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Abstract

Background: Mortality attributable to heart failure remains high. The prevalence of heart failure in patients with
diabetes mellitus ranges from 19 to 26%. It is estimated that up to 21.1 million adults in the United States have diag-
nosed diabetes mellitus and around 80.8 million have impaired fasting glucose. We investigated the associations of
fasting glucose (FG) and fasting insulin (Fl), the homeostasis model assessment-insulin resistance index (HOMA-IR)
and 2-h postload glucose (2HG) and insulin (2HI) with parameters of left ventricular geometry and function and arte-
rial stiffness determined by magnetic resonance imaging in individuals without diagnosed type 2 diabetes.

Methods: Cross-sectional analyses of 1001 individuals (453 women, 45.3%), aged 21 to 80 years, from two independ-
ent population-based studies, the Study of Health in Pomerania (SHIP-TREND-0) and KORA FF4 Study. FG, FI, HOMA-IR,
2HG and 2H|, as well as glucose tolerance categories, were analyzed for associations with heart and arterial param-
eters using multivariable-adjusted linear regression models.

Results: In total, 390 individuals (39%) had prediabetes (isolated impaired fasting glucose, isolated glucose toler-
ance or both), and 49 (4.9%) were found to have unknown type 2 diabetes. In the multivariable-adjusted analysis,
positive linear associations of FG, FI, HOMA-IR, 2HG and 2HI with arterial stiffness index and left ventricular wall-
thickness and concentricity and inverse linear associations with left ventricular end-diastolic volume were observed.
A 1 mmol/I higher FG was associated with a 1.18 ml/m?’ (1.80 to 0.57; p <0.001) lower left ventricular end-diastolic
volume index, a 0.042 mm/m?’ (0.014 to 0.070) higher left ventricular wall-thickness index, a 0.12 mmHg m?’/ml
(0.06t0 0.17; p<0.001) greater arterial stiffness index and a 0.037 g/ml (0.018 to 0.056; p <0.001) higher left ventricular
concentricity.

Conclusions: Our findings suggest that higher glucose levels in the prediabetic range and insulin resistance might
lead to higher arterial stiffness and concentric remodeling of the heart.
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Introduction

The leading cause of death in patients with type 2 diabe-
tes is cardiovascular disease. Moreover, the risk of car-
diovascular mortality is doubled when compared with
individuals without type 2 diabetes [1]. One of the major
cardiovascular complications of type 2 diabetes is heart
failure with a prevalence that ranges from 19 to 26%
among patients with diabetes mellitus [2]. In line with
these observations, the term diabetic cardiomyopathy
was defined as a left ventricular dysfunction that occurs
in diabetic patients in the absence of coronary athero-
sclerosis and hypertension [2]. The initial stage of the
diabetic cardiomyopathy is characterized by subclinical
changes of the cardiac geometry and marginal changes
in diastolic function. A previous analysis [3] of our group
showed that 43.1% of adults in the northeast and 30.1%
in the south of Germany already presented glucose levels
that fulfill the criteria of prediabetes. Importantly, previ-
ous studies [4—7] already showed subclinical alterations
in cardiac structure and function not just in patients with
type 2 diabetes, but already in individuals with prediabe-
tes. Otherwise, the results of these studies are sometimes
contradictory regarding their findings. While a previ-
ous study of the Multiethnic Study of Atherosclerosis
(MESA) [4] showed that individuals with impaired fast-
ing glucose (IFG) had no significant difference regarding
left ventricular mass (LVM), when compared with indi-
viduals with normal fasting glucose, a more recent anal-
ysis of the same cohort [5] demonstrated that subjects
with IFG had a higher LVM. Contrary to that, an analysis
from the Framingham Heart Study [6], showed that the
homeostasis model assessment-insulin resistance index
(HOMA-IR) was inversely related with the LVM.

The aim of the present study was to investigate the
associations of parameters from an oral glucose tolerance
test (OGTT), as well as the presence of prediabetes and
unknown type 2 diabetes (UT2D), with indicators of the
left ventricular (LV) geometry and function and arterial
stiffness as determined by magnetic resonance imaging
(MRI) using data from two population-based samples
from the Northeastern and Southern part of Germany.

Materials and methods

Pooled study sample

The present cross-sectional study is based on data from
two independent population-based investigations, the
Study of Health in Pomerania (SHIP-TREND-0) [8, 9]
and the Cooperative Health Research in the Region of
Augsburg (KORA FF4) [10]. Our pooled sample, from
SHIP-TREND-0 and KORA FF4, comprised 1391 indi-
viduals (604 women, 43.4%) aged 21 to 81 years. Indi-
viduals with inadequate MRI image quality (n=79),
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previous myocardial infarction or stroke (n=16), left
ventricular ejection fraction (determined by MRI) less
than 40% (n=9), fasting time less than 8 h (n=217),
use of hypoglycemic medication (n=37), missing val-
ues for OGTT parameters (n=17) or any of the covari-
ates (n=9) as well as individuals with extreme values
(>99.5th percentile for fasting glucose, insulin or 2-h
postload glucose; n=6) were excluded. Accordingly, our
final analytical sample consisted of 1001 individuals (453
women, 45.3%), aged 21 to 80 years.

All study participants gave written informed consent.
The study was approved by the ethics committees of the
University of Greifswald, the Bavarian Chamber of Physi-
cians, and the Ludwig-Maximilians-Universitit Miinchen
and complies with the Declaration of Helsinki.

Glucose and insulin measurements, oral glucose tolerance

test and classification of prediabetes and unknown type 2

diabetes

Measurements of fasting glucose (FG) and 2-h postload
glucose (2HG) were based on plasma in SHIP-TREND-0
and on serum in KORA FF4. Duplicate measure-
ments were carried out using serum samples from all
SHIP-TREND-0 participants and serum glucose from
KORA FF4 and plasma glucose from SHIP-TREND-0
were considered as comparable for the current analy-
sis (concordance correlation coefficient of r=0.94 in a
validation study comparing plasma and serum glucose
measurements).

In both studies, FG was sampled and 75 g of anhydrous
glucose (Dextro OGT; Boehringer Mannheim, Man-
nheim, Germany) was given to those participants with-
out diagnosed type 2 diabetes or taking glucose-lowering
agents. In SHIP-TREND-O, plasma FG and 2HG levels
were measured using a hexokinase method (Dimen-
sion Vista 1500, Siemens Healthcare Diagnostics, Esch-
born, Germany) [3] and serum fasting insulin (FI) and
2-h postload glucose insulin (2HI) values were assessed
by an electrochemiluminescence immunoassay (ADVIA
Centaur, Siemens Healthcare Diagnostics, Eschborn,
Germany) [11]. In KORA FF4, serum FG and 2HG levels
were measured using an enzymatic colorimetric method
(Dimension Vista 1500, Siemens Healthcare Diagnostics,
Eschborn, Germany or Cobas c702, Roche Diagnostics
GmbH, Mannheim, Germany) and FI and 2HI values
were measured by a solid-phase enzyme-labeled chemi-
luminescent immunometric assay (Immulite 2000 Xpi,
Siemens Healthcare Diagnostics, Eschborn, Germany) or
by an electrochemiluminescence immunoassay (Cobas e
602, Roche Diagnostics GmbH, Mannheim, Germany).

The homeostasis model assessment-insulin resistance
index (HOMA-IR) was calculated as (FG [mmol/l] x FI
[1U/ml])/22.5 [12].
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Following the criteria of the American Diabetes Asso-
ciation (ADA) [13], we classified individuals as having
normal glucose tolerance (NGT) when they had FG val-
ues<5.6 mmol/l (<100 mg/dl) and 2HG<7.8 mmol/l
(<140 mg/dl). Unknown type 2 diabetes (UT2D) was
defined as FG values>7.0 mmol/l (>126 mg/dl) or
2HG > 11.1 mmol/l (> 200 mg/dl). Participants were clas-
sified as having prediabetes if FG values were between
5.6 and 6.9 mmol/l (100-125 mg/dl, impaired fasting
glucose: IFG) and/or 2HG values were between 7.8 and
11.0 mmol/I (140-199 mg/dl, impaired glucose tolerance:
IGT) [3, 13]. We defined three groups of prediabetes: iso-
lated impaired fasting glucose (i-IFG), isolated impaired
glucose tolerance (i-IGT), and combined IFG and IGT
(IEG+IGT) [3, 13].

