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BACKGROUND: Diabetes mellitus (DM) is associated with left ventricular remodeling and incident heart failure, but the associa-
tion between glycated hemoglobin Alc (HbAlc) and subclinical cardiac disease is not established. We aimed to determine the
associations between HbAl1c and (1) echocardiographic measures of left ventricular structure and function, and (2) cardiovas-
cular biomarkers: cardiac troponin T, NT-proBNP (N-terminal pro-B-type natriuretic peptide), and CRP (C-reactive protein).

METHODS AND RESULTS: Participants (n=3688) born in 1950 from the population-based ACE (Akershus Cardiac Examination)
1950 Study were classified as DM (HbA1c>6.5% or self-reported DM), pre-DM (HbA1c 5.7%-6.5%), and no-DM (HbA1c<5.7%).
DM, pre-DM, and no-DM were classified in 380 (10%), 1630 (44%), and 1678 (46%) participants, respectively. Mean age was
63.9+0.7 years, mean body mass index was 27.2+4.4 kg/m?, and 49% were women. Higher HoAlc was associated with
worse left ventricular systolic (gjection fraction and global longitudinal strain) and diastolic (E/e’-ratio) function, myocardial in-
jury (cardiac troponin T), inflammation (CRP), and impaired neurohormonal homeostasis (NT-proBNP) (P<0.001 in unadjusted
and P<0.01 in adjusted analysis for all). The associations between HbA1c and cardiovascular biomarkers were independent of
the echocardiographic variables, and vice versa. Associations were nonlinear (P<0.05 for nonlinearity) and appeared stronger
in the pre-DM range of HbA1c than the no-DM and DM range.

CONCLUSIONS: HbA1c was associated with indexes of subclinical cardiovascular disease, and this was more pronounced in
pre-DM. Our results suggest that cardiovascular preventive measures should be considered also in subjects with hyperglyce-
mia and HbA1c below the established DM cutoff.

REGISTRATION: clinicaltrials.gov. Identifier: NCT01555411.
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ing drastically worldwide, and according to
the most recent report from Global Burden of
Disease, it increased from approximately 333 million
people in 2005 to 478 million people in 2017." Pre-DM
is even more common and is estimated to have twice

The prevalence of diabetes mellitus (DM) is ris-

the prevalence of DM.? Although the incidence of
cardiovascular events among subjects with DM has
been declining over the past 2 decades because of
improvements in DM care, there is still a substan-
tial residual risk associated with DM compared
with age- and sex-matched controls.> Nonetheless,
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CLINICAL PERSPECTIVE

What Is New?

e Diagnostic thresholds for pre—diabetes mellitus
(DM) and DM are based on microvascular dis-
ease progression, whereas the association with
subclinical cardiac disease is unknown.

e We found independent associations between
increasing hemoglobin Alc and 6 markers of
cardiac dysfunction: cardiac troponin T, C-
reactive protein, N-terminal pro-B-type natriu-
retic peptide, global longitudinal strain, left
ventricular ejection fraction, and E/e’-ratio.

e These relationships were nonlinear and most
pronounced in the pre-DM range, with weaker
associations in the no-DM and DM range.

What Are the Clinical Implications?

e Higher concentrations of hemoglobin Alc are
associated with worse left ventricular systolic
and diastolic function, cardiac injury, inflamma-
tion, and impaired neurohormonal regulation.

* Preventive measures for cardiovascular disease
should also be considered in patients with hy-
perglycemia and hemoglobin Alc below the es-
tablished cutoff for DM.

Nonstandard Abbreviations and Acronyms

cTnT cardiac troponin T
DM diabetes mellitus
GLS global longitudinal strain

TRVmax tricuspid regurgitation velocity
maximum jet velocity

people with DM who are free of other risk factors
seem to have little or no excess risk of myocardial
infarction, stroke, and mortality.* This is in contrast
to the risk for heart failure (HF), which is substantially
elevated in DM, irrespective of the presence of other
risk factors.* Indeed, the risk of HF increases with the
degree of glycemia in people with established DM,°
but also among subjects free of DM.®” The associa-
tion of glycated hemoglobin Alc (HbA1c) with HF risk
seems to be independent of hypertension, obesity,
and other traditional risk factors, suggesting a direct
effect of hyperglycemia on HF development.®
Progressive changes in cardiac structure and
function, also before the development of symp-
toms, represent the early (subclinical) phase of HF
development.? People with DM have adverse car-
diac structure and function, also after adjusting for
established cardiovascular risk factors.® Worsening
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glucose tolerance and insulin resistance are asso-
ciated with increased left ventricular (LV) mass.”
Moreover, pre-DM and duration of DM are associ-
ated with subclinical alterations in LV structure and
systolic function, which suggest that there may be
a continuum of cardiac remodeling across the gly-
cemic spectrum.” 2 Still, limited information is avail-
able on glycemic thresholds for pre-DM and DM
and subclinical cardiac disease in midlife, a period
where many people are at risk of progressing from
subclinical disease to symptomatic stages.® Such
studies will require detailed cardiac imaging in a
large number of participants from the general popu-
lation. Recent publications from community-derived
cohorts also demonstrate that cardiac biomarker
measurements provide additional information to im-
aging for assessing the risk of HF development.!34
Accordingly, we hypothesized that chronic hyper-
glycemia is associated with echocardiographic and
biochemical indexes of subclinical cardiac injury and
dysfunction, in middle-aged subjects from the gen-
eral population.

