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BACKGROUND: Whether cardiac structure and function abnormalities associated with dysglycemia are sufficient to explain the 
increased risk of death or heart failure (HF) remains unclear.

METHODS AND RESULTS: We analyzed 6059 participants (mean age, 75±5 years; 58% women; and 22% Black individuals) who 
attended the ARIC (Atherosclerosis Risk in Communities) study visit 5 examination (2011–2013). Participants were categorized 
as no diabetes, pre-diabetes, and diabetes (on the basis of medical history and glycated hemoglobin values). We assessed 
whether diabetes modified the association between echocardiographic measures of cardiac structure and function and the 
composite of all-cause death or HF hospitalization and then estimated the extent to which the increased risk of the composite 
outcome associated with diabetes was explained by cardiac structure and function. Diabetes was prevalent in 33.5% of the 
subjects. Death or HF occurred in 1111 (18%) at a rate of 3.6 per 100 person-years. Both measures of cardiac structure and 
function and diabetes status were significantly associated with worse prognosis after accounting for clinical confounders. 
While diabetes was consistently associated with a higher risk of events, it did not significantly modify the association between 
cardiac abnormalities and the risk of death or HF, except for subjects with higher left atrial volume who showed higher relative 
risk of events (P for interaction <0.001). Measures of cardiac structure and function accounted for ≈16% of the increased risk 
of death or HF associated with diabetes. Similar results were observed analyzing subjects without prevalent heart disease.

CONCLUSIONS: In a biracial cohort of older adults, the increased risk of events associated with diabetes was partially explained 
by cardiac structure and function abnormalities.

Key Words: cardiac structure and function ■ death ■ diabetes ■ echocardiography ■ heart failure

Diabetes is associated with an increased risk of 
heart failure (HF) and mortality even after ac-
counting for known cardiovascular risk factors.1,2 

Mechanistic hypotheses related to hyperglycemia, ad-
vanced glycation end products, or inflammation and 
oxidative stress have been described3 and theoretically 
related to cardiac structure and function.4 The concept 
of a specific diabetic cardiomyopathy affecting sub-
jects with dysglycemia resulting in left ventricular (LV) 

concentric remodeling, increased LV mass and subtle 
impaired systolic and diastolic function5 was reported 
nearly 5 decades ago. However, little is known about 
the underlying dysglycemia-related cardiac mecha-
nisms leading to HF in these patients.

Our group has previously shown that subtle alter-
ations in cardiac structure and function were associ-
ated with worsening dysglycemia in a large community 
cohort of individuals free of prevalent heart disease.6 
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However, the extent to which these echocardiographic-
based cardiac abnormalities contribute to the in-
creased risk of death or HF associated with diabetes 
remains unclear.

To estimate the contribution of cardiac structure 
and function abnormalities to the risk of death or HF 
across the glycemic spectrum, we analyzed echo-
cardiographic and outcome data from the ARIC 
(Atherosclerosis Risk in Communities) study among 
participants, with and without prevalent heart disease, 
who attended the fifth visit.

METHODS
Study Population
The design and sampling of the ARIC study has been 
described previously.7 Briefly, individuals were recruited 
from 4 communities (Forsyth County, NC; Jackson, 
MS; Minneapolis, MN; and Washington County, MD) 
between 1987 and 1989. Of all 15  792 participants 
who were enrolled in ARIC at the first examination, 
a total of 6538 attended the fifth visit between 2011 
and 2013 for a standardized physical examination, 
interviewer-administered questionnaires, and a com-
prehensive echocardiographic examination.8 For the 
present analysis, we excluded subjects of non-White 
or non-Black race (n=18), without echocardiographic 
examination (n=418), without available measurement 
of glycated hemoglobin (HbA1c) (n=35) and follow-up 
data (n=8). The study was approved by the Institutional 

Review Board at all institutions involved, and informed 
consent was obtained. Data that support the findings 
of this study are available per ARIC (Atherosclerosis 
Risk in Communities) study policies (https://sites.cscc.
unc.edu/aric/conta​ct_the_coord_center). All partici-
pants provided written informed consent, and study 
procedures were conducted in accordance with in-
stitutional guidelines about the protection of human 
subjects.

Dysglycemia Classification
On the basis of annual telephone interviews, compre-
hensive questionnaires, medication lists, and results of 
visit 5 laboratory tests for HbA1c levels, we classified 
participants into 1 of 3 groups6,9: (1) diabetes: known 
diabetes before visit 5 or on antidiabetes medications 
or visit 5-HbA1c ≥6.5%; (2) prediabetes: no known dia-
betes, but visit 5 HbA1c between 5.7% and 6.4%; and 
(3) normal: no known diabetes at visits 1 to 5 and an-
nual follow-up data, and visit 5 HbA1c <5.7%. HbA1c 
was measured using a Tosoh G7 automated high-
performance liquid chromatography analyzer (Tosoh 
Bioscience, South San Francisco, CA) standardized 
to the Diabetes Control and Complications Trial assay. 
The agreement between the HbA1c-based and the 
glucose-based glycemic classification at the ARIC fifth 
visit was previously described.6

Echocardiographic Analysis
The ARIC echocardiographic study methods and de-
sign at visit 5 have been previously described in de-
tail.8 Briefly, all studies were prospectively acquired 
on Philips IE33 machines by trained sonographers 
according to a study-specific comprehensive echo-
cardiographic protocol. Analyses of 2-dimensional, 
Doppler, and tissue Doppler echocardiography were 
overread by echocardiographers in a central echo core 
laboratory.

