.3% (15), as compared with 3.1% herein. While the previous asso-
ciation was not altered after adjustment for diabetes, it is likely that 
fasting NEFA level therein was reflective of more pronounced meta-
bolic perturbations that may not have been fully accounted for in 
the previous analyses. This comparison also applies to the previous 
null findings for fasting NEFA and HF in the Multi-Ethnic Study of 
Atherosclerosis, a younger population with a diabetes prevalence of 
6.5%, although the number of incident HF events (323) therein was 
more modest (27).

Another consideration for our null findings for fasting and 
post-load NEFA is that these measures encompass total circulating 
NEFAs, not all of which necessarily bear adverse associations with 
HF. Indeed, in a prior analysis of fasting individual NEFAs, several 
emerged as positively associated, and others as inversely associated 
with the outcome, such that investigation of individual NEFA asso-
ciations postprandially could be more revealing (38).

Clinical Implications
Because it is more cumbersome to perform than fasting glucose or 
glycated hemoglobin, OGTT is not routinely recommended for the 
diagnosis of dysglycemia in older adults. But our findings in adults 
largely 75 and older suggest that investigation into the basis for the 
especially robust the risk of HF associated with post-load over fasting 
glucose could potentially reveal novel mechanisms amenable to 
intervention. This is of particular importance as this is the age group 
at greatest risk for both dysglycemia and HF (2,5). There is some 
suggestive evidence that antihyperglycemic strategies targeting post-
prandial glucose may be especially effective at cardiovascular risk 
reduction in older adults, although this requires further study (39). 
Notably, the therapeutic class lately documented to be most effective 
for HF prevention in diabetes, the sodium-glucose co-transporter-2 
inhibitors, have not been shown to achieve their benefits specifically 
through actions on post-prandial glucose (40). But it is possible that 
these agents’ ability to tamp down post-prandial glucose excursions 
could be an element of their therapeutic success. The present findings 
suggest that strategies centered on regulation of post-prandial glu-
cose excursions deserve additional study.

Limitations
Several limitations must be acknowledged. The observational de-
sign does not permit determination of causality, nor can residual 
confounding be excluded. Adjudication and subphenotyping of HF 
cases lacked cardiac imaging in a substantial proportion of cases, 
and detailed information on etiology was not collected. There was 
also no systematic use of information on natriuretic peptides, rou-
tine clinical adoption of which did not occur until the latter part 
of the follow-up period. As such, HF adjudications may have been 
subject to misclassification. The findings apply to participants who 
attended the study visit and are not necessarily generalizable to all 
older adults, or to different age or race/ethnic groups. Because par-
ticipants receiving hypoglycemic therapy were excluded, this may 
have enriched individuals with post-prandial hyperglycemia since 
diagnosis of diabetes at the time depended preferentially on fasting 
glucose. Last, 2-hour NEFA concentration reflected an oral glucose 
load; whether NEFA level post-prandially has a different association 
with HF will require separate study.

Conclusion

In this cohort of participants surviving to advanced old age, post-
load glucose was more robustly associated with incident HF than 
fasting glucose, but neither fasting nor post-load NEFA were related 
to this outcome. Additional research into pathways regulating post-
prandial glucose and therapeutic strategies targeting dysglycemia in 
the absorptive state could be of value for improved HF prevention 
late in life.
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