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ABSTRACT

Objective: We investigate the association between metabolic syndrome risk factors and brain

tissue integrity, as assessed by magnetic resonance imaging.

Material and Methods: From the Leiden Longevity Study, which is a community-based study
of long-lived subjects, their offspring and partners thereof, 130 subjects (61 men, mean age 66
years) were included. A metabolic syndrome score was computed by summing the individual
number of components according to the Adult Treatment Panel lll criteria. We performed linear
and logistic regression analysis and used standardized [ values to assess the association be-
tween metabolic syndrome and brain macrostructure (brain volume and white matter lesion load,
lacunar infarcts, and cerebral microbleeds) and microstructure (mean magnetization transfer ra-
tio (MTR), MTR histogram peak height, fractional anisotropy, and mean diffusivity (MD)). Linear
and stepwise regression analysis was performed to identify the individual contribution of one
metabolic syndrome parameter adjusting for the four other parameters. Models were adjusted

for age, gender, and relation to long-lived family.

Results: Brain macrostructure was not associated with metabolic syndrome. In contrast, meta-
bolic syndrome was associated with decreased gray (=-0.3, p=0.001) and white matter peak
height (p=-0.3, p=0.002) and increased gray matter MD (3=0.2, p=0.01, p=0.01). Serum
HDLC (B=0.22, p=0.012), triglycerides (f=-0.25, p=0.002), BMI (f=-0.2, p=0.014), and di-
astolic blood pressure (f=-0.17, p=0.047 and $=-0.23, p=0.009 for gray and white matter,

respectively) were independent factors in these changes in brain microstructure.

Conclusion: In early manifest metabolic syndrome, brain tissue decline can be detected. Serum
HDL cholesterol, triglycerides, BMI, and diastolic blood pressure were independent factors in

brain tissue integrity.
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INTRODUCTION

Cardiovascular disease is considered the main long-term complication of metabolic syndrome
and obesity-related disorders, although also multiple organs may be affected, including the
brain(1). Considering brain damage, vascular risk factors associated with metabolic syndrome
accelerate cerebral small vessel disease, which may result in white matter lesions, cerebral mi-
crobleeds, and brain atrophy, as detected by magnetic resonance imaging (MRI) (2,3). MRI
studies of the brain have shown that early confluent and confluent white matter hyperintensi-
ties are related to vascular cognitive impairment(4). Moreover, white matter atrophy in obe-
sity-related disorders like type 2 diabetes has been associated with progressive neurocogni-
tive decline(5). Preceding macrostructural brain tissue damage, early microstructural changes
may occur in the normal appearing brain tissue, which may play a role in the development of
cognitive decline(4). However, the exact mechanism and histopathology of these brain tissue
changes is still not fully defined. Magnetization transfer imaging and diffusion tensor imaging
are imaging techniques that are well suited to detect early microstructural changes in normal
appearing brain tissue in a number of disease states. Diffusion tensor imaging probes the di-
rection and magnitude of water diffusion in the intracellular cytoplasm along the axons, where-
as magnetization transfer imaging probes the protons bound to large molecules like the my-
elin lipids and proteins(4). Recent studies demonstrated microstructural brain tissue changes in
association with metabolic and vascular risk factors using magnetization transfer and diffusion
tensor imaging(6-8). However, evidence of metabolic syndrome as a risk factor per se is rather
sparse(?). Moreover, it is unknown whether changes in microstructural brain tissue integrity in
metabolic syndrome are present before imaging evidence of cerebral small vessel disease may
become overt. We hypothesize that clustering of metabolic syndrome risk factors increases the
risk for microstructural brain tissue decline in a dose-related fashion, before imaging evidence of
small vessel disease may become apparent. Therefore, we use a summary score for metabolic
syndrome, as a categorical definition of metabolic syndrome may limit the power to detect an
association(10). The purpose of this study was to investigate whether changes in brain micro-
structure are present in association with metabolic syndrome, independent of brain atrophy or
imaging correlates of cerebral small vessel disease as assessed by conventional structural MRI.
Furthermore, we investigate the independent association between the individual metabolic syn-
drome components and brain tissue integrity, as assessed by magnetization transfer and diffusion

tensor imaging.
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MATERIAL AND METHODS

