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This study investigated whether diffusion tensor imaging (DTI) could identify potential abnormalities in type 2
diabetes mellitus (T2DM) patients without cognitive complaints compared to healthy controls. In addition, the
existence of associations between diffusion measures and clinical parameters was examined. Forty T2DM pa-
tients and 97 non-diabetic controls completed a clinical and biochemistry examination. Structural MRI scans
(DTI, T1, T2, FLAIR) were subsequently acquired with a 1.5 Tesla scanner. In addition to a global DTI analysis,
voxel-based analysis was performed on the fractional anisotropy (FA), mean diffusivity (MD), and axial (AD)
and transverse (TD) diffusivity maps to investigate regions that exhibit (i) WM differences between patients
and controls; and (ii) associations between clinical measurements and these DTI indices. There were no signifi-
cant differences in age, gender, and WM hyperintensity scores derived by the conventional MRI scans between
controls and T2DM patients. For the T2DM patients, however, theMD of the brain parenchymawas significantly
increased compared to controls and was positively correlated with disease duration. The voxel based analyses
revealed (i) a significantly decreased FA in the bilateral frontal WM compared to controls which was mainly
caused by an increased TD and not a decreased AD within these regions; (ii) a significant association between
disease duration andmicrostructural properties in several brain regions including bilateral cerebellum, temporal
lobe WM, right caudate, bilateral cingulate gyrus, pons, and parahippocampal gyrus. Our findings indicate that
microstructural WM abnormalities and associations with clinical measurements can be detected with DTI in
T2DM patients.
Health, College of Medicine,
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Introduction

Diabetesmellitus (DM) is a commonmetabolic disease characterized
by hyperglycemia due to the insufficient availability of, or insensitivity
to, insulin. Diabetes is typically associated with structural brain abnor-
malities and an increased risk for stroke (Folsom et al., 1999), lacunar
infarctions (Kobayashi et al., 1997), silent stroke events (Eguchi et al.,
2003), and gray matter atrophy (Manschot et al., 2006; Musen et al.,
2006). While the relationship betweenwhitematter (WM) hyperinten-
sities and diabetes is still controversial, a recent systematic review on di-
abetes and brain imaging concluded that there is convincing evidence
for an association betweendiabetes and cerebral atrophy and lacunar in-
farctions (van Harten et al., 2006). It was stated, however, that it is still
unclear whether or not type 2 diabetes mellitus (T2DM) is associated
with WM hyperintensities as observed with magnetic resonance imag-
ing (MRI). With nine of the 27 WM lesion studies included in their
meta-analysis, no association between diabetes and WM hyperintensi-
ties was observed in the “vascular cohorts”. By contrast, for the “outpa-
tient cohorts”, there appeared to be a modest association between
diabetes and WM hyperintensities. This uncertainty could be partly
due to the insufficient sensitivity of conventional MRI modalities (e.g.,
T1 and T2 maps) to detect subtle brainWM changes or to assess the se-
verity of WM hyperintensities. In the review paper of van Harten et al.,
2006, it was also suggested that diffusion tensor imaging (DTI) could
be a promising technique for the investigation of WM properties in
diabetes patients.

http://dx.doi.org/10.1016/j.neuroimage.2011.09.041
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DTI is a unique technique for assessing WM structural properties
based on the three-dimensional anisotropic Gaussian diffusion of
water molecules (Basser et al., 1994). With DTI the directionality and
magnitude of random water movement in tissue can be estimated
yielding several quantitativemeasures, such as the three principle diffu-
sivities (i.e., the eigenvalues of the diffusion tensor: λ1Nλ2Nλ3), mean
diffusivity (MD=[λ1+λ2+λ3]/3), transverse diffusivity (TD=[λ2+
λ3]/2), axial diffusivity (AD=λ1), and the degree of diffusion anisotro-
py (e.g., the fractional anisotropy: FA) (Pierpaoli and Basser, 1996).
Without barriers, water molecules move uniformly in all directions,
which results in isotropic diffusion. By contrast, in the presence of bar-
riers, such as cell membranes, nerve fibers, or myelin sheets, the diffu-
sion rate is typically larger in one direction than in another, which is
then referred to as anisotropic diffusion (Beaulieu, 2002). Being quanti-
tative in nature, these DTI basedmeasures have been shown to bemore
sensitive to tissue abnormalities than the typical visual evaluation of
WM hyperintensities observed in conventional MRI data (Della Nave
et al., 2007; Van Hecke et al., 2008a). To date, DTI studies have revealed
WM alterations through measurements of decreased FA and/or in-
creased MD in a variety of conditions, including aging (Hsu et al.,
2008; Sullivan and Pfefferbaum, 2007; Van Hecke et al., 2008a), multi-
ple sclerosis (Patel et al., 2007), schizophrenia (e.g., Carpenter et al.,
2008), traumatic brain injury (e.g., Caeyenberghs et al., 2010a, 2010b),
amyotrophic lateral sclerosis (e.g., Sage et al., 2009) and Alzheimer's
disease (e.g., Stahl et al., 2007). For an in-depth discussion of DTI, the in-
terested reader is referred to a recent review of Tournier et al. (2011).