LV dimensions (body surface area (BSA)-indexed 
LV end-diastolic diameter) and interventricular septum 
were obtained from the parasternal long-axis view.8 LV 
mass was calculated by the linear method and indexed 
to BSA. LV volumes (BSA-indexed LV end-diastolic vol-
ume, BSA-indexed LV end-systolic volume), LV ejection 
fraction and BSA-indexed left atrial (LA) volume index 
were assessed by the modified Simpson’s rule. Right 
ventricular function was assessed by the fractional 
area change. LV hypertrophy was defined as LV mass 
index (LV mass/BSA) >115  g/m2 in men and >95  g/
m2 in women.8 Speckle tracking analysis was per-
formed using TomTec Cardiac Performance Analysis 
package. Global longitudinal strain was obtained from 
apical 4-chamber and 2-chamber views. Pulsed-wave 
Doppler of mitral inflow was used to measure early 
and late mitral inflow peak velocities (E wave and A 

CLINICAL PERSPECTIVE

What Is New?
•	 In a community-based biracial cohort of older 

adults, the increased risk of all-cause death or 
heart failure hospitalization associated with dia-
betes is partially explained by cardiac structure 
and function abnormalities.

What Are the Clinical Implications?
•	 Cardiac abnormalities associated with dysgly-

cemia may not fully explain the increased risk 
of cardiovascular events, suggesting the im-
portance of biological factors related to dysgly-
cemic processes at the molecular and cellular 
levels, as well as genetic predisposition and 
specific biomarker pathways.
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wave) and their ratio. The average ratio of E wave and 
the early mitral annulus tissue Doppler velocity (E/e′) 
was then calculated. In a sensitivity analysis, we also 
included maximum tricuspid Doppler jet velocity (avail-
able in 3535 subjects [58%]) (Table S1).

Outcomes
The primary end point for this analysis was the com-
posite of all cause death or HF hospitalization. We also 
conducted additional sensitivity analyses for HF hos-
pitalization alone. HF events underwent physician ad-
judication10 and included events after visit 5. All-cause 
mortality was ascertained by ARIC surveillance or the 
National Death Index.

Statistical Analysis
Baseline characteristics were compared across gly-
cemic categories using nonparametric trend test and 
χ2 test for trend for continuous11 and binary variables 
as needed. Echocardiographic data are presented 
as unadjusted and multivariable-adjusted means 
with P values estimated from linear regression for 
trend across the categories. The adjusted model for 
each echocardiographic parameter included age, 
sex, race, total cholesterol and low-density lipopro-
tein cholesterol (samples collected from participants 
at visit 5), statins medication, history of hypertension, 
systolic blood pressure, heart rate, QRS interval, es-
timated glomerular filtration rate by Chronic Kidney 
Disease Epidemiology Collaboration equation, body 
mass index (BMI), smoking status, coronary artery 
disease (including history of myocardial infarction), 
prevalent HF, heart valve disease, history of implant-
able cardiac defibrillator/pacemaker. If a significant 
trend across categories was detected, then pairwise 
comparisons of dysglycemia categories were made. 
A time-to-event analysis with Cox proportional haz-
ards models was used to assess the association of 
each measure of cardiac structure and function with 
the outcome of interest on each glycemic group. The 
multivariable model was stratified by age and history 
of coronary artery disease and included sex, race, 
log-transformed total cholesterol, log-transformed 
low-density lipoprotein cholesterol, statins medication, 
history of hypertension, systolic blood pressure, heart 
rate, QRS interval, estimated glomerular filtration rate, 
body mass index, smoking status, prevalent HF, heart 
valve disease, and history of implantable cardiac de-
fibrillator/pacemaker. Proportional-hazard assumption 
was tested without evidence of violation. The continu-
ous association between event rates and echocar-
diographic measures was estimated using Poisson 
regression, with each participant’s duration of follow-
up included as an exposure term. These associations 
were estimated separately for each glycemic group. 

For selected echocardiographic measurements dem-
onstrating a robust association with clinical outcomes 
in adjusted analysis, the flexible continuous relation-
ship with the primary outcome on each glycemic group 
was displayed using restricted cubic splines models 
with 3 knots.

We also assessed whether glycemic status mod-
ified the relationship between measures of cardiac 
structure and function and outcomes adjusting for 
demographic confounders and clinical confounders.

In addition, we quantified the extent to which echo-
cardiographic measures account for the association 
between diabetes and outcomes. We determined 
the proportional reduction in magnitude of the β co-
efficient for diabetes in a Cox proportional hazards 
regression model, after accounting for measures of 
cardiac structure and function that were linked to both 
dysglycemia and outcomes. CIs were derived using 
bootstrap methods with 2000 replications. A sensi-
tivity analysis was also performed excluding subjects 
with prevalent heart disease at baseline (prevalent HF, 
coronary artery disease, and moderate/severe valvu-
lar disease). Statistical analysis was performed using 
Stata version 14.2 (StataCorp LP, College Station, 
TX), with P values <0.05 considered to indicate statis-
tical significance.

RESULTS
Overall, 6059 ARIC visit 5 participants (mean age, 
75.5±5.1 years; 58% women; and 22% Black individu-
als) were included in this analysis. Diabetes was prev-
alent in 2033 subjects (33.5%), and it was previously 
undiagnosed in 94 subjects (1.5%). Prediabetes was 
prevalent in 1818 subjects (30%). Tables 1 and 2 show 
participants’ clinical and echocardiographic character-
istics according to dysglycemia status. Subjects with 
diabetes were more likely to be Black and have a his-
tory of hypertension, coronary artery disease, preva-
lent HF, and chronic kidney disease. Compared with 
subjects with diabetes or prediabetes, those in the 
normal glycemia category had lower body mass index, 
heart rate, C-reactive protein, high-sensitivity troponin, 
and higher low-density lipoprotein cholesterol and 
high-density lipoprotein levels (Table 1).