Study subjects

Subjects were included from the Leiden Longevity Study, which has been described in more detail
elsewhere(11). In short, 421 Dutch Caucasian families were enrolled in the study between 2002
and 2006 based on the following inclusion criteria: (1) there were at least two living siblings
per family, who fulfilled the age criteria and were willing to participate, (2) men had to be aged
> 89 years and women had to be aged = 91 years and (3) the sib pairs had to have the same
parents. Additionally, offspring of these long-lived siblings were included as they have a 35%
lower mortality rate compared to the general population. Their partners, who share the same so-
cio-economic and geographical background, were enrolled as age-matched control group (11).
There were no selection criteria on health or demographic characteristics. For the current study,
subjects were recruited from the offspring of the long-lived siblings and their spouses. Inclusion
criteria were as follows: (1) complete data on metabolic syndrome criteria and (2) all brain
MRI imaging (structural, MTI and DTI) data. Subjects with diabetes were excluded. Subjects
were regarded as having diabetes if they had non-fasted glucose levels > 11.0 mmol/L or used
glucose lowering agents. The Medical Ethical Committee of the Leiden University Medical Center
approved the study, and written informed consent was obtained from all subjects according to

the Declaration of Helsinki.

Metabolic syndrome

According to the Adult Treatment Panel Il criteria(12), metabolic syndrome risk factors in this
study were defined as follows: (a) body mass index (BMI)>25 kg/m? (b) decreased plasma
high-density lipoprotein cholesterol levels (HDLC) (<40 mg/dL [1.0 mmol/L] in males; <50 mg/
dL[1.3 mmol/L]in females); (c) increased plasma triglyceride levels (2150 mg/dL[1.7 mmol /L])
or administration of lipid-lowering therapy; (d) elevated blood pressure or administration of an-
tihypertensive medication (systolic pressure = 130 mm Hg and/or diastolic pressure = 85 mm
Hg); (e) increased fasting plasma glucose levels (2100 mg/dL [5.6 mmol/L]) or treatment with
glucose lowering medication. We calculated a metabolic syndrome score by summing the num-
ber of factors, ranging from zero (no factors) to five (all metabolic syndrome factors). Presence
of metabolic syndrome was defined as having three or more of any of the metabolic syndrome
risk factors(12).

Measures of cognitive function

Cognitive testing in the Leiden Longevity Study has been described in more detail elsewhere(13).
In short, memory function was evaluated with the 15-Picture Learning Test (15-PLT), and attention
and processing speed were evaluated by using the Stroop test part 3 and the Digit Symbol Sub-
stitution Test (DSST). Outcome parameters for 15-PLT were the number of correct pictures after
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each trial (PLT-immediate) and after 20 minutes (PLT-delayed). For the Stroop test, the time need-
ed to complete the test was defined as outcome parameter. Outcome parameter for the DSST was

the number of correct digit-symbol combinations within 90 seconds.

MRI acquisition

All imaging was performed on a whole body MR system operating at 3 Tesla field strength
(Philips Medical Systems, Best, The Netherlands). 3D T1-weighted images were acquired with
repetition time (TR) = 9.7 ms, echo time (TE) = 4.6 ms, flip angle (FA) = 8°, and 224 x 177 x
168 mm field of view (FOV), resulting in a nominal voxel size of 1.17 x 1.17 x 1.4 mm. Fluid-at-
tenuated inversion recovery (FLAIR) images were acquired with TR = 11000 ms, TE = 125 ms, FA
=90°, FOV = 220 x 176 x 137 mm, matrix size 320 x 240, 25 transverse slices, 5 mm thick.
T2-weighted images were acquired with TR = 4200 ms, TE =80 ms, FA=90°, FOV = 224 x 180
x 144 mm, matrix size 448 x 320, 40 slices, 3.6 mm thick. T2 *-weighted images were acquired
with TR =45 ms, TE= 31 ms, FA=13°, FOV = 250 x 175 x 112 mm. Diffusion tensor images were
acquired with TR = 9592 ms, TE =56 ms, FA=90°, FOV =220 x 220 x 128 mm, matrix size 112
x 110, 64 slices 2 mm thick, 32 measurement directions, b-value = 1000. Magnetization transfer
imaging was performed with TR = 100 ms, TE = 11 ms, FA = 9°, FOV = 224 x 180 x 144 mm,
matrix size 224 x 169, 20 slices, 7 mm thick.