METHODS

The data set used in this study is not publicly availa-
ble; the Data Protection Authority approval and patient
consent do not allow for such publication. However,
the study group welcomes initiatives for cooperation,
and data access may be granted on application. More
information is available on the study website (http:/
www.ace1950.no).

Study Design and Population

The ACE (Akershus Cardiac Examination) 1950 Study
is an ongoing epidemiologic cohort study that re-
cruited 3706 men and women born in 1950 from
Akershus County, Norway (64% of all alive residents
born that year). The baseline visit, which makes the
basis for the current analysis, was conducted in 2012
to 2015 at 2 field centers: Akershus University Hospital
and Beerum Hospital, Vestre Viken Hospital Trust.
Details of the study design and methods have previ-
ously been published.” The study protocol was ap-
proved by the Regional Ethics Committee (2011/1475)
and the local institutional review boards, and all par-
ticipants provided written informed consent.

For the present analysis, we excluded 18 partici-
pants with missing measurements of HbAlc, cardiac
troponin T (cTnT), CRP (C-reactive protein), or NT-
proBNP (N-terminal pro-B-type natriuretic peptide),
leaving a study cohort of 3688 participants. We clas-
sified participants according to the recommenda-
tions from the American Diabetes Association 2019
Guidelines'® as DM (HbA1c>6.5% or self-reported DM


http://www.ace1950.no
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or use of antidiabetic medication), pre-DM (HbAlc
5.7%-6.4% and no self-reported DM or use of antidi-
abetic medication), and no-DM (HbA1c<5.7% and no
self-reported DM or use of antidiabetic medication).

Blood Sampling and Laboratory
Measurements

HbA1c, glucose, CRP, creatinine, cTnT, and NT-proBNP
were measured from blood samples drawn from par-
ticipants at the baseline visit. HbAlc was measured
immediately in EDTA whole blood, and glucose, CRP,
and creatinine in serum, at the central routine labora-
tory at each hospital. Estimated glomerular filtration
rate was calculated by the Chronic Kidney Disease
Epidemiology Collaboration formula."” cTrnT and NT-
proBNP were measured from stored serum samples
(-80°C) that were thawed and analyzed in a single
batch. cTnT was measured using the troponin T high-
sensitivity STAT assay (Roche Diagnostics, Basel,
Switzerland), with 3 ng/L as the limit of detection. NT-
proBNP was measured with the proBNP assay (Roche
Diagnostics), with 5 ng/L as the limit of detection.
CRP was measured by the CRP (Latex) High Sensitive
Immunoturbidimetric assay (Roche Diagnostics), with
variation in limit of detection between the study cent-
ers and during the inclusion period (<1.0 mg/L, <2.9
mg/L, and <3.0 mg/L). Participants with a concentra-
tion below the detection limit were assigned half the
limit of detection for all assays.

Echocardiography

Comprehensive  2-dimensional Doppler, tissue
Doppler imaging, and speckle-tracking echocardiog-
raphy were performed at the baseline visit using GE
Vivid E9Q with the M5S probe, and stored in EchoPAC
201 (GE Healthcare, Horten, Norway) for subse-
quent off-line analysis, as previously described.'®
Quantitative measures were performed according
to recommendations from the European Association
of Cardiovascular Imaging and American Society of
Echocardiography.'®2° LV mass was calculated from
M-mode measurements in parasternal long-axis
view, and indexed to body surface area. The ratio be-
tween early diastolic velocity and the average of sep-
tal and lateral peak early diastolic velocity by tissue
Doppler (E/e’-ratio) was calculated to assess diastolic
function. LV ejection fraction (LVEF) was calculated
using the modified Simpson biplane method. Global
longitudinal strain (GLS) was analyzed semiautomati-
cally by myocardial tracing in the 3 apical views using
a 17-segment model in participants with sufficient
image quality to perform the analysis (n=2531; 69%).
GLS represents an index of deformation and is re-
ported on a negative scale for myocardial segments
that contract (ie, higher [less negative] values refer
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to worse systolic function [less deformation]). For the
statistical analyses, we used GLS as absolute val-
ues (ie, higher values equaling better LV function).
Estimated systolic pulmonary arterial pressure was
assessed by the tricuspid regurgitation maximum jet
velocity (TRVmax).