Cardiac MR imaging

In SHIP-TREND-0, cardiac MR imaging was performed
on a 1.5 Tesla MR system (Magnetom Avanto; Siemens
Medical Systems, Erlangen, Germany) [11, 14] and in
KORA FF4, on a 3 Tesla MR system (Magnetom Skyra;
Siemens Medical Systems, Erlangen, Germany) [15, 16].
In both studies imaging of cardiac function and morphol-
ogy was performed using cine steady-state free preces-
sion (cine-SSFP) sequences.

Image analysis

LV end-diastolic volume (LVEDV) was determined dur-
ing the first image of the acquisition. LV end-systolic vol-
ume (LVESV) was measured by determining the phase in
which the LV intra-cavity blood pool was at its smallest
by visual assessment at the midventricular level. LV myo-
cardial mass (LVM) was calculated at the end-diastole
using the specific density of the myocardium (1.05 g/cm?)
[14]. Papillary muscles were included in the LVM and
excluded of the LV end-diastolic and systolic volumes.
Basal slices were included if at least half of the LV circum-
ference blood pool was confined by myocardium [17].
Inclusion or exclusion of apical slices depended on the
visibility of myocardium. LV wall-thickness (LVWT) was
determined in the 16-segment model (according to the
AHA-segment model) [18]. LV concentricity (LVC) was
calculated as LVM/LVEDV. LV stroke volume (LVSV), LV
cardiac output (LVCO) and LV ejection fraction (LVEF)
were calculated following the formulas below:

LVSV (ml) = LVEDV — LVESV
LVCO (I/min) = LVSV x heart rate

LVEF (%) = (LVEDV — LVESV)/LVEDV

LVM, LVEDV, LVESV, LVWT, LVSV and LVCO were
indexed for body height in meters, normalized to the
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allometric power of 2.7, which linearizes the relations
between the cardiac anatomic and functional parameters
with height and identifies the impact of obesity [19]. This
resulted in LVM index (LVMI), LVEDV index (LVEDVI),
LVESV index (LVESVI), LVWT index (LVWTI), LVSV
index (LVSI) and LVCO index (LVCI).

Arterial stiffness index (ASI) was calculated as (systolic
blood pressure — diastolic blood pressure)/LVSI [20].

Interview, medical and laboratory examinations

In both studies, information on socio-economic vari-
ables (including years of school education [<10, 10,
or>10 years]), smoking status (never, former or current
smoker) [21], alcohol consumption (in grams per day)
and medical history was collected by trained and certifi-
cated medical staff during a standardized interview. Sed-
entary lifestyle was defined as individuals who did not
participate in leisure time exercise, for at least 1 h/week,
during summer or winter [22]. Participants were asked
to bring the original packaging of their medications that
were taken during the last 7 days before the examination
date. Unique identifiers and drug names were recorded
according to the ATC classification system.

All participants underwent an extensive standardized
medical examination. Anthropometric measurements
included height and weight based on recommendations
of the World Health Organization (WHO) [23]. Weight
was measured to the nearest 0.1 kg in light clothing and
without shoes using standard digital scales. Body mass
index (BMI) was calculated as weight (kg)/height® (m?).
Wiaist circumference (WC) was measured to the nearest
0.1 cm using an inelastic tape midway between the lower
rib margin and the iliac crest in the horizontal plane, with
the participant standing comfortably with weight distrib-
uted evenly on both feet [24]. While in SHIP-TREND-0
body fat-free mass (FFM) and fat mass (FM) were meas-
ured by bioelectrical impedance analysis (BIA) using a
multifrequency Nutriguard-M device (Data Input, Pock-
ing, Germany) and the NUTRI4 software (Data Input,
Pocking, Germany) [25-27], in KORA FF4, BIA scans
were obtained by BIA 2000-S device (Data Input, Pock-
ing, Germany) with an operating frequency of 50 kHz at
0.8 mA. Ohmic resistance was measured at the dominant
hand (between wrist and dorsum) and the dominant foot
(between angle and dorsum).

After a resting period of at least 5 min, systolic and
diastolic blood pressures as well as heart rate were meas-
ured three times on the right arm of seated subjects
using an oscillometric digital blood pressure monitor
(HEM-705CP, Omron Corporation, Tokyo, Japan) with
an interval of 3 min between readings. The mean of the
second and third measurements was used for the pre-
sent analyses. Antihypertensive medication was defined
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as use of agents with the ATC-code C02, C03, CO07,
C08 and CO09 [28]. Hypertension was defined as systolic
blood pressure > 140 mmHg and/or diastolic blood pres-
sure > 90 mmHg and/or current self-reported use of any
anti-hypertensive medications.

Fasting blood samples were obtained from all study
participants while sitting [29]. In SHIP-TREND-0, gly-
cated hemoglobin was determined by high-performance
liquid chromatography (Diamat, Bio-Rad Laboratories,
Munich, Germany). Total serum cholesterol, low-density
lipoprotein cholesterol (LDL-C) and high-density lipo-
protein cholesterol (HDL-C) were measured photometri-
cally (Dimension RxL or Dimension VISTA 1500, Siemens
Healthcare Diagnostics, Eschborn, Germany). Serum
creatinine concentration was assessed using a modified
kinetic Jaffé method (Dimension RxL or Dimension Vista
1500, Siemens Healthcare Diagnostics, Eschborn, Ger-
many). In KORA FF4, glycated hemoglobin was measured
in hemolyzed whole blood using the cation-exchange high
performance liquid chromatographic, photometric VARI-
ANT II TURBO HbAIc Kit-2.0 assay on a VARIANT II
TURBO Hemoglobin Testing System (Bio-Rad Labora-
tories Inc., Hercules, USA). Total serum cholesterol, low-
density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C) and serum creatinine con-
centrations were measured using an enzymatic colorimet-
ric method (Dimension Vista 1500, Siemens Healthcare
Diagnostics, Eschborn, Germany or Cobas c702, Roche
Diagnostics GmbH, Mannheim, Germany). Because of the
changes from Siemens to Roche, the Siemens measure-
ment results were calibrated to the Roche measurements
using the following formulas (in mg/dl): Total Choles-
terol_Roche =3.00+ (Total_Cholesterol_Siemens * 1.00);
HDL_Cholesterol_Roche = 2.40 + (HDL_Choles-
terol_Siemens * 1.12); LDL_Cholesterol_Roche=antilog
(— 0.13328+[log LDL_Cholesterol_Siemens * 1.03051]);
Creatine_Roche=— 0.037568 + (Creatinine_Sie-
mens * 1.02703) [16].

Hypercholesterolemia was defined as use of lipid-
lowering medication defined by the ATC-code C10
and/or total serum cholesterol>6.2 mmol/l and/or
LDL-C>4.1 mmol/l and/or total cholesterol/HDL-C
ratio >5.0. The estimated glomerular filtration rate was
estimated according to the CKD-EPI formula [30] and
expressed in ml/min/1.73 m>

Statistical analysis
To characterize the study population, data was reported
as median (with 25th and 75th percentiles) for continu-
ous variables and as percentages for categorical variables
stratified by OGTT classification.

We used linear regression models to associate FG, FI,
HOMA-IR, 2HG and 2HI levels and OGTT groups with
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LVM]I, LVEDVI], LVESVI, LVWTI, LVC, ASI, LVSI, HR,
LVCI and LVEF. The basic multivariable models were
adjusted for age, sex, body fat-free mass and body fat
mass (both assessed by BIA), systolic blood pressure, use
of antihypertensive medication, smoking status, alcohol
consumption, sedentarism (defined as individuals who
did not participate in leisure time exercise for at least 1 h/
week during summer or winter [22]), estimated glomeru-
lar filtration rate, fasting time and study sample (SHIP-
TREND-0, KORA FF4). We used fractional polynomials
to test potential non-linear relationships between expo-
sure and outcomes [31].

