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Negative Carotid Artery Remodeling in Early Type 2 Diabetes Mellitus
and Increased Carotid Plaque Vulnerability in Obesity as Assessed by

Magnetic Resonance Imaging
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Background—Ischemic stroke from carotid plaque embolism remains a major cause of morbidity in patients with type 2 diabetes
mellitus (T2DM). However, the effect of early T2DM and obesity on carotid remodeling and plaque burden remains elusive. We
assessed carotid remodeling and plaque composition by carotid magnetic resonance imaging in patients with short-duration T2DM
compared with a sex- and age-matched control group.

Methods and Results—One hundred patients with T2DM (duration <5 years) and 100 sex- and age-matched controls underwent
bilateral carotid artery magnetic resonance imaging in a 1.5-T magnetic resonance imaging scanner. Plaque burden was quantified
by normalized wall index, maximum wall thickness, maximum wall area, and minimum lumen size. Plague morphology was
quantified by calcified plaque volume, necrotic core volume, and loose matrix volume. Magnetic resonance imaging data were
available for 149 and 177 carotid arteries from T2DM patients and controls, respectively. Adjusted for age and sex, T2DM was
associated with increased plaque burden indicated by a higher normalized wall index (ratio 1.03 [95% confidence interval, 1.002;
1.06], P=0.03), and negative remodeling indicated by a lower minimum lumen area (ratio 0.81 [0.74; 0.89], P<0.001), and lower
maximum wall area (ratio 0.94 [0.88; 1.00], P=0.048) compared with controls. In both T2DM and controls, body mass index
>30.0 kg/m? was associated with an 80% increase in total calcified plaque volume, and a 44% increase in necrotic core volume
compared with body mass index <25.0 kg/m?.

Conclusions—Short-duration T2DM was associated with increased carotid plaque burden and negative remodeling. Obesity was
associated with increased carotid artery necrotic core volume and calcification independently of diabetes mellitus status.

Clinical Trial Registration—URL: https://www.clinicaltrials.gov. Unique identifier: NCT00674271. (J Am Heart Assoc. 2018;7:
€008677. DOI: 10.1161/JAHA.118.008677.)
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D espite major improvements in treatment, cardiovascular
and cerebrovascular complications including ischemic
stroke remain a major cause of morbidity and mortality in
patients with type 2 diabetes mellitus (T2DM)."2 It is
generally acknowledged that atherosclerosis is accelerated
in patients with T2DM.* Previous studies on advanced lesions

in the coronary circulation have pointed toward unique
signatures of the atherosclerotic process in individuals with
diabetes mellitus. Multiple studies have found a high propen-
sity for negative remodeling in coronary lesions associated
with diabetes mellitus, whereby the outer wall contracts,
leading to enhanced stenosis.>® More typically, vessel walls
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Clinical Perspective

What Is New?

* This study showed that even short-duration type 2 diabetes
mellitus was associated with increased carotid plaque
burden and negative remodeling.

» Obesity was associated with increased carotid necrotic core
volume and calcification both in patients with diabetes
mellitus and in nondiabetic sex- and age-matched controls.

What Are the Clinical Implications?

These findings emphasize the adverse vascular effects of
even short-duration type 2 diabetes mellitus and additionally
highlight the atherogenic effect of obesity in subjects with
and without diabetes mellitus.

are thought to undergo positive remodeling that preserves the
lumen dimensions as plaque develops.” Whether this counter-
intuitive negative remodeling is also found in large peripheral
arteries of T2DM has not been reported. Also, the early stages
of atherosclerosis in the obese and in patients with T2DM are
sparsely elucidated and limited information is available regard-
ing carotid artery composition in patients with short-duration
T2DM on contemporary medication.

Noninvasive ultrasonographic assessment of carotid
intima-media thickness and total plaque area are associated
with future risk of ischemic stroke and myocardial
infarction.®® However, ultrasound provides limited informa-
tion regarding morphological plaque characteristics indicative
of plaque vulnerability (ie, presence of a large lipid-rich
necrotic core, a thin inflamed fibrous cap, and intraplaque
hemorrhage).'®'" Carotid magnetic resonance imaging (MRI)
enables detailed noninvasive high-resolution images of the
carotid arterial wall and allows accurate characterization of
the plaque composition. Carotid MRI plaque assessment has
been validated by comparison with histological assessment of
carotid endarterectomy samples.'? '8 In patients with carotid
atherosclerotic disease, the presence of carotid intraplaque
hemorrhage, a lipid-rich necrotic core, and thinned or
ruptured fibrous cap detected by MRI is associated with
increased risk of future stroke or transient ischemic attack.'’
In asymptomatic subjects free of cardiovascular disease,
vulnerable carotid plaque characteristics including remodeling
index, lipid core, and calcium by MRI are significant predictors
of cardiovascular events and improves the reclassification of
baseline cardiovascular risk.2°

The aim of this study was to characterize carotid plaque
composition by carotid MRI in patients with short-duration
T2DM compared with a sex- and age-matched control group
and to evaluate the association between plaque characteris-
tics and other cardiovascular risk factors.

Methods

The data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing the
results or replicating the procedure. Material will be available
upon request to the corresponding author.