Statistical Analysis

Participants were categorized on the basis of DM
status, and clinical characteristics, echocardio-
graphic variables, and cardiac biomarker concentra-
tions were compared for trend, using linear or logistic
regression, across the 3 groups (DM, pre-DM, and
no-DM). For echocardiographic parameters and car-
diac biomarkers, further adjustments were made for
clinical variables selected a priori; age, sex, body
mass index (BMI), smoking status, prevalent hyper-
tension, atrial fibrillation, coronary artery disease,
and estimated glomerular filtration rate. To assess
independent predictors of HbAlc, we performed
multivariable linear regression models with the
echocardiographic parameters and cardiovascular
biomarkers as dependent variables. The regression
analyses for echocardiographic variables were ad-
justed for cTnT, NT-proBNP, and CRP, in addition to
the clinical variables described above. The biomarker
regression analysis was adjusted for key echocardio-
graphic measures of LV structure, systolic function,
and diastolic function: LV mass index, LVEF, and E/¢’,
in addition to the clinical variables. There was sub-
stantial missing data for GLS and TRVmax, and high
degree of collinearity between GLS and TRVmax and
the 3 echocardiographic variables already included.
Hence, GLS and TRVmax were adjusted for in addi-
tional sensitivity analyses. We did not adjust for mul-
tiple testing. We performed interaction analysis for
sex and DM category to adjust for effect modifica-
tion. Univariable and multivariable logistic regression
analyses were also conducted with outcome varia-
bles dichotomized at the median (ie, 6 ng/L for cTnT,
55 ng/L for NT-proBNP, 1.5 mg/L for CRP, 55.5%
for LVEF, 20.2% for GLS, and 8.6 for E/e’). We used
restricted cubic splines to assess the nonlinear as-
sociation between HbAlc and each biomarker con-
centration. We used the lowest Akaike Information
Criterion to determine the number of knots with the
best model fit. We did not force the position of the
knots or adjust for possible confounders to assess
the natural association between each biomarker
concentration and HbA1c. We performed sensitiv-
ity analysis in participants free of self-reported HF
and by replacing BMI with waist-hip ratio. Statistical
analysis was performed using STATA software vi15.1
(StatCorp, College Station, TX). A 2-sided P value
<0.05 was considered significant.
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RESULTS

Baseline Characteristics
Among the 3688 participants included, 1795 (49%)
were women, mean age was 63.9+0.7 years, and
mean BMI was 27.2+4.4 kg/m?. DM was present in 380
(10%), pre-DM in 1630 (44%), and no-DM in 1678 (46%)
participants. Of the participants with DM, 265 (70%)
self-reported established DM, of which 20 (8% of the
DM population) were type 1 DM, 238 (90%) were type
2 DM, and 7 (2%) were not classified. Two hundred
of the participants with DM used antidiabetic medica-
tion (63% of the DM population), with 160 participants
using noninsulin medications, 23 participants using
insulin, and 17 participants using a combination of in-
sulin and other antidiabetic medication. Mean HbAlc
in total population was 5.8+0.7% (range, 3.8%-12.7%),
and mean fasting glucose was 5.5+1.2 mmol/L (range,
3.6-18.8 mmol/L).

Participants in higher glycemic categories were more
likely to be men, to be obese, and to have preexisting

Pre-DM, DM, and Subclinical Cardiac Disease

hypertension, hypercholesterolemia, coronary artery
disease, and HF. These participants were more fre-
quently using cardioprotective and antidiabetic therapy
and had lower cholesterol concentrations (Table 1).