A two-sided p-value p<0.05 was considered as statis-
tically significant. Statistical analyses were performed
using Stata 14.2 (Stata Corporation, College Station, TX,
USA).

Please see Additional file 1 for a more detailed
description.

Results

Among the total study sample of 1001 individuals (453
women, 45.3%), aged 21 to 80 years, 39.0% of the sub-
jects had prediabetes (isolated IFG, isolated IGT and
combined IFG and IGT). Out of all prediabetes subjects,
60.8% had isolated IFG, 23.1% had combined IFG and
IGT and 16.1% had isolated IGT. In addition, the per-
centage of individuals with UT2D was 4.9%.

Table 1 shows the clinical characteristics of the study
sample stratified by OGTT classification. Individuals
with NGT were younger, more likely female, had a lower
body mass index (BMI), body fat-free mass, fat mass and
waist circumference and were less likely to have a history
of hypertension and hypercholesterolemia, with a con-
comitant less frequent use of antihypertensive and lipid-
lowering medication. They also had higher eGFR and
were more often current smokers.

Associations of FG, FI, HOMA-IR, 2HG and 2HI

and the OGTT groups with LV geometry

In multivariable-adjusted regression analyses, we
found no significant associations of FG, FI, HOMA-
IR, 2HG and 2HI and the OGTT groups with
LVMI (Additional file 1: Figure S1 and Table 2). We
observed inverse linear associations of FG and 2HG
with both LVEDVI and LVESVI, while FI, HOMA-IR
and 2HI were inversely associated with these out-
comes in a log-linear fashion. A 1 mmol/l higher FG
was associated with a 1.18 ml/m?’ (95% confidence
interval: 0.57 to 1.80; p <0.001) smaller LVEDVI and a
0.48 ml/m?%7 (0.12 to 0.84; p=0.008) smaller LVESVI.
We observed that the NGT group had larger LVEDVI
and LVESVI mean values than the other groups,
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Table 1 Characteristics of the study sample stratified by oral glucose tolerance test (OGTT) classification: normal glucose
tolerance (NGT), isolated impaired fasting glucose (i-IFG), isolated impaired glucose tolerance (i-IGT), combined IFG

and IGT (IFG + IGT) and unknown type 2 diabetes (UT2D)

Parameter NGT i-IFG i-IGT IFG+IGT uT2D p-value*
N (%) 562 (56.1) 237(23.7) 63 (6.29) 90 (8.99) 49 (4.90)
Age (years) 47 (39, 57) 55 (46,62) 51(41,62) 60 (52, 66) 61 (54, 68) <0.001
Women (%) 52.7 325 556 311 347 <0.001
Fasting serum glucose (mmol/I) 5149,53) 59(5.7,6.2) 52(49,54) 6.0(5.7,6.3) 72(6.3,75) <0.001
2-h postload serum glucose (mmol/l) 53(4.6,62) 6.0 (54,6.8) 84 (8.1,9.1) 8.8(8.2,9.5) 116 (10.1,13.9) < 0.007
Fasting insulin (ulU/ml) 73(52,98) 10.7(7.3,149) 123(7.1,156) 144(10.8,19.0) 18.1(135,262) <0.001
2-h postload insulin (ulU/ml) 37.0(24.0,57.0) 50.0(32.0,73.9) 97.6(68.0,160) 131(75.5167) 132(91.0,187) < 0.001
Homeostasis model assessment-insulin resistance 1.65(1.18,2.25) 2.76 (1.91,4.03) 2.69(1.68,3.63) 3.76(2.86,5.19) 571 (3.51,794) <0.001
index (HOMA-IR)
Glycated hemoglobin (%) 52(49,54) 54(5.2,5.6) 53(4.9,56) 56(5.2,59) 6.0(5.5,64) < 0.001
Estimated glomerular filtration rate (ml/min/1.73 m?) 939 (84.0,103) 89.5(79.8,97.4) 87.7 (79.0,100) 84.9(73.6,963) 88.1(79.9,96.1) < 0.001
Smoking (%)
Never 40.8 384 413 40.0 49.0
Current 235 18.6 1.1 144 14.3
Former 358 43.0 47.6 45.6 36.7 0.080
Alcohol consumption (g/day) 4.25(1.06,134) 879(2.69,229) 290(034,129) 6.33(1.45,17.8) 4.69(1.14,12.9) 0.003
Weight (kg) 76.2 (65.8,854) 84.4(75.8,94.0) 81.9(743,950) 893(77.5,96.1) 909(81.2,985) <0.001
Height (cm) 171(164,179)  174(165,180) 170(164,175) 172(167,178) 173 (165, 176) 0.064
Body mass index (kg/mz) 255(23.3,284) 28.1(25.8,30.7) 289(26.6,32.1) 293(27.1,31.7) 31.1(27.7,33.1) <0.001
Body fat-free mass (kg) 525(454,64.2) 61.1(516,68.1) 55.7(50.0,60.8) 63.7(53.2,683) 61.3(51.9,68.1) <0001
Body fat mass (kg) 20.5(16.5,26.1) 23.8(19.5,29.2) 28.8(20.3,33.9) 256(209,322) 29.0(23.2,343) <0001
Waist circumference (cm) 86.2(78.0,95.2) 96.0(88.1,104) 94.5(89.5106) 101(94.0,109) 104(93.2,112) <0.001
Systolic blood pressure (mmHg) 120(109,130) 126 (116, 137) 128 (113,139)  133(123,144) 137 (126, 150) <0.001
Diastolic blood pressure (mmHg) 74.0 (68.0,80.0) 77.5(72.5,83.5) 785(725,86.0) 81.5(75.0,89.0) 805 (72.586.5) <0.001
Hypertension (%) 23.1 452 524 67.8 776 < 0.001
Antihypertensive medications (%) 14.1 333 254 44 4 55.1 <0.001
Total cholesterol (mmol/I) 540 (4.80,6.07) 5.60(5.00,6.38) 5.70(4.90,6.07) 4.16(3.58,4.80) 5.70(4.90,6.50) < 0.001
Hypercholesterolemia (%) 32.7 51.9 444 544 57.1 <0.001
Lipid-lowering medication (%) 427 106 14.3 333 184 <0.001
Sedentarism (%) 304 325 333 36.7 388 0619

Data are medians (25th, 75th percentile) or percentage

Italic values indicate significance of p-value < 0.05

* p-values are based on the Chi-squared test for categorical variables and the Wilcoxon rank-sum (or Mann-Whitney) tests for continuous variables

while in the group with UT2D adjusted mean values
for LVEDVI and LVESVI were the smallest volumes
(Fig. 1 and Additional file 1: Figure S2 and Table 2).
In addition, we found positive linear associations of
FG, FI, HOMA-IR, 2HG and 2HI with LVWTI. A
1 mmol/l higher FG was associated with a 0.042 mm/
m?>7 (0.014 to 0.070; p=0.003) higher LVWTI. The
NGT group had the lowest LVWTI mean value and
the UT2D group the largest one (Fig. 2 and Table 2).
Finally, we also observed significant positive lin-
ear associations of FG, FI, HOMA-IR, 2HG and 2HI
with LVC. A 1 mmol/l higher FG was associated with
a 0.037 g/ml (0.018 to 0.056; p <0.001) higher LVC.

The UT2D group had the greatest mean adjusted LVC
value (Fig. 3 and Table 2).