Interventricular septum thickness, LV mass index, 
and prevalence of LV hypertrophy were significantly 
higher in subjects with diabetes than in those with-
out diabetes or prediabetes, even after adjustment for 
demographic and clinical confounders (Table 2). The 
adjusted mean of LV mass index of subjects with di-
abetes (81 g) was statistically higher than that of sub-
jects with prediabetes (79 g) or no diabetes (79 g; P for 
trend=0.003).

Among measures of LV systolic function, only global 
longitudinal strain, even if within the normal range, 
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was worse in subjects with diabetes in multivariable 
analysis (P for trend=0.008). LV ejection fraction was 
preserved in the majority of participants and was not 
significantly different across dysglycemia categories 
(P for trend=0.28). Subjects with prediabetes and di-
abetes also showed a significant trend for higher E/e′ 
(P for trend <0.001), suggesting higher LV filling pres-
sures, compared with no-diabetes subjects.

Risk of Death or HF
Over a median follow-up of 5.5 years, the composite 
end point of death or HF occurred in 1111 (18.3%) 
at a rate of 3.6 per 100 person-years. HF occurred 
in 462 participants (1.5 per 100 person-years) and 
death in 882 (2.7 per 100 person-years). Subjects 
with diabetes, but not those with prediabetes, had 
a higher event rate and risk for death or HF (4.9 per 

100 person-years; hazard ratio: 1.82, 95% CI, 1.58–
2.09 versus 3.1 per 100 person-years; hazard ratio, 
1.13; 95% CI, 0.96–1.32, respectively) compared 
with subjects with no diabetes (2.7 per 100 person-
years, Figure 1).
Echocardiographic measures of impaired LV structure 
(ie, higher LV dimension, LV mass index, LV hyper-
trophy), and that of systolic and diastolic dysfunction 
such as reduced LV ejection fraction, LV global lon-
gitudinal strain, and higher LA volume index and E/e′ 
were significantly associated with a higher risk of death 
or HF after adjustment for clinical and demographic 
confounders in subjects with normal glycemic status, 
prediabetes or diabetes (Table 3).

We observed similar results in sensitivity analyses 
for the end point of HF alone (Table S2) and of subjects 
without prevalent heart disease (Table S3).

Table 1.  Clinical Characteristics of ARIC Visit 5 Participants Stratified by Glycemic Status

No diabetes Prediabetes Diabetes

P for trendn=2208 n=1818 n=2033

Visit center

Forsyth County, NC 543 (24.6) 460 (25.3) 381 (18.8) <0.001

Jackson, MS 269 (12.2) 381 (20.9) 550 (27.0) <0.001

Minneapolis, MN 785 (35.6) 560 (30.8) 474 (23.3) <0.001

Washington County, MD 611 (27.6) 417 (23.0) 628 (30.9) 0.02

Age, y 75 (71, 79) 75 (71, 79) 75 (71, 79) 0.47

Male sex 931 (42.1) 727 (39.9) 899 (44.2) 0.18

Black 286 (12.9) 423 (23.2) 609 (30.0) <0.001

Hypertension 1645 (74.5) 1502 (82.6) 1903 (93.6) <0.001

Ever smoker 1338 (60.6) 1106 (60.9) 1282 (63.1) 0.10

Coronary artery disease 309 (14.0) 341 (18.7) 516 (25.4) <0.001

History of atrial fibrillation 156 (7.2) 153 (8.6) 226 (11.3) <0.001

Heart failure 190 (8.6) 185 (10.2) 396 (19.5) <0.001

Diabetic medications … … 1193 (59.0) By design

Insulin therapy … … 303 (14.9) By design

HbA1c (%) 5.4 (5.2, 5.5) 5.9 (5.7, 6.0) 6.4 (5.9, 7.1) By design

Lipid-lowering medications 921 (41.9) 1035 (57.3) 1419 (70.1) <0.001

BMI, kg/m2 26.5 (23.8, 29.7) 27.7 (24.9, 31.2) 29.8 (26.7, 33.8) <0.001

SBP, mm Hg 128 (118, 141) 129 (118, 140) 129 (117, 141) 0.79

Heart rate, bpm 60 (54, 67) 61 (55, 68) 63 (57, 71) <0.001

QRS interval, ms 92 (84, 102) 90 (83, 100) 92 (84, 104) 0.97

eGFR, mL/min per 1.73 m2 72 (61, 83) 71 (58, 83) 69 (54, 83) <0.001

LDL cholesterol, mg/dL 108 (87, 131) 104 (83, 126) 89 (70, 112) <0.001

hs-CRP, mg/L 1.7 (0.8, 3.6) 2.1 (1.0, 4.5) 2.3 (1.1, 4.8) <0.001

NT-proBNP, ng/L 145 (76, 262) 125 (63, 261) 131 (65, 298) 0.05

hs-troponin, ng/L 1.0 (0.7, 1.5) 1.0 (0.7, 1.5) 1.2 (0.8, 1.9) <0.001

Data displayed as n (%) or median (25th, 75th percentiles). ARIC indicates Atherosclerosis Risk in Communities; BMI body mass index; eGFR, estimated 
glomerular filtration rate by Chronic Kidney Disease Epidemiology Collaboration equation; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; hs-CRP, 
high-sensitivity C-reactive protein; hs-troponin, high-sensitivity troponin; LDL, low-density lipoprotein; NT-proBNP, N-terminal pro-B-type natriuretic peptide; 
and SBP, systolic blood pressure.
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Cardiac Structure and Function and HF 
Outcomes by Glycemic Status
Diabetes consistently increased the risk of death or 
HF associated with measures of cardiac structure 
and function. However, dysglycemia status at visit 
5 did not significantly modify the relationship be-
tween cardiac measurements and outcome in ad-
justed models (Figure 2 and Table S4). Only subjects 
with diabetes and higher LA volume index showed 
a significantly higher event rate for the composite 
end point compared with subjects with prediabe-
tes or no diabetes. For each 5  mL/m2 increase in 
LA volume index there was a 20% (95% CI, 1.14–
1.26) increased risk for death or HF in subjects with 
diabetes compared with a 16% and 8% increased 
risk in subjects with prediabetes and no diabetes, 
respectively (fully adjusted P for interaction <0.001; 
Figure 2).
For all other echocardiographic measures, the pres-
ence of diabetes consistently shifted the risk of death or 
HF upward without significant interaction in unadjusted 
and adjusted models. Similar results were observed in 
sensitivity analyses for HF alone (Table S5) and in sub-
jects without prevalent heart disease (Table S6).