Only a few studies have been published that use DTI to investigate
WM properties in DM patients. Kodl et al. (2008) demonstrated that
DTI can detect microstructural WM abnormalities in subjects with
long-standing type 1 DM and they showed that poor performance
on selected neurocognitive tests correlated with reduced WM FA.
More recently, another study examined the emotional and declara-
tive memory impairment and associatedWMmicrostructural proper-
ties in 24 middle-aged and elderly patients with T2DM but without
any obvious vascular pathology or psychiatric disorder (Yau et al.,
2009). Their findings suggest that T2DM patients show diffuse and
predominantly frontal and temporal WM microstructural abnormali-
ties, with extensive involvement of the temporal stem. Also the FA of
the temporal stem was found to be associated with immediate mem-
ory performance.

In this work, we studied the WMmicrostructural organization in a
well-controlled and large (n=40) cohort of non-hypertensive T2DM
patients who do not exhibit significant cognitive deficits. In particular,
we investigated whether DTI is able to detect differences in diffusion
properties (i.e., FA, MD, TD, and AD) between these patients and
healthy controls even when the conventional MRI data of the T2DM
patients do not show any significant abnormalities. In addition, we
performed a battery of medical tests to examine potential relation-
ships between the DTI indices and clinical parameters. Our results
demonstrate that, compared with age-matched non-diabetes con-
trols, T2DM patients show several regions with abnormal diffusion
values reflecting DM related changes in microstructural tissue organi-
zation. To the best of our knowledge, this is the largest DTI based
T2DM study to date (40 patients vs. 97 controls) and the first one
that also investigates both regional and global diffusivity measures,
including AD and TD, providing a more detailed picture of the under-
lying microstructural tissue organization in T2DM patients.

Methods

Subjects

Forty-two middle-aged T2DM patients (27M/15F) and 100 non-
diabetic non-hypertensive controls (54M/46F) were examined by a
collaborating endocrinologist based on the guideline criteria of “The
American Diabetes Association: clinical practice recommendations
1996”. The patients were selected from our community-based pro-
spective cohort study, which investigates the cardio- and cerebro-
vascular risk factors in the general population, or were recruited
from a general health screening program. The duration of disease
was measured from the date of diagnosed T2DM to the MRI scanning
date. Diabetic subjects were on various oral hypoglycemic agents
without any history of insulin treatment and hypoglycemic episode.
The control subjects were recruited from the health screening pro-
gram in the Shin-Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan.

Both patients and controls received detailed examinations, includ-
ing physical and bed-side neurological examinations (such as check-
ing the cranial nerves, the motor system, and any cerebellar signs)
performed by neurologists, a biochemistry study, a chest X-ray, an
electrocardiogram, and an electroencephalogram prior to the data ac-
quisition. All participants who had a history of major neurological dis-
eases, cerebrovascular accidents, psychiatric or serious cardiovascular
diseases, or those with manifestations of stroke (demonstrated by ab-
normal bedside neurological examination) were excluded. In addi-
tion, subjects with significant cognitive deficits, i.e. with cognitive
complaints that cause impairment in social or occupational function-
ing, were not included. Body height and weight were measured by a
validated automated device (TBF-22, TANITA Co. Ltd, Japan) from
which the body mass index (BMI) was calculated. Blood pressure
(BP) was measured with a validated oscillometric automated digital
BP device (OMRON HEM-757; Omron Matsusaka Co. Ltd, Japan)
after examinees had rested for at least 5 min. Subjects were classified
hypertensive and were excluded from this study if they received anti-
hypertensive treatment or if they had a BP above the cut-off value
(a systolic BPN=140 mm Hg or a diastolic BPN=90 mm Hg). The
biochemistry tests included the assessment of fasting glucose, glycated
hemoglobin (HbA1c), triglycerides, total cholesterol, high-density lipo-
protein (HDL), and low-density lipoprotein (LDL). AnyMRI scans (see ac-
quisition details below)with structural abnormalities, such as a tumor or
stroke, obvious variations (e.g., mega cisternamagna, cavum septumpel-
lucidum), or technical acquisition artifacts were excluded. Additionally,
other brain WM properties, as observed on T2-weighted and fluid-
attenuated inversion recovery (FLAIR) images, were also rated by
one of the authors (JL) using the age-related WM changes (ARWMC)
score (Wahlund et al., 2001). Subsequently, all subjects with a regional
ARWMC score higher than 1, which corresponds to the beginning con-
fluence of lesions in periventricular WM abnormalities at that location,
were also excluded. Summation of all the regional ARWMC scores was
performed to construct the total ARWMC score in each individual. In
the control group, three subjects were excluded due to white matter
hyperintensities in the bilateral parietal lobes and other regions (subject
one: total ARWMC=6; subject two: total ARWMC=10) and the bilateral
frontal lobes (subject three: total ARWMC=4). In the T2DM group, two
subjects were excluded: one subject had white matter hyperintensities
in the bilateral frontal and parietal lobes (total ARWMC=8) and the
other one had an asymptomatic dural arteriovenous malformation.
There were no data sets with technical acquisition artifacts. The final
number of participants included in this study was 137, consisting of
40 T2DM patients (25M/15F) and 97 non-diabetic non-hypertensive
controls (54M/43F). A summary of inclusion and exclusion criteria for
T2DM patients and control subjects is presented in Table 1. All partici-
pants gave their informed consent and the Ethics Committee of the hos-
pital approved the protocol of this study.