Study Participants

One hundred patients with T2DM and 100 control subjects
matched individually for sex and age were recruited as
previously described.?! Briefly, patients were recruited from
the outpatient clinics at Aarhus University Hospital, Denmark.
Inclusion criteria were age >18 years, diagnosis of T2DM
according to World Health Organization criteria,?? and known
duration of diabetes mellitus <5 years. The control subjects
were recruited by advertising in the local press. Undiagnosed
diabetes mellitus was excluded by fasting glucose and oral
glucose tolerance test. Subjects with impaired fasting glucose
(9 participants) or impaired glucose tolerance (3 participants)
or both (2 participants) were accepted as control subjects.
Exclusion criteria were acute or chronic infectious disease,
end-stage renal failure, pregnancy or lactation, prior or
present cancer, and contraindications to MRI (including body
weight >120 kg). The study was approved by the Research
Ethics Committee of Central Region, Denmark and by the
Danish Data Protection Agency. All patients gave their written
informed consent to participate.

Carotid MRI Protocol

The participants were scanned in a 1.5-T Philips Achieva MRI
scanner (Achieva, Philips, Best, The Netherlands) with a
dedicated 4-channel phased array carotid coil, using a stan-
dardized protocol obtaining 4 different contrast-weighted images
(time of flight, T1-, PD and T2-weighted). The scans were
centered on the carotid bifurcation choosing the flow divider of
the right carotid artery for standardization, and 10 transverse
slices were acquired on both carotid arteries using cardiac-gated
turbo spin-echo sequences: T1 weighted (repetition time/echo
time /inversion time): (1RR (Relapsing-remitting)/8/650 ms),
T2 weighted and proton density weighted scans with repetition
time=3RR and echo time=40/20 ms, and a time of flight
sequence (repetition time/echo time 34.9/2.4 ms). All
sequences covered a field of view of 10x10 cm using a
256256 matrix yielding a raw resolution of 0.39x0.39 mm?
with 2.5-mm slice thickness and a 0.5-mm slice gap.

Image Review

Image segmentation and reviewing was conducted by 2
experienced reviewers with >5 years’ experience in cardio-
vascular MRI by consensus and blinded to diabetes mellitus
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status. The image quality from each artery was assessed on a
5-point scale (1=worst, 5=best). Only images with a quality >3
were used for further analysis.

Carotid artery plaque burden and wall characteristics were
evaluated using the semi-automatic image analysis tool
PlaqueView (VPDiagnostics, Seattle, WA) according to previ-
ously validated methodology.?® The lumen area and total
vessel area were outlined. Carotid artery plague burden was
measured as maximum wall thickness derived from the lumen
area and total vessel area outlines, maximum wall area (wall
area=total vessel area—lumen area) and maximum normalized
wall index (normalized wall index=wall area/total vessel area).
One value for each parameter was obtained in each cross-
sectional image (n=10). Reporting the total value for the 10
cross-sectional images could tend to underestimate the
disease status since the majority of slices were free of
disease. On the other hand, reporting only the maximal value
from each artery would lead to disproportionate noise being
emphasized, as any outliers would become representative of
the overall patient status. To reduce this, a sliding windows
method was used to quantify plaque burden. Essentially, this
method consists of calculating the average of the images 1 to
3, then the average of 2 to 4, 3 to 5, etc, yielding a total of 8
values. Subsequently, the maximal value of the averages was
calculated and reported in absolute values and relative to the
relevant wall area.

Atherosclerotic plaque characteristics were quantified by
calcified plaque volume, necrotic core volume, and loose
matrix volume from the slice with the maximum thickness and
the 2 adjacent slices (Figure 1). These 3 plaque components
are reported both as total volume (mm?® and as maximal
volume relative to wall area (%).

Biochemistry

Plasma glucose was analyzed by the glucose oxidase method,
and insulin was measured by ELISA.?* Insulin resistance was
assessed based on the homeostatic model of assessment
(HOMA) using fasting glucose and fasting insulin levels. The

HOMA index was calculated based on the HOMA2 model
developed by Levy et al.?® Urinary albumin excretion was
evaluated by the albumin/creatinine ratio in a morning urine
sample.

Blood Pressure

Office blood pressure (BP) was measured after a minimum of
5 minutes of rest in the seated position by a Riester
Champion N automatic blood pressure monitor (Riester
GmbH, Jungingen, Germany) or a Speidel & Keller mercury
sphygmomanometer (Speidel & Keller, Welch Allyn, Jungingen,
Germany) on the right arm, and mean systolic and diastolic BP
was calculated as the average of 3 measurements. Ambula-
tory BP was monitored at 20-minute intervals for 24 hours
using Spacelabs 90217 (Spacelabs Healthcare, Issaquah,
WA). Recordings with more than 3 missing hours (maximum
1 hour during the night) were excluded.

Body Composition

Fat percentage was assessed by whole body dual-energy X-
ray absorptiometry.