Associations of FG, FI, HOMA-IR, 2HG and 2HI

and the OGTT groups with arterial stiffness and LV systolic
function

In multivariable-adjusted regression analyses, we found
significant positive linear associations of FG, FI, HOMA-
IR and 2HG with ASI while no such association was
observed for 2HI. A 1 mmol/I higher FG was associated
with a 0.12 mmHg m*’/ml (0.06 to 0.17; p <0.001) higher
ASI. Moreover, the UT2D group had the greatest mean
ASI value (Fig. 4 and Table 3). On the other hand, we
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Table 2 Adjusted* B-coefficient (95% confidence interval [Cl]) of the associations between fasting glucose (FG)
and insulin (FI), the homeostasis model assessment-insulin resistance index (HOMA-IR) and 2-h postload glucose
(2HG) and insulin (2HI) with left ventricular mass index (LVMI), left ventricular end-diastolic volume index (LVEDVI),
left ventricular end-systolic volume index (LVESVI), left ventricular wall-thickness index (LVWTI) and left ventricular

concentricity (LVC)
Parameter Fasting glucose Fasting insulin HOMA-IR 2-h glucose 2-h insulin
B-coefficient (95% B-coefficient (95% B-coefficient (95% B-coefficient (95% B-coefficient (95% Cl),
Cl), p-value Cl), p-value Cl), p-value Cl), p-value p-value
(n=1001) (n=1001) (n=999) (n=1001) (n=984)
Left ventricular mass —0.08 (- 0.58t0042), 001 (—0.041t00.06), 0.05(=0.13t0 0.22), —0.03(=0.18t00.13), —0.00 (= 0.01 to 0.00),
index (g/m?7) p=0.761 p=0761 p=0.602 p=0.726 p=0324
Left ventricular end- —1.18(—1.80to —242%(— 31710 —227%(— 29610 —035(—054to —1.70°(— 22410
diastolic volume —0.57),p<0.001 —1.67),p<0.001 — 1.58), p<0.001 —1.16), p<0.001 —1.17),p<0.001
index (ml/m?7)
Left ventricular end- — 048 (= 0.84to —1.19% (= 165t0 —1.10° (=153 to —0.18(=0.29to —0.96% (- 1.27to
systolic volume index —0.12),p=0.008 —0.72),p<0.001 —0.68), p<0.001 —0.07),p=0.002 — 0.66), p<0.001

(ml/m?7)

Left ventricular wall- 0.042 (0.014 t0 0.070),  0.007 (0.004 to 0.010),

thickness index (mm/  p=0.003 p<0.001
m27)

Left ventricular concen- 0.037 (0.018 t0 0.056),  0.006 (0.004 to 0.007),
tricity p<0.001 p<0.001

0.025 (0.015 t0 0.034),
p<0.001

0.013 (0.004 to 0.021),
p=0.004

0.001 (0.000 to 0.001),
p=0.003

0020 (0.013 to 0.026),
p<0.001

0012 (0.007 t0 0.018),
p<0.001

0.000 (0.000 to 0.001),
p<0.001

Italic values indicate significance of p-value < 0.05

* Linear regression adjusted for age, sex, body fat-free mass, body fat mass, systolic blood pressure, use of antihypertensive medication, smoking status, alcohol
consumption, sedentarism, estimated glomerular filtration rate, fasting time and study sample

@ Log-linear association

observed significant inverse linear associations of FG, FI,
HOMA-IR and 2HG with LVSI, while 2HI was inversely
associated with this outcome in a log-linear fashion. A
1 mmol/l higher FG was associated with a 0.71 ml/m?*’
(0.31 to 1.11; p=0.001) lower LVSI. We also found that
while the NGT group had the largest LVSI mean value
than the other groups, the UT2D had the smallest one
(Fig. 5 and Table 3). Alternatively, we saw positive linear
associations of FG, FI, HOMA-IR, 2HG and 2HI with
HR. The NGT group had the lowest HR mean value and
the UT2D group the highest one (Additional file 1: Fig-
ure S3 and Table 3). Finally, we did not find significant
associations of FG, FI, HOMA-IR, 2HG and 2HI and the
OGTT groups with LVCI and just an isolated positive
linear association of 2HI with LVEF. All the other asso-
ciations with LVEF were not significant (Additional file 1:
Figures S4, S5 and Table 3).

Discussion

In our analyses we found inverse associations of FG, FI,
HOMA-IR, 2HG and 2HI with LVEDVI in individuals
without known diabetes. FG mainly represents nocturnal
hepatic gluconeogenesis dependent on hepatic insulin
sensitivity and 2HG mainly reflects postprandial hyper-
glycemia. Conversely, we found positive linear associa-
tions of these glycemic variables with LVWTI. The net
result of the associations of higher values of glycemic
indicators on the left ventricular geometry was a greater

left ventricular concentricity. This concentric remod-
eling was independent of other determinants, such as
hypertension.

Noteworthy, the higher values of the glycemic vari-
ables were also accompanied by greater values of ASI and
lower values of LVSI. The higher values of HR observed
in association with the greater values of the glycemic
variables might be a compensatory mechanism, for the
lower LVSI, trying to avoid any deleterious consequence
on the LVCI which was, in reality, not affected as well as
the LVEF. This means that subjects with higher values of
the glycemic variables would have a smaller “reserve’; in
this circumstance heart rate, to utilize under stress when
compared with individuals with lower levels.

In summary, our findings showed a direct relation
between higher glucose and/or insulin levels and greater
arterial stiffness, smaller LV chamber size and higher LV
thickness with resultant LV concentric remodeling and
lower LV stroke volume. These changes in heart geom-
etry and function may be related to the development of
heart failure with preserved ejection fraction (HFpEF).

In the context of the published literature

A previous analysis of the Multiethnic Study of Athero-
sclerosis (MESA) [4] showed that individuals with IFG
had smaller LVEDV and LVSV and no significant differ-
ence regarding LVM, LVCO and LVEF, when compared
with normoglycemic subjects. When diabetic subjects
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Fig. 1 Adjusted* line (95% Cl) showing the associations between fasting glucose (FG) and insulin (FI), the homeostasis model assessment-insulin
resistance index (HOMA-IR) and 2-h postload glucose (2HG) and insulin (2HI) with left ventricular end-diastolic volume index (LVEDVI). Adjusted*®
mean (95% Cl) LVEDVI according to oral glucose tolerance test (OGTT) classification: normal glucose tolerance (NGT), isolated impaired fasting
glucose (i-IFG), isolated impaired glucose tolerance (i-IGT), combined IFG and IGT (IFG+IGT) and unknown type 2 diabetes (UT2D). *Linear
regression adjusted for age, sex, body fat-free mass, body fat mass, systolic blood pressure, use of antihypertensive medication, smoking status,
alcohol consumption, sedentarism, estimated glomerular filtration rate, fasting time and study sample

were compared with persons with normoglycemia, the MESA study [5] demonstrated that IFG and HOMA-
besides the smaller LVEDV and LVSV, the LVEF was IR were positively associated with LVC. Moreover, in uni-
lower and the LVM was higher. A more recent analysis of  variate analyses stratified by BMI, subjects with IFG had
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Fig. 2 Adjusted* line (95% Cl) showing the associations between fasting glucose (FG) and insulin (FI), the homeostasis model assessment-insulin
resistance index (HOMA-IR) and 2-h postload glucose (2HG) and insulin (2HI) with left ventricular wall-thickness index (LVWTI). Adjusted* mean (95%
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Fig. 3 Adjusted* line (95% Cl) showing the associations between fasting glucose (FG) and insulin (FI), the homeostasis model assessment-insulin
resistance index (HOMA-IR) and 2-h postload glucose (2HG) and insulin (2HI) with left ventricular concentricity (LVC). Adjusted* mean (95% Cl) LVC
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Table 3 Adjusted* B-coefficient (95% confidence interval [Cl]) of the associations between fasting glucose (FG)
and insulin (FlI), the homeostasis model assessment-insulin resistance index (HOMA-IR) and 2-h postload glucose (2HG)
and insulin (2HI) with arterial stiffness index (ASI), left ventricular stroke volume index (LVSI), heart rate (HR), left
ventricular cardiac output index (LVCI) and left ventricular ejection fraction (LVEF)

Parameter Fasting glucose Fasting insulin HOMA-IR 2-h glucose 2-hinsulin
B-coefficient (95% B-coefficient (95% B-coefficient (95% B-coefficient (95% B-coefficient (95% Cl),
Cl), p-value Cl), p-value Cl), p-value Cl), p-value p-value
(n=1001) (n=1001) (n=999) (n=1001) (n=984)
Arterial stiffness index  0.12 (0.06 t0 0.17), 0.01 (0.00 to 0.01), 0.03 (0.01 to0 0.05), 0.03 (0.01 to 0.04), 0.00 (— 0.00 to — 0.00),
(mmHg*m?’/ml) p<0.001 p=0011 p=0002 p=0.005 p=0870
Left ventricular stroke  —0.71 (— 1.11 to — 007 (=0.11to —025(—038to —0.18(=030to —0.84°(— 1.17to
volume index (ml/ —0.31),p=0.001 —0.03), p<0.001 —0.11),p<0.001 — 0.05), p=0.006 —0.50), p<0.001

m2.7)