Image processing and analysis

For analysis of MRI scans, different tools of the FSL (Functional MRI of the Brain Software Li-
brary) software package were used(14,15). Gray and white matter volumes were calculated
as previously described(16), and lacunar infarcts and cerebral microbleeds were evaluated as
previously reported (17). White matter lesion volume in millilitres was automatically quantified
by using a previously validated method(18). In short, after initial tissue segmentation(18), white
matter masks generated by FSL were spatially transformed to fluid-attenuated inversion recov-
ery (FLAIR) images by using the FLIRT tool(19). White matter hyperintensities were automatically
identified from the mask by using a threshold of 3 standard deviations above the mean FLAIR
signal intensity, which was obtained from the cerebral periphery to limit skewing of the signal

intensity distribution from hyperintense periventricular white matter voxels(18).

The individual raw diffusion tensor images were pre-processed in order to create individual frac-
tional anisotropy (FA) and mean diffusivity (MD) images using tools of FDT (FMRIB’s Diffusion
Toolbox) (20-22).

To create individual brain masks for cortical gray and white matter, 3D T1-weighted images were
skull-stripped (23) and subsequently segmented(24,25). Individual MTR maps were calculated
voxel by voxel, and mean MTR and normalized peak height were calculated (26). To correct for

possible partial volume effects, an eroded mask of the brain parenchyma and gray and white
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matter volume T1-weighter image segmentations was created by removing one voxel in-plane

for all mentioned volumes-of interest(26).

Voxel-wise statistical analysis of white matter FA and MD was performed using Tract Based Spa-
tial Statistics (TBSS)(27). First, FA images were brain extracted(28). All subjects’ FA data were
then aligned into a common space(29,30). Next, the mean FA image was created and thinned
to create a mean FA skeleton which represents the centers of all tracts common to the group. Each
subjects’ aligned FA data was then projected onto this skeleton and the resulting data were fed
into voxel-wise cross-subject statistics. In the same manner, voxel-wise analysis of white matter

MD data was performed.

We investigated the spatial distribution of changes in gray matter MTR on a voxel-wise ba-
sis. MTR maps were co-registered to the 3D T1 weighted images and subsequently processed
(31,32) with FSL tools(14). Next, voxel-wise statistics was carried out. Voxel-based analysis of
DTl has not been performed since these data have been shown to depend highly on choice of
normalization method, size of the smoothing kernel and statistics and should therefore be inter-

preted with extreme caution(33).

Statistical Analysis

If not otherwise stated, data are presented as mean with standard deviation (characteristics of
the study population). Differences in subject demographics between offspring of longlived and
their partners were calculated using independent samples Mann-Whitney U test and Pearson'’s

chi-square test.

Z scores were calculated for brain volume, white matter lesion volume, and MRI markers of brain
microstructure. Accordingly, linear and logistics regression analysis was performed to investigate
associations between metabolic syndrome score, presence of metabolic syndrome (yes/no),
and brain volume z score, MRI markers of cerebral small vessel disease (white matter lesion vol-
ume z score, lacunar infarcts and cerebral microbleeds), and z scores for MRI markers of brain
microstructure. Models were adjusted for age, gender and descent (Leiden-longevity offspring

or their partners).

To investigate to what extent associations between metabolic syndrome and changes in brain
microstructure are mediated by the presence of cerebral microbleeds, we used an additional

model that adjusted for the presence of cerebral microbleeds.