Statistical Analysis

Data distribution was assessed by histograms and QQ-plots.
Patient characteristics are reported as mean=+SD for normally
distributed data and as median with interquartile range for
skewed data. Continuous patient characteristics are com-
pared with unpaired ¢ tests and categorical data with ? test.
Carotid plaque data in patients with diabetes mellitus and
controls are compared with a linear mixed effects model analysis
to enable adjustment for intra-individual correlation between
data from the 2 carotids. The plaque data were skewed and
accordingly log-transformed for analysis. Hence, the differences
in plaque parameters between patients with diabetes mellitus
and controls were evaluated on the log-scale in the linear
mixed-effect model. As In(carotid parametergispetes) Minus

Figure 1. Carotid plaque characteristics. The results from the multiweighted MR analysis are shown. The images (from left) of the internal
carotid artery are T1-weighted, proton density—weighted, T2-weighted, time-of-flight, and resulting ROI areas. The ROIs outline the estimated
area for segmented area (blue), CA, calcification (white), NC, necrotic core (yellow), LM, loose matrix (pink), and HM, hemorrhage (olive). MR

indicates magnetic resonance; ROI, region of interest.
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In(carotid parameteronirols) €quals In(carotid parametergiapetes/
carotid parametergoniors), the results of the linear-mixed
effects model are reported as the ratio (diabetes mellitus/
controls). To facilitate the interpretation of the linear mixed-
effects model analyses, the logarithmic coefficients (with 95%
confidence interval) from the analyses were back-transformed
by exponentiating the log values of the analyses, and these
values are reported. The 2 groups (patients and controls) were
compared in a basic model with adjustment for the matching
criteria age and sex and in multivariate models. The following
covariates (beyond diabetes mellitus status, age, and sex)
were considered 1 by 1 for inclusion in the multivariate model:
total cholesterol, low-density lipoprotein (LDL) cholesterol,
statin use (yes/no), smoking (current/previous/never), fat
percentage, waist—hip ratio, body mass index (BMI), hemo-
globin Alc, HOMAZ2-IR (only calculated in patients not
receiving insulin), estimated glomerular filtration rate, urinary
albumin—creatinine ratio, history of stroke, history of cardio-
vascular disease (myocardial infarction, percutaneous coro-
nary intervention, coronary artery bypass surgery or stroke),
office systolic BP, and 24-hour ambulatory systolic BP.
Variables that were significantly associated with the carotid
parameters were then tested in the model 2 at a time (with age
and sex) (eg, BMI and fat percentage, BMI and total
cholesterol, etc). Model fit was assessed based on covariate
significance (P<0.05), log-likelihood ratio test (nested models),
and the Akaike’s information criterion/Bayesian information
criterion (non-nested models). Only 3 patients and 6 controls
had plaque hemorrhage and accordingly this parameter was
not included in the statistical analysis.

Estimated differences between groups are reported as
coefficients with (95% confidence interval) for MRI data. All
other data are presented as mean (£SD). P<0.05 were
considered statistically significant. All analyses were per-
formed using Stata version 14 (Stata Corp LP, TX).

Results

Characteristics of patients with T2DM and control subjects
together with MRI data are presented in Table 1. Because of
the study design, age and sex were equally distributed and the
patients were recently diagnosed. The T2DM patients had
good glycemic control, lower office BP, total cholesterol, LDL,
and high-density lipoprotein levels and higher resting heart
rate, BMI, fat percentage, waist—hip ratio, triglycerides,
estimated glomerular filtration rate, and urinary albumin—
creatinine ratio compared with controls. The 24-hour systolic
and diastolic BPs were comparable in the 2 groups. Smoking
patterns were equally distributed. A significantly higher
proportion of patients received statin and antihypertensive
therapy. The majority of the patients with T2DM received oral
antidiabetic drugs.

MRI data were available for 149 and 177 carotid arteries
from 78 patients with T2DM and 91 control subjects,
respectively. In the patient and control group, the 51 and
23 missing values were caused by discomfort and previously
unrecognized claustrophobia (12 and 10 carotids, respec-
tively), bifurcation of nonindex artery out of window (3 and 4
carotids, respectively), and quality rating <3 or other technical
reasons (36 and 9 carotids, respectively). Clinical character-
istics of participants with and without MRI data are presented
in Table S1. Patients with T2DM in whom MRI data were not
available had significantly higher BMI than T2DM with MRI
data, and the 9 controls without MRI data were significantly
younger and had lower hemoglobin Alc than controls with
MRI data (Table S1).

Carotid wall characteristics and plaque composition data
are presented in Table 2. According to the study design,
adjustment for age and sex was required for statistical
analysis (unadjusted data are provided for reference). The
ratios shown in Table 2 indicate that with adjustment for
age and sex, a 3% higher normalized wall index and a 19%
lower minimum lumen area and a 6% smaller maximum wall
area were observed in patients with T2DM. BMI was
associated with maximum wall area and all plaque charac-
teristics; it was positively associated with calcified plaque
and necrotic core (total volume and maximal volume/wall
ratio) and negatively with loose matrix (total volume and
maximal volume/wall ratio). Additional analysis identified a
u-shaped relationship between BMI and calcified plaque,
with a minimum value of 25.4 kg/m? for total volume and
26.1 kg/m? for maximal volume/wall area, respectively.
Similarly, a u-shaped relationship between BMI and loose
matrix was observed, with a maximum value of 25.2 kg/m?
for total volume and 24.4 kg/m? for maximal volume/wall
area, respectively.