Heart rate (bpm)

Left ventricular cardiac
output index (I/
min*m2‘7)

Left ventricular ejection  0.01 (— 0.66 to 0.67),

213 (091 10 3.34),
p=0001

— 002 (=005 to
—001), p=0.305

492° (33410 6.51),
p<0.001

0.00 (— 0.00 to 0.00),

p=0690

0.06 (= 0.00 to 1.13),

449 (3,06 10 5.93),
p<0.00]

0.00 (— 001 t0 0.01),
p=0875

0.20 (— 0.03 to 0.43),

068 (03410 1.05),
p<0.001

—0.00 (— 0.01t0 0.01),

p=0.681

0.10 (= 0.11 t0 0.30),

003 (002 t0 0.05),
p<0.001

—0.00 (— 0.00 to 0.00),
p=0423

0.01(0.00 t0 0.02),

fraction (%) p=0.982 p=0.061

p=0088 p=0350 p=0.003

Italic values indicate significance of p-value < 0.05

* Linear regression adjusted for age, sex, body fat-free mass, body fat mass, systolic blood pressure, use of antihypertensive medication, smoking status, alcohol
consumption, sedentarism, estimated glomerular filtration rate, fasting time and study sample

2 Log-linear association

a higher LVC and LVMI and a lower LVEDVI when com-
pared with individuals with normal fasting glucose.

An investigation of 1603 individuals with a mean age
of 64 years from the Framingham Heart Study [6], dem-
onstrated positive associations in age-adjusted models
of HOMA-IR with LVMI, LVC, relative wall thickness,
LVCO and LVEF for men and women. Noteworthy,
after further adjustments, that included BMI, just LVC
remained positively associated with HOMA-IR, while the
relation with LVMI became even an inverse one.

A previous investigation of the Atherosclerosis Risk in
Communities (ARIC) study [7] showed that prediabetes
and type 2 diabetes were associated with higher arte-
rial stiffness when compared with subjects with normal
glucose levels. A recent study [32] suggests that insulin
resistance might be an early marker of arterial stiffness
in healthy and active young to middle-age men. Triglyc-
eride glucose index is the product of fasting plasma glu-
cose and triglycerides and is a strong surrogate for insulin
resistance [33]. Previous studies found that the triglyc-
eride glucose index was positive associated with the risk
for incident type 2 diabetes [34] and with arterial stift-
ness in a relatively healthy Korean population [35] and
in lean postmenopausal women [33]. Another study [36]
indicated that lipopolysaccharide-binding protein levels,
a surrogate of inflammation immune responses, were
associated with arterial stiffness among male patients
with type 2 diabetes independently of obesity and tradi-
tional cardiovascular risk factors. Interestingly, treatment
with liraglutide in patients with recently diagnosed type 2

diabetes reduced oxidative stress resulting in an improve-
ment of arterial stiffness and left ventricular myocardial
strain [37]. Moreover, in an experimental model with
induced type 2 diabetes in female mice, empagliflozin
improved kidney injury by promoting glycosuria, and
probably by reducing systemic and renal artery stiffness
[38].

Finally, our group has previously published findings
from two independent analyses of KORA FF4 samples.
The first one [15] which used multivariate models with-
out adjustment for height, weight or BMI, showed that
individuals with prediabetes and type 2 diabetes had
lower LVEDV, LVESV, LVSV and higher LVM and LVEF
(just individuals with prediabetes) when compared with
subjects with normal glucose metabolism. The second
one [16], which further adjusted for BMI, showed that
individuals with prediabetes and type 2 diabetes had
higher LVWT when compared with subjects with nor-
mal glucose metabolism. We did not find any other MRI
study regarding LVWT.

All the previously cited studies included MRI deter-
mined heart parameters. The results of our current anal-
yses are, in general, in line with these studies regarding
the findings of associations of higher glycemic and insu-
lin levels with lower LV cavity size and greater wall thick-
ness, concentricity and arterial stiffness without effect
on LVCO and LVEE. On the other hand, compared with
previous studies, we did not find any association of the
OGTT parameters with LVMI. We believe that the main
reason for this specific finding was the use of body fat-free
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Fig. 5 Adjusted* line (95% Cl) showing the associations between fasting glucose (FG) and insulin (FI), the homeostasis model assessment-insulin
resistance index (HOMA-IR) and 2-h postload glucose (2HG) and insulin (2HI) with left ventricular stroke volume index (LVSI). Adjusted* mean (95%
Cl) LVSI according to oral glucose tolerance test (OGTT) classification: normal glucose tolerance (NGT), isolated impaired fasting glucose (i-IFG),
isolated impaired glucose tolerance (i-IGT), combined IFG and IGT (IFG+IGT) and unknown type 2 diabetes (UT2D). *Linear regression adjusted
for age, sex, body fat-free mass, body fat mass, systolic blood pressure, use of antihypertensive medication, smoking status, alcohol consumption,
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and fat mass, instead of BMI, as covariate (after the initial
normalization of cardiac parameters to height®”). As far
as we know, almost all previous studies that analyzed the

associations of glucose and/or insulin levels with cardiac
structure and function by echocardiography or MRI uti-
lized BMI as a covariate. BIA assess body composition
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which is considered a better measurement of obesity
than BMI as it allows to differentiate between fat-free and
fat mass which both contribute to BMI [39]. In sensitiv-
ity analyses (Additional file 1: Table S4), we compared
three regression models of the associations of HOMA-IR
with LVML. In the first model, besides the adjustment for
age, sex, systolic blood pressure, use of antihypertensive
medication, smoking status, alcohol consumption, seden-
tarism, estimated glomerular filtration rate, fasting time
and study sample we further adjusted for body fat-free
and fat mass (our original model). In the second model,
we did not adjust for fat mass and fat-free-mass, but
for BMLI. Finally, in the third model we further adjusted
for weight and height. Remarkably, while in our origi-
nal model we had no significant association (p=0.602),
it was highly significant, when adjusted for BMI and
the association was an inverse one (Additional file 1:
Table S4). This seems to be the same phenomenon that
has been observed in the above-discussed analysis of the
Framingham Heart Study [6]. Actually, we believe that
adjustment for BMI (which includes height in its calcu-
lation) in a model that included a variable already nor-
malized to height®’, might represent an over adjustment
and thus, potentially, might lead to a misleading result.
The reason for our choice of body fat-free and fat mass,
instead of BMI, as cofounders in the multivariate models
was the potential diverse effects of the different compo-
nents of the body composition. Body fat-free and fat mass
might have diverse effects on the OGTT parameters and,
at the same time, the LV structure and function explain-
able by their different structural composition, metabolic
demands and functional manifestations. Body fat-free
mass is responsible for almost all of the body’s metabolic
requirements while body fat mass may be accountable
for the release of numerous biomarkers and inflamma-
tory cytokines. Moreover, body fat-free mass might have
a metabolic protective effect that mitigates the excess of
the previously mentioned markers. We believe that our
approach to normalize the cardiac parameters to height*”
and subsequent adjust for body fat-free and fat mass was
the most feasible strategy to analyze the effects of OGTT
parameters on the heart independently of obesity which
is highly correlated with both exposures and outcomes.

Potential mechanisms for the observed associations

Glycemic disorders and insulin resistance are usually
accompanied by several cardiovascular and metabolic
risk factors and co-morbidities like older age, obesity,
hypercholesterolemia, hypertension and coronary heart
disease. Otherwise, the involved pathologic mecha-
nisms that might explain these associations are still
not completely clarified [2]. Our study protocol was
not designed to elucidate possible pathophysiological
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mechanisms that might be involved in the associa-
tions described in our analyses and the cross-sectional
design of our study restricts the evaluation of causal
relationships. Besides that, there is still no prospective
clinical trial that had undoubtedly demonstrated that
higher glucose and insulin levels might have a causal
association with changes in the heart [2]. Nevertheless,
we have integrated various risk factors in our multi-
variable regression models. Our results might support
a direct relation between higher glucose and/or insulin
levels and greater arterial stiffness, smaller LV chamber
size and higher LV thickness with resultant LV concen-
tric remodeling and lower LV stroke volume. The LV
cardiac output would be kept due to higher heart rate.