MR image acquisition

All participants received whole-brain MRI scans (Siemens, 1.5T
Avanto, Erlangen, Germany)within 1 week after the clinical examination.
First, trans-axial T2-weighted scans (TR/TE=4860/98 ms, NEX=2, voxel
size 0.43×0.43×5mm3), FLAIR images (TR/TE=9790/106 ms, inversion
time 2500 ms, NEX=2, voxel size 0.45×0.45×5 mm3), and high-
resolution sagittal T1-weighted images (TR/TE=8.8/4.7 ms, NEX=1,



Table 1
Summary table of inclusion and exclusion criteria for T2DM patients and controls.

Criteria T2DM patients and controls

Inclusion Age: 40–70 years old.
T2DM criteria using ADA criteria 1996. Patient did not have any history of insulin treatment or hypoglycemic episode.
No history of major neurological diseases, cerebrovascular accidents, psychiatric or serious cardiovascular diseases, or those
with manifestations of stroke demonstrated by abnormal bedside neurological examination.
No cognitive complaints that cause impairment in social or occupational functioning.
No history of anti-hypertensive treatment or if they had a BP above the cut-off value (a systolic BPN=140 mm Hg or a
diastolic BPN=90mm Hg).

Exclusion Any T1 MRI scans with structural abnormalities, such as a tumor or stroke, obvious variations (e.g., mega cisterna magna,
cavum septum pellucidum), or technical acquisition artifacts.
WM abnormalities: brain WM properties, as observed on T2-weighted and FLAIR images, rated by one of the authors (JL)
using the age-related WM changes (ARWMC) score. A regional ARWMC score higher than 1, which corresponds to the
beginning confluence of lesions in periventricular WM abnormalities at that location.
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voxel size 1.0×1.0×1.0 mm3) were acquired. Secondly, single-shot
spin-echo echo-planar whole-brain DTI scans were acquired axially
with a fat suppression sequence (TR/TE=7600/82 ms, 3 mm slice
thickness without gap, slice acquisition matrix=128×128 with
FOV=256×256 mm2, 6/8 partial Fourier, NEX=2, 55 slices, 12 gra-
dient directions with b-value=1000 s/mm2, and one b=0 s/mm2

image) (Jones and Leemans, 2011).

Image processing

The DTI based pre-processing steps performed in this work have
been described previously in detail (Hsu et al., 2008, 2010). In sum-
mary, the following steps were taken:

(a) All DTI data setswere corrected for eddy current induced geomet-
ric distortions and subject motion (Leemans and Jones, 2009).

(b) The diffusion tensormodel was fitted to the datawith ExploreDTI
(Leemans et al., 2009) using a non-linear regressionmethod. The
diffusion measures (FA, MD, RD, and AD) were subsequently
computed (Pierpaoli and Basser, 1996).

(c) A population-based DTI atlas in MNI spacewas constructed (Hsu
et al., 2010; VanHecke et al., 2008b) to drive the tensor based af-
fine (Leemans et al., 2005) and non-affine (Van Hecke et al.,
2007) coregistration techniques. At the final transformation
step, the “preservation of principal direction” strategy was ap-
plied to reorient the diffusion tensor (Alexander et al., 2001b).
This coregistration approach has already been applied success-
fully in a wide range of applications, where adjusting for mor-
phological inter-subject (and inter-group) differences, such as,
for instance, ventricle size, is considered to be necessary (Van
Hecke et al., 2010; Sage et al., 2009; Verhoeven et al., 2010).

