>
o
o
-l
o
0
>
=
o
o
=
<
o

158

Diabetes Volume 66, January 2017

Fabian Bamberg,1.2.3 Holger Hetterich,1.3 Susanne Rospleszcz,* Roberto Lorbeer,!:3

Sigrid D. Auweter,! Christopher L. Schlett,5 Anina Schafnitzel,! Christian Bayerl,!

CrossMark

Andreas Schindler,! Tobias Saam,! Katharina Miiller-Peltzer,® Wieland Sommer,?
Tanja Zitzelsberger,?2 Jirgen Machann,2.6.7 Michael Ingrisch,! Sonja Selder,!

Wolfgang Rathmann,® Margit Heier,%9 Birgit Linkohr,4 Christa Meisinger,%9°
Christian Weber,3.10 Birgit Ertl-Wagner,® Steffen Massberg,11 Maximilian F. Reiser,!

and Annette Peters3:4.10

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 2017:66:158-169 | DOI: 10.2337/db16-0630

Detailed pathophysiological manifestations of early dis-
ease in the context of prediabetes are poorly under-
stood. This study aimed to evaluate the extent of early
signs of metabolic and cardio-cerebrovascular compli-
cations affecting multiple organs in individuals with
prediabetes. Subjects without a history of stroke, cor-
onary artery disease, or peripheral artery disease were
enrolled in a case-control study nested within the Co-
operative Health Research in the Region of Augsburg
(KORA) FF4 cohort and underwent comprehensive MRI
assessment to characterize cerebral parameters (white
matter lesions, microbleeds), cardiovascular parameters
(carotid plaque, left ventricular function, and myocar-
dial late gadolinium enhancement [LGE]), and meta-
bolic parameters (hepatic proton-density fat fraction
[PDFF] and subcutaneous and visceral abdominal fat).
Among 400 subjects who underwent MRI, 103 subjects

had prediabetes and 54 had established diabetes.
Subjects with prediabetes had an increased risk for
carotid plaque and adverse functional cardiac parame-
ters, including reduced early diastolic filling rates as well as
a higher prevalence of LGE compared with healthy control
subjects. In addition, people with prediabetes had signifi-
cantly elevated levels of PDFF and total and visceral fat.
Thus, subjects with prediabetes show early signs of sub-
clinical disease that include vascular, cardiac, and meta-
bolic changes, as measured by whole-body MRI after
adjusting for cardiometabolic risk factors.

The current epidemic of diabetes threatens the health of a
large number of individuals in developed and developing
countries (1). Most of the recent growth in the prevalence
of diabetes can be attributed to an increase in type 2
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diabetes, where insulin resistance and impaired insulin
secretion are key features leading to well-known adverse car-
diovascular outcomes (2). However, there is a large and in-
creasing proportion of subjects (~20% of the adult U.S.
population) who do not satisfy the diabetes criteria, but
who still have impaired glucose metabolism and are thus
classified as having prediabetes (3). These subjects are of
particular relevance as they are at increased risk for either
progressing to type 2 diabetes and/or cardiovascular events
and may represent a beneficial prevention target (4). Their
prevalence is expected to rise to almost 419 million world-
wide by 2025 (5). However, detailed pathophysiological path-
ways of prediabetes as well as manifestations of early disease
and its complications are not yet sufficiently understood.

Advanced imaging modalities, particularly whole-body
MRI, provide the opportunity to visualize the parameters of
subdlinical disease and body composition without exposure
to ionizing radiation. Because of technical advances, such as
parallel acquisition techniques, continuous table move-
ment techniques, and multichannel receiver coils, a compre-
hensive whole-body MRI protocol can be acquired within
acceptable examination times and is increasingly established in
clinical settings (6) as well as in population-based research (7).

In subjects with established diabetes, there is strong
evidence that the level of detectable subclinical disease
burden, such as myocardial perfusion and delayed enhance-
ment as assessed by MRI, has strong prognostic relevance
beyond left and right ventricular function (8-10). Less is
known in subjects with prediabetes, although there is early
evidence that prediabetes is associated with increased carotid
plaque volume and arterial stiffness as determined by ultra-
sound (11,12), and changes in left ventricular (LV) function
as determined by echocardiography (13,14) or native (15) or
contrast-enhanced cardiac MRI (16). However, these obser-
vations lack, in part, a prospective design or reference group,
comprise significant selection bias, or are not generalizable to
a preventive setting. Nevertheless, they demonstrate that im-
aging can provide valuable insights into the disease process.

Thus, the aim of the current study was to determine the
prevalence of early signs of subclinical cardiovascular disease
in a cross-sectional study, using a dedicated cardiovascular
whole-body MRI protocol, in subjects with prediabetes and
diabetes, and in control subjects without known cardiovas-
cular disease in a sample from the general population. Our
hypothesis was that there is gradually increased subclinical
disease burden among control subjects and subjects with
prediabetes and diabetes.

RESEARCH DESIGN AND METHODS

Study Design

The study was designed as a cross-sectional case-control
study nested in a prospective cohort from the Cooperative
Health Research in the Region of Augsburg (KORA).

Subjects and Recruitment Procedure
Subjects who were 25-74 years of age were recruited be-
tween 1999 and 2001 from the FF4 follow-up of the KORA
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S4 study, a large sample from the general population in the
region of Augsburg, Germany. The study design, sampling
method, and data collection have been described in detail
previously (17).