Total cholesterol was negatively associated with calcified
plaque (total volume and maximum volume/wall ratio), LDL
cholesterol was negatively associated with calcified plaque
and positively associated with loose matrix (total volume and
maximum volume/wall ratio), fat percentage was positively
associated with necrotic core (total volume and maximal
volume/wall ratio) and negatively with loose matrix (total
volume and maximal volume /wall ratio). Never having smoked
was positively associated with maximum wall area and loose
matrix (total volume). A history of stroke was associated with
a smaller minimum lumen area. Statin use, waist—hip ratio,
hemoglobin Alc, HOMAZ2_IR, estimated glomerular filtration
rate, urinary albumin—creatinine ratio, history of cardiovascu-
lar disease, office systolic BP, and 24-hour ambulatory
systolic BP were not associated with any of the wall or
plague parameters.

With adjustment for age, sex, and BMI, other covariates
that were significant in the model with age and sex did not
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Table 1. Patient and Control Characteristics
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Patients With Type 2

Variable Diabetes Mellitus (n=78) Controls (n=91) P Value
Age, y 5910 59--9 0.75
Male sex, n (%) 39 (50) 47 (52) 0.83
Diabetes mellitus duration, y 1.7 (0.7; 3.1)
HbA1c, % 6.6+0.7 5.6+0.3 <0.001
HbA1c, mmol/mol 494-8 3843 <0.001
Systolic BP, mm Hg 126+12 132+15 0.01
Diastolic BP, mm Hg 78+8 83+10 <0.001
Resting HR, bpm 67+10 62+10 <0.01
24-h systolic BP, mm Hg 126+10 125+13 0.66
24-h diastolic BP, mm Hg 75+8 7648 0.19
BMI, kg/m? 29.4+4.4 26.2+4.0 <0.001
Waist-hip ratio 0.98+0.08 0.94+0.08 <0.01
Fat percent, % 3348 2948 <0.01
Smoking (present/previous/never) (%) 21/32/47 22/35/44 0.89
Estimated glomerular filtration rate, mL/min per 1.73 m? 87417 82414 0.04
Urinary albumin/creatinine ratio, mg/g 0.31 (0.21; 0.64) 0.23 (0.15; 0.40) 0.01
Total cholesterol, mmol/L 4.4+0.8 5.6+1.0 <0.001
HDL cholesterol, mmol/L 1.440.3 1.74+0.5 <0.001
LDL cholesterol, mmol/L 2.3+0.7 3.4+09 <0.001
Triglycerides, mmol/L 1.4 (1.1;1.9) 1.2 (0.9; 1.6) <0.01
Diabetes mellitus treatment, %*

Insulin 8

Other antidiabetic drugs 72

Diet 28
Statin treatment, % 77 16 <0.001
Antihypertensive treatment, % 67 25 <0.001
History of cardiovascular disease, %" 4 11 0.12

Data are reported as %, mean+SD or median (interquartile range). BMI indicates body mass index; BP, blood pressure; bpm, beats per minute; HbA 1c, hemoglobin A1c; HR, heart rate; HDL,

high-density lipoprotein; LDL, low-density lipoprotein.

*Five patients received both insulin and other antiglycemic treatment and accordingly percentages sum to >100.
History of cardiovascular disease: Previous myocardial infarction/percutaneous coronary intervention, coronary artery bypass grafting, stroke.

contribute significantly to the model, except total and LDL
cholesterol remained negatively associated with calcified
plague (maximum volume/wall ratio), never smoking
remained associated with maximum wall area and loose
matrix, and a history of stroke remained associated with a
smaller minimum lumen area. Diabetes mellitus remained
associated with a significantly lower minimal lumen area and
maximum wall area with adjustment for age, sex, and BMI
(Table 2). These associations remained significant with addi-
tional adjustment for LDL cholesterol, smoking, or history of
stroke. Additionally, in the latter model, the association
between diabetes mellitus and reduced calcified plaque
volume became significant.

The association between BMI and the carotid parameters
was evaluated further by including BMI in the models
categorized as <25.0, 25.0 to 29.99, and >30.0 kg/m2
adjusted for age, sex, and diabetes mellitus status (Table 3).
BMI was <25.0 kg/m? in 15.4% of T2DM and 38.5% of
controls, 43.6% of T2DM and 46.2% of controls had BMI 25.0
to 29.99 kg/mz, and 41.0% of T2DM and 15.4% of controls
had BMI >30.0 kg/m?*

With adjustment for age, sex, and diabetes mellitus status,
BMI >30.0 kg/m? was associated with an 80% increase in
total calcified plaque volume corresponding to a 62% increase
in maximum calcified plaque volume/wall area ratio, a 44%
increase in total necrotic core volume corresponding to a 31%
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Table 2. Carotid Plaque Parameters in Patients With Type 2 Diabetes Mellitus and Age- and Sex-Matched Control Subjects