Global analysis

The intracranial brain was extracted from the b=0 s/mm2 image
with BET2, the brain extraction tool from FSL (http://www.fmrib.ox.
ac.uk/fsl/) (Smith, 2002). The brainwas further subdivided into its cere-
brospinal fluid (CSF) regions and brain tissue (combined GM andWM)
by segmenting all CSF voxels using an automated gray-level threshold-
ing method, performed on the MD map (Otsu, 1979). For each subject,
the mean FA, MD, AD, and TD of brain tissue were calculated. Potential
group differences were examined with a two-way ANOVA (controlling
for age effects). To investigate the relationship between the clinical pa-
rameters and the global DTI indices in the patient group, we used the
linear regression model with age as a covariate.

Voxel based analysis

In addition to the global analysis, a whole-brain voxel-based analysis
was performed using the statistical non-parametric mapping (SnPM)
toolbox to search for brain regions with significant differences in
FA and MD between the diabetic patients and non-diabetic controls
(Ashburner and Friston, 2000). In summary, the general linear model
in SnPM was applied to construct pseudo t-statistic images, which
were then assessed for significance using a standard non-parametric
multiple comparisons procedure based on randomization/permutation
testing (Nichols and Holmes, 2002). Then, a two-sample T-test with age
as a covariate was applied to assess potential differences. No spatial
smoothing was performed on the normalized DTI images prior to the
statistical analysis to prevent the introduction of any filter bias (Van
Hecke et al., 2010). The resulting voxels constituted pseudo t-statistic
images and their thresholds were subsequently defined at the thresh-
old: t-valueN=2 (corresponding false discovery rate pb0.03 level).
Cluster sizes larger than 50 voxels were considered significant after cor-
rection for multiple independent comparisons. To study the potential
FA (or MD) differences between T2DM patients and healthy controls
in more detail, an image mask from the regions with significant FA (or
MD) differences was created and applied to the each individual's AD
and TD image. Potential group differences in mean AD and TD, con-
trolled for age effects, were investigated with a two-way ANOVA. Sub-
sequently, to explore the relationship between the clinical parameter
(s)-of-interest (as determined by the outcome of the global analyses)
and the FA and MD images, the multiple regression model from the
SPM toolbox was applied (Ashburner and Friston, 2000) with age as
covariate-not-of-interest (significance level and cluster size as defined
above). Finally, volumetric estimates of GM,WMandCSFwere calculated
from the T1 images using the Unified Segmentation (US) approach, as
implemented in SPM8 (Ashburner and Friston, 2005). Total intracranial
volume (TIV) was defined as the summation of GM, WM and CSF
volumes. Potential volumetric group differences for each of these
components, controlled for age effects, were investigated with a two-
way ANOVA.We also investigated the group differences for each fraction
of the brain components (defined by GM/TIV∗100%,WM/TIV∗100% and
CSF/TIV∗100%), controlled for age effects using a two-way ANOVA
Results

Descriptive statistics of clinical measures

Clinical and demographic characteristics of the T2DMpatients and the
age-matched healthy controls are shown in Table 2. There is no signifi-
cant difference in age, gender, total cholesterol, LDL, and total ARWMC
scores between both groups (assessedwith two-tailed independent sam-
ple t-tests and Chi-square tests). However, diabetic patients have higher
levels of BMI, systolic and diastolic BP, fasting glucose, HbA1c, and triglyc-
eride; and lowerHDL levels than controls. As shown in Table 3, for diabet-
ic patients, age was positively correlated with disease duration, HDL, and
the total ARWMC score; and negatively associated with triglyceride and
BMI (using Pearson's correlation method). In addition, disease duration

http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/
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did not correlate with LDL. Furthermore, there are significant negative
correlations between the mean MD, AD, and TD measures on the one
hand and triglycerides on the other hand. Finally, theMD and TD are cor-
related with BMI as well.

Global analysis

Table 2 shows the mean and standard deviation (SD) of the global
DTI indices within brain parenchyma for both groups. Here, the MD
was significantly different between groups, which can be mainly at-
tributed to the significantly increased TD in T2DM patients. With a
2-way ANOVA (correcting for age effects), the significant correlation
that could be observed between the DTI measures and the clinical pa-
rameters was between disease duration and the MD (Fig. 1). Investi-
gating the observed increase of the MD with disease duration in more
detail revealed that both the associated AD and TD are highly corre-
lated with disease duration (whole model age-adjusted p-values for
AD and TD are 0.0021 and 0.0034, respectively) (Fig. 1).