Eligible subjects were selected if they met the following
inclusion criteria: willingness to undergo whole-body MRI;
and qualification as being in the prediabetes, diabetes, or
control group (see HEALTH AssESSMENT). The following exclu-
sion criteria were applied: age >72 years; subjects with
validated/self-reported stroke, myocardial infarction, or
revascularization; subjects with a cardiac pacemaker or im-
plantable defibrillator, cerebral aneurysm clip, neural stimu-
lator, any type of ear implant, an ocular foreign body, or any
implanted device; pregnant or breast-feeding subjects; and
subjects with claustrophobia, known allergy to gadolinium
compounds, or serum creatinine level =1.3 mg/dL.

The study was approved by the institutional review
board of the medical faculty of Ludwig-Maximilian Univer-
sity Munich, and all participants provided written informed
consent.

Health Assessment

Subjects from the KORA S4 cohort were examined
between June 2013 and September 2014 at the KORA
study center. An oral glucose tolerance test (OGTT) was
administered to all participants in whom type 2 diabetes
had not been diagnosed. For the definition of prediabetes,
the 1998 World Health Organization criteria were applied
(18). Subjects with prediabetes had impaired glucose tol-
erance, as defined by a normal fasting glucose concentra-
tion and a 2-h serum glucose concentration, as determined
by OGTT, ranging between 140 and 200 mg/dL; and/or an
impaired fasting glucose concentration, as defined by fast-
ing glucose levels between 110 and 125 mg/dL, and a nor-
mal 2-h serum glucose concentration. Individuals with a 2-h
serum glucose concentration as determined by OGTT that
was >200 mg/dL and/or a fasting glucose level that
was >125 mg/dL were classified as having newly diagnosed
diabetes. Subjects with normal glucose metabolism with a
2-h serum glucose concentration measured by OGTT that
was <140 mg/dL and a fasting glucose level that was <110
mg/dL were classified as normal control subjects.

Other established risk factors were collected in stan-
dardized fashion as part of the KORA study design and
have been described previously (17). Briefly, hypertension
was defined as systolic blood pressure of at least 140 mmHg,
diastolic blood pressure of at least 90 mmHg, or receiving
current antihypertensive treatment. Subjects were classi-
fied as smokers if they reported current regular or sporadic
cigarette smoking. BMI was defined as weight (kilograms)
divided by the height squared (square meters). Medications
were assigned as “antihypertensive medication” only if the
compounds taken were classified as antihypertensively ef-
fective by the most recent guidelines. Antithrombotic
medication comprised anticoagulant and antiplatelet drugs.
Lipid-lowering medication was defined as statins, fibrates,
or other lipid-modifying agents.
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Assessment of Subclinical Disease by MRI

Subclinical disease manifestations were assessed by exam-
inations on one MRI system at 3 Tesla (Magnetom Skyra;
Siemens AG, Healthcare Sector, Erlangen, Germany) equip-
ped with a whole-body radiofrequency coil-matrix system.
All subjects underwent MRI within 3 months after their
clinical examination at the study center. The whole-body
protocol comprised sequences to cover the brain, cardio-
vascular system, and adipose tissue compartments of the
chest and abdomen. Details on the MRI protocol are
provided in Supplementary Table 1. All image analyses
were performed in a blinded fashion by independent read-
ers who were unaware of the diabetes status and clinical
covariates using dedicated off-line workstations.

White Matter Lesions and Microbleeds

White matter lesions were graded on fluid-attenuated
inversion recovery images according to the age-related
white matter changes scale (ARWMC) in five brain areas
in the left and right hemispheres, respectively (19). In
each of the areas, the ordinal ARWMC score range was
between 0 and 3. The presence of white matter lesions
was defined as an ARWMC score >0 in any of the ana-
lyzed areas. The total ARWMC score was defined as the
sum of scores of all areas, thereby ranging from 0 to 30.
Total ARWMC score was square root transformed before
analysis and treated as a continuous outcome. Micro-
bleeds were defined as small foci of signal loss on a T2*-
weighted sequence (=2 mm), and were counted in the
lobar, deep, or infratentorial left or right hemisphere.
Symmetric signal loss in the globus pallidum, most likely
representing calcification, flow void artifact of the pial
blood vessels, and intracerebral lesions with a hemor-
rhagic component were excluded.

Assessment of Carotid Plaque

Presence of plaque, measures of plaque burden, and gross
composition of carotid plaque were determined on black-
blood, T1-weighted, fat-suppressed sequences on both sides
of the distal common carotid artery, at the carotid bulb, and
in the proximal internal carotid artery, according to pre-
viously published criteria (20,21), which were established us-
ing histology as the gold standard. Boundaries of the vessel
lumen and the vessel wall were analyzed for all 14 slice
positions using commercially available semiautomatic soft-
ware (CASCADE; University of Washington, Seattle, WA)
(22). If necessary, manual corrections were performed. Qual-
itative criteria (American Heart Association [AHA]-Lesion
Type, hemorrhage) were assessed for each side separately.
The presence of calcification and hemorrhage, as well as wall
thickness and wall eccentricity, were used to differentiate

among type I, type III, type IV/V, and type VI/VII plaques.

LV Function

Cine-steady-state free precession sequences were evalu-
ated semiautomatically using commercially available
software (cvi42; Circle Cardiovascular Imaging, Calgary,
Alberta, Canada) by two alternative readers. After automatic
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contour detection of the LV endocardium, all borders were
corrected manually, if necessary, and according to cur-
rent guidelines in order to avoid erroneous tracing of the
myocardial border (23) (Supplementary Fig. 1). Reproduc-
ibility studies prior to this analysis revealed low inter-reader
variability with relative differences of <5% for LV volumes
and ejection fraction.