Echocardiographic Variables and
Cardiac Biomarkers Across the Glycemic
Spectrum
After adjusting for clinical characteristics, higher cat-
egories of DM (no-DM, pre-DM, and DM) were as-
sociated with worse LV systolic function (lower LVEF
[P=0.002] and GLS [P<0.001]), worse LV diastolic
function (higher E/e’-ratio [P<0.001]), and higher con-
centrations of cTnT (P<0.001), NT-proBNP (P<0.001),
and CRP (P<0.001) (Table S1). There was no signifi-
cant association between HbA1c and LV mass index
(P=0.23) or TRVmax (P=0.09) in adjusted models.
To assess independent associations of HbAlc
with echocardiographic variables and cardiac bio-
markers, we included these in the same model (ie,

Table 1. Baseline Characteristics of the Study Population, Stratified by DM Category

No-DM Pre-DM DM
Characteristics (n=1678) (n=1630) (n=380) P for trend
HbA1c, range/mean+SD, % 3.8-5.6/5.4+0.2 5.7-6.4/5.9+0.2 51-12.7/71:11
Age, y 64.0+0.6 63.8+0.7 63.9+0.7 <0.001
Male sex 855 (51.0) 781 (47.9) 257 (67.6) <0.001
Current smoker 210 (12.6) 257 (156.9) 63 (16.7) 0.15
Waist-hip ratio 0.90+0.09 0.92+0.09 0.99+0.09 <0.001
Body mass index, kg/m? 26.3+3.9 27.3+4.3 30.4+5.2 <0.001
Obesity 269 (16.0) 370 (22.7) 192 (50.5) <0.001
Hypertension 948 (56.5) 1028 (63.1) 308 (81.1) <0.001
Hypercholesterolemia 774 (46.2) 915 (56.3) 246 (65.3) <0.001
Atrial fibrillation 70 (4.2) 75 (4.6) 20 (5.3) 0.33
Coronary artery disease 71 (4.2) 136 (8.3) 56 (14.7) <0.001
Heart failure 11(0.7) 34 (2.1) 15 (3.9) <0.001
Antihypertensives 7 (0.4) 7 (0.4) 6 (1.6) 0.040
Diuretics 43 (2.6) 45 (2.8) 24 (6.9) 0.003
B Blockers 166 (9.9) 225 (13.8) 103 (27.1) <0.001
Calcium antagonists 93 (5.5) 131 (8.0) 75 (19.7) <0.001
RAAS inhibitors 342 (20.4) 467 (28.7) 182 (47.9) <0.001
Statins 314 (18.7) 446 (27.4) 203 (53.4) <0.001
Insulin 0(0.0) 0(0.0) 40 (10.5) <0.001
Noninsulin antidiabetics 0(0.0) 0(0.0) 177 (46.6) <0.001
Hemoglobin, g/L 14.3 (18.5-15.0) 14.2 (13.5-15.0) 14.4 (18.6-15.3) 0.27
Total cholesterol, mmol/L 5.5 (4.8-6.2) 5.5 (4.7-6.2) 4.9 (4.0-5.6) <0.001
LDL cholesterol, mmol/L 3.3 (2.7-3.9) 3.4 (2.6-4.0) 2.8 (2.0-3.5) <0.001
Triglycerides, mmol/L 1.1(0.8-1.5) 1.2(0.9-1.7) 1.6 (1.2-2.3) <0.001
Creatinine, pmol/L 75.0 (66.0-85.0) 74.0 (66.0-84.0) 75.0 (66.0-87.0) 0.62
eGFR, mL/min per 1.73 m? 851 (75.5-92.4) 84.9 (75.1-92.5) 88.3 (74.8-94.9) 0.07

Continuous variables are presented as mean+SD and median (quartile 1—quartile 3). Other variables are given as number (percentage). DM indicates diabetes
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echocardiographic variables adjusted for cardiac
biomarkers and vice versa). Higher HbAlc remained
associated with lower LVEF (P=0.009), worse GLS
(P<0.001), and higher E/e’-ratio (P=0.001) after adjust-
ing for clinical characteristics and cTnT, NT-proBNP, and
CRP (Table 2). Higher HbA1c also remained associated
with higher cTnT (P<0.001), higher CRP (P<0.001), and
lower NT-proBNP (P<0.001) concentrations, after ad-
justing for clinical characteristics and LV mass index,
LVEF, and E/e’ (Table 2). These associations persisted
after additional adjustments for GLS and TRVmax
among participants with these measures available
(n=1966; 53%). Overall, the strongest associations to
HbAlc in adjusted models were seen for E/e’-ratio
(B, 0.52 [95% CI, 0.38-0.65] per unit increase; t=7.7;
P<0.001) and NT-proBNP (3, —0.22 [95% Cl, —0.28 to
—-0.16] per doubling; t=—7.2; P<0.001).

There were sex differences in strength of the associa-
tions between HoAlc and E/e’-ratio, cTnT, and NT-proBNP
(P for interaction <0.001 for all), with stronger associations
for cInT and E/&’” with HbAlc in men and stronger as-
sociations for NT-proBNP with HbAlc in women (Figure
S1). There was no interaction by sex on the association
between HoA1c and LVEF, GLS, and CRP.