Adjusted for Age, Sex,
BMI, LDL-Cholesterol,

volume/wall area

Unadjusted Adjusted for Age Adjusted for Age, Smoking, and History

Measures and Sex Sex, and BMI of Stroke

Diabetic | Control

Patients | Subjects | Ratio (95% Cl) P Value Ratio (95% Cl) P Value Ratio (95% Cl) P Value
Maximum normalized wall index 0.53 0.51 1.03 (1.002; 1.06) | 0.03 1.02 (0.99; 1.05) | 0.19 1.93 (1.00; 1.07) 0.05
maximum wall thickness (mm) 2.3 2.4 0.97 (0.91; 1.03) | 0.28 0.96 (0.90; 1.03) | 0.22 0.97 (0.90; 1.05) 0.46
Minimum lumen area (mm? 215 26.5 0.81 (0.74; 0.89) | <0.001 | 0.81 (0.73; 0.89) | <0.001 | 0.77 (0.69; 0.86) <0.001
Maximum wall area (mm?) 41.2 442 0.94 (0.88; 0.999) | 0.048 0.91 (0.85; 0.97) | <0.01 0.90 (0.83; 0.97) <0.01
Total volume calcified plaque (mm°) | 24.3 28.7 0.86 (0.63; 1.17 0.34 0.75 (0.55; 1.03)* | 0.08 0.61 (0.42; 0.88)* <0.01
Total volume necrotic core (mm®) 69.5 64.4 1.10 (0.90; 1.36 0.35 0.97 (0.78; 1.20) | 0.76 0.96 (0.75; 1.24) 0.78
Total Volume loose matrix (mm?) 224 27.8 0.81 (0.61; 1.07 0.14 0.92 (0.69; 1.23)* | 0.57 1.09 (0.79; 1.51)* 0.59
Maximum calcified plaque 0.07 0.08 0.92 (0.71; 1.20 0.55 0.83 (0.63; 1.09)* | 0.18 0.66 (0.48; 0.91)* 0.01

Maximum necrotic plague 0.20 0.18
volume/wall area

1.16 (0.98; 1.39)

0.08 1.05 (0.88; 1.26) | 0.58 0.96 (0.84; 1.29) 0.72

Maximum loose matrix 0.07 0.08
volume/wall area

0.86 (0.65; 1.12)

0.25 0.99 (0.76; 1.31)* | 0.98 1.18 (0.86; 1.60)* 0.30

95% Cl indicates 95% confidence interval; BMI, body mass index; LDL, low-density lipoprotein.

*BMI included as a second-order polynomial. See text for details.

increase in maximum necrotic plaque volume/wall area, and a
35% reduction in total loose matrix volume corresponding to a
41% reduction in maximum loose matrix volume/wall area
compared with BMI <25.0 kg/m? (Table 3 and Figure 2). We
observed no statistically significant interaction between
diabetes mellitus and BMI in the association with the plaque
parameters and hence we assumed the observed associations
between BMI and the abovementioned plaque parameters
were the same in both T2DM and controls. Additional
adjustment for total cholesterol, LDL cholesterol (Table S2),
smoking, or history of stroke (data not shown) changed the
estimates of the models only very marginally.

Discussion

We studied carotid arterial wall and atherosclerotic plaque
characteristics assessed by carotid MRI in patients with
recently diagnosed T2DM compared with sex- and age-
matched control subjects. The first main finding of our study
was that normalized wall index was higher and minimum
lumen area and maximum wall area were lower in patients
with T2DM. The total and relative volume of plaque calcifi-
cation were significantly lower in T2DM patients compared
with controls with a multivariate model, whereas no statisti-
cally significant differences were observed in total and relative
volume of necrotic core and loose matrix in the patients with
T2DM compared with the control group. However, there was a
near significant (P=0.08) increase in normalized maximum

necrotic plaque volume in patients. The second main finding
was that obesity (BMI>30.0 kg/m? was associated with
increased calcified and necrotic plaque volumes independent
of diabetes mellitus status. Fat percentage was positively
associated with necrotic core volume before adjustment for
BMI, suggesting the association between BMI and necrotic
core could partly be mediated by fat percentage.

Our results show the atherogenic effect of T2DM even in
newly diagnosed and well-controlled patients, as normalized
wall index, a measure of carotid plagque burden, was increased.
Our results also demonstrated that obesity, independently of
diabetes mellitus status, was associated with carotid plaque
morphological features such as necrotic plaque volume and
calcification. This association was observed even though
morbid obesity (weight >120 kg) was an exclusion criterion
for the study. Furthermore, the significantly smaller minimum
lumen and concomitant smaller maximum wall area observed in
the patients with diabetes mellitus suggest that constrictive
inward remodeling of the carotid wall is an early occurrence in
the diabetic vascular disease process that is not ameliorated by
well-controlled glycemic, BP, and lipid levels (Table 1). The
paradoxical finding of increased maximum wall area in the
control subjects compared with T2DM patients most likely
reflects the negative inward remodeling process in diabetes
mellitus, which was accounted for by the normalized wall
indices as shown in Table 2. Few patients had MRI signs of
intraplague hemorrhage, an established marker of plaque
vulnerability, reflecting the fact that the majority of study
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Table 3. Association Between BMI Group and Carotid Plaque
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Parameters