Filling and Ejection Rates

The time course of LV volume changes was quantified using
associated gradients and time lags by using dedicated in-
house software. This software displays the LV volume versus
the time curve along with its derivative, and estimates peak
gradients during early, passive LV filling and late LV filling
due to atrial contraction, as detailed previously (24).

Late Gadolinium Enhancement

Analysis of the presence and characteristics of late gado-
linium enhancement (LGE) was performed visually on fast
low-angle shot inversion recovery sequences in short-axis
stack and a four-chamber view by two experienced readers
using commercially available software (cvi42; Circle Cardio-
vascular Imaging) for the presence and distribution pattern
(subendocardial, midmyocardial, and epicardial) of LGE
using the AHA 17-segment model (25). In case of discrep-
ancy, a consensus reading was performed.

Hepatic Fat Content

Intrahepatic lipid content was quantified using multiecho
single-voxel (30 X 30 X 30 mm?®) H magnetic reso-
nance spectroscopy, estimating proton-density fat fraction
(PDFF) by accounting for the confounding effects of T2*
decay and the spectral complexity of fat (26). Voxels were
placed in the right (segment VIII) and left (segment II)
liver lobes. Fat signal fraction was calculated by extrapo-
lating fat and water integrals for an echo time of 0 ms
using an exponential fit of values at five different values
of echo time. PDFF was defined as the average of the right
and left lobe measurements.

Body Adipose Tissue

On the basis of the volume-interpolated three-dimensional
in/opposed-phase volumetric interpolated breath-hold
examination-Dixon sequence, a fat-selective tomogram
was calculated (slice thickness 5 mm in 5-mm increments).
An in-house algorithm based on Matlab R2013a was used
to semiautomatically quantify the total adipose tissue from
the femoral head to the cardiac apex, visceral fat from the
femoral head to the diaphragm, and subcutaneous adipose
tissue from the femoral head to the cardiac apex (27). All
segmentations were manually adjusted, if necessary. An
example of adipose tissue segmentation is shown in Fig. 1.

Statistical Analysis

Subject demographics, cardiovascular risk factors, and
MRI outcomes are presented as arithmetic means and SDs
for continuous variables, and as counts and percentages
for categorical variables. Hepatic fat outcomes were log
transformed before analysis to meet the assumption of
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Figure 1—Adipose tissue segmentation. Example of the segmen-
tation of adipose tissue at the level of the umbilicus of a 54-year-old
male subject with a BMI of 28.7 kg/m?. A: T1-weighted transaxial
slice as the image source. B: Segmentation overlay with separation
of visceral and subcutaneous adipose tissue (red and yellow, re-
spectively). Visceral adipose tissue was 10.45 L.

normally distributed residuals and are therefore reported
as geometric means and 95% Cls. Differences in baseline
characteristics according to diabetes status were evaluated
by one-way ANOVA and x? test, respectively. Differences
in mean MRI outcomes were assessed by a pairwise two-
sample t test with pooled variance for continuous out-
comes, and by X test or Fisher exact test for categorical
outcomes. For all pairwise tests, Bonferroni correction
was used to account for the two comparisons of the pre-
diabetes and diabetes groups to the control group. To
assess the association between diabetes status and each
continuous MRI outcome, a linear regression model ad-
justed for age, sex, systolic blood pressure, smoking sta-
tus, HDL cholesterol level, LDL cholesterol level, and
triglyceride level was calculated. Diabetes status entered
the model as a categorical variable with the three levels
control, prediabetes, and diabetes, with the control group
as the reference group. As additional sensitivity analyses,
total ARWMC score was analyzed as count data by a zero-
inflated negative binomial model, and median hepatic fat
content was analyzed by quantile regression. For each
outcome, adjusted least square mean values were calcu-
lated by inserting the mean population value of each cova-
riate into the linear regression formula from the adjusted
model.

Binary MRI outcomes were analyzed by logistic re-
gression adjusted for the same variables as the linear
models. For the binary outcome “presence of LGE” a lo-
gistic model based on penalized maximum likelihood with
CIs based on profile likelihood was calculated (28). Cate-
gorical MRI outcomes were analyzed by ordered logistic
regression with cumulative logit link under the propor-
tional odds assumption (29). Estimates for all logistic
models are reported as odds ratios (ORs). P values <0.05
were considered to indicate statistical significance. All
analyses were conducted with R (version 3.2.1).

RESULTS

Among the 1,282 eligible subjects of the FF4 cohort, a
total of 400 subjects underwent whole-body MRI, of
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whom 103 subjects were classified as people with pre-
diabetes and 54 subjects had established diabetes (25.8%
and 13.5%, respectively) (Fig. 2). On average, the mean
examination time was 64.2 * 10 min, and 12.3 = 2.5 mL
of contrast agent was administered, without differences
among groups. Adverse events were observed in 1.25%
(nausea in n = 5), and 2.5% aborted the examination prior
to completion (n = 10). Examples of images displaying
early signs of neurological, cardiovascular, and metabolic
changes are provided in Figures 3, 4, and 5.

Demographic and risk profiles of the study participants
(age 56.3 = 9 years, 57.8% males) are provided in Table 1.
Except for LDL levels, there were significant differences
for the majority of parameters, including age, sex, and
BMI, across the three groups.