Diabetes-Related Risk Explained by 
Cardiac Structure and Function
After adjusting for demographic variables (age, sex, 
race/center), diabetes was associated with an in-
creased risk of death or HF (hazard ratio, 1.71; 95% 
CI, 1.51–1.92; Table 4) compared with non-diabetes. 
Each echocardiographic parameter further attenu-
ated that risk. Even after adjusting for all measures 
of cardiac structure and function, diabetes remained 
significantly associated with a significantly increased 
risk of death or HF, albeit attenuated (hazard ratio, 
1.58; 95% CI, 1.39–1.79; Table 4). Approximately 16% 
(95% CI, 6%–29%) of the increased risk associated 
with diabetes was explained by measures of cardiac 
structure and function when accounting for demo-
graphics (Table 4 and Figure 1). Similar results were 
observed in a sensitivity analysis including estima-
tion of pulmonary systolic pressure among meas-
ures of cardiac function (19%; 95% CI, 6%–41%). 
Demographic and other clinical variables accounted 
for ≈34% (95% CI, 18%–54%) of the mortality and 
HF risk associated with diabetes. Similar results were 
observed excluding subjects with prevalent heart 
disease (Table S7).

Table 2.  Echocardiographic Characteristics of ARIC Visit 5 Participants Stratified by Glycemic Status

Mean±SD Multivariable adjusted mean

No diabetes Prediabetes Diabetes P for trend No diabetes Prediabetes Diabetes P for trend

LV structure

LVEDDi, cm/m2 2.43±0.28 2.38±0.30* 2.36±0.30*,† <0.001 2.40 2.38* 2.39 0.56

IVS, cm 1.02±0.16 1.04±0.16* 1.08±0.17*,† <0.001 1.03 1.05* 1.05* <0.001

LVMi, g/m2 78.3±19.9 78.5±20.4 83.7±22.7*,† <0.001 79.3 79.4 81.3*,† 0.003

LVH, n 198 (9.0) 188 (10.5) 309 (15.4)*,† <0.001 10.0% 11.1% 12.5%* 0.02

LVEDVi, mL/m2 44.6±10.8 43.2±11.3* 44.6±12.2† 0.18 44.5 43.8* 44.5 0.83

LVESVi, mL/m2 15.7±6.3 15.3±6.7 16.2±8.0*,† 0.77 15.9 15.7 15.9 0.93

Systolic function

LVEF, % 65.2±6.3 65.2±6.8 64.6±7.4*,† 0.031 65.0 64.9 65.2 0.28

GLS, % −18.2±2.5 −17.8±2.7* −17.4±2.7*,† <0.001 −18.0 −17.7* −17.8* 0.008

RV FAC, % 0.53±0.08 0.52±0.08* 0.52±0.08* <0.001 0.53 0.52* 0.52 0.31

Diastolic function

LAVi, mL/m2 26.2±9.4 25.8±9.8 26.7±9.2† 0.046 26.7 26.2 26.0* 0.029

E-A ratio 0.88±0.31 0.86±0.29* 0.83±0.29*,† <0.001 0.87 0.86 0.85 0.08

E/e′ average 10.8±3.8 11.3±3.9* 12.0±4.5*,† <0.001 11.0 11.4* 11.7*,† <0.001

Adjustment: age, sex, race/center, total cholesterol, low-density lipoprotein cholesterol;, statins medication, history of hypertension, systolic blood pressure, 
heart rate, QRS interval, estimated glomerular filtration rate, body mass index, smoking status, history of coronary artery disease, prevalent heart failure, heart 
valve disease, and history of implantable cardiac defibrillator/pacemaker.

ARIC indicates Atherosclerosis Risk in Communities; GLS, global longitudinal strain; IVS, interventricular septum; LAVi, left atrial volume index; LVEDDi, 
left ventricular end-diastolic diameter index; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVEF, left 
ventricular ejection fraction; LVH, left ventricular hypertrophy; LVMi, left ventricular mass index; and RV FAC, right ventricular fractional area change.

*P<0.05 compared with no dysglycemia.
†P<0.05 compared with prediabetes.
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DISCUSSION
In a large community-based biracial cohort of older 
adults, we show that the association between car-
diac abnormalities and the risk of death or HF was not 
modified by the glycemic status, except for subjects 
with LA dilation and diabetes who showed a particu-
larly worse prognosis (P for interaction <0.001). The 
increased risk of all-cause death or HF hospitalization 
associated with diabetes was partially explained by 
cardiac structure and function abnormalities. These 
findings suggest that cardiac abnormalities associated 
with dysglycemia may not fully explain the increased 
risk of death or HF.