Dose-response modeling results suggest that fast-
ing glycemic levels do not have a clearly defined
threshold in their relations with cardiac parameters,
as with retinopathy, but rather a continuous associa-
tion. Hyperglycemia and hyperinsulinemia are usually
accompanied by increased free fatty acid levels, sys-
temic and tissue inflammation, oxidative stress, and
activation of the renin—angiotensin—aldosterone sys-
tem and the sympathetic nervous system. Otherwise,
the effects of increased glycemic and insulinemic levels
on the cardiac structure are, in the beginning, clinically
asymptomatic [2]. These initial effects are character-
ized by higher stiffness (mainly by increased intracel-
lular Ca*"), increased collagen and advanced glycation
end products, fibrosis and cellular hypertrophy (mainly
by expression of hypertrophic genes) [2]. Noteworthy,
this process should be considered as not specific of the
heart, but rather of the entire cardio-vascular system.
Because of this initial process, the LV chamber size
decreases and the LV wall hypertrophies leading to
cardiac remodeling, cardiac diastolic dysfunction and
eventually systolic dysfunction. Our analyses are in line
with the subclinical presentation of this process.

Finally, one of the possible complications that may
affect individuals with type 2 diabetes and even with pre-
diabetes is a cardiovascular autonomic neuropathy. This
condition is characterized by sinus tachycardia, exercise
intolerance, and orthostatic hypotension [40]. Moreo-
ver, it may also be associated with left ventricular systolic
and diastolic dysfunction independent of any other car-
diac disease [41]. Interestingly, while the cardiovascular
autonomic neuropathy might result in a decrease in the
left ventricular filing volume, leading to a lower stroke
volume, it also causes sinus tachycardia that will result in
a normal cardiac output. Unfortunately, our study pro-
tocol did not include measurements, such as heart rate
variation, the Valsalva maneuver and postural changes
in blood pressure to evaluate in more detail the cardiac
autonomic function.



Markus et al. Cardiovasc Diabetol (2019) 18:145

Study limitations

We need to mention some limitations of our analy-
ses. First, our study sample consisted of European Cau-
casians; therefore, further analyses of samples with
different ethnicity and age groups would be desirable to
investigate the strength of this association across those
groups. Second, the cross-sectional design is a limitation,
which means that relationships between cause and effect
might be not recognized. Third, our sample consisted
of data from two separate studies (SHIP-TREND-0 and
KORA FF4) with some minor methodological variances
including difference in sample ages (21 to 81 in SHIP-
TREND-0 and 39 to 73 in KORA FF4). While we con-
sider that this did not have an effect on our results, we
cannot conclusively exclude it (even after supplementary
adjustment for study sample in our regression models).
Finally, although we have incorporated numerous con-
founders into our multivariable regression models, we
cannot exclude residual confounding due to unmeasured
conditions.

However, our analyses also have some noteworthy
strengths, including the large number of subjects based
on two cohorts of the general population, the standard-
ized evaluation of OGTT data after an overnight fast, and
the availability of lifestyle data and multiple metabolic
risk factors.

Conclusions

Our results showed inverse associations of FG (con-
sequence of nocturnal hepatic gluconeogenesis), FI,
HOMA-IR, 2HG (result of postprandial hyperglycemia)
and 2HI with LV chamber size. On the other hand, these
glycemic variables were positively associated with LV
wall thickness resulting in a LV concentric remodeling
pattern. Moreover, higher values of the glycemic vari-
ables were also accompanied by greater values of arterial
stiffness and lower values of LV stroke volume, but not
with changes in LV cardiac output (since an accompany-
ing higher heart rate) and LV ejection fraction.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512933-019-0948-4.

{ Additional file 1. Expanded methods, additional figures and tables. }

Abbreviations

2HG: 2-h postload glucose (2HG) and insulin (2HI); 2HI: 2-h postload insulin;
ADA: American Diabetes Association; ARIC: Atherosclerosis Risk in Communi-
ties; ASI: arterial stiffness index; BIA: bioelectrical impedance analysis; BMI:
lower body mass index; DM: diabetes mellitus; eGFR: estimated glomerular
filtration rate; FG: fasting glucose; FI: fasting insulin; FFM: body fat-free mass;
FM: body fat mass; HOMA-IR: homeostasis model assessment-insulin resist-
ance index; IFG: impaired fasting glucose; IGT: impaired glucose tolerance;

Page 14 of 16

i-IFG: isolated impaired fasting glucose; i-IGT: isolated impaired glucose; KORA:
Kooperative Gesundheitsforschung in der Region Augsburg-Cooperative
Health Research in the Region of Augsburg; KORA FF4: second follow-up of
the population-based KORA S4 cohort; LV: left ventricular; LVC: left ventricular
concentricity; LVCO: left ventricular cardiac output; LVCI: left ventricular cardiac
output index; LVEDV: left ventricular end-diastolic; LVEDVI: left ventricular end-
diastolic index; LVEF: left ventricular ejection fraction; LVESV: left ventricular
end-systolic volume; LVESVI: left ventricular end-systolic volume index; LVM:
left ventricular mass; LVMI: left ventricular mass index; LVSV: left ventricular
stroke volume; LVSI: left ventricular stroke volume index; LVWT: left ventricular
wall-thickness; LVWTI: left ventricular wall-thickness index; MESA: Multiethnic
Study of Atherosclerosis; MRI: magnetic resonance imaging; NGT: normal glu-
cose tolerance; NHANES: National Health and Nutrition Examination Survey;
OGTT: oral glucose tolerance test; SHIP: Study of Health in Pomerania; SHIP-
TREND-0: baseline examination of the Study of Health in Pomerania TREND-0
cohort; SSFP: steady-state free precession; UT2D: unknown type 2 diabetes.

Acknowledgements
Not applicable.

Authors’ contributions

MRPM analyzed the data and wrote the manuscript and is the guarantor

of this work and, as such, had full access to all the data in the study and

take responsibility for the integrity of the data and the accuracy of the data
analysis. Tl analyzed the data and contributed to statistical support. WR and
MD have contributed to conception and design of the manuscript. SR, SEB,
SS, USM, RL, CS, VP, AP, CM, FB, MN, MB, HV, SBF and RB have contributed with
substantial interpretation of the data and have critically revised the manu-
script for important intellectual content. All authors read and approved the
final manuscript.

Funding
The Study of Health in Pomerania (SHIP) is part of the Community Medicine
Research net (CMR) (http://www.medizin.uni-greifswald.de/icm) of the Univer-
sity Medicine Greifswald, which is supported by the German Federal Ministry
of Education and Research (BMBF, Grant Numbers: 017796030 and 012Z0701)
and by the German Competence Network Heart Failure. MRI scans in SHIP-
TREND-0 have been supported by a joint grant from Siemens Healthineers,
Erlangen, Germany and the Federal State of Mecklenburg-West Pomerania.
This study was carried out in collaboration with the German Centre for
Cardiovascular Research (DZHK) and the German Center for Diabetes Research
(DZD), which are funded by the German Federal Ministry of Education and
Research (BMBF). We acknowledge support for the Article Processing Charge
from the DFG (German Research Foundation, 393148499) and the Open
Access Publication Fund of the University of Greifswald.

The KORA research platform and the MONICA/KORA Augsburg studies
are financed by the Helmholtz Zentrum Miinchen, German Research Center
for Environmental Health (GmbH), which is funded by the German Federal
Ministry of Education and Research (BMBF) and by the State of Bavaria. The
Diabetes Study was funded by a German Diabetes Foundation project grant
(201/05/07) and by a grant from the Nationales Aktionsforum Diabetes mel-
litus (NAFDM). This study was carried out in collaboration with the German
Centre for Cardiovascular Research (DZHK), which is supported by the German
Federal Ministry of Education and Research (BMBF/DZHK FKZ 8125400151)
and the EU supported BiomarCare consortium and the German Center for
Diabetes Research (DZD). This work was also supported by the Ministry of
Science and Research of the State of North Rhine-Westphalia (MIWF NRW),
the German Federal Ministry of Health (BMG) and the German Diabetes
Foundation (DDS).