Neurological Findings

Overall, the presence of white matter lesions was high
(64%) and was significantly higher in subjects with diabetes
compared with healthy control subjects and subjects with
prediabetes (80% vs. 58% vs. 70%, respectively; P = 0.009)
(Table 2). Also, subjects with prediabetes and diabetes had
significantly higher ARWMC scores compared with healthy
control subjects (1.56 = 1.21 vs. 1.74 = 1.12vs. 1.14 = 1.11,
respectively; P << 0.005). However, these associations were
attenuated after adjustment, and there was no difference in
cerebral microbleeds among the groups (Table 3 and Supple-
mentary Table 2). Results from the zero-inflated negative
binomial model indicated the same associations as the
main linear model.

Cardiovascular Findings

The presence of carotid plaque was higher in subjects with
prediabetes (35%) compared with control subjects (17.5%,
P =0.024) and subjects with diabetes (16.7%). The type of
plaque according to AHA classification was significantly
different between control subjects and people with pre-
diabetes (P = 0.033), where a diffuse intimal thickening or
small eccentric plaque without calcification (AHA type III)
was common (23.5% vs. 14% in people with prediabetes
vs. control subjects) (Table 2). Prediabetes status was as-
sociated with carotid plaque burden after multivariable
adjustment (OR 2.66, P = 0.016). An additional analysis
that combined AHA type III/IV/V plaques into one cate-
gory did not change this finding.

In univariate analysis, significant differences of func-
tional LV parameters were detected among the groups
with respect to both mean and variance (Fig. 6 and Table
2). After adjustment, significantly lower end-diastolic vol-
umes, end-systolic volumes, stroke volumes, and peak
ejection rates were observed both for subjects with pre-
diabetes and for subjects with diabetes (all P < 0.001
when compared with healthy control subjects) (Table 3
and Supplementary Table 2). Early and late diastolic fill-
ing rates decreased from subjects with prediabetes to
those with diabetes compared with healthy control sub-
jects, although only early filling rates were significantly
reduced in subjects with prediabetes.
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Subjects in KORA-FF4 <74 years

n=1,851

MRI Contraindications (n=348) Exclusion Criteria (n=221)

- Stents - History of stroke

- Cardiac pacemaker/ ICD - History of CAD (Ml or stent)
Metal parts inside the body - History of PAD
Larger tattoo < » - Missing OGTT test result

- Claustrophobia - Pregnancy

- Allergy to gadolinium - Poor overall health condition
Impaired renal function - Inability of supine position
Breast-feeding - Inability to hold breath

\ 4

Eligible for MRI and Participation
n=1,282

Refused participation either by
phone or by form (n=508)
» - Unavailable by telephone (n=39)

- Not included for matching (n=327)
Unsuccessful MR scheduling (n=8)

A 4
MRI Examination

n=400
v ! !
Control subjects Subjects with Subjects with
n=243 prediabetes diabetes
n=103 =54

Figure 2—Participant flow diagram. Among the 1,282 eligible subjects in the FF4 cohort, a total of 400 subjects underwent whole-body
MRI. ICD, implantable cardioverter defibrillator; MI, myocardial infarction; PAD, peripheral artery disease.

Myocardial mass was significantly increased in sub- differences were attenuated after adjustment and became
jects with prediabetes and diabetes compared with control nonsignificant. LGE was present in 2.9% of subjects, with
subjects in univariate analysis (all P values <0.001). These a total of 34 affected segments. Of those, the majority

Table 1—Subject demographics and cardiovascular risk factors

All Control subjects  Subjects with prediabetes  Subjects with diabetes
(N = 400) (N = 243) (N =103) (N = 54) P value
Age (years) 56.3 = 9 542 +9 58.3 £ 9 61.8 =8 <0.001
Male sex 231 (57.8%) 125 (51.4%) 66 (64.1%) 40 (74.1%) 0.003
BMI (kg/m?) 281 +5 26.7 + 4 305 +5 302 £5 <0.001
Smoking 0.2
Never smoker 146 (36.5%) 95 (39.1%) 34 (33.0%) 17 (31.5%)
Ex-smoker 174 (43.5%) 94 (38.7%) 51 (49.5%) 29 (53.7%)
Smoker 80 (20.0%) 54 (22.2%) 18 (17.5%) 8 (14.8%)
Systolic BP (mmHg) 120.6 = 16 116.7 = 15 124.3 = 15 131.2 = 21 <0.001
Diastolic BP (mmHg) 75.3 =10 738 =9 775 =10 776 =13 <0.001
Hypertension 136 (34.0%) 51 (21.0%) 47 (45.6%) 38 (70.4%) <0.001
Total cholesterol (mg/dL)  217.8 = 36 216.1 = 36 223.8 + 32 214.4 + 45 0.2
HDL (mg/dL) 61.9 + 18 65.2 + 18 58.5 + 14 53.7 £ 19 <0.001
LDL (mg/dL) 139.5 = 33 138.4 + 32 144.6 = 30 134.7 = 41 0.2
Triglycerides (mg/dL) 1315 + 85 107.4 = 64 151.8 + 81 201.2 + 121 <0.001
Antihypertensive med 102 (25.5%) 41 (16.9%) 34 (33.0%) 27 (50.0%) <0.001
Antithrombotic med 23 (5.8%) 7 (2.9%) 7 (6.8%) 9 (16.7%) <0.001
Lipid-lowering med 43 (10.8%) 16 (6.6%) 9 (8.7%) 18 (33.3%) <0.001