Regional (voxel based) inter-group analysis

Two clusters of a significantly lower regional FAwere found in the
T2DM group compared to the controls (104 permutations and using
age as a covariate-not-of-interest) and were distributed on the bilat-
eral frontal WM area (Fig. 2(A)). Further inspection revealed that
these FA decreases in T2DM patients were mainly caused by a signif-
icant increase in the corresponding TD (T2DM vs. controls: [66.8±
5.4]×10−5 mm2/s vs. [62.7±5.4]×10−5 mm2/s with age-adjusted
group difference pb0.001), since there was no significant difference
in AD (T2DM vs. controls: [87.6±4.3]×10−5 mm2/s vs. [87.4±
4.3]×10−5 mm2/s with age-adjusted group difference p=0.81).
No significant regional increases in FA were observed.

For the MD analysis, the patient group showed twelve clusters
with a significantly higher MD compared to the healthy subjects
(while correcting for age effects). The distribution of the regions
included the bilateral anterior and posterior lobes of the cerebel-
lum, bilateral temporal lobe WM, the left parahippocampal gyrus,
the left fusiformgyrus, and the left cuneusWM(Fig. 2(B)). Post-hoc anal-
ysis showed significant increases in both the associated TD and AD for
T2DM patients (for TD, T2DM vs. controls: [67.1±4.0]×10−5 mm2/s
Table 2
Demographic data and global DTI indices of brain parenchyma for T2DM patients and
healthy controls.

T2DM patients Healthy controls p-value

N 40 97
Age (years) 56.8±5.5 56.2±4.7 0.40
Gender (M/F) 25/15 54/43 0.46
Diabetes duration (years) 5.1±4.7 N/A N/A
BMI (kg/m2) 25.3±3.6 23.6±2.9 0.0139
Systolic BP (mm Hg) 121.4±11.4 113.6±13.3 0.00043
Diastolic BP (mm Hg) 73.5±6.6 69.5±9.7 0.016
Glucose (mmol/l) 141.4±44.3 90.3±10.1 b0.0001
HbA1c (%) 7.7±1.7 5.5±0.3 b0.0001
Triglycerides (mg/dl) 158.4±98.6 121.9±63.4 0.0379
Cholesterol 198.1±39.1 211.7±37.2 0.06
HDL (mmol/l) 46.6±11.2 61.9±20.8 b0.001
LDL (mmol/l) 138.9±33.9 140.3±38.9 0.83
Total ARWMC score 0.4±0.7 0.4±0.8 0.88
FA 0.251±0.008 0.255±0.009 0.07
MD (×10−5 mm2/s) 81.8±3.5 80.3±3.3 0.03
AD (×10−5 mm2/s) 102.4±4.4 100.8±4.4 0.07
TD (×10−5 mm2/s) 71.5±3.1 70.0±2.9 0.02

Data values are expressed in means±SD (or in frequency).
BMI: body mass index; BP: blood pressure; HbA1c: glycated hemoglobin; HDL: high-
density lipoprotein; LDL: low-density lipoprotein; ARWMC: age-related WM changes;
FA: fractional anisotropy; MD: mean diffusivity; AD: axial diffusivity; TD: transverse
diffusivity.
The p-values for the FA, DM, AD, and TD were age-adjusted (two-way ANOVA).
vs. [62.3±3.0]×10−5 mm2/s with age-adjusted group difference
pb0.001, and for AD, T2DM vs. controls: [96.8±4.8]×10−5 mm2/s
vs. [91.9±3.9]×10−5 mm2/s with age-adjusted group difference
pb0.001). There were no significant regional decreases in MD in
the T2DM group.

Regional (voxel based) association analysis

As disease durationwas the only clinical parameter that showed sig-
nificance in the exploratory global analysis, it was used as the covariate-
of-interest in the voxel based association analysis. Three clusters in the
area of the bilateral posterior cerebellar lobes and the right frontal lobe
WM showed a significant negative correlation between disease dura-
tion and FA while correcting for age effects (Table 4; bottom row Fig. 3
(A)). In addition, four clusters with a significant positive correlation
were found in the left brainstem, the right lentiform nucleus, and the bi-
lateral frontal lobeWM(Table 4; top rowFig. 3(A)). For the brain regions
that showed a negative correlation between FA and disease duration,
both AD and TD showed a significant positive (p=0.029 for AD and
pb0.0001 for TD) correlation with disease duration. By contrast, for
brain regions showing a positive correlation between FA and disease du-
ration, AD showed a significantly positive (pb0.0001), but TD a signifi-
cantly negative (p=0.0006) correlation with the disease duration.

Performing the association analysis between disease duration and
MD (again, using age as covariate-not-of-interest) resulted in thirty
clusters with a significant positive correlation (Fig. 3(B)). The largest
10 clusters are summarized in Table 5. The distribution of these areas
included the right caudate, the bilateral cingulate WM gyrus, the bi-
lateral anterior lobes of the cerebellum, the right superior temporal
WM gyrus, and the pons (Fig. 3(B)).Within these significant regions,
both the AD and TD showed significant positive (both pb0.0001) cor-
relations with disease duration. No significant negative correlations
between disease duration and MD were found.

