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Abstract

This study aimed to investigate the feasibility and clinical applicability of Diffusion Spectrum
Imaging (DSI) for quantitative detection of white matter microstructural integrity. Twenty-
seven patients with type 2 diabetes mellitus (T2DM; aged 60.6+7.6 years) and 21 healthy
controls (HC; aged 56.1+7.8 years) underwent high-resolution T1-weighted imaging and
DSI scanning. Cognitive function scores were obtained using such instruments as the Mon-
treal Cognitive Assessment (MoCA). The fasting blood glucose, glycated hemoglobin, and
total cholesterol (CHO) of T2DM were measured. The bilateral uncinate fasciculus and
superior cingulum bundle were reconstructed by DSI tractography. Statistical analysis was
performed using SPSS 21.0 software and P<0.05 was considered significant. Generalized
fractional anisotropy (GFA) values were significantly decreased in the left uncinate fascicu-
lus (t=-2.915, p = 0.005) and right superior cingulum bundle (t = -2.604, p = 0.012) in
T2DM patients compared with the healthy controls (p<0.05). The MoCA (t=-3.339,p =
0.002) and CDT (t = -3.039, p = 0.004) scores of T2DM were significantly lower than those
of healthy controls. Meanwhile, the GFA value of the right superior cingulum bundle was
negatively associated with VFT score (r = -0.475, p = 0.012), and that of the right superior
cingulum bundle was negatively associated with blood CHO level (r = -0.458, p = 0.016).
DSl tractography is capable of evaluating the microstructural integrity of the white matter
bundle in T2DM and is related to clinical cognitive scores and related biochemical indices;
therefore, it can help to predict early white matter abnormalities in T2DM.

Introduction

Previous findings have shown that type 2 diabetes mellitus (T2DM) could increase the risk of
Alzheimer’s disease, stroke, cerebral white matter lesions, and cognitive dysfunction [1].
White matter abnormalities have been detected in some brain regions, including the frontal
lobe, cingulum bundle (CB), uncinate fasciculus (UF), and anterior limb of the internal cap-
sule. The bilateral frontal, temporal, and parietal lobe microstructural alterations were particu-
larly remarkable [2-4]. The UF and CB are the main fibers interconnecting the above regions.
Many crossing fibers exist in the frontal cortex [5], and multiple fiber orientations coexist
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within single voxels in the UF [6]; thus, the conventional diffusion tensor imaging (DTI) has
limited descriptive value for this area. Diffusion spectrum imaging (DSI) is an advanced mag-
netic resonance imaging (MRI) technique that display crossing fibers and complex intravoxel
fiber orientation distributions reliably and accurately [7]. Therefore, to investigate the feasibil-
ity and value of clinical application of DSI reconstruction, it was employed to detect and evalu-
ate the microstructural integrity of the UF and superior CB and explore their relationship with
performance on neuropsychological tests and related biochemical indicators.

Material and methods
Subjects

This study was approved by the Medical Ethics Committee of the Affiliated Zhongshan Hospi-
tal of Dalian University, and performed in accordance with the ethical guidelines of the Decla-
ration of Helsinki. After complete description of the study to the subjects, written informed
consent was obtained from each subject.

Twenty-seven patients with T2DM were selected from patient rolls of our hospital during
August 2014 to January 2015. Written informed consent was obtained before the test. Partici-
pants with diabetes fulfilled the following inclusion criteria: (1) age range 45-70 years, (2)
right-handed, (3) met the criteria of The American Diabetes Association “Clinical Practice
Recommendations 20117, (4) were free of hypoglycemia, and insulin treatment had been
stopped by the scanning day. Twenty-one healthy control (HC) participants were selected and
matched to patients by age, sex, handedness, and education. The exclusion criteria were (1)
history of transient ischemic attacks or stroke within the past 2 years, (2) history of neurologi-
cal disorders irrelevant to diabetes and affecting cognition, (3) evidence of structural abnor-
malities or brain white matter lesions (Age-Related White Matter Changes Scale score>1) on
the structural MR scan, and (4) history of smoking, alcohol, or psychotropic substance abuse.
In addition, fasting blood glucose, glycated hemoglobin, and total cholesterol (CHO) of T2DM
were also obtained.