Values are reported as the mean = SD or n (%), unless otherwise indicated. Significant values are shown in bold. BP, blood pressure;
med, medication.
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Figure 3—Examples of cardiovascular findings. Findings of subclinical disease burden as detected by MRI in control subjects (top row) and
subjects with variable findings (bottom row). Typical diastolic (A) and systolic (C) myocardial thickening and contraction compared with
dilated diastolic configuration of the LV with impaired contraction and thickening of the lateral wall (arrows) and the septum (arrowheads) (B
and D). On LGE, there was no evidence of ischemic enhancement (E) compared with a transmural apical enhancement (arrow, F). Normal
visualization of the right (arrowhead) and left common carotid artery (arrow, G) compared with evidence of atherosclerotic plaque in the left

common carotid artery (arrow, H).

(65%) were classified as subendocardial and midmyocar-
dial, and 18% were classified as transmural. The preva-
lence of LGE was significantly higher in subjects with
prediabetes and diabetes compared with healthy control
subjects (Table 2). The difference remained significant in
subjects with diabetes after adjusting for age and sex (OR
4.46, P = 0.04).

Metabolic Findings

Strong associations were detected with respect to the
amount of hepatic lipids and adipose tissue between the
groups (Fig. 7). The PDFF was highest in subjects with
diabetes and lowest in healthy subjects (12.9% vs. 4.1%,
P < 0.001), but also was significantly increased in subjects
with prediabetes (9.6%, P < 0.001). Not only the mean

PDFF, but also its variance increased when compar-
ing individuals with prediabetes and diabetes to healthy
control subjects. These differences persisted after adjust-
ment. The results of quantile regression were consistent
with the results of linear regression. Similarly, total adi-
pose tissue and visceral adipose tissue were independently
higher in subjects with prediabetes and diabetes (all P
values <0.001), while after adjustment for BMI the dif-
ferences for subcutaneous adipose tissue were attenuated
(coefficient: prediabetes 0.32, diabetes 0.38).

DISCUSSION

In this nested case-control study, we describe the sub-
clinical disease burden, as measured by whole-body MRI,

Figure 4—Example of cerebral findings. Fluid-attenuated inversion recovery sequences demonstrating absence and presence of white
matter lesions in a healthy subject (A) compared with a subject with prediabetes (B, arrows), respectively.
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Figure 5—Examples of metabolic findings. Differences in hepatic fat content based on a multiecho DIXON sequence demonstrating normal
signal (A) and attenuated signal due to steatosis (33% PDFF, B), and subcutaneous (arrows) and visceral (arrowhead) adipose tissue
between a healthy control subject and a subject with prediabetes (A-D). *Liver. AA, abdominal aorta; S, spleen.

for subjects with prediabetes and diabetes compared with
healthy control subjects who were selected based on a
population-based cohort study. Our results indicate that
there are substantial differences, not only in subjects with
established diabetes but also in subjects with prediabetes.
Thus, our results provide further insight into the extent
of early signs of complications in subjects with pre-
diabetes and indicate that, besides strong metabolic dif-
ferences, there are manifest subclinical disease states,
particularly in the cardiovascular system.

While it is established that diabetes represents a major
current and future risk to cardiovascular health, the risk
for subjects with impaired glucose metabolism who are
not classified as having diabetes remains less clear. The
prevalence of prediabetes is on the rise; it is estimated
that prediabetes will have a prevalence of almost 419 mil-
lion worldwide by 2025 (5) and, therefore, is predicted to
be of major concern in aging populations. Thus, an im-
proved understanding and prevention strategies are re-
quired to target the underlying disease mechanisms and
to prevent complications.

The observation that subjects with prediabetes have
detectable changes to the cardiovascular system is not
novel, as microvascular and macrovascular disease states
have been described in different studies, using ultrasound
for the assessment of carotid plaque volume and arterial
stiffness (11,12), echocardiography for the assessment of
LV function (13,14), or native (15) or contrast-enhanced
cardiac MRI (16). Our results confirm and extend the
findings of these earlier reports in a relatively large sam-
ple drawn from a Western European general population

by demonstrating a continuous increase in subclinical
disease burden ranging from healthy control subjects to
people with prediabetes to people with diabetes for the
majority of the obtained parameters. In contrast to earlier
reports with limited organ coverage, we applied a comprehen-
sive, nonionizing imaging modality to cover the various organ
systems. Our results indicate that a systemic, whole-body
approach might help in predicting an individual’s risk in
the setting of diabetes; however, this needs to be tested in
prospective studies. While it is known, for instance, that
polyvascular involvement is associated with significantly
higher rates of major adverse events than in single-site vas-
cular disease (30), our findings add a new level of information
pertaining to different organ systems and including metabolic
phenotypes. This may represent the multifactorial, individual
course of natural disease development (31,32), and is a
unique opportunity to characterize a metabolic disease af-
fecting the whole body more accurately. In fact, currently
launched, large prospective cohort studies provide the basis
to estimate risk associated with these MRI findings (33,34).