Availability of data and materials

The datasets generated during and/or analyzed during the current study are
not publicly available due to data protection aspects but are available in an
anonymized form from the corresponding author on reasonable request.

Ethics approval and consent to participate

The study was approved by the ethics committees of the University of
Greifswald, the Bavarian Chamber of Physicians, and the Ludwig-Maximilians-
Universitat Minchen and complies with the Declaration of Helsinki.


https://doi.org/10.1186/s12933-019-0948-4
https://doi.org/10.1186/s12933-019-0948-4
http://www.medizin.uni-greifswald.de/icm

Markus et al. Cardiovasc Diabetol (2019) 18:145

Consent for publication
All study participants gave written informed consent to participate in this
study, and having their results published as part of this study.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Internal Medicine B, University Medicine Greifswald, Ferdi-
nand-Sauerbruch-StraBe, 17475 Greifswald, Germany. 2 German Center for Dia-
betes Research (DZD), Partner Site Greifswald, Greifswald, Germany. * German
Centre for Cardiovascular Research (DZHK), Partner Site Greifswald, Greifswald,
Germany. * Institute of Epidemiology, Helmholtz Zentrum Miinchen, German
Research Center for Environmental Health, Neuherberg, Germany. ° Depart-
ment of Study of Health in Pomerania/Clinical-Epidemiological Research,
Institute for Community Medicine, University Medicine Greifswald, Greifswald,
Germany. © Chair of Epidemiology, Ludwig-Maximilians-Universitdt Minchen
at UNIKA-T Augsburg, Augsburg, Germany.” Independent Research Group
Clinical Epidemiology, Helmholtz Zentrum Miinchen, German Research Center
for Environmental Health, Munich, Germany. & Institute for Medical Psychology,
University Medicine Greifswald, Greifswald, Germany. ° Department of Radiol-
ogy, Ludwig-Maximilians-University Hospital, Munich, Germany. '° Depart-
ment of Diagnostic and Interventional Radiology, University of Tuebingen,
Tiibingen, Germany. ' Institute for Biometrics and Epidemiology, German
Diabetes Center (DDZ), Leibniz Center for Diabetes Research at Heinrich Heine
University Diisseldorf, Diisseldorf, Germany. ' German Center for Diabetes
Research (DZD), Miinchen-Neuherberg, Germany. !> Department of Diag-
nostic and Interventional Radiology, Medical Center, University of Freiburg,
Faculty of Medicine, University of Freiburg, Freiburg, Germany. ' Institute

of Clinical Chemistry and Laboratory Medicine, University Medicine Greifswald,
Greifswald, Germany. '° Institute of Diagnostic Radiology and Neuroradiology,
University Medicine Greifswald, Greifswald, Germany.

Received: 16 August 2019 Accepted: 19 October 2019
Published online: 04 November 2019

References

1. Preis Sarah R, Hwang S-J, Coady S, Pencina Michael J, D'Agostino Ralph B,
Savage Peter J, Levy D, Fox Caroline S.Trends in all-cause and cardiovas-
cular disease mortality among women and men with and without dia-
betes mellitus in the Framingham Heart Study, 1950 to 2005. Circulation.
2009;119(13):1728-35.

2. Jia G, Hill MA, Sowers JR. Diabetic cardiomyopathy: an update of mecha-
nisms contributing to this clinical entity. Circ Res. 2018;122(4):624-38.

3. TamayoT, Schipf S, Meisinger C, Schunk M, Maier W, Herder C, Roden M,
Nauck M, Peters A, Volzke H, et al. Regional differences of undiagnosed
type 2 diabetes and prediabetes prevalence are not explained by known
risk factors. PLoS ONE. 2014;9(11):e113154.

4. Heckbert SR, Post W, Pearson GD, Arnett DK, Gomes AS, Jerosch-Herold
M, Hundley WG, Lima JA, Bluemke DA. Traditional cardiovascular risk
factors in relation to left ventricular mass, volume, and systolic function
by cardiac magnetic resonance imaging: the Multiethnic Study of Athero-
sclerosis. J Am Coll Cardiol. 2006;48(11):2285-92.

5. Shah RV, Abbasi SA, Heydari B, Rickers C, Jacobs DR Jr, Wang L, Kwong
RY, Bluemke DA, Lima JA, Jerosch-Herold M. Insulin resistance, subclinical
left ventricular remodeling, and the obesity paradox: MESA (Multi-Ethnic
Study of Atherosclerosis). J Am Coll Cardiol. 2013;61(16):1698-706.

6. Velagaleti RS, Gona P, Chuang ML, Salton CJ, Fox CS, Blease SJ, Yeon SB,
Manning WJ, O'Donnell CJ. Relations of insulin resistance and glycemic
abnormalities to cardiovascular magnetic resonance measures of cardiac
structure and function: the Framingham Heart Study. Circ Cardiovasc
Imaging. 2010;3(3):257-63.

7. LoehrLR, Meyer ML, Poon AK, Selvin E, Palta P, Tanaka H, Pankow JS,
Wright JD, Griswold ME, Wagenknecht LE, et al. Prediabetes and diabetes
are associated with arterial stiffness in older adults: the ARIC study. Am J
Hypertens. 2016;29(9):1038-45.

8. John U, Greiner B, Hensel E, Ludemann J, Piek M, Sauer S, Adam C, Born
G, Alte D, Greiser E, et al. Study of Health In Pomerania (SHIP): a health

20.

21.

22.

23.

24.

25.

26.

Page 150f 16

examination survey in an east German region: objectives and design. Soz
Praventivmed. 2001;46(3):186-94.

Volzke H, Alte D, Schmidt CO, Radke D, Lorbeer R, Friedrich N, Aumann

N, Lau K, Piontek M, Born G, et al. Cohort profile: the study of health in
Pomerania. Int J Epidemiol. 2011;40(2):294-307.

. Holle R, Happich M, Lowel H, Wichmann HE. KORA—a research platform

for population based health research. Gesundheitswesen. 2005;67(Suppl
1):519-25.

. Markus MRP, Ittermann T, Wittfeld K, Schipf S, Siewert-Markus U, Bahls

M, Bulow R, Werner N, Janowitz D, Baumeister SE, et al. Prediabetes is
associated with lower brain gray matter volume in the general popula-
tion. The Study of Health in Pomerania (SHIP). Nutr Metab Cardiovasc Dis.
2017,27(12):1114-22.

. Huth C, Beuerle S, Zierer A, Heier M, Herder C, Kaiser T, Koenig W, Kronen-

berg F, Oexle K, Rathmann W, et al. Biomarkers of iron metabolism are
independently associated with impaired glucose metabolism and type 2
diabetes: the KORA F4 study. Eur J Endocrinol. 2015;173(5):643-53.

. American Diabetes A. 2. Classification and diagnosis of diabetes. Diabetes

Care. 2017;40(Suppl 1):S11-24.

. Bulow R, Ittermann T, Dorr M, Poesch A, Langner S, Volzke H, Hosten N,

Dewey M. Reference ranges of left ventricular structure and func-
tion assessed by contrast-enhanced cardiac MR and changes related
to ageing and hypertension in a population-based study. Eur Radiol.
2018;28(9):3996-4005.

. Bamberg F, Hetterich H, Rospleszcz S, Lorbeer R, Auweter SD, Schlett

CL, Schafnitzel A, Bayerl C, Schindler A, Saam T, et al. Subclinical disease
burden as assessed by whole-body MRI in subjects with prediabetes,
subjects with diabetes, and normal control subjects from the general
population: the KORA-MRI study. Diabetes. 2017,66(1):158-69.