LVEF, GLS, E/e’-ratio, NT-proBNP, cTnT, and CRP
remained associated with HbA1c in a sensitivity anal-
ysis that excluded participants with self-reported HF

Table 2. Association of HbA1c (Exposure Variable) With
Echocardiographic Parameters and Cardiac Biomarkers
(Outcome Variables)

Variable Coefficient (95% CI) ‘ t ‘ P value
Echocardiographic parameters
LV mass index, g/m? —-0.50 (-1.41 t0 0.40) -1 0.28
LV ejection fraction, % —-0.40 (0.71 to —-0.10) -2.6 0.009
Average peak global 0.38 (0.22 to 0.55) 4.6 <0.001
longitudinal strain, %*
E/e’-ratio 0.52 (0.38 t0 0.65) 7.7 <0.001
Tricuspid regurgitation 0.01 (-0.00 to 0.03) 1.4 014
maximum velocity, m/st
Cardiac biomarkers
Cardiac troponin T, per 0.09 (0.05 to 0.14) 4.4 <0.001
doubling
NT-proBNP, per doubling | —0.22 (-0.28 to -0.16) | -7.2 <0.001
CRP, per doubling 0.11 (0.06 to 0.17) 4.3 <0.001

Analyses of echocardiographic parameters are adjusted for cardiac
biomarkers, and analyses of cardiac biomarkers are adjusted for
echocardiographic parameters, in addition to clinical characteristics for
both. Echocardiographic parameters are adjusted for age, sex, body mass
index, smoking status, hypertension, atrial fibrillation, coronary artery
disease, estimated glomerular filtration rate+cardiac troponin T, NT-proBNP,
and CRP. Cardiac biomarkers are adjusted for age, sex, body mass index,
smoking status, hypertension, atrial fibrillation, coronary artery disease,
estimated glomerular filtration rate+LV mass index, LV ejection fraction, and
E/e’-ratio. CRP indicates C-reactive protein; HbAlc, hemoglobin Alc; LV, left
ventricular; and NT-proBNP, N-terminal pro-B-type natriuretic peptide.

*n=2512 with available global longitudinal strain.

Tn=2817 with available tricuspid regurgitation maximum velocity.
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or LVEF <40% (Table S2), and a sensitivity analysis re-
placing BMI with waist-hip ratio (Table S3).

Diagnostic Thresholds for Pre-DM and
DM and Markers of Cardiac Structure,
Function, Injury, and Inflammation

There were nonlinear associations between HbAlc
and LVEF, GLS, E/e’-ratio, NT-proBNP, cInT, and CRP
(P for nonlinearity <0.05 for all). The best fit for all 6
associations using restricted cubic spline yielded an S-
shaped association for these associations (>4 knots for
all; Figure 1). There was an interaction by DM category
on the association between HbAlc and each of these
biomarkers (P<0.001 for all), except for LVEF (P=0.71)
(Table 3). In general, the strongest association was
seen in the pre-DM group for all 6 biomarkers. This is
presented in Figure 1 where, in general, the steepest
part of the spline curves between HbAlc and each of
the variables was in the pre-DM range (5.7%—6.4%),
whereas the curves were flatter in the no-DM range
(<5.7%) and in the DM range (26.5%). The excep-
tions were a significant association between HbAlc
and systolic function (LVEF and GLS) in no-DM, and
between HbA1c and diastolic function and inflamma-
tion (E/e’-ratio and CRP) in DM (Table 3). These results
were consistent irrespective of antidiabetic treatment
or not, for all biomarkers in participants with DM. The
adjusted odds ratio (95% CI) for participants with pre-
DM and DM, compared with no-DM, to have supra-
median values of cTnT, CRP, GLS, and E/e’-ratio, and
inframedian values of LVEF and NT-proBNP, is pre-
sented in Figure 2.

Fasting glucose was also associated with LVEF,
GLS, E/e’, NT-proBNP, cTnT, and CRP in unadjusted
and adjusted models (P<0.01 for all). The associa-
tions did not have the same S-shaped association as
demonstrated for HbA1c (Figure S2).

DISCUSSION

Among 3688 participants aged 62 to 65 years from
the general Norwegian population, higher HoA1c was
independently associated with higher cTnT, CRP, and
E/e’-ratio, and with lower LVEF, GLS, and NT-proBNP.
These relationships were nonlinear and most pro-
nounced in the pre-DM range of HbAlc, with weaker
associations in the no-DM and DM range. These find-
ings suggest that middle-aged subjects within the pre-
DM range of HbA1c may have early manifestation of LV
dysfunction, injury, inflammation, and neurohormonal
dysregulation. Thus, our data support that cardiovas-
cular preventive measures should also be considered
in subjects with chronic hyperglycemia below the cur-
rent diagnostic threshold for DM.
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Figure 1. Association between HbA1c and cardiovascular biomarkers independently associated with HbA1c.