Neuropsychological evaluations

All participants underwent the same neuropsychological test battery administered by a skilled
doctor, including the Montreal Cognitive Assessment (MoCA), the Clock Drawing Test
(CDT), and the verbal fluency test (VFT) to assess general cognitive function, executive func-
tion, and semantic verbal fluency, respectively.

MRI data acquisition

Participants were scanned on a 3-Tesla (3T) MRI scanner (Vero, Siemens, Germany) with an
8-channel head coil (S1 Dataset). High-resolution T1-weighted images were acquired using a
magnetization prepared 3D gradient-echo sequence, with repetition time (TR) = 1900 ms,
echo time (TE) = 2.49 ms, flip angle = 9°, matrix size = 256x256, field of view (FOV) = 250
mmx250 mm, and slice thickness = 1 mm; the scanning time was 4 minutes 26 seconds. Axial
T2-weighted images were acquired using a fast spin-echo sequence with 20 contiguous slices
that covered the entire brain,with TR = 4000 ms, TE = 77 ms, flip angle = 150°, FOV = 250
mmx250 mm, and slice thickness = 5 mm; the scanning time was 56 seconds.

DSI was acquired using a pulsed gradient twice-refocused spin-echo diffusion echo-planar
imaging sequence (TR/TE = 9600/130 ms, FOV =200 mmx200 mm, matrix = 80x80, slice
thickness = 2.5 mm). A total of 102 diffusion encoding directions were acquired within a half
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sphere of the g-space with maximum diffusion sensitivity (byqy) 4000 s/mm?. The scan time
for DSI acquisition was 16 minutes and 48 seconds.

MR image processing and analysis

After DSI data acquisition, the diffusion probability density function (PDF) was obtained
according to the Fourier relationship between the PDF and q-space signal [8]. The orientation
distribution function (ODF) was computed by obtaining the second moment of the PDF along
each of the 362 radial directions (6-fold tessellated icosahedron) [9]. Generalized fractional
anisotropy (GFA), which is the DSI index equivalent to the DTI FA index, was computed for
each voxel using the following formula: (standard deviation of the ODF)/(root mean square of
the ODF) [10]. GFA ranges 0-1 and indicates the microstructural integrity of the white matter
fiber tracts [11]. Higher GFA values illustrate greater structural integrity.

Tractography was performed according to the following procedure: (1) Image registration
and normalization: we used the T1-weighted image as a reference and the b0 image (the null
image in DSI) as the source image to perform a 3D affine transformation to coregister the dif-
fusion images to the anatomical images. Then, the individual participants’ output images were
wrapped to the Montreal Neurological Institute (MNI) template using the FLIRT, FSL software
package (http://www.fmrib.ox.ac.uk/fsl/). (2) Region of interest (ROI) segmentation: ROIs
under MNI space were selected using MRIcron software. For reconstruction of the UF, one
ROI was placed on an axial slice after curvature to the temporal lobe and the other on a coronal
slice in the frontal lobe next to the anterior horn of lateral ventricle [12]. For reconstruction of
the superior CB, three “AND” ROIs were placed on the anterior, middle, and posterior cingu-
late gyri [5], and a region of avoid was placed between the genu and splenium of the corpus
callosum to purify the bundle (Fig 1). (3) Generation of GFA map. After a brain GFA map was
generated using the DSI Studio software package (http://dsi-studio.labsolver.org/), the coordi-
nates of the MNI template ROIs were then mapped onto the individual participants’ brain
GFA maps through an inverse transformation using a deformation matrix calculated using
MATLAB and DSI Studio software. Then, a streamline-based fiber tracking algorithm was exe-
cuted using DSI Studio to reconstruct the UF and superior CB. (4) Calculation of GFA: Tract-
specific analysis was used to calculate the GFA values at each voxel and then calculate the
mean GFA values of each pathway.