The GM, WM and CSF volumes, which were estimated with the US
method from SPM, did not show any significant group differences (2-
way ANOVA, corrected for age effects). In summary, the GM,WM, and
CSF volumes were T2DM: 604±63 ml vs. controls: 616±62 ml
(p=0.37), T2DM: 457±51 ml vs. controls: 472±61 ml (p=0.20),
and T2DM: 485±86 ml vs. controls: 472±102 ml (p=0.47), respec-
tively. In addition, there was no significant (p=0.69) difference in
TIV between T2DM (1547±147 ml) and controls (1559±150 ml).
There is also no significant group difference in the fraction of each brain
component. The GM, WM, and CSF fractions were T2DM: 39.1±3% vs.
controls: 39.5±3% (p=0.41), T2DM: 29.6±2% vs. controls: 30.3±3%
(p=0.20), and T2DM: 31.3±4% vs. controls: 30.1±5% (p=0.19),
respectively.

Discussion

In this investigation, we demonstrated significant differences in the
microstructure of brain tissue, as determined by global and voxel based
analyses of FA, MD, RD, and AD measures, between T2DM patients and
healthy controls. More specifically, we observed a regionally decreased
FA in T2DM patients due to a significantly increased TD (with no signif-
icant decrease in AD). In addition, for both the global and regional anal-
ysis, the observed increase in MD for T2DM patients compared to
healthy controls can be mainly attributed to the increased TD. Further
analysis revealed significant correlations between disease duration
and diffusion metrics in several brain regions. As an example, the
most significant association was found with the MD in the left frontal
WM. Crucial in these analyses was to incorporate age as a covariate-
not-of-interest, as it is a well-known fact that for both healthy and
diseased subjects diffusion measures, such as FA and MD, are highly
dependent on age (Bastin et al., 2010; Hsu et al., 2008; Lebel et al.,
2008; Salat et al., 2005; Van Hecke et al., 2008a).



Table 3
Pearson correlation matrix of the clinical measures in T2DM patients.

Disease
duration

BMI Glucose HbA1c Triglycerides Cholesterol HDL LDL Total
ARWMC

FA MD AD TD

Age 0.3606⁎ −0.4554⁎ 0.0016 −0.1857 −0.5367⁎ 0.0134 0.3445⁎ 0.1538 0.3173⁎ −0.0411 0.3671⁎ 0.3482⁎ 0.3708⁎

Disease
duration

−0.2041 0.2636 0.1037 −0.0445 −0.1315 0.1755 −0.3852⁎ 0.2105 −0.1089 0.4927⁎ 0.4784⁎ 0.4898⁎

BMI −0.1417 −0.0017 0.5599⁎ −0.0302 −0.2815 −0.0753 −0.1888 0.2407 −0.3313⁎ −0.2898 −0.3520⁎

Glucose 0.7013⁎ 0.2708 0.2843 0.0808 −0.0838 −0.1493 −0.1710 0.2182 0.1869 0.2346
HbA1c 0.2632 0.2313 0.0093 0.0374 −0.1926 −0.0290 0.1788 0.1692 0.1809
Triglycerides 0.2626 −0.4095⁎ 0.0727 −0.1512 0.1685 −0.4597⁎ −0.4335⁎ −0.4662⁎

Cholesterol 0.1984 0.6917⁎ −0.3382⁎ −0.0396 −0.0807 −0.0928 −0.0699
HDL −0.0468 −0.0803 −0.2881 0.1653 0.1079 0.2019
LDL −0.1517 −0.1071 −0.1838 −0.2145 −0.1572
Total
ARWMC

−0.0397 −0.0864 −0.0978 −0.0759

FA −0.1969 −0.0009 −0.3312⁎

MD 0.9784⁎ 0.9892⁎

AD 0.9375⁎

Data values represent the Pearson correlation coefficient.
For abbreviations, see Table 1.
⁎ Pb0.05 (not corrected for multiple hypothesis testing).
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In this study, the conventional MRI scans, such as the T2-weighted
or the FLAIR images, did not reveal any significant WM intensity ab-
normalities or volumetric differences between T2DM patients and
healthy controls. In this context, the relationship between WM
hyperintensities (number/volume) observed in these conventional
images and T2DM remains controversial. For instance, using a volu-
metric method based on inversion recovery and FLAIR images, one
Fig. 1. Effect of disease duration on the global DTI parameters FA (A), MD (B), AD (C), and
disease duration. The solid line represents the age-adjusted regression line between diseas
and age, and the p value for regression line are also indicated for the significant correlation
diffusivity.
study showed 56% larger WM hyperintensity volumes in T2DM pa-
tients than in controls (Jongen et al., 2007). Another study investigat-
ing FLAIR images, showed no significant difference in total WM
hyperintensity volume, except in lesion volume (Novak et al., 2006).
The few DTI based diabetes studies that have appeared in recent liter-
ature, however, seem to be more in agreement with each other. Both
Kodl et al. and Yau et al., for instance, showed significantly lower FA
TD (D) using age as covariate. Only the FA did not show a significant correlation with
e duration and global MD in brain parenchyma. The trend slopes for disease duration
s. FA: fractional anisotropy; MD: mean diffusivity; AD: axial diffusivity; TD: transverse