Fitted restricted cubic splines of log-transformed hs-cTnT, NT-proBNP, CRP, LVEF, global longitudinal strain (GLS), and E/e’-ratio as
a function of HbAlc. The number of knots for each analysis was selected on the basis of the lowest Akaike Information Criterion (6,
4, 4,5, 7, and 4 knots, respectively). The brown horizontal lines represent the HbA1c threshold for pre-diabetes mellitus (5.7%) and
diabetes mellitus (6.5%). The dotted lines reflect the 95% Cls. P value is for overall trend. P for nonlinearity was <0.001 for all. CRP
indicates C-reactive protein; GLS, global longitudinal strain; HbA1c, hemoglobin Alc; hs-cTnT, high-sensitivity cardiac troponin T;
LVEF, left ventricular ejection fraction; and NT-proBNP, N-terminal pro-B-type natriuretic peptide.

Subclinical Cardiac Alterations Across the
Specter of Glycemia

To our knowledge, this study is the first to assess the
association between HbAlc levels and multiple key
cardiovascular risk markers, including both echocar-
diographic and circulating biomarkers, in middle-aged
subjects recruited from the general population. The
key novel finding is that worse glycemic status asso-
ciates with markers of LV systolic dysfunction (LVEF
and GLS), LV diastolic dysfunction (E/e’), inflammation
(CRP), myocardial injury (cTnT), and impaired neurohor-
monal homeostasis (NT-proBNP), and that these asso-
ciations are independent of each other. Notably, all of
these markers are associated with increased risk of HF
development,?'~? and thus seem to represent impor-
tant pathological pathways linking dysglycemia to HF.
The association between HbA1c and measures
of cardiac function and structure has previously
been investigated in elderly subjects from the ARIC
(Atherosclerosis Risk in Communities) study, where
they found GLS, E/e’-ratio, and LV mass to be the
most important echocardiographic correlates of

chronic hyperglycemia status.! This is in agreement
with our results, except for the association with LV
mass, which was non-significant in our adjusted
models. This difference in association with LV struc-
ture may relate to the 10- to 15-year younger pop-
ulation in our study or the exclusion of established
cardiovascular disease in the ARIC study. ARIC study
investigators have also demonstrated a nearly linear
association between HbA1c and cTnT in this elderly
US population.?® CRP is known to associate with hy-
perglycemia,?” and predicts the risk of type 2 DM.?8 In
our study, we extend these findings by demonstrat-
ing an independent, and thus additive, link between
DM status and LV function, inflammation, and myo-
cardial injury. Furthermore, we demonstrate a robust
inverse association between NT-proBNP and HbA1c,
including in models that adjust for other biomarkers
and measures of obesity, such as BMI and waist-
hip ratio. BMI is known to correlate inversely with
concentrations of natriuretic peptides.?® Natriuretic
peptides mediate several beneficial cardiovascu-
lar effects, such as natriuresis, vasodilatation, lipid
mobilization, insulin secretion, and counteracting the

J Am Heart Assoc. 2021;10:e020447. DOI: 10.1161/JAHA.120.020447 6
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Figure 2. Measures of cardiovascular biomarkers
independently associated with hemoglobin Aic in pre-DM
and DM, compared with participants free of DM.

Odds ratio of log-transformed cTnT, CRP, GLS, and E/e’ -ratio
above the median and NT-proBNP and LVEF below the median
for participants with pre-DM and DM, with no-DM as reference
(Ref). Adjusted for age, sex, body mass index, smoking status,
prevalent hypertension, atrial fibrillation, coronary artery disease,
and estimated glomerular filtration rate. CRP indicates C-reactive
protein; cTnT, cardiac troponin T; DM, diabetes mellitus; GLS,
global longitudinal strain; LVEF, left ventricular ejection fraction;
and NT-proBNP, N-terminal pro-B-type natriuretic peptide.
*, odds ratio for inframedian values.

renin-angiotensin-aldosterone system and sympa-
thetic nervous system.®% Low concentrations of natri-
uretic peptides, also referred to as natriuretic peptide
deficiency,®! are associated with cardiovascular risk
factors, including worse LV systolic function.®? The
mechanism behind lower NT-proBNP with increasing
HbA1c is unclear, but may be related to adipocyte
overexpression of cytokines (the leptin-neprilysin-
aldosterone axis),®® insulin resistance,® or simply
impaired neurohormonal hemostasis in obesity.%®
As an extension to this, our study finds that chronic
hyperglycemia is related to low NT-proBNP beyond
obesity and measures of cardiac structure, function,
injury, and inflammation. NT-proBNP concentrations
above the median (>66 ng/L) were 50% less likely in
participants with DM compared with non-DM.