Several studies have established that diabetes was 
an independent risk factor for the development of HF 
independently of the presence of overt cardiovascular 
disease,12,13 including coronary artery disease and hy-
pertension, leading to the hypothesis that diabetes in-
creases the risk of HF by directly affecting the structure 
and function of the heart.3

We have previously shown that dysglycemia was 
associated with subtle alterations of cardiac struc-
ture and function in subjects without prevalent heart 
disease,6 and although while statistically strong, the 
association was clinically faint. For example, a 1-unit 
(1%) higher HbA1c was associated with only a 3.0 g 
increase in LV mass.6

Dysglycemia may affect the myocardium inducing 
interstitial fibrosis and impairments in cardiac relax-
ation, compliance, and contractility.14,15 LV diastolic 

dysfunction can be detected in more than half of 
subjects with diabetes.15 Our analysis shows that in 
subjects with LA dilation, those with diabetes had a 
significantly higher risk of death or HF than those with-
out diabetes. LA dilation is a well-known predictor of 
cardiovascular outcomes in the general population and 
in subjects with diabetes,16–19 likely reflecting a time-
dependent chronic adaptation in response to meta-
bolic stressors and elevated filling pressure.20–22 From 
this perspective, atrial myopathy per se or as an adap-
tation to chronic higher loading conditions may identify 
subclinical pathological processes that identify sub-
jects with diabetes at higher risk.23 It should be further 
explored whether early prevention strategies aimed to 
control glycemic status when LA enlargement is de-
tected may attenuate this process and potentially re-
sult in improved outcomes.

Nevertheless, except for LA volume, in the current 
analysis we observed that although diabetes consis-
tently increased the risk of death or HF, there was no 
interaction between echocardiographic measures of 
cardiac structure and function and dysglycemia sta-
tus. It has been shown that following a myocardial in-
farction, diabetes increases the risk of HF across the 
entire range of LV ejection fraction, further attenuating 
the relative lower risk of events among those with pre-
served ejection fraction.24 These results suggest the 
importance of biological factors other than cardiac 
structure and function contributing to the development 
of HF and subsequent death in patients with diabe-
tes. These may include biological parameters related 

Figure 1.  Echocardiographic parameters of cardiac structure and function partially contribute to the diabetes associated 
risk of death or HF in the community.
Percentage indicates the proportion of the association between diabetes and the risk of death or HF that can be accounted for by listed 
parameters of cardiac structure and function or clinical characteristics. DM indicates diabetes; GLS, global longitudinal strain; HF, heart 
failure; LAVi, left atrial volume index; and LVMi, left ventricular mass index.
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to diabetes processes at the molecular and cellular 
levels including oxidative stress and inflammation, as 
well as genetic predisposition and specific biomarker 
pathways. Integration of biological factors along with 
advanced cardiovascular imaging techniques, such as 
magnetic resonance or nuclear imaging, able to better 
identify subclinical myocardial structural and functional 
abnormalities that may not be detected by standard 
2-dimensional echocardiography, may provide further 
insights to assess the relationship between dysglyce-
mic processes and cardiac impairment.

While the term diabetic cardiomyopathy has been 
used to describe the effects of dysglycemia on cardiac 
structure and function, defining and identifying this en-
tity remains challenging because of the link between 
diabetes and other associated comorbidities that may 

impact, on one hand, cardiac structure and function, 
and on the other hand, the increased risk of death or 
HF.25 Indeed, our results show that global measures 
of cardiac structure and function partially accounted 
(about 16%) for the heightened risk of death or HF, 
even when excluding subjects with prevalent heart 
disease. Comorbidities commonly encountered in 
subjects with diabetes such as coronary artery dis-
ease, obesity, hypertension, and pulmonary and kid-
ney diseases may play a substantial prognostic role 
in this population.26,27 Consequently, alterations in 
cardiac structure and function commonly associated 
with dysglycemia result from multiple pathways related 
to additional comorbidities, not solely attributable to a 
glycemic-related process, that ultimately contribute to 
the increased cardiovascular risk. Future studies are 

Figure 2.  Adjusted association of LAVi, GLS, LVMi and E/e′ and death or HF stratified by glycemic groups (Red: diabetes; 
Blue: Pre-diabetes; Green: No-diabetes).
Multivariable adjustment: sex, race/center, log-total cholesterol, log-LDL, statins medication, history of hypertension, systolic blood 
pressure, heart rate, QRS interval, estimated glomerular filtration rate, body mass index, smoking status, history of coronary artery 
disease, prevalent HF, heart valve disease, and history of implantable cardiac defibrillator/pacemaker, stratified by age and history of 
coronary artery disease. The histograms on the background show the population distribution of the cardiac measure analyzed. The 
dashed lines indicate the 95% CIs for the reported incidence rate. GLS indicates global longitudinal strain; LAVi, left atrial volume 
index; and LVMi, left ventricular mass index.
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needed to explore the biological parameters, beyond 
common cardiovascular risk factors, and to assess 
more sensitive measures of cardiac structure and 
function, by the use of advanced cardiovascular imag-
ing techniques compared with standard 2-dimensional 
echocardiography, that explain the excess risk of car-
diovascular events among diabetes subjects.

Limitations of this analysis should be noted. Survival 
and ascertainment biases may influence our results. 
Approximately 42% of the original ARIC participants, 
and 62% of those alive in 2011 to 2013 attended ARIC 
visit 5. This should be considered for the interpreta-
tion of the results as it may introduce attendance bias. 
Ascertainment of HF was essentially based on HF hos-
pitalizations, as outpatient diagnosis and management 
were not uniformly available.28 Although deaths were 
systematically ascertained by the ARIC surveillance or 
the National Death Index, specific cause of death was 
not available. Available follow-up time after echocar-
diography at ARIC visit 5 and the multiple stratifica-
tion steps may have limited our power to assess the 
relationship between cardiac measures and outcome 
across the glycemic categories. Our analysis included 
subjects with prevalent heart disease (history of HF 
and coronary artery disease) for having more general-
izable results to all elderly subjects. Although this may 
represent a potential bias, we adjusted for these con-
ditions in the final model and we also performed sensi-
tivity analyses excluding subjects with prevalent heart 

disease. Classification of dysglycemia was based on 
a single laboratory value of HbA1c, in addition to self-
reports or history of medication use, and there was no 
glucose tolerance testing or repeated measurements 
performed, although self-reported diabetes is known 
to be reliable and highly specific.9 Finally, as with all ob-
servational analyses, we cannot rule out the possibility 
of residual confounding.