. Rospleszcz S, Schafnitzel A, Koenig W, Lorbeer R, Auweter S, Huth C, Rath-

mann W, Heier M, Linkohr B, Meisinger C, et al. Association of glycemic
status and segmental left ventricular wall thickness in subjects without
prior cardiovascular disease: a cross-sectional study. BMC Cardiovasc
Disord. 2018;18(1):162.

. Juergens KU, Grude M, Maintz D, Fallenberg EM, Wichter T, Heindel W,

Fischbach R. Multi-detector row CT of left ventricular function with dedi-
cated analysis software versus MR imaging: initial experience. Radiology.
2004;230(2):403-10.

. Hogan JW, Roy J, Korkontzelou C. Handling drop-out in longitudinal stud-

ies. Stat Med. 2004;23(9):1455-97.

. de Simone G, Devereux RB, Kimball TR, Mureddu GF, Roman MJ, Contaldo

F, Daniels SR. Interaction between body size and cardiac workload:
influence on left ventricular mass during body growth and adulthood.
Hypertension. 1998;31(5):1077-82.

Devereux RB, Roman MJ, Paranicas M, O'Grady MJ, Lee ET, Welty TK,
Fabsitz RR, Robbins D, Rhoades ER, Howard BV. Impact of diabetes on
cardiac structure and function: the strong heart study. Circulation.
2000;101(19):2271-6.

Maziak W, Hense HW, Doring A, Keil U. Ten-year trends in smoking
behaviour among adults in southern Germany. Int J Tuberc Lung Dis.
2002;6(9):824-30.

Markus MR, Lieb W, Stritzke J, Siewert U, Troitzsch P, Koch M, Dorr M, Felix
SB, Volzke H, Schunkert H, et al. Light to moderate alcohol consumption
is associated with lower risk of aortic valve sclerosis: The Study of Health
in Pomerania (SHIP). Arterioscler Thromb Vasc Biol. 2015;35(5):1265-70.
Physical status: the use and interpretation of anthropometry. Report
of a WHO Expert Committee. World Health Organ Tech Rep Ser.
1995;854:1-452.

Baumeister SE, Friedrich N, Schmidt CO, Volzke H, Nauck M, Hoffmann
W, Flessa S, Marschall P, Wallaschofski H. Association of IGF-I and IGFBP-3
with health care costs and hospitalization: results from a prospective
observational study. Growth Horm IGF Res. 2011;21(2):89-95.

Kyle UG, Bosaeus |, De Lorenzo AD, Deurenberg P, Elia M, Gomez JM,
Heitmann BL, Kent-Smith L, Melchior JC, Pirlich M, et al. Bioelectrical
impedance analysis—part I: review of principles and methods. Clin Nutr.
2004,23(5):1226-43.

Kusztal M, Kleszczynski J, Weyde W, Makulska |, Porazko T, Golebiowski

T, Krajewska M, Zwolinska D, Klinger M. Pulse volume changes recorded
by air plethysmography during single hemodialysis sessions. Blood Purif.
2008;26(6):498-504.



Markus et al. Cardiovasc Diabetol

27.

28.

29.

30.

31.

32.

33.

34

35.

(2019) 18:145

Kohler A, King R, Bahls M, Gross S, Steveling A, Gartner S, Schipf S, Glaser
S, Volzke H, Felix SB, et al. Cardiopulmonary fitness is strongly associated
with body cell mass and fat-free mass: the Study of Health in Pomerania
(SHIP). Scand J Med Sci Sports. 2018;28(6):1628-35.
WHO/ISH-Guidelines-Subcommittee. 1999 World Health Organization-
International Society of Hypertension guidelines for the management of
hypertension. Guidelines subcommittee. J Hypertens. 1999;17(2):151-83.
Baumeister SE, Volzke H, Marschall P, John U, Schmidt CO, Flessa S,

Alte D. Impact of fatty liver disease on health care utilization and

costs in a general population: a 5-year observation. Gastroenterology.
2008;134(1):85-94.

Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman

HI, Kusek JW, Eggers P, Van Lente F, Greene T, et al. A new equation to
estimate glomerular filtration rate. Ann Intern Med. 2009;150(9):604-12.
Sauerbrei W, Meier-Hirmer C, Benner A, Royston P. Multivariable regres-
sion model building by using fractional polynomials: description of SAS,
STATA and R programs. Comput Stat Data Anal. 2006;50(12):3464-85.
Khoshdel AR, Eshtiaghi R. Assessment of arterial stiffness in metabolic
syndrome related to insulin resistance in apparently healthy men. Metab
Syndr Relat Disord. 2019;17(2):90-6.

Lambrinoudaki I, Kazani MV, Armeni E, Georgiopoulos G, Tampakis K,
Rizos D, Augoulea A, Kaparos G, Alexandrou A, Stamatelopoulos K. The
TyG index as a marker of subclinical atherosclerosis and arterial stiffness
in lean and overweight postmenopausal women. Heart Lung Circ.
2018;27(6):716-24.

Zhang M, Wang B, Liu'Y, Sun X, Luo X, Wang C, Li L, Zhang L, Ren Y, Zhao Y,
et al. Cumulative increased risk of incident type 2 diabetes mellitus with
increasing triglyceride glucose index in normal-weight people: the Rural
Chinese Cohort Study. Cardiovasc Diabetol. 2017;16(1):30.

Won KB, Park GM, Lee SE, Cho IJ, Kim HC, Lee BK, Chang HJ. Relationship
of insulin resistance estimated by triglyceride glucose index to arterial
stiffness. Lipids Health Dis. 2018;17(1):268.

37.

38.

39.

40.

41.

Page 16 of 16

. Sakura T, Morioka T, Shioi A, Kakutani Y, Miki Y, Yamazaki Y, Motoyama K,

Mori K, Fukumoto S, Shoji T, et al. Lipopolysaccharide-binding protein is
associated with arterial stiffness in patients with type 2 diabetes: a cross-
sectional study. Cardiovasc Diabetol. 2017;16(1):62.

Lambadiari V, Pavlidis G, Kousathana F, Varoudi M, Vlastos D, Maratou

E, Georgiou D, Andreadou |, Parissis J, Triantafyllidi H, et al. Effects of
6-month treatment with the glucagon like peptide-1 analogue liraglutide
on arterial stiffness, left ventricular myocardial deformation and oxidative
stress in subjects with newly diagnosed type 2 diabetes. Cardiovasc
Diabetol. 2018;17(1):8.

Aroor AR, Das NA, Carpenter AJ, Habibi J, Jia G, Ramirez-Perez Fl,
Martinez-Lemus L, Manrique-Acevedo CM, Hayden MR, Duta C, et al.
Glycemic control by the SGLT2 inhibitor empagliflozin decreases aortic
stiffness, renal resistivity index and kidney injury. Cardiovasc Diabetol.
2018;17(1):108.

Roubenoff R, Dallal GE, Wilson PW. Predicting body fatness: the body
mass index vs estimation by bioelectrical impedance. Am J Public Health.
1995,85(5):726-8.

SpalloneV, Ziegler D, Freeman R, Bernardi L, Frontoni S, Pop-Busui R,
Stevens M, Kempler P, Hilsted J, Tesfaye S, et al. Cardiovascular autonomic
neuropathy in diabetes: clinical impact, assessment, diagnosis, and man-
agement. Diabetes Metab Res Rev. 2011,27(7):639-53.

Vinik Aaron |, Ziegler D. Diabetic cardiovascular autonomic neuropathy.
Circulation. 2007;115(3):387-97.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Glucose and insulin levels are associated with arterial stiffness and concentric remodeling of the heart
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Pooled study sample
	Glucose and insulin measurements, oral glucose tolerance test and classification of prediabetes and unknown type 2 diabetes
	Cardiac MR imaging
	Image analysis
	Interview, medical and laboratory examinations
	Statistical analysis

	Results
	Associations of FG, FI, HOMA-IR, 2HG and 2HI and the OGTT groups with LV geometry
	Associations of FG, FI, HOMA-IR, 2HG and 2HI and the OGTT groups with arterial stiffness and LV systolic function

	Discussion
	In the context of the published literature
	Potential mechanisms for the observed associations
	Study limitations

	Conclusions
	Acknowledgements
	References