To date, it remains unclear whether elevated glucose
levels in the setting of prediabetes are a direct cause of
clinical cardiovascular disease or contribute to the cardio-
vascular risk by their relationship to cardiovascular risk
factors (35). In a meta-analysis, Ford et al. (36) found that
available data are characterized by substantial heterogene-
ity resulting in a moderate summary relative risk of 1.20
(95% CI 1.12, 1.28) associated with the presence of pre-
diabetes. Most of this can be attributed to the presence of
many confounding variables, such as concomitant obesity,
dyslipidemia, or hypertension, which limit the assessment
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Table 2—Difference in subclinical disease burden between subjects with prediabetes, subjects with diabetes, and healthy

control subjects

Subjects with

Subjects with

165

All Control subjects prediabetes P value* diabetes P value**
Brain
White matter lesions 247 (64.0%) 138 (58.0%) 68 (70.1%) 0.1 41 (80.4%) 0.009
Cerebral microbleeds 49 (12.8%) 27 (11.4%) 12 (12.5%) 1 10 (20.0%) 0.3
Total ARWMC score 1.33 + 1.16 1.14 = 1.11 1.56 = 1.21 0.005 1.74 = 1.12 0.001
Carotid plaque
Presence of plaque 55 (20.8%) 30 (17.5%) 18 (35.3%) 0.02 7 (16.7%) 1
Presence of plaque type
AHA type | 209 (79.2%) 141 (82.5%) 33 (64.7%) 0.03 35 (83.3%) 0.09
AHA type llI 39 (14.8%) 24 (14.0%) 12 (23.5%) 3 (7.1%)
AHA type V 10 (3.8%) 2 (1.2%) 4 (7.8%) 4 (9.5%)
AHA type VI or VI 6 (2.3%) 4 (2.3%) 2 (3.9%) 0 (0.00%)
Wall thickness, LCA (mm) 0.75 = 0.11 0.73 = 0.09 0.77 = 0.11 0.06 0.79 = 0.14 0.006
Wall thickness, RCA (mm) 0.76 = 0.10 0.75 = 0.10 0.77 = 0.09 0.2 0.78 = 0.11 0.09
Cardiac function
Early diastolic filling rate (mL/s) 225.7 = 115.2  255.8 + 122.8 190.0 + 86.1 <0.001 156.9 = 72.8 <0.001
Late diastolic filing rate (mL/s) 226.8 = 109.2  237.3 + 114.6  223.9 = 103.9 0.6 180.5 = 77.3 0.002
End-diastolic volume (mL/m?) 66.3 £ 15.0 70.2 = 14.5 60.8 £ 12.7 <0.001 58.6 = 15.4 <0.001
End-systolic volume (mL/m?) 20.8 = 8.7 224 + 8.2 179+ 74 <0.001 19.1 = 111 0.03
Stroke volume (mL/m?) 454 = 9.7 47.8 + 9.9 429 + 7.9 <0.001 39.6 = 8.8 <0.001
Ejection fraction (%) 69.2 + 8.1 68.5 = 7.9 1377 0.008 68.5 = 9.6 1
Peak ejection rate (mL/s) 3541 =+ 1329 378.5 = 139.1 337.5 = 113.6 0.02 272.4 £ 99.4 <0.001
Myocardium
Myocardial mass (g/m?) 729 + 155 70.4 £ 15.7 759 + 13.8 0.006 78.6 = 15.8 0.001
LGE 11 (2.9%) 2 (0.9%) 6 (6.0%) 0.03 3 (6.3%) 0.01
Hepatic fat content
PDFF (%) 6.0 (5.4, 6.5) 4.1 (3.7, 4.5) 9.6 8.2,11.3) <0.001 129 (10.3,16.1)  <0.001
Body adipose tissue (L)
Total adipose tissue 12.6 = 54 10.7 = 4.7 15.3 = 5.3 <0.001 16.0 = 5.4 <0.001
Subcutaneous adipose tissue 8.1 = 3.8 7.3 = 3.2 9.6 + 4.2 <0.001 9.2 + 3.8 0.001
Visceral adipose tissue 45 2.7 3.5 +23 58 +24 <0.001 6.9 =24 <0.001

Values are reported as the mean =+ SD, n (%), or OR (95% Cl), unless otherwise indicated. Significant values are shown in bold. LCA, left

carotid artery; RCA, right carotid artery. *Against control subjects. **Against control subjects.

of a direct association. Our results also indicate that the
presence of confounding factors increases from healthy
control subjects to people with prediabetes to people
with diabetes (Table 1). In order to compensate for these
confounders, we performed multivariable adjustment and
found that changes to the cardiovascular system (carotid
plaque burden, cardiac functional parameters) as well as
metabolic changes (hepatic steatosis and visceral adipose
tissue) remained highly elevated in subjects with prediabe-
tes. Thus, our results add to the hypothesis that elevated
glucose levels in prediabetes have a direct relationship to
microvascular and macrovascular disease, and may require
more medical attention and preventive treatment. It is
important to note that by selecting subjects with diabetes
without any overt cardiovascular disease, we are investigat-
ing a very specific subgroup. This is reflected in the risk for
detecting carotid plaques, which was increased in subjects
with prediabetes, but was nonsignificantly altered in sub-
jects with diabetes. With atherosclerosis being a systemic
disease, the number of subjects with advanced atheroscle-
rotic plaques in the carotid arteries might have been ar-
tificially lowered. These circumstances may explain the