Nevertheless, strengths of this study need to be 
mentioned as well: ARIC is a well-characterized cohort 
with a large proportion of women and Black partici-
pants. The high prevalence of prediabetes and diabe-
tes in this age group is not uncommon and provides 
significant statistical power. Echocardiographic anal-
yses were systematic, comprehensive, and of high-
quality. We used contemporary statistical methodology 
to determine the contribution of echocardiographic 
measures to the diabetes associated risk of HF.

CONCLUSIONS
In a large, biracial cohort of older adults, glycemic sta-
tus did not modify the association between cardiac 
abnormalities and the risk of death or HF hospitaliza-
tion. The diabetes-associated increased risk of death 
or HF was only partially explained by alterations of car-
diac structure and function. These data highlight the 
importance of factors other than cardiac abnormalities 
contributing to the development of HF and subsequent 
death in subjects with diabetes.
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Supplemental Material 
 



Table S1. Frequencies of Clinical Characteristics of Atherosclerosis Risk in the Community (ARIC) Visit 5 

Participants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Clinical Variable N (%) 

Age, y 6059 (100%) 

Male sex          6059 (100%) 

Black 6059 (100%) 

Hypertension 6059 (100%) 

Ever smoker 6059 (100%) 

Coronary Artery Disease 6059 (100%) 

History of Atrial Fibrillation 5943 (98%) 

Heart Failure 6059 (100%) 

Insulin Therapy  6059 (100%) 

HbA1c (%) 6042 (99%) 

Lipid-lowering medications 6026 (99%) 

BMI (Kg/m2) 6025 (99%) 

SBP (mmHg) 6038 (99%) 

Heart rate (bpm) 5928 (97%) 

eGFR, mL/min per 1.73 m2 6042 (99%) 

LDL cholesterol, mg/dL 6001 (99%) 

hs-CRP, mg/L 6040 (99%) 

NT-pro-BNP (ng/l) 5898 (97%) 

hs-troponin (ng/l) 5838 (96%) 

LVEDDi, cm/m2 5942 (98%) 

IVS, cm 6013 (99%) 

LVMi, g/m2 6001 (99%) 

LVH      6001 (99%) 

LVEDVi, ml/m2 5825 (96%) 

LVESVi, ml/m2 5825 (96%) 

LVEF, % 5861 (96%) 

GLS, % 5812 (96%) 

RV FAC, % 5500 (90%) 

LAVi, ml/m2 5986 (98%) 

E-A ratio 5770 (95%) 

E/e′ average 6015 (99%) 

PASP, mmHg 3535 (58.3% 



BMI, body mass index; eGFR, estimated glomerular filtration rate by Chronic Kidney Disease Epidemiology 

Collaboration equation; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; hs-CRP, high sensitivity-C-

reactive protein; LDL, low-density lipoprotein; NT-pro-BNP, N-terminal pro–B-type natriuretic peptide; SBP, 

systolic blood pressure; GLS, global longitudinal strain; IVS, interventricular septum; LAVi, left atrial volume 

index; LVEDDi, left ventricular end-diastolic diameter index; LVEDVi, left ventricular end-diastolic volume index; 

LVESVi, left ventricular end-systolic volume index; LVEF, left ventricular ejection fraction; LVH, left ventricular 

hypertrophy; LVMi, LV mass index; RV FAC, right ventricular fractional area change. 



Table S2. Adjusted association of Echocardiographic Characteristics at ARIC visit 5 and subsequent HF according to glycemic status. 

  No DM (122/2208) 1.05 100 py Pre DM (113/1818) 1.18 100 py DM (227/2033) 2.25 100 py 

  HR 95% CI p |Z| HR 95% CI p |Z| HR 95% CI p |Z| 

LV Structure             

LVEDDi, per 0.1 cm/m2 increase 1.16 1.09-1.20 < 0.001 5.5 1.16 1.11-1.24 < 0.001 5.4 1.17 1.09-1.25 < 0.001 4.3 

IVS, per 0.1 cm increase 1.04 0.97-1.13 0.26 1.1 1.15 1.05-1.26 0.003 2.9 1.21 1.09-1.33 0.001 3.4 

LVMi, per 10 g/m2 1.14 1.10-1.21 < 0.001 5.7 1.33 1.25-1.43 < 0.001 8.3 1.27 1.18-1.35 < 0.001 7.1 

LVH 2.15 1.55-2.96 < 0.001 4.6 4.02 2.57-6.28 < 0.001 6.2 3.0 1.92-4.67 < 0.001 4.8 

EDVi, per 5 ml/m2 increase 1.19 1.12-1.24 < 0.001 632 1.19 1.11-1.26 < 0.001 4.7 1.20 1.11-1.30 < 0.001 4.8 

ESVi, per 5 ml/m2 increase 1.22 1.14-1.31 < 0.001 5.7 1.25 1.13-1.37 < 0.001 4.4 1.31 1.22-1.45 < 0.001 6.2 

Systolic Function             

LVEF, per 5 % increase 0.83 0.77-0.91 < 0.001 4.2 0.86 0.77-0.96 0.009 2.5 0.80 0.71-0.91 < 0.001 3.5 

GLS, per 1 % increase 1.17 1.11-1.22 < 0.001 5.7 1.10 1.03-1.18 0.006 2.8 1.13 1.05-1.20 0.003 3.0 

RV FAC, per 5 % increase 0.90 0.82-1.0 0.04 2.0 1.01 0.89-1.15 0.828 0.2 1.05 0.92-1.20 0.474 0.7 