Thresholds for Defining Pre-DM and DM
in Association to Markers of Subclinical
Cardiovascular Disease

The recently updated American Diabetes Association
definition of pre-DM and DM'® recommends an HbA1c
threshold of 5.7% and 6.5%, respectively. HbAlc is a
frequently used screening test for DM as it reflects
average glucose concentrations over the previous 8
to 12 weeks, can be performed at any time of the
day, and does not require fasting. The HbA1c thresh-
olds are derived from data on microvascular disease,
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such as retinopathy and nephropathy, in association
with dysglycemia.®® As such, the risk of microvascu-
lar disease increases sharply around HbA1c levels of
6.5%. Results from our study suggest that the risk of
cardiac disease increases earlier than HbA1c of 6.5%;
thus, we find evidence of subclinical cardiovascular
disease in the pre-DM range of HbAlc among our
participants from the general population. This notion
is based on strong associations between HbA1c in
the pre-DM range and echocardiographic and bio-
chemical measures of worsening cardiac function,
including cInT, CRP, NT-proBNP, LVEF, GLS, and
E/e’-ratio. Finally, around the DM threshold, we found
attenuated associations between HbA1c and markers
of cardiac dysfunction, with the exception for E/e’-
ratio and NT-proBNP, that remained associated also
in participants with DM. Of note, the lack of statistical
significant associations in participants with DM could
be a result of limited statistical power to assess this
question as we only had 10% of participants fulfilling
the criteria for DM.

Mechanisms Behind HF Risk in DM

Dysglycemia is an independent risk factor for HF, ir-
respective of DM status.” The link between DM and
HF has gained increasing attention in the past few
years, partly because of the introduction of sodium-
glucose cotransporter 2 inhibitors, which has consist-
ently been demonstrated to prevent HF development
in type 2 DM, despite modest reductions in HoA1c.3”
Most recently, the sodium-glucose cotransporter 2
inhibitors dapagliflozin and empagliflozin were proved
to markedly reduce risk among patients with HF and
reduced LVEF, irrespective of DM status.®83° The
mechanisms linking hyperglycemia to HF are complex
and not completely understood, but relate to (1) hy-
perinsulinemia through sodium retention and activa-
tion of the sympathetic nervous system,*° (2) oxidative
stress associated with cell injury or apoptosis, result-
ing in decreased cardiac contractility,*" and (3) pro-
duction of advanced glycation end products, which
induced cardiac fibrosis.*> Our study adds to this
understanding by demonstrating independent as-
sociations of myocardial injury, inflammation, neuro-
hormonal dysregulation, and LV systolic and diastolic
dysfunction to chronic hyperglycemia. This empha-
sizes the complexity of pathological pathways leading
to HF development in DM. Prospective, longitudinal
studies with serial blood sampling and measures of
cardiac structure and function are needed to improve
our mechanistic understanding of these pathways.

Limitations

The number of subjects with DM or undiagnosed DM
(HbA1c >6.5%) was relatively low, and associations
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within this group must be interpreted with caution.
Missing data on GLS and TRVmax, primarily because
of poor image quality,”® restricted the sample size in
analysis with these variables. However, unmeasure-
able myocardial strain and TRV in ~60% likely reflect
clinical practice. Information on prevalent HF in our
population was limited and restricted to self-report.
We excluded these participants in a sensitivity analy-
sis and found consistent associations among par-
ticipants free of HF. However, we cannot be certain
whether a more thorough assessment of HF (ie, by
adjudication) would modify the association between
HbA1c and the biomarkers measured. The findings
in our relatively homogeneous population might not
apply to more diverse ethnic populations and popula-
tions with higher BMI.

CONCLUSIONS

HbA1c is nonlinearly, and independently, associated
with markers of myocardial injury, inflammation, neuro-
hormonal dysregulation, and LV systolic and diastolic
dysfunction, in middle-aged subjects from the general
population. Particularly strong relationships were seen
in participants with pre-DM, which could indicate a
need for lifestyle and possibly pharmacological inter-
ventions also in subjects with HbA1c levels below the
current diagnostic cutoff for DM.
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Table S1. Measures of left ventricular structure and function by echocardiography and cardiac biomarkers stratified by diabetes

category, unadjusted and adjusted for age, sex, smoking, body mass index, hypertension, atrial fibrillation, coronary artery disease

and estimated glomerular filtration rate.