BMI (kg/m?) Ratio (95% Cl) P Value
Maximum normalized wall index

<25 1

25 0 29.99 1.02 (0.99; 1.06) 0.18

>30 1.03 (0.99; 1.07) 0.10
Maximum wall thickness

<25 1

25 t0 29.99 1.01 (0.93; 1.09) 0.82

>30 1.02 (0.93; 1.12) 0.66
Minimum lumen area

<25 1

25 t0 29.99 0.96 (0.86; 1.08) 0.52

>30 1.05 (0.92; 1.19) 0.49
Maximum wall area

<25 1

25 t0 29.99 1.04 (0.97; 1.13) 0.27

>30 1.12 (1.03; 1.23) 0.01
Total volume calcified plaque

<25 1

25 t0 29.99 0.88 (0.61; 1.28) 0.51

>30 1.80 (1.18; 2.72) <0.01
Total volume necrotic core

<25 1

25 t0 29.99 1.15 (0.89; 1.49) 0.29

>30 1.44 (1.07; 1.94) 0.02
Total volume loose matrix

<25 1

25 t0 29.99 1.35 (0.97; 1.89) 0.08

>30 0.65 (0.44; 0.95) 0.03
Maximum calcified plaque volume/wall area

<25 1

25 0 29.99 0.83 (0.60; 1.14) 0.25

>30 1.62 (1.13; 2.33) <0.01
Maximum necrotic plaque volume/wall area

<25 1

25 t0 29.99 1.10 (0.89: 1.37) 0.38

>30 1.31 (1.02; 1.67) 0.03
Maximum loose matrix volume/wall area

<25 1

25 10 29.99 1.28 (0.93; 1.76) 0.13

>30 0.59 (0.41; 0.84) <0.01

Based on data from 149 carotid arteries in 78 patients with diabetes mellitus and 177
carotid arteries from 91 control subjects. Adjusted for age, sex, and diabetes mellitus
(yes/no). BMI indicates body mass index; 95% Cl, 95% confidence interval.

25
*
2 l
t
- | T
Ratio
1
+

0.5

0

<25 25 230 <25 25- 230 <25 25- 230
29.99 29.99 29.99

Total volume calcified plaque  Total volume necrotic core Total volume loose matrix

Figure 2. Body mass index (BMI) and carotid plaque character-
istics. Comparison of calcified plaque volume, necrotic core
volume, and loose matrix volume in the 3 BMI groups (<25
[reference], 25-29.99, and >30 kg/m?). Data from patients with
type 2 diabetes mellitus and controls are combined since no
significant interaction between diabetes mellitus/control group
and BMI was observed. *P<0.01 vs BMI<25.0 kg/mz. P=0.02 vs
BMI<25.0 kg/m?. *P=0.03 vs BMI<25.0 kg/m?.

participants were asymptomatic and therefore did not show
advanced carotid atherosclerosis.

The predictive value of MRI carotid plaque imaging was
recently demonstrated during a mean follow-up period of
5.5 years in 946 asymptomatic subjects. Compared with
traditional risk factors, 15.8% more subjects with events and
7.4% of subjects without events were correctly reclassified
when both the carotid remodeling index and the lipid core
were used for risk stratification.”®

Previous in-vivo and ex-vivo studies that have investigated
the association between T2DM and carotid atherosclerosis
have shown conflicting results. The Rotterdam Study used
multislice computed tomography to study aortic arch, coronary,
and carotid calcification in 1002 patients aged >55 years and
demonstrated that diabetes mellitus was associated with
increased carotid calcification only in women.?® However, the
methodology precluded evaluation of other plaque character-
istics. Spagnoli evaluated plague morphology in carotid
endarterectomy specimens from patients with transient
ischemic attack or stroke and found that fibrous plagque was
correlated with age and diabetes mellitus.”” However, in
another ex-vivo study from patients who underwent carotid
endarterectomy, no difference was observed in plaque mor-
phology in T2DM compared with nondiabetic subjects.?®
Compared with these ex-vivo studies in symptomatic patients
with advanced atherosclerosis, the MRI technique offers
several advantages (ie, noninvasive in-vivo plaque characteri-
zation and evaluation of early atherosclerotic plaque
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morphology in a larger patient sample). Furthermore, with a
larger patient sample other established cardiovascular risk
factors can be included in the statistical analysis, providing a
more comprehensive assessment of factors associated with
carotid atherosclerosis. In a previous carotid MRI study
involving 191 patients with moderate- to high-grade carotid
stenosis, T2DM was associated with high-risk lesion types.?’