Linear and stepwise regression analyses were performed to identify which metabolic syndrome fac-
tors were independently associated with gray and white matter peak height z score and gray mat-

ter MD z score. In these analyses, continuous variables were used, and both systolic and diastolic
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blood pressure were included. Additional analyses adjusted for use of antihypertensive medication.
To estimate the association between metabolic syndrome and cognition (as assessed by 15-PLT,
Stroop test, and DSST), we performed linear regression analysis using different models. Model
1 adjusted for age, gender, years of education, cardiovascular disease, and relation to descent
(offspring of longlived or partner). Model 2 included model 1 and adjusted additionally for MRI
markers of macrostructural brain damage. In addition, we also investigated whether MRI markers
of brain microstructure were associated with cognition, adjusting for potential confounders as in

model 1.

For statistical analyses, Statistical Package for the Social Sciences (SPSS) software for windows
(version 20.0) was used. For voxel-wise statistical analyses, the FSL randomise tool was used
to perform permutation-based non-parametric testing (n = 5000 permutations) on the magne-
tization transfer data. Threshold-Free Cluster Enhancement (34)was applied, which is generally
more robust and avoids the need for arbitrary initial cluster-forming threshold(34). To correct
for multiple comparisons across Montreal Neurological Institute 152 standard space, statistical
threshold was set at p<0.05, Family Wise Error corrected, which is a commonly used threshold in
voxel wise analysis (35,36). Differences between subjects with and without metabolic syndrome
were assessed adjusted for age, gender, and descent. To investigate the association between
metabolic syndrome score and MTR values, contrasts of interest were made for the metabolic
syndrome score regressor. For metabolic syndrome (yes/no), the same model was used though

with contrast of interest made for the metabolic syndrome score regressor.

RESULTS

Subject characteristics are shown in table 1. The study cohort consisted of 130 subjects (n=73
offspring, n=57 partners). Age, gender, history of disease, and prevalence of vascular risk and
and dichotomized metabolic syndrome factors (e.g. high HDLC yes/no) were similar between
offspring of longlived and partners. Also, prevalence of metabolic syndrome (23 factors accord-
ing to ATP Ill criteria) was not different between the two groups. Mean fasted serum glucose was
lower in the offspring group (serum glucose 4.95+0.05 versus 5.22+0.08 mmol /L, mean*SEM
, p=0.03).

Clustering of metabolic syndrome components in the study cohort was as follows: in 31 (24%)
subjects, no metabolic syndrome risk factors were present; in 56 (43%) subjects, one risk factor
was present; in 25 (19%) subjects, two risk factors were present; in 14 (11%) subjects, three risk
factors were present; in four (3%) subjects, four risk factors were present; none of the study sub-

jects had five metabolic syndrome risk factors.
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Table 1: Characteristics of the study cohort

Characteristics

Subjects (n=130)

Men, n (%)
Age in years, mean (SD)
Offspring of long-lived (%)
Current smoking, n (%)
History of disease
COPD, n (%)
Stroke, n (%)
Myocard infarct, n (%)
Metabolic syndrome related characteristics
HDLC in mmol/L, mean (SD)
Triglyceride in mmol/L, mean (SD)
Fasted glucose in mmol /L, mean (SD)
Weight in kilogram, mean (SD)
Height in centimeter, mean (SD)
BMIin kg/m2, mean (SD)
Systolic blood pressure in mmHg, mean (SD)
Diastolic blood pressure in mmHg, mean (SD)
Dichotomized vascular risk factors
Low HDLC, n (%)
High triglycerides, n (%)
High glucose, n (%)
High BMI, n (%)

High blood pressure, n (%)

61 (47)
66.2 (6.7)
57 (44)

11 (8)

7 (5)
101)
101)

1.5 (0.6)
1.4(0.6)
5.1(0.6)
79.0 (13.6)
172.6 (8.2)
26 (4)

139 (19)
83 (10)

23 (18)
30(14)
9(7)

18 (14)

84 (65)