No DM Pre-DM DM Unadjusted | Adjusted

n=1678 n=1630 n=380 P for trend | P for trend
LV mass index (g/m?) 76.6 + 18.3 75.8+17.9 80.4 + 20.6 0.06 0.23
LV ejection fraction (%) 55.8+5.5 55.4 £ 6.0 54.7 £ 6.8 0.003 0.002
Average peak global longitudinal strain (%) -20.3+2.4 -20.1+2.7 -18.9+2.6 <0.001 <0.001
E/e' 87 +24 9.1 £26 10.1 £ 3.2 <0.001 <0.001
Tricuspid regurgitation maximum velocity (m/s) 2.23+0.24 2.23 +0.27 2.28 +0.28 0.017 0.09
Cardiac troponin T (ng/L) 6.0 [4.0 ,8.0] 6.0 [4.9 ,9.0] 8.0 [6.0 ,12.0 <0.001 <0.001
N-terminal pro-B-type natriuretic peptide (ng/L) | 59.2 [37.0, 100.0] | 53.5 [33.8,91.0] | 44.0 [25.4, 81.0] <0.001 <0.001
C-reactive protein (ng/L) 15 [15,15] 15 [1.5,1.5] 15 [1.5 ,4.0] <0.001 <0.001

LV = left ventricular; DM = Diabetes mellitus

Continuous variables are presented as mean + standard deviation and median [quartile 1, quartile 3].
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Table S2. Multivariable regression analysis of left ventricular ejection fraction, global
longitudinal strain, E/e’, cardiac troponin T, N-terminal pro-B-type natriuretic peptide

and C-reactive protein in association with one unit increase in hemoglobin Alc

concentrations after excluding n=107 patients with self-reported heart failure or left

ventricular ejection fraction <40%.

Coef.
Left ventricular ejection fraction -0.40
Average peak global longitudinal strain 0.38
E/e’ 0.47
Cardiac troponin T 0.09
N-terminal pro-B-type natriuretic peptide -0.23
C-reactive protein 0.11

95% Conf.
Interval

-0.70 -0.09
0.22 0.55
0.34 0.61
0.05 0.13
-0.29 -0.17
0.06 0.17

-2.6
4.5
7.1
4.3
-7.5
4.1

P-value

0.010
<0.001
<0.001
<0.001
<0.001
<0.001

Adjusted for_age, sex, body mass index, smoking status, hypertension, atrial fibrillation,
coronary artery disease, estimated glomerular filtration rate
+ cardiac troponin T, N-terminal pro-B-type natriuretic peptide and C-reactive protein for

echocardiographic variables

+ LV mass index, LV ejection fraction and E/e’ for cardiac biomarkers
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Table S3. Multivariable regression analysis of left ventricular ejection fraction, global
longitudinal strain, E/e’, cardiac troponin T, N-terminal pro-B-type natriuretic peptide

and C-reactive protein in association with one unit increase in hemoglobin Alc
concentrations after replacing body mass index with waist-hip ratio.

Coef.
Left ventricular ejection fraction -0.36
Average peak global longitudinal strain 0.33
Ele' 0.47
Cardiac troponin T 0.10
N-terminal pro-B-type natriuretic peptide -0.22
C-reactive protein 0.12

95% Conf.
Interval

-0.67 -0.05
0.16 0.49
0.34 0.61
0.05 0.14
-0.28 -0.16
0.07 0.18

-2.3
3.9
7.1
4.5
-7.1
4.5

P-value

0.021
<0.001
<0.001
<0.001
<0.001
<0.001

Adjusted for_age, sex, body mass index, smoking status, hypertension, atrial fibrillation,
coronary artery disease, estimated glomerular filtration rate
+ cardiac troponin T, N-terminal pro-B-type natriuretic peptide and C-reactive protein for

echocardiographic variables

+ LV mass index, LV ejection fraction and E/e’ for cardiac biomarkers




Figure S1. Fitted restricted cubic splines of log-transformed cardiac troponin T (cTnT), N-terminal pro-B-type natriuretic peptide (NT-

proBNP) and E/e’ as a function of glycated hemoglobin A1c for men and women.
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The number of knots for each analysis was selected based on the lowest Akaike Information Criterion. The brown horizontal lines represent the
HbA1lc threshold for pre-diabetes mellitus (5.7%) and diabetes mellitus (6.5%). The dotted lines reflect the 95% confidence intervals
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Figure S2. Fitted restricted cubic splines of log-transformed high-sensitivity troponin T (hs-cTnT), N-terminal pro-B-type natriuretic
peptide (NT-proBNP), C-reactive protein (CRP), left ventricular ejection fraction (LVEF), global longitudinal strain (GLS) and E/e’ as a

function of fasting glucose.
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