Statistical analysis

Statistical comparisons were performed using SPSS version 21.0 (SPSS, Inc., Chicago, IL). The
significance level for these statistical analyses was defined as P<0.05. Student’s t-tests were
used to examine the between-group differences in demographic features, clinical indices, and
continuous neurocognitive scores. x2 tests were used for enumerative data, such as sex. DSI
measures such as GFA values were compared between groups using two-sample t-tests and
related to cognitive performance by Pearson correlation analysis with age and sex as
covariates.

Result
Demographic features and neuropsychological scores

There were no significant between-group differences in sex distribution, age, or years of educa-
tion (P>0.05). All measured neurocognitive scores (MoCA, CDT and VFT) were lower in
patients with T2DM than HC. The differences in MoCA (t = —3.339, P = 0.002) and CDT (t =
—3.039, P = 0.004) scores were statistically significant (Table 1).
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Fig 1. DSI tractography. A: ROIs of superior cingulum bundle: anterior cingulate gyrus (ROI1, blue area, red arrow), middle cingulate gyrus (ROI2, green area, yellow
arrow), and posterior cingulate gyrus (ROI3, yellow area, orange arrow). The white area is an ROA between the genu and splenium of the corpus callosum. B: ROIs of
uncinate fasciculus: axial slice after curvature to the temporal lobe (ROI1, green area, green arrow) and coronal slice in the frontal lobe next to the anterior horn of the
lateral ventricle (ROI2, yellow area, orange arrow).

https://doi.org/10.1371/journal.pone.0203271.9001

Comparison of GFA value of UF and superior CB between groups

GFA values were significantly lower in the bilateral UF and right superior CB in patients with
T2DM than HC (P<0.05). The differences in the left UF (t = —2.915, P = 0.005) and right supe-
rior CB (t = —2.604, P = 0.012) were statistically significant, as shown in intergroup analysis
(Table 2 and Fig 2).

Correlations between GFA values and clinical indices in T2DM

The GFA value in the right superior CB was negatively associated with VFT test score (r = —-
0.475, P = 0.012), and the GFA value in the left superior CB was negatively associated with

Table 1. Between-group comparisons of demographic features and neuropsychological scores.

DM HC tix’ P
Sex M 9(33.3%) 5(23.9%) 0.519 0.471
F 18(66.7%) 16(76.1%)

T2DM duration(years) 1317 -

Education(years) 1043 10+2 0.9 0.373
Age(years) 60.6+7.6 56.1+7.8 1.84 0.170
MoCA 22+3.45 24.76x1.76 -3.339 0.002*
CDT 2.74+0.66 3.29+0.56 -3.039 0.004*
VET 44.44+7.54 48.81+8.54 -1.877 0.067

Note: Values are presented as count for sex and mean + SD for age, T2DM duration, education, MoCA, CDT and VFT. M male, F female, MoCA Montreal Cognitive
Assessment, CDT Clock Drawing Test,VFT Verbal Fluency Test. T2DM type 2 diabetes mellitus. HC healthy control
* P<0.05.

https://doi.org/10.1371/journal.pone.0203271.t001
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Table 2. Between-group comparisons of GFA values of bilateral UF and superior CB.

GFA T2DM
left UF 0.789+0.007
right UF 0.795+0.006
left superior CB 0.817+0.009
right superior CB 0.809+0.01

Note: UF uncinate fasciculus, CB cingulum bundle

* P<0.05.

https://doi.org/10.1371/journal.pone.0203271.t1002

HC
0.795+0.006
0.795+0.006
0.816+0.013
0.816+0.008

t P
-2.915 0.005*
-0.294 0.770
0.326 0.746
-2.604 0.012*

blood CHO level (r = —0.458, P = 0.016) in T2DM, as shown in Pearson correlation analysis.
However, there were no obvious correlations among the other variables (Table 3 and Figs 3

and 4).

Fig 2. A, B: Superior cingulum bundle tractography. A: healthy control (male, age 51 years, MoCA score 24); B:
T2DM (male, age 49 years, duration 12 years, MoCA score 17). C, D: uncinate fasciculus tractography. C: healthy
control (male, age 60 years, MoCA score 27); D: T2DM (female, age 49 years, duration 4 years, MoCA score 22).

https://doi.org/10.1371/journal.pone.0203271.9002
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Table 3. Correlational analysis of GFA values and related clinical indices in T2DM.