Values are means (SD, standard deviation) or numbers (percentage). Age in years at MRI examination, COPD: chronic obstructive

pulmonary disease, HDLC: plasma high-density lipoprotein cholesterol levels, triglycerides: plasma triglyceride levels, fasted glucose:

fasting plasma glucose levels, BMI: body mass index. Low HDLC: decreased plasma HDLC levels ,<1.0 mmol/L in males, <1.3

mmol/L in females; high triglycerides: increased plasma triglyceride leves >1.7 mmol/L or administration of lipid-lowering therapy;

high glucose: increased fasting plasma glucose leves >5.6 mmol/L, or treatment with glucose lowering medication; high BMI: >25

kg/m2; high blood pressure: elevated blood pressure, systolic pressure = 130 mm Hg and/or diastolic pressure = 85 mm Hg, or

administration of antihypertensive medication
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Gray and white matter volume, white matter lesion volume and prevalence of lacunar infarcts
and cerebral microbleeds in association with metabolic syndrome score are shown in table 2.
There was no association between metabolic syndrome score and brain macrostructure (brain
volume, MRI markers of cerebral small vessel disease). However, increasing metabolic syndrome
score was associated with decreased gray ($=-0.3, p=0.001) and white matter peak height (3=-
0.3, p=0.0002) and increased gray matter diffusivity (3=0.2, p=0.01).

We found no difference in brain macrostructure in subjects with metabolic syndrome (e.g. 23 risk
factors) as compared to subjects without the syndrome. However, subjects with the syndrome
had lower gray and white matter peak height (p=0.02 and p=0.03, respectively), and increased
gray matter MD (p=0.04).

Adjusting for the presence of cerebral microbleeds did not affect the observed associations be-
tween metabolic syndrome and MRI markers of brain microstructure. Univariate and indepen-
dent associations between the individual metabolic syndrome factors and brain MRI markers are
shown in table 3. Univariate analysis showed significant associations with gray and white matter
peak height for HDLC, serum triglycerides, and BMI. Blood pressure was significantly associat-
ed with gray matter MD ((3=0.19, p=0.037). Stepwise regression analysis showed that HDLC
($=0.22, p=0.012) and BMI (3=-0.2, p=0.014) were independently associated with gray matter
peak height. Serum triglycerides (3=-0.25, p=0.002) and BMI (=-0.16, p=0.047) were asso-
ciated with white matter peak height. Higher systolic and diastolic blood pressure showed a trend
towards increased MD, although non-significant (p=0.06 and p=0.06, respectively). However,
after adjusting for use of antihypertensive medication, diastolic blood pressure was significantly
associated with gray matter (3=-0.17, p=0.047) and white matter ($=-0.23, p=0.009) peak
height.

Voxel-wise analysis of cortical gray matter MTR showed that changes were diffuse and symmet-
rically in both hemispheres, in association with increasing metabolic syndrome score (figure 1).
Voxel-wise statistical analysis of white matter FA or MD showed no significant changes in asso-

ciation with metabolic syndrome.

We did not find any significant associations between metabolic syndrome (score, and metabolic
syndrome yes/no) and cogpnition. Also, none of the MRI markers for brain microstructure (MTR,

peak height, FA, MD) were associated with cognitive function.
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Table 3: Association between individual metabolic syndrome components and imaging characteristics