The carotid remodeling process has been studied by carotid
MRI in 30 patients with high cardiovascular risk, demonstrating
that carotid plaque progression was associated with negative
remodeling whereas femoral plaque burden was compensated
by positive remodeling. In this population, the carotid lumen
area decreased 3.2% per year (P=0.018).%% In a smaller study
including 23 patients with 2 or more cardiovascular risk factors,
a 1.2% (P=0.07) yearly reduction in carotid lumen area and a
5.1% (P<0.001) increase in normalized wall index was
observed.®" These previously published data on negative
carotid remodeling are in agreement with our results. Based
on the data from Bianda et aI,30 the difference in minimum
lumen area between diabetic and nondiabetic patients in our
study suggests that carotid atherosclerosis in T2DM is accel-
erated on average 6.4 years compared with nondiabetics,
which again reflects the early atherogenic effect of diabetes
mellitus. The importance of carotid remodeling is not well
understood and the clinical relevance remains unknown. In the
PROSPECT (Observations to Study Predictors of Events in the
Coronary Tree: An Imaging Study in Patients With Unstable
Atherosclerotic Lesions) study, both positive and negative
coronary remodeling was associated with major adverse
cardiac events compared with intermediate remodeling lesions.
Furthermore, while positive remodeling lesions had the largest
plaque burden, thin-cap fibroatheroma was most common in
negative remodeling lesions.*” Thus, it remains unsolved
whether arterial remodeling is a valid surrogate measure of
plaque vulnerability compared with plaque burden and plaque
morphology. In the present study, we used noncontrast-
enhanced carotid MRI to measure plaque burden and morphol-
ogy. Other MRI measures to assess carotid plaque vulnerability
have been investigated using either ultrasmall super-paramag-
netic iron oxide particles to detect inflammatory cells within
carotid plaques®® or dynamic contrast-enhanced MRI to assess
carotid plaque neovasculature density.3*

The association between obesity and increased carotid
intima media thickness has been well documented in a large
cohort study,?® and carotid intima media thickness measured
by ultrasound has been shown to predict adverse cardiovas-
cular outcome.*® Obesity, being one of the components of the
metabolic syndrome,” is associated with other cardiovascu-
lar risk factors including hypertension, T2DM, and hyperlipi-
demia leading to increased cardiovascular mortality.*®? Our
data using carotid MRI strongly support the notion of obesity
being a major risk factor for developing advanced carotid

atherosclerosis since BMI >30.0 kg/m? was positively asso-
ciated with both necrotic core size and increased carotid
artery calcification and negatively associated with loose
matrix size compared with BMI <25.0 kg/m?.

Limitations

The cross-sectional study design precludes conclusions regard-
ing causality for the association between the investigated
parameters, and confounding by healthy survivor bias cannot
be ruled out. The diabetic patients were recently diagnosed and
had well-controlled glycemic, BP, and lipid levels and our
observations may not apply to patient populations with other
characteristics. MRI data were not available in 31 participants
(16%), mainly because of missing data in 22 T2DM patients with
higher BMI than the T2DM with MRI data. The effect of this
selection bias is uncertain. It is very likely that the intensive
medical treatment of T2DM patients has affected the carotid
atherosclerotic process, thereby diminishing the atheroscle-
rotic effect of T2DM. Hemodynamic and biomechanical stress
data were not available and hence their association with plaque
data could not be assessed.

Conclusion

Carotid MRI shows increased carotid plaque burden and
negative remodeling in patients with T2DM compared with
control subjects. Furthermore, obesity was associated with
carotid plaque features including increased size of necrotic
core and increased calcification. Our results point to the
atherogenic effect of the metabolic syndrome, herein T2DM
and obesity.
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Table S1. Patient and control characteristics in patients with and without carotid scan data.

Variable Patients with type 2 diabetes P Controls P
Carotid data No carotid data Carotid data No carotid data

N=78 N=22 N=91 N=9
Age (years) 59+10 5819 0.84 5919 50£10 0.01
Male sex, n (%) 39 (50) 13 (59) 0.45 47 (52) 5 (56) 0.82
Diabetes duration (Years) 1.7(0.7;3.1) 2.6(0.4;3.7) 0.35 NA NA
HbAlc (%) 6.60.7 6.5+0.5 0.73 5.6+0.3 5.3+0.3 0.01
HbA1c (mmol/mol) 4948 48+5 0.73 3843 3414 0.01
Systolic BP (mmHg) 126+12 125+10 0.67 132+15 135+17 0.52



Diastolic BP (mmHg)

Resting HR (beats/min)

24-h systolic BP (mmHg)?

24-h diastolic BP (mmHg)?

Body Mass Index (kg/m?)
Waist-hip ratio

Fat-percent (%)

Smoking (Present/previous/never) (%)

Estimated glomerular filtration rate
(ml/min/1,73 m?)

Urinary Albumine/Creatinine-ratio
(mg/g)

Total-cholesterol (mmol/L)

788 81+7
67+10 65+9
126+10 124+12
758 T4+7
29+4 3245
0.98+0.07 1.00+0.06
33+8 33+9
22/35/44 19/43/38
87+17 95+20

0.31 (0.21; 0.64) 0.32 (0.2; 0.83)

4.4+0.8 4.4+1.0

0.26

0.43

0.31

0.72

0.01

0.17

0.70

0.78

0.06

0.49

0.89

83+10 90+13
62+10 68+12
125+13 118+9
76+8 737
26+4 25+4
0.94+0.08 0.93+0.09
29+8 26x10
21/32/47 22/44/33
82+14 84+17

0.23 (0.15; 0.40) 0.15 (0.12; 0.38)

5.6%1.0 5.9+1.1

0.08

0.09

0.10

0.20

0.26

0.58

0.32

0.69

0.66

0.20

0.49



HDL-cholesterol (mmol/L)

LDL-cholesterol (mmol/L)

Triglycerides (mmol/L)

Diabetes treatment (%)