Clinical index LU RU LCB RCB
r P r P r P r P

MoCA -0.299 0.129 -0.154 0.444 -0.344 0.079 -0.273 0.168
CDT -0.061 0.762 -0.049 0.810 -0.127 0.529 0.123 0.540
VET -0.051 0.802 0.123 0.542 -0.215 0.281 -0.475 0.012*
GLU 0.281 0.155 0.323 0.101 -0.045 0.825 -0.004 0.983
HbAlc 0.113 0.575 0.341 0.082 -0.064 0.750 -0.130 0.519
CHO -0.122 0.544 0.136 0.499 -0.458 0.016* -0.280 0.158

Note: GLU fasting blood glucose, HbAlc glycated hemoglobin, CHO total cholesterol. LU left uncinate fasciculus, RU right uncinate fasciculus, LCB left superior
cingulum bundle, RCB right superior cingulum bundle
* P<0.05.

https://doi.org/10.1371/journal.pone.0203271.t003
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Fig 3. GFA value of the right superior cingulum. The bundle was negatively associated with VFT test. r = —0.475,
P=0.012.

https://doi.org/10.1371/journal.pone.0203271.9003
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Fig 4. GFA value of the left superior cingulum. The bundle was negatively associated with CHO. r = -0.458,
P=0.016.

https://doi.org/10.1371/journal.pone.0203271.9004

Discussion

Feasibility and value of DSI tractography for quantitative detection of the
white matter bundle

Compared with DTT tractography, the unique mathematical models and algorithms of DSI
were developed to trace crossing fibers and complex distributions of intravoxel fiber orienta-
tion reliably and accurately. Brain reconstruction via DSI has revealed neural connectivity,
such as associative, association, and projection fibers. However, few previous reports focused
on the UF and CB in patients with T2DM. DSI requires particularly long diffusion encoding
gradients and high b values during MR signal evolution, leading to quite long acquisition time.
We can shorten the total acquisition time by reducing the number of diffusion encoding gradi-
ent detections. Kuo LW [13] proposed optimum parameters for 3T MRI using 203 encoding
gradient detections and a maximum b-value of 4000 s/mm?. However, total acquisition time
under that protocol would last 30 minutes, and such long times are unacceptable for routine
clinical application. In our study, a total of 102 DWT volumes were acquired within a half
sphere of the q-space, where the maximum diffusion sensitivity value (b-value) corresponding
to the sphere’s radius was 4000 s/mm?. The acquisition scheme could be modified to employ a
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half sphere rather than a full sphere because of the symmetric g-space sampling method. With
this approach, the scanning time was reduced to approximately 16.5 minutes, and the data and
results can satisfy clinical needs.

Previous studies have demonstrated that decreased cognitive function in patients with
T2DM may be caused by abnormalities of the frontal, temporal, and parietal cortices; the UF
and superior CB just are the main tracts connecting these brain regions, which participate in
emotional processing, attention, memory, and other brain functions [14]. In this study, we
found significantly decreased GFA values in the bilateral UF and right superior CB in patients
with T2DM compared with HC (P<0.05), indicating significant degeneration of these neural
fiber bundles in these patients, especially in the left UF and right superior CB. Because the par-
ticipants in our study were all right-handed, the brain areas connected by the left UF may have
more metabolic requirements for activation compared with those on the other side [15]. Thus,
the left neural pathways were more likely show involvement in conditions of equivalent meta-
bolic reserve, and the resulting GFA values in DSI were decreased. This finding is in accor-
dance with Hoogenboom et al [2].The superior CB is comprised by anterior, middle, and
posterior segments that are involved in emotion, perception, attention, memory, and motor
tasks [16]. The left CB of normal, right-handed people has shown a more consistent direction
of diffusion of water molecules along fiber tracts compared with the right CB [17]. Our study
also demonstrated decreased microstructural integrity in the right superior CB in patients
with T2DM, suggesting that the CB’s lower diffusion consistency may make hyperglycemia
more likely to impair this neural fiber bundle. The significance of our study is to highlight DSI
tractography as a sensitive, reliable tool for detecting structural changes in the UF and superior
CB of patients with T2DM.