overall low number of plaques in the study and especially
in the high-risk diabetes group, since diabetes is a known
risk factor for accelerated plaque development. Specifically,
we found increased rates of myocardial LGE in subjects
with prediabetes, predominantly representing minor myo-
cardial infarctions by their location (65% subendocardial,
18% transmural). In a retrospective analysis in 181 pa-
tients, Yoon et al. (16) found a prevalence of LGE in pa-
tients with prediabetes of 25% (compared with 35% in
patients with diabetes). Compared with our findings, the
prevalence reported by Yoon et al. (16) is significantly
higher, and because of our low numbers we were unable
to present fully adjusted results. One explanation for the
observed difference between the studies is that these sub-
jects were referred for suspected cardiac disease and that
many of them had established coronary artery disease (CAD)
(~36%), also evident by the rate of subsequent revasculari-
zations (25.4%). In contrast, our sample was recruited from
the general population without established CAD, which may
be more generalizable in a preventive setting. Thus, further
research is required to confirm that postischemic myocardial
changes are a predominant feature of the prediabetic state.
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Table 3—Results of regression model adjusted for age, sex, systolic blood pressure, BMI, smoking status, and levels of HDL,

LDL, and triglycerides

Subjects with prediabetes

Subjects with diabetes

Estimate 95% ClI P value Estimate 95% ClI P value
Brain
White matter lesions OR 1.18 (0.65, 2.16) 0.6 OR 1.58 (0.67, 3.96) 0.3
Cerebral microbleeds OR 1.20 (0.52, 2.69) 0.7 OR 1.99 (0.72, 5.33) 0.2
Total ARWMC score 0.21 (—0.07, 0.48) 0.1 0.20 (—0.17, 0.58) 0.3
Carotid plaque
Presence of plaque (%) OR 2.66 (1.20, 5.90) 0.02 OR 0.68 (0.22, 1.94) 0.5
Plaque type OR 2.57 (1.17, 5.61) 0.02 OR 0.65 (0.21, 1.88) 0.5
Wall thickness, LCA (mm) 0.0086 (—0.03, 0.04) 0.6 0.019 (—0.02, 0.06) 0.4
Wall thickness, RCA (mm) —0.0023 (—0.04, 0.03) 0.9 —0.009 (—0.05, 0.03) 0.6
Cardiac function
Early filling rate (mL/s) —38.97 (—65.87, —12.06) 0.005 —56.46 (—93.34, —19.59) 0.003
Late filling rate (mL/s) —27.17 (—54.56, 0.22) 0.05 —68.31 (—106.89, —29.73) <0.001
End-diastolic volume (mL/m?) —7.20 (—10.8, —3.59) <0.001 —9.45 (—14.39, —4.51) <0.001
End-systolic volume (mL/m?) —4.26 (—6.43, —2.1) <0.001 —-3.17 (—6.14, —0.19) 0.04
Stroke volume (mL/m?) —3.01 (—5.35, —0.67) 0.01 —6.18 (—9.38, —2.98) <0.001
Ejection fraction (%) 3.36 (1.28, 5.44) 0.001 0.82 (—2.08, 3.66) 0.6
Peak ejection rate (mL/s) —33.67 (—66.31, —1.03) 0.04 —93.6 (—138.33, —48.88) <0.001
Myocardium
Myocardial mass (g/m?) 0.96 (—2.26, 4.17) 0.6 —0.05 (—4.46, 4.36) 1
Hepatic fat content
PDFF (%) GMR 1.49 (1.26, 1.77) <0.001 GMR 1.7 (1.35, 2.14) <0.001
Body adipose tissue (L)
Total adipose tissue 0.87 (0.26, 1.49) 0.006 1.34 (0.5, 2.18) 0.002
Subcutaneous adipose tissue 0.32 (—0.1, 0.74) 0.1 0.38 (—0.2, 0.95) 0.2
Visceral adipose tissue 0.50 (0.11, 0.89) 0.001 0.92 (0.4, 1.44) 0.001

Estimates represent B-estimates from linear regression if not otherwise specified. GMR, geometric mean ratio. Significant values are

shown in bold.

We confirm earlier results from the Multi-Ethnic Study
of Atherosclerosis (MESA) by Shah et al. (15), showing that
prediabetes (impaired fasting glucose) is associated with
concentric LV remodeling independent of BMI (3 = 0.02
kg/m?, P = 0.04) in a much larger sample. Our findings also
demonstrate that there are significantly abnormal func-
tional LV parameters in people with prediabetes compared
with healthy control subjects, indicating early systolic and

diastolic myocardial remodeling (i.e., end-diastolic volume,
end-systolic volume, stroke volume, and peak ejection rate).
In addition, we show that these parameters of myocardial
remodeling, in particular stroke volume and peak ejection
rate, are even more pronounced in diabetes, which may
indicate a disease continuum. Early LV filling rate is lowered
in subjects with prediabetes and diabetes, suggesting
an increasing severity with the progression of disease. A
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Figure 6 —Cardiac function. Observed peak ejection rates (A), early diastolic filling rates (B), and end-diastolic volumes (C) among subjects
with prediabetes, subjects with diabetes, and healthy control subjects (all P < 0.001).
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Figure 7 —Metabolic imaging results. Observed hepatic fat content measured as PDFF (A) and visceral adipose tissue (B) among subjects
with prediabetes, subjects with diabetes, and healthy control subjects (all P < 0.001).

similar trend was observed for late LV filling rates, but the
results in individuals with prediabetes were only borderline
significant. These findings potentially indicate early signs of
the development of diabetic cardiomyopathy (37,38).