-insulin only

-insulin and other antidiabetic drugs
-other antidiabetic drugs only

-diet

Statin treatment (%)

Antihypertensive treatment (%)

History of cardiovascular disease (%)t

1.4+0.3

2.3+0.7

1.4 (1.1; 1.9)

65

24

77

67

11

1.3+0.3

2.4+0.9

1.4(1.0; 1.9)

64

36

76

54

0.59

0.44

0.33

0.37

0.94

0.30

0.12

1.7(1.3; 1.9)

3.4+0.9

1.2 (0.9; 1.6)

NA

16

25

15(1.2; 1.8)

3.4+1.2

1.0(0.8; 1.9)

NA

22

0.76

0.83

0.71

0.21

0.84

0.52

Data are reported as %, mean=SD or median (IQR). BP: Blood Pressure; HR: Heart Rate; HDL; High Density Lipoprotein; LDL;

Low Density Lipoprotein. tHistory of cardiovascular disease: Previous myocardial infarction/percutaneous coronary intervention,

coronary artery by-pass grafting, stroke.



Table S2. Association between body mass index-group and carotid plaque parameters.

Adjusted for age,

sex and diabetes

Adjusted for age,
sex, diabetes and

total cholesterol

Adjusted for age, sex and
diabetes and low density

lipoprotein cholesterol

Body Mass Index  Ratio (95% CI) P P P
(kg/m?)
Maximum <25.0 1 1 1
Normalized Wall
25.0-29.99 1.02 (0.99; 1.06) 0.18 1.02 (0.99; 1.04) 0.17 1.02 (0.99; 1.06) 0.20
Index
>30.0 1.03 (0.99; 1.07) 0.10 1.04 (1.00; 1.08) 0.06 1.03 (0.99; 1.08) 0.10
Maximum Wall <25.0 1 1 1
Thickness
25.0-29.99 1.01 (0.93;1.09) 0.82 1.01 (0.93;1.09) 0.82 1.01(0.93; 1.09) 0.83
>30.0 1.02 (0.93; 1.12) 0.66 1.02 (0.93; 1.12) 0.65 1.03(0.94; 1.12) 0.59



Minimum lumen area

Maximum Wall Area

Total Volume

calcified plaque

Total Volume

necrotic core

<25.0

25.0-29.99

>30.0

<25.0

25.0-29.99

>30.0

<25.0

25.0-29.99

>30.0

<25.0

25.0-29.99

>30.0

0.96 (0.86; 1.08)

1.05 (0.92; 1.19)

1.04 (0.97; 1.13)

1.12 (1.03; 1.23)

0.88 (0.61; 1.28)

1.80 (1.18; 2.72)

1.15 (0.89; 1.49)

1.44 (1.07; 1.94)

0.52

0.49

0.27

0.01

0.51

<0.01

0.29

0.02

0.96 (0.86; 1.08)

1.03 (0.91; 1.18)

1.04 (0.97; 1.13)

1.12 (0.02; 1.22)

0.88 (0.61; 1.27)

1.71 (1.13; 2.60)

1.15 (0.89; 1.49)

1.46 (1.09; 1.96)

0.50

0.63

0.28

0.02

0.49

0.01

0.29

0.01

0.96 (0.86; 1.08)

1.04 (0.92; 1.19)

1.05 (0.97; 1.13)

1.12 (1.02; 1.22)

0.88 (0.61; 1.27)

1.82 (1.20; 2.76)

1.15 (0.88; 1.49)

1.45 (1.08; 1.96)

0.54

0.52

0.26

0.01

0.50

<0.01

0.31

0.01



Total Volume loose

matrix

Maximum calcified
plaque volume/wall

area

Maximum necrotic
plaque volume/wall

area

Maximum loose
matrix volume/wall

area

<25.0

25.0-29.99

>30.0

<25.0

25.0-29.99

>30.0

<25.0

25.0-29.99

>30.0

<25.0

25.0-29.99

>30.0

1.35 (0.97; 1.89)

0.65 (0.44; 0.95)

0.83 (0.60; 1.14)

1.62 (1.13; 2.33)

1.10 (0.89: 1.37)

1.31 (1.02; 1.67)

1.28 (0.93; 1.76)

0.59 (0.41; 0.84)

0.08

0.03

0.25

<0.01

0.38

0.03

0.13

<0.01

1.36 (0.97; 1.89)

0.67 (0.46; 0.98)

0.83 (0.60; 1.13)

1.54 (1.08; 2.21)

1.10 (0.89; 1.37)

1.32 (1.03; 1.69)

1.28 (0.94; 1.76)

0.60 (0.42; 0.86)

0.07

0.04

0.24

0.02

0.38

0.03

0.12

<0.01

1.34 (0.96; 1.87)

0.66 (0.45; 0.96)

0.83 (0.61; 1.14)

1.64 (1.15; 2.35)

1.10 (0.88: 1.37)

1.31 (1.02; 1.69)

1.27 (0.93; 1.75)

0.59 (0.41; 0.85)

0.08

0.03

0.25

<0.01

0.40

0.03

0.13

<0.01

Based on data from 149 carotid arteries in 78 patients with diabetes and 177 carotid arteries from 91 control subjects. 95% CI: 95% Confidence Interval.