Diastolic Function             

LAVi, per 5 ml/m2 increase 1.24 1.18-1.3 < 0.001 8.7 1.13 1.09-1.18 < 0.001 5.8 1.11 1.05-1.15 < 0.001 3.9 

E–A ratio, per 0.1 cm/s increase 1.09 1.05-1.12 < 0.001 4.0 1.09 1.04-1.15 < 0.001 3.8 1.16 1.12-1.21 < 0.001 7.1 

E/e′ average, per 1U increase 1.05 1.03-1.07 < 0.001 5.0 1.10 1.07-1.13 < 0.001 6.1 1.08 1.04-1.10 < 0.001 4.3 

 

Adjustment: gender, race/center, log-total cholesterol, log-LDL, statins medication, history of hypertension, systolic blood pressure, heart rate, QRS interval, 

eGFR, BMI, smoking status, prevalent HF, heart valve disease, history of ICD/PM., stratified by age and history of coronary artery disease. GLS, global 

longitudinal strain; IVS, interventricular septum; LAVi, left atrial volume index; LVEDDi, left ventricular end-diastolic diameter index; LVEDVi, left 

ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVEF, left ventricular ejection fraction; LVH, left ventricular 

hypertrophy; LVMi, LV mass index; RV FAC, right ventricular fractional area change.  

  



Table S3. Adjusted association of Echocardiographic Characteristics and death or HF according to glycemic status in subjects free of prevalent heart 

disease (n = 4414). 

  No DM (201/1730) 2.18 100 py Pre DM (162/1354) 2.22 100 py DM (216/1330) 3.09 100 py 

  HR 95% CI p |Z| HR 95% CI p |Z| HR 95% CI p |Z| 

LV Structure             

LVEDDi, per 0.1 cm/m2 increase 1.08 1.1-1.16 0.04 2.2 1.15 1.12-1.22 <0.001 4.4 1.10 1.04-1.17 0.003 3.2 

IVS, per 0.1 cm increase 1.05 0.95-1.17 0.42 0.8 1.07 0.96-1.20 0.29 1.0 1.16 1.06-1.27 0.001 3.3 

LVMi, per 10 g/m2 1.15 1.05-1.26 0.003 2.9 1.21 1.12-1.31 <0.001 4.8 1.28 1.19-1.36 <0.001 6.5 

LVH 2.25 1.40-3.61 0.001 3.3 1.96 1.22-3.15 0.006 2.7 1.99 1.3-3.03 0.001 3.1 

EDVi, per 5 ml/m2 increase 1.06 0.97-1.15 0.28 1.1 1.12 1.03-1.20 0.013 2.6 1.16 1.08-1.25 <0.001 4.0 

ESVi, per 5 ml/m2 increase 1.19 1.01-1.4 0.04 2.0 1.22 1.06-1.4 0.004 2.8 1.33 1.19-1.48 <0.001 5.0 

Systolic Function             

LVEF, per 5 % increase 0.88 0.77-0.99 0.036 2.1 0.90 0.78-1.04 0.13 1.4 0.77 0.68-0.87 <0.001 4.1 

GLS, per 1 % increase 1.07 0.97-1.10 0.080 1.5 1.07 1.0-1.15 0.047 2.0 1.07 1.1-1.12 0.057 1.7 

RV FAC, per 5 % increase 1.03 0.93-1.15 0.53 0.6 0.98 0.88-1.1 0.77 0.2 0.98 0.88-1.09 0.661 0.4 

Diastolic Function             

LAVi, per 5 ml/m2 increase 1.09 1.03-1.14 0.010 2.7 1.10 1.0-1.2 0.046 2.0 1.22 1.13-1.31 <0.001 5.0 

E–A ratio, per 0.1 cm/s increase 1.10 1.05-1.15 <0.001 3.9 1.08 1.01-1.16 0.026 2.2 0.98 0.92-1.05 0.64 0.4 

E/e′ average, per 1U increase 1.05 1.01-1.09 0.006 2.7 1.11 1.06-1.16 <0.001 4.4 1.02 0.97-1.06 0.48 0.7 

 

Adjustment: gender, race/center, log-total cholesterol, log-LDL, statins medication, history of hypertension, systolic blood pressure, heart rate, QRS interval, 

eGFR, BMI, smoking status, prevalent HF, heart valve disease, history of ICD/PM., stratified by age and history of coronary artery disease. GLS, global 

longitudinal strain; IVS, interventricular septum; LAVi, left atrial volume index; LVEDDi, left ventricular end-diastolic diameter index; LVEDVi, left 

ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVEF, left ventricular ejection fraction; LVH, left ventricular 

hypertrophy; LVMi, LV mass index; RV FAC, right ventricular fractional area change. 

 



Table S4. Interaction of Echocardiographic Characteristics and the primary endpoint (death or HF) according to the glycemic status.  

 
 

p for interaction for glycemic status 
 

Demographic adjusted  Multivariable adjusted  

LV Structure    

LVEDDi, per 0.1 cm/m2 increase 0.79 0.74 

IVS, per 0.1 cm increase 0.60 0.23 

LVMi, per 10 g/m2 0.51 0.41 

LVH 0.37 0.36 

EDVi, per 5 ml/m2 increase 0.09 0.19 

ESDVi, per 5 ml/m2 increase 0.91 0.89 

Systolic function   

LVEF, per 5 % increase 0.38 0.87 

GLS, per 1 % increase 0.75 0.67 

RV FAC, per 5 % increase 0.10 0.15 

Diastolic function   

LAVi, per 5 ml/m2 increase < 0.001 < 0.001 

E–A ratio, per 0.1 cm/s increase 0.32 0.16 

E/e′ average, per 1U increase 0.44 0.21 

 