for microstructural brain tissue integrity

Gray matter peak height White matter peak height Gray matter mean diffusivity

3 (SE) p-value f (SE) p-value f (SE) p-value
Univariate associations
Glucose -0.12 (0.09) 0.17 -0.04 (0.09) 0.66 0.093 (0.09) 0.3
HDLC 0.36(0.1) 0.007 0.33(0.1) 0.013 -0.019 (0.1) 0.88
Triglycerides -0.21 (0.09) 0.018 -0.26 (0.09) 0.003 0-0001 (0-0) 099
BMI -0.19 (0.09) 0.021 -0.19 (0.09) 0.031 0.13 (0.08) 0.12
Blood pressure  -0.14 (0.09) 0.16 -0.17 (0.09) 0.073 0.19 (0.09) 0.037
Model 1
Glucose -0.08 0.36 0.05 0.58 0.1 0.27
HDLC 0.22 (0.07) 0.012 0.12 0.18 -0.14 0.13
Triglycerides -0.13 0.2 -0.25(0.08) 0.002 0.024 0.79
BMI -0.2 (0.08) 0.014 -0.16 (0.08) 0.047 0.16 0.08
Systolic RR -0.13 0.15 -0.13 0.14 0.17 0.06
Diastolic RR -0.16 0.08 -0.13 0.15 0.18 0.06
Model 2
Glucose -0.06 0.52 0.001 0.99 0.064 0.51
HDLC 0.21 (0.08) 0.026 0.27 (0.08) 0.002 -0.15 0.13
Triglycerides -0.1 0.3 -0.17 0.073 0.034 0.73
BMI -0.2 (0.09) 0.023 -0.15 0.12 0.065 0.51
Systolic RR -0.06 0.57 -0.008 0.94 0.13 0.18
Diastolic RR -0.17 (0.09) 0.047 -0.23 (0.09) 0.009 0.12 0.22

Univariate associations are from linear regression analysis, correcting for age, gender, and descent. Stepwise regression included
the individual metabolic syndrome risk factors and age, gender and descent (model 1) and additionally use of antihypertensive
medications (model 2). The Standardized Beta coefficient (per increase in standard deviation) with standard error (SE), or partial
correlation, and corresponding p-values are shown. Fasting plasma glucose levels (glucose), plasma high-density lipoprotein

cholesterol levels (HDL), plasma triglyceride levels (triglycerides), body mass index (BMI), and blood pressure.
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Figure 1. Voxel-based analysis of changes in cortical gray matter magnetization transfer ratio (MTR) as-

sociated with increasing metabolic syndrome score. Figure 1 shows results from the voxel-wise analysis of
changes in cortical gray matter MTR in all subjects using FSL-VBM. Results are projected on the MNI152
space T1-weighted image provided by FSL. Areas showing statistically significant decline of gray matter
MTR in association with a stepwise increase in metabolic syndrome risk factors (metabolic syndrome
score) are highlighted in orange (p < 0.05, corrected). Statistical analysis was adjusted for sex, age and

descent (offspring of long lived or partner).

DISCUSSION

Our data show that clustering of risk factors in metabolic syndrome is associated with evidence
of microstructural damage in the gray and white matter as indicated by decreased MTR peak
height and increased mean diffusivity. In contrast, we did not find evidence of macrostructural
brain damage. Stepwise regression analysis showed that HDLC, serum triglycerides, and BMI
were independently associated with gray and white matter peak height. After adjusting for use
of antihypertensive medication, diastolic blood pressure was also independently associated with
gray and white matter peak height. Finally, voxel-wise analysis showed that subtle MTR changes

do not occur in preferential brain regions.

Our data show that subjects with higher metabolic syndrome score neither demonstrate brain

atrophy nor show increasing white matter volume or prevalence of lacunar infarcts and cerebral
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microbleeds. Previous studies report increasing white matter lesion burden and silent brain in-
farctions, and increased brain atrophy in patients with type 2 diabetes (5) and hypertension(37).

Cerebral small vessel disease can be regarded as an active process in which patients may be
more susceptible for accelerated brain atrophy (2). Inclusion bias may be the underlying factor
in the discrepancy between previous reports and our observed brain macrostructure in associ-
ation with metabolic syndrome. In the present study, all subjects were recruited from the Leiden
Longevity Study(11) which is a community-based study comprising a relatively healthy cohort.
Our data indicate that in subjects with asymptomatic or preclinical metabolic syndrome, changes

in brain microstructure can be detected, before larger visible neurodegenerative changes occur.

In one recent study, increased white matter MD without changes in FA in hypertensive patients
was found(38). Other studies showed decreased white matter FA in type 1 diabetes (39) and
metabolic syndrome (7,8). While FA reflects the coherence of highly structured tissue, e.g. white
matter bundles, MD broadly reflects extracellular fluid accumulation. In our study, metabolic
syndrome score was positively correlated to gray matter MD but not FA or white matter MD or
FA. One possible explanation for the observed increase in gray matter MD with preserved FA is
that, due to blood-brain barrier damage, early extracellular fluid accumulation appears before

gray matter microstructural coherence, as assessed by FA, is affected.