While in the MESA trial (15) similar associations were
observed for waist-to-hip ratio, we demonstrate that the
visceral adipose tissue particularly is significantly in-
creased in subjects with prediabetes with again increased
volume in subjects with diabetes (by 0.5 L and by 1.09 L
compared with healthy control subjects, respectively) in-
dependent of BMI. With this, we also confirm earlier find-
ings in the Framingham Heart Study (39) using computed
tomography, indicating that visceral adipose tissue is
more strongly associated with an adverse metabolic risk
profile even after accounting for standard anthropometric
indexes. Moreover, our results show that subjects with
prediabetes have significantly increased hepatic fat con-
tent compared with healthy control subjects (with again
increased values in subjects with diabetes). In fact, on
average the predicted PDFF was 7.1% (95% CI 6.2,
8.2%) in subjects with prediabetes, indicating that the
vast majority of these subjects are categorized as having
fatty liver disease with its associated risk of morbidity (40).

We did not find any independent differences of white
matter lesions and cerebral microbleeds between subjects
with prediabetes and control subjects, despite some asso-
ciations in crude analysis. Although white matter lesions
and cerebral microbleeds are known to be associated with
diabetes (41), further research will be necessary to confirm
that these postischemic changes do not play a predominant
role in prediabetes.

Notably, although we observed clear evidence for sub-
clinical changes in the heart and the fat distribution, our
results indicate that there is substantial variability of sub-
clinical disease among subjects with prediabetes for other
nonmetabolic phenotypes, which has also been observed in
other studies (42). However, for cardiac outcomes, normal
control subjects displayed higher variability than the

individuals with prediabetes or diabetes. Thus, one possible
explanation for the very heterogeneous relative risk observed
in longitudinal studies (35) may be that the effect of pre-
diabetes differs depending on the varying degree of subclin-
ical disease manifestation. The data presented here suggest
that comprehensive imaging is able to characterize the in-
creased systemic subdlinical disease burden in subjects with
prediabetes and subjects with diabetes compared with control
subjects. Moreover, we also show that, even among subjects
with prediabetes, the MR phenotype is heterogeneous. It can
be speculated that these heterogeneous MR phenotypes have
the potential to risk stratify and tailor preventive measures
within the context of personalized medicine, if their predic-
tive power is confirmed in longitudinal analysis (43).

By demonstrating that there are quantitative mea-
sures that can be obtained from such a standardized
whole-body MRI protocol, we also provide a basis for the
emerging field of radiomics (44). Initially driven by oncolog-
ical disease characterization, more comprehensive disease
and risk characterization by advanced imaging postprocessing
will further increase the predictive power of the obtained
imaging data. One example may represent the MR phenotype
of visceral fat, a well-established correlate of cardiometabolic
risk. Besides reporting on volume, it can be anticipated that
additional radiomics-based parameters, incduding shape, in-
tensity, and texture features, will provide incremental value
in more accurately risk stratifying cardiometabolic patients.

The results of this study need to be interpreted in light
of its limitations. The current analysis is of a cross-
sectional nature and aimed to identify MRI parameters as
early pathophysiological markers of disease. We do not
provide risk estimates of the prognostic relevance of the
MRI findings. Our study has a limited sample size, and
further studies with larger sets of individuals with pre-
diabetes and diabetes are required to confirm our results.
We applied contrast-enhanced whole-body MRI as a means
to assess subclinical disease burden. Although this is ad-
vantageous with respect to its high temporal, spatial, and
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soft-tissue resolution, the technique is associated with
contraindications, which precluded a number of subjects
from participation (Fig. 2). Our applied slice thickness of
8 mm does not allow for continuous phenotyping of the
left ventricle; however, it will be subject to future research
to determine the value of a true three-dimensional volu-
metric assessment. Because of the limited scanning time
allotted by the institutional review board, a number of
other MR sequences with potential scientific value in the
setting of prediabetes and diabetes had to be excluded.

Although all traditional cardiovascular risk factors, such
as obesity, dyslipidemia, or hypertension, were included in
the analysis model, the existence of unmeasured confound-
ing variables cannot be fully ruled out. However, our com-
prehensive approach to consider risk factors suggests that
prediabetes and diabetes add independently of obesity and
hypertension to the development of complications. Never-
theless, the effect of prediabetes and diabetes on MRI
outcomes might be driven by a specific aspect of the respec-
tive glycemic status, such as the HbA; . value, insulin levels, or
glucose levels. However, we felt that it was more appropriate
to use the categories control, prediabetes, and diabetes as
dlinical entities, as given by the chosen study design. Further-
more, our sample size is not sufficient to support a model
with too many and possibly highly correlated variables.

In conclusion, subjects with prediabetes free from
overt cardiovascular disease derived from a population-
based cohort study have an independent increased risk for
vascular, cardiac, and metabolic changes, as measured by
MRI, providing evidence for increased subclinical disease
burden. These changes are frequently more advanced in
subjects with established diabetes, highlighting the notion
that—similar to diabetes—prediabetes is a systemic state
affecting many organ systems. From a clinical perspective,
whole-body MRI thus represents an imaging modality to de-
tect early functional and structural changes that are indica-
tive of complication development beyond the traditional
assessment of risk factors, such as obesity, dyslipidemia, or
hypertension. Overall, these findings suggest that individuals
with prediabetes need more comprehensive assessments
for signs of early pathophysiological changes, tailored pre-
ventive measures, and adequate treatment not only to
abate the underlying development of diabetes, but also
to avoid the development of cardiac complications.
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