Demographic adjustment: age, gender, race/center. Multivariable adjusted: gender, race/center, log-total cholesterol, log-LDL, statins medication, history of 

hypertension, systolic blood pressure, heart rate, QRS interval, eGFR, BMI, smoking status, prevalent HF, heart valve disease, history of ICD/PM., stratified by 

age and history of coronary artery disease. GLS, global longitudinal strain; IVS, interventricular septum; LAVi, left atrial volume index; LVEDDi, left 

ventricular end-diastolic diameter index; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVEF, left 

ventricular ejection fraction; LVH, left ventricular hypertrophy; LVMi, LV mass index; RV FAC, right ventricular fractional area change. GLS, global 

longitudinal strain; IVS, interventricular septum; LAVi, left atrial volume index; LVEDDi, left ventricular end-diastolic diameter index; LVEDVi, left 

ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVEF, left ventricular ejection fraction; LVH, left ventricular 

hypertrophy; LVMi, LV mass index; RV FAC, right ventricular fractional area change. 

 



Table S5. Interaction of Echocardiographic Characteristics and HF according to the glycemic status.  

 
 

p for interaction for glycemic status 
 

Demographic adjusted  Multivariable adjusted  

LV Structure    

LVEDDi, per 0.1 cm/m2 increase 0.49 0.99 

IVS, per 0.1 cm increase 0.032 0.010 

LVMi, per 10 g/m2 0.009 0.011 

LVH 0.046 0.15 

EDVi, per 5 ml/m2 increase 0.85 0.80 

ESDVi, per 5 ml/m2 increase 0.21 0.13 

Systolic function   

LVEF, per 5 % increase 0.53 0.26 

GLS, per 1 % increase 0.62 0.87 

RV FAC, per 5 % increase 0.19 0.14 

Diastolic function   

LAVi, per 5 ml/m2 increase < 0.001 0.001 

E–A ratio, per 0.1 cm/s increase 0.13 0.01 

E/e′ average, per 1U increase 0.31 0.28 

 

Demographic adjustment: age, gender, race/center. Multivariable adjusted: gender, race/center, log-total cholesterol, log-LDL, statins medication, history of hypertension, 

systolic blood pressure, heart rate, QRS interval, eGFR, BMI, smoking status, prevalent HF, heart valve disease, history of ICD/PM., stratified by age and history of 

coronary artery disease. GLS, global longitudinal strain; IVS, interventricular septum; LAVi, left atrial volume index; LVEDDi, left ventricular end-diastolic diameter 

index; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVEF, left ventricular ejection fraction; LVH, left 

ventricular hypertrophy; LVMi, LV mass index; RV FAC, right ventricular fractional area change. 



Table S6. Interaction of Echocardiographic Characteristics and death or HF according to the glycemic status in subjects free of prevalent heart disease 

(n = 4414). 
 

p for interaction for glycemic status 
 

Demographic adjusted  Multivariable adjusted  

LV Structure    

LVEDDi, per 0.1 cm/m2 increase 0.64 0.78 

IVS, per 0.1 cm increase 0.27 0.13 

LVMi, per 10 g/m2 0.07 0.13 

LVH 0.46 0.87 

EDVi, per 5 ml/m2 increase 0.020 0.024 

ESDVi, per 5 ml/m2 increase 0.25 0.28 

Systolic function   

LVEF, per 5 % increase 0.21 0.30 

GLS, per 1 % increase 0.50 0.48 

RV FAC, per 5 % increase 0.51 0.98 

Diastolic function   

LAVi, per 5 ml/m2 increase 0.011 0.004 

E–A ratio, per 0.1 cm/s increase 0.21 0.09 

E/e′ average, per 1U increase 0.44 0.09 

 

 

Demographic adjustment: age, gender, race/center. Multivariable adjusted: gender, race/center, log-total cholesterol, log-LDL, statins medication, history of hypertension, 

systolic blood pressure, heart rate, QRS interval, eGFR, BMI, smoking status, prevalent HF, heart valve disease, history of ICD/PM., stratified by age and history of 

coronary artery disease. GLS, global longitudinal strain; IVS, interventricular septum; LAVi, left atrial volume index; LVEDDi, left ventricular end-diastolic diameter 

index; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVEF, left ventricular ejection fraction; LVH, left 

ventricular hypertrophy; LVMi, LV mass index; RV FAC, right ventricular fractional area change. 



Table S7. Contribution of cardiac structure and function and comorbidities to the risk of death or HF in the DM population without prevalent heart 

disease.  

 

 

Attenuation of association is the proportion of the association between diabetes and the risk of death or HF that can be accounted for by listed parameters of 

cardiac structure and function or clinical characteristics, adjusting for demographics. Analyses are restricted to participants with available measurements of 

cardiac structure and function. Demographics: age, gender, race/center. LV structure parameters include: left ventricular hypertrophy, LV mass, interventricular 

septum. Systolic function parameters include: global longitudinal strain. Diastolic function parameters include: left atrial volume index, index and E/e`. 

Comorbidities include: demographics + log-total cholesterol, log-LDL, statins medication, history of hypertension, systolic blood pressure, heart rate, QRS 

interval, eGFR, BMI, smoking status. 

 

 

  

 
HR (95% CI) Attenuation of association  

(95% CI)  

DM (vs. No DM) 1.45 (1.22-1.71) REF 

+ LV structure  1.37 (1.15-1.62) 13% (3% to 33%) 

+ Systolic function  1.35 (1.14-1.61) 10% (3% to 27%) 

+ Diastolic function  1.38 (1.16-1.64) 4% (- 3% to 157) 

+ All cardiac structure and function 1.33 (1.11-1.59) 19% (6% to 47%) 

+ Comorbidities 1.32 (1.11-1.63) 22% (-6% to 73%) 