Fig. 2. Maps showing significant inter-group differences in FA (A) and MD (B).
(A) Voxel-based significance maps of the decreased FA in diabetic patients, as comput-
ed by SnPM pseudo t-tests at the voxel level. The ‘cold’ color scale represents the pseu-
do t-value significance for the FA decreases. (B) Voxel-based significance maps of the
increased MD in diabetic patients, as computed by SnPM pseudo t-tests at the voxel
level. The ‘hot’ color scale represents the pseudo t-value significance for the MD in-
creases. The number indicates the z-axis coordinate in the MNI space (unit in mm).
R: right side, L: left side, FA: fractional anisotropy; MD: mean diffusivity.
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values in several brain regions, including the posterior corona radiata
and the optic radiation in type 1 DM patients (Kodl et al., 2008) and
the frontal and temporal WM in T2DM subjects (Yau et al., 2009). In
our study, we also showed a decreased regional FA in the bilateral
frontal WM. In contrast to Yau et al., however, we also investigated
the diffusivities (MD, AD, TD), which – being independent of the FA –
Table 4
Overview voxel-based analysis: summary statistics of the brain regions that showed a
significant correlation between disease duration and fractional anisotropy (age includ-
ed as a covariate-not-of-interest).

Structure name Cluster
voxel
numbera

Peak T
value

MNI coordinates of
cluster centroid (mm)

X Y Z

Negative correlate with disease duration
Cerebellum posterior lobe (L) 291 4.94 −20 −78 −24
Middle frontal gyrus WM (R) 99 3.83 34 2 42
Cerebellum posterior lobe (R) 50 3.74 36 −50 −48

Positive correlate with disease duration
Brainstem (L) 57 4.64 −10 −26 −14
Lentiform nucleus (R) 114 4.26 18 0 6
Middle frontal gyrus WM (R) 86 3.95 20 14 40
Medial frontal gyrus WM (L) 87 3.82 −14 34 36

MNI: Montreal Neurological Institute; WM: white matter; R: right side; L: left side.
a Voxel size: 8 mm3.
provide a more complete picture of the changes in the underlying mi-
crostructural tissue organization in T2DM patients. The decreased FA
in the frontal WM in our study, for instance, was driven by the increase
in TD and not by an increase in AD, providingmore specific information
about the pathogenesis of the observed WM changes (Beaulieu, 2002;
Pierpaoli et al., 2001; Song et al., 2002). According to a study of Song
et al. (2003), changes in AD are more related to axonal injury, whereas
the TD may be modulated more directly by myelin alterations. The ob-
served increase in TD, which caused the FA decrease in the frontal
WM, therefore suggests that demyelination may be present in T2DM
patients. In another result of thiswork, disease durationwas significant-
ly associated with MD but not with FA (Fig. 1) — highlighting the rele-
vance of including these diffusivity measures. The regional analysis
also demonstrated that many brain areas showed a significant positive
correlation between MD and disease duration. Again, in these regions,
the AD and TD were positively correlated with disease duration, sug-
gesting that the degree ofmicrostructural alteration in terms of both ax-
onal injury and demyelination could be related to disease duration.

Specifically for diabetes, both glucose toxicity and abnormal insulin
metabolism have been suggested to impact the structure of the brain,
even to a higher degree than circumscriptive vascular lesions (Biessels
et al., 2006). Comparing type 1 diabetes patients with and without ret-
inopathy, a significant change in brain structure was found in the cere-
bellum (Wessels et al., 2006). In a recent animal study, degenerative
changes, such as disarrangement of myelin sheaths, fragmentation of
neurofilaments, and oligodendrocyte abnormalities were also detected
in the cerebellum of streptozotocin-induced diabetes rats (Hernandez-
Fonseca et al., 2009). The increased MD values in T2DM patients ob-
served in this study are located predominantly in the cerebellar area
and are, therefore, well-supported by these previous reports.