Correlations between decreased GFA values and neurocognitive scores in
T2DM

In our study, the neurocognitive scores (i.e., MoCA, CDT, and VFT) of patients with T2DM
were lower than those of HC. This conforms to the results of the study of Zhang et al. [18],
indicating that cognitive and memory-related decline caused by T2DM may be a critical deter-
minant of degeneration of the structural integrity of the corresponding region.

We found that the GFA values of the right superior CB were negatively associated with
VEFT scores in T2DM (r = —0.475, P = 0.012), showing that the integrity of that hemisphere’s
white matter fiber microstructure has no obvious effect on verbal fluency. Previous studies
showed that a semantic fluency task activated the left temporal cortex [19], and the left medial
temporal lobe has been associated with semantic fluency [20]. However, little information
exists on the correlation between the impairment of right bundle with this task. Because there
are widespread fiber connections and interactions between the hemispheres [21], and verbal
memory is partially dependent on interhemispheric interactions [22], we infer that in T2DM,
the left temporal lobe could also be activated under the semantic fluency task in the right CB’s
impaired condition. Moreover, the seriousness of degeneration of the right brain region is
associated with compensatory activation in response to interhemispheric interactions. As a
result, subjects’ word production and fluency will increase accordingly. However, the detailed
mechanism of this interaction needs to be explored further. We found no relationship between
these bundles’ GFA values and MoCA and CDT scores, perhaps as the above tests are not
designed to detect subcortical damage-related loss of function and hence not sensitive subtle
cognitive changes correlated with microstructural changes in T2DM. In addition, the patient
sample was relatively small, and as a result, some between-group differences may not have
reached statistical significance.
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Correlations between decreased GFA values and biochemical indicators in
T2DM

Our results showed that GFA values in the left superior CB were inversely associated with total
CHO in patients with T2DM, indicating that hypercholesterolemia impacts the fibers’ micro-
structural integrity. Previous research found that high CHO levels could eliminate synaptic
plasticity [23], and the deposition of amyloid-P protein neurotoxicity substance could increase
the risk of nerve injury [24, 25], eventually resulting in cognitive impairment. Fang confirmed
that high CHO aggravated hippocampal neuronal loss and glial cell proliferation in rats with
an Alzheimer’s disease model. As the CB is the fiber tract connecting the hippocampi, high
CHO results in fundamental pathological microstructural impairment of CB in T2DM. The
participants were all right-handed; therefore, their left brain areas may had more metabolic
demands than those on the right. Thus, the left neural pathways were most likely to show
involvement under equivalent conditions.

Research has suggested that abnormalities in microstructural integrity were inversely corre-
lated with fasting blood glucose and glycosylated hemoglobin [2]. However, our study showed
no correlation between decreased microstructural integrity of the UF or superior CB with clin-
ical indices such as fasting glucose levels. We supposed that longer T2DM duration (>4 years)
and treatment to control T2DM (>1 year) would lead blood glucose parameters like fasting
blood glucose and glycosylated hemoglobin to remain within a relatively stable range. On the
contrary, the untreated lipid profile parameters of these patients with T2DM better reflect
actual pathophysiological status than the above glucose parameters.

This study had several limitations. First, the patient sample size was modest, which limits
the study’s statistical power. Second, because the ROIs in our study were delineated manually,
there was inevitable slight anatomical structural positional deviation that persisted after spatial
normalization. In addition, the participants received therapy to control their blood glucose lev-
els, which may influence certain results. In conclusion, this study demonstrated microstruc-
tural abnormalities in related white matter tracts in T2DM, which were associated with
neuropsychological scores and biochemical indices. Assessment of microstructural changes
with DSI tract-specific analysis is more sensitive than classical MRI markers and may be able
to predict early white matter abnormalities in T2DM.

Supporting information

S1 Dataset. One of the MR images from T2DM patients group.
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