One recent study showed modulatory effects of vascular risk factors on MTR histogram analysis:
peak position shifted towards lower MTR values in association with hypertension. Also, MTR
peak height was lower in association with increasing HbA1c (6). In our study, metabolic syn-
drome was associated with lower gray and white matter MTR peak height. Lower peak height is
thought to reflect an increase of tissue with low MTR values, and thus to inversely reflect the bur-
den of disease in patients (40). In addition, we found mean MTR values to be preserved. These
findings potentially reflect brain tissue loss rather than demyelination or global microstructural

changes(6). However, the exact biological nature of these measures is still not fully understood.

We found that gray and white matter peak heights were lower in subjects with low serum HDLC,
high serum triglycerides, and high BMI. High blood pressure was associated with increased gray
matter MD. However, due to the selection for metabolic syndrome these are interrelated risk fac-
tors (12) in the study population. Nevertheless, stepwise regression analysis showed that HDLC,
triglycerides, and BMI were independently associated with gray and white matter peak heights.

Previous studies have found associations between blood pressure and white matter lesions. How-
ever, results have been inconsistent regarding the relative importance of systolic and diastolic
blood pressure(41,42). We found that, after adjusting for use of antihypertensive medication,

diastolic but not systolic blood pressure was independently associated with gray and white mat-
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ter peak height. Considering white matter damage, differences in underlying mechanisms may
explain our observed results. Large artery atherosclerosis and arterial stiffness lead to elevated
systolic blood pressure whereas diastolic blood pressure and mean arterial pressure are more

dependent on peripheral vascular resistance that may reflect small vessel disease (42,43).

By using voxel-based morphometry analysis, one recent study reported gray matter atrophy
in frontal and temporal regions and different subcortical regions in mild cognitive impairment
patients with first-ever lacunar infarction (44). These findings are consistent with functional neu-
roimaging data and provide evidence that beyond the area of infarction, remote effects of sub-
cortical damage may occur(45). By using voxel-wise analysis of MTR changes associated with
metabolic syndrome, we found a diffuse, widespread and symmetrical decrease in gray matter
MTR in both hemispheres. Our results may be explained if these diffuse changes represent very
subtle overall microstructural brain tissue damage providing a “setup” or increased vulnerability

and hence a first step towards brain damage before actual focal ischemic lesions occur.

One recent study showed an anterior-posterior gradient of decrease in white matter FA in associ-
ation with metabolic syndrome(7). In contrast, by using voxel-wise statistical analysis, we found
no significant changes in white matter FA or MD in association with the syndrome. Also, we found
no overt brain damage in association with metabolic syndrome. One potential explanation is
that our study cohort comprised relatively healthy subjects. On the other hand, lack of statistical

power to defect an association may have been a factor and should therefore be considered.

Metabolic syndrome has been associated with cognitive dysfunction(9). We did not find any
significant associations between the syndrome, MRI markers of brain tissue integrity, and cog-
nition, which may be explained by the relatively low age of our study subjects. An alternative
explanation may be that subtle neuropathology has been shown to develop years before onset
of clinical symptoms(46).

In conclusion, we found microstructural brain tissue decline in association with metabolic syn-
drome, in middle-aged to elderly community-dwelling subjects. Serum HDL cholesterol, tri-
glycerides, BMI, and diastolic blood pressure were independent factors. The observed diffuse
and subtle changes in gray matter microstructure may represent an overall “setup” for brain
damage preceding actual focal ischemic lesions, brain atrophy and finally cognitive impairment.
Future longitudinal studies should determine whether these changes evolve in more pronounced
structural deterioration or cognitive decline. Our findings underline the importance for early and

comprehensive infervention and subsequent potential health gain in metabolic syndrome.
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