Potential relationships between clinical parameters (Table 2) and
microstructural WM changes have not yet been studied in great de-
tail. In a previous study, Gold et al. (2007) showed a significant neg-
ative correlation between hippocampus volume and HbA1c. More
recently, Kodl et al. (2008) showed that disease duration of diabetes
patients is negatively correlated with the FA of the splenium of the
corpus callosum. Investigating both parameters simultaneously, our
findings reveal that disease duration, rather than the HbA1c or the
fasting glucose, is related to WM abnormalities in T2DM patients.
The involved regions included the bilateral cingulate gyrus, the supe-
rior temporal gyrus, the pons, and the cerebellum. Note that in a re-
cently published study, disease duration was also found to be an
important contributing factor for developing diabetic peripheral neu-
ropathy or cardiovascular autonomic neuropathy in the T2DM pa-
tients (Chen et al., 2008; Hsu et al., 2007).

There are several limitations in this study. Disease duration of the
T2DM patients is estimated by the patient's history or medical records.
Since this estimation could be affected by the patient's awareness and
examination time it might not be very accurate. In addition, several
oral hypoglycemic agents were taken by these subjects and there is no
knowledge about how these various drugsmay affect theDTI indices. Al-
though only normotensive T2DM patients were included in this study,
their BP was still significantly higher compared to the healthy control
group. Since hypertension was recently shown to be associated with a
decrease in FA, it is not clear to which degree this modulation may
have influenced our results (Burgmans et al., 2010). Although our sub-
jects did not have any significant cognitive complaints, it is unknown
to what extent subtle cognitive impairment could still affect the diffu-
sion changes. In this context, Yau et al. (2010) showed that declarative
memory impairment could be found in T2DM patients. Furthermore,
obese adolescents with T2DM also have been shown to exhibit brain
structural changes as revealed by DTI (Yau et al., 2010). The mean BMI
index of our T2DM patient group, however, is 25.3 kg/m2, which is
significantly lower than the mean BMI index described in the study
of Yau et al. (2010) (mean BMI index is 37.7 kg/m2). Another limitation
is related to the relatively large slice thickness (5 mm) of the T2-weighted

image of Fig.�2


Fig. 3. T-value significance maps of the FA (A) and MD (B) associations with disease duration. (A) Voxel-based significance maps of the FA showing positive correlations with the
disease duration (with age as a covariate-not-of-interest), as computed by t-tests at the voxel level (see bottom rowwith the ‘hot’ color map representing the t-statistic values). The
top row shows the FA changes that correlated negatively with the disease duration (with the ‘cold’ color map representing the t-statistic values). (B) Voxel-based significance maps
showing a positive correlation between disease duration and the MD (with age as covariate-not-of-interest), as computed by t-tests at the voxel level. The number indicates the z-
axis coordinate in the MNI space (unit in mm). R: right side, L: left side, FA: fractional anisotropy; MD: mean diffusivity.

1104 J.-L. Hsu et al. / NeuroImage 59 (2012) 1098–1105
and the FLAIR images. The total ARWMC scores may be biased to-
ward larger WM lesions, since lesions smaller than 5 mm may not
be detected. Finally, it is important to acknowledge the limitations
of DTI in terms of specificity. In other words, it is well-known that
there are many brain regions with complex fiber architecture (i.e.,
“crossing fibers”) and partial volume effects that may affect diffusiv-
ity measures in a non-trivial way (Alexander et al., 2001a; Vos et al.,
2011;Wheeler-Kingshott and Cercignani, 2009). As a result, changes
in DTI based measures may be hard to interpret in an unambiguous
way. Notwithstanding the assumptions and limitations of DTI (e.g.,
low resolution and inadequacy to resolve multiple fiber orienta-
tions), we have shown that it is indeed a promising tool to investi-
gate microstructural WM abnormalities in T2DM patients.
Table 5
Overview voxel-based analysis: summary statistics of the brain regions that showed a
significant positive correlation between disease duration and mean diffusivity (age in-
cluded as a covariate-not-of-interest).

Structure name Cluster
voxel
numbera

Peak
T
value

MNI coordinates of
cluster centroid (mm)

X Y Z

Inferior frontal gyrus WM (L) 363 5.52 −46 20 18
Cingulate gyrus WM (R) 124 5.12 8 −38 22
Caudate (R) 1139 5.09 14 12 10
Superior temporal gyrus WM (R) 527 5.03 48 −36 12
Cingulate gyrus WM (R) 139 4.90 −10 −2 42
Precuneus (L) 141 4.87 −24 −52 44
Pons WM 1649 4.87 −2 −26 −40
Parietal lobe WM (L) 136 4.58 −32 −60 32
Fusiform gyrus WM (L) 449 4.36 −40 −50 −14
Middle frontal gyrus WM (L) 117 3.95 −30 48 −4

MNI: Montreal Neurological Institute; WM: white matter; R: right side; L: left side.
a Voxel size: 8 mm3.
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