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Abstract N

Our study aimed to investigate the changes of white matter microstructure of cortico-subcortical pathways using diffusion tensor |
imaging (DTI), and to explore the relationship between abnormal parameters of DTl and cognitive function underlying in patients with
leukoaraiosis (LA).

A total of 42 patients with LA and 42 age- and sex-matched healthy controls were recruited from Beijing Chaoyang Hospital,
Capital Medical University between January 2012 and December 2012. All the subjects underwent scans of conventional magnetic
resonance imaging and DTI, and a comprehensive neuropsychological battery was utilized. The regions of interest (ROls) were
located at the white matter of centrum semiovale, anterior and posterior periventricular white matter, basal ganglia, corpus callosum.
The averaged values of mean diffusivity (MD) and fractional anisotropy (FA) were quantified both within white matter lesions (WMLs)
and normal appearing white matter (NAWM). A linear regression analysis was performed to assess the association between diffusion
parameters and decline in cognitive domains.

Patients with LA were associated with comprehensive cognitive function deficits. We found that significantly decreased FA and
increased MD in WMLs at the 5 ROls than that of NAWM and controls (P < .05). The values of FA in NAWM were significantly lower
and MD in NAWM were significantly higher at centrum semiovale and posterior periventricular white matter than that of controls
(P < .05). The values of FA in WMLs at anterior periventricular white matter were positively related to the performances of cognition in
patients with LA (P <.05). The values of FA in NAWM located at anterior periventricular white matter were positively related to the
score of Digit-symbol test (r=0.446, P=.002). The values of FA in NAWM located at anterior periventricular white matter correlated
inversely with the Z scores of executive function (r=-0.418, P=.03).

In our study, patients with LA exhibited significant cognitive impairment especially in the domains of executive function. The
technique of DTl revealed that the reduced FA and increased MD at the corresponding regions of cortico-subcortical pathways in
patients with LA. DTl may be of great help for an early pathology of white matter microstructure underlying in patients with LA.

Abbreviations: ADC = apparent diffusion coefficient, ANOVA = one-way analysis of variance, ARWMC = age-related white
matter changes, DTI = diffusion tensor imaging, FA = fractional anisotropy, HAMD = Hamilton depression scale, LA = leukoaraiosis,
L-S-D = least significant difference procedure, MD = mean diffusivity, MMSE = mini mental state examination, MoCA = Montreal
Cognitive Assessment, NAWM = normal appearing white matter, ROl = region of interest, T1WI = T1-weighted image, TMT = trail

making test, VF = verbal fluence, WML = white matter lesion.

Keywords: cognitive impairment, diffusion tensor imaging, leukoaraiosis

Editor: Kai Wu.

This study was supported by the National Natural Science Foundation of China
(81301016 and 81541129).

The authors have no conflicts of interest to disclose.

@ Department of Radiology, © Department of Neurology, Bejjing Chaoyang
Hospital, Capital Medical University, Bejjing, China.

’ Correspondence: Junliang Yuan, Department of Neurology, Beijing Chaoyang

Hospital, Capital Medical University, Bejjing 100020, China
(e-mail: yuanjunliangdoc@163.com).

Copyright © 2017 the Author(s). Published by Wolters Kluwer Health, Inc.

This is an open access article distributed under the Creative Commons
Attribution-NoDerivatives License 4.0, which allows for redistribution, commercial
and non-commercial, as long as it is passed along unchanged and in whole, with
credit to the author.

Medicine (2017) 96:17(e6703)

Received: 27 September 2016 / Received in final form: 22 February 2017 /
Accepted: 4 April 2017

http://dx.doi.org/10.1097/MD.0000000000006703

1. Introduction

Leukoaraiosis (LA) is also known as white matter lesion (WML)
or age-related white matter changes (ARWMC). It refers to
specked or patchy change in the periventricular or subcortical
white matter of multiple causes. Studies have shown that LA
patients have evident cognitive impairment,'>?! but the underly-
ing neural mechanism remains still unclear and might be
associated with the damage to the prefrontal-striatal path-
way.* In recent years, diffusion tensor imaging (DTI), a new
functional magnetic resonance imaging, is developed for the
quantification of the diffusion of water in tissues, and then the
fractional anisotropy (FA) of water in tissues is used to infer
the ultrastructure characteristics and pathological changes.
To date, DTI has been an effective measure used to investigate
the white matter microstructure and integrity. DTI may be used
to explore the neural mechanism underlying the cognitive
impairment. DTT has advantages in the detection of abnormalities
in the normal appearing white matter (NAWM)®! and is helpful
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for the early identification of white matter microstructure change
in LA patients.'*”! The common parameters used in DTI include
FA, apparent diffusion coefficient (ADC) and mean diffusivity
(MD). This study aimed to investigate the early diagnosis of LA
with DTT and its relationship with cognitive impairment in LA
patients, which may provide theoretical evidence for the
prevention and therapy of early dementia.

2. Methods
2.1. Subjects

LA patients: LA was defined as diffuse or confluent white matter
hyperintensity in the periventricular or subcortical white matter
observed on T2-weighted magnetic resonance imaging (MRI) or
fluid attenuated inversion recovery (FLAIR). Forty-two patients
with LA were consecutively recruited from Department of
Neurology, Beijing Chaoyang Hospital between January 2012
and December 2012. The average age was 74.8 +6.1 years. The
average education was 7.1+3.8 years. The mean time of
education was 7.1+3.8 years. Inclusion criteria included:
patients were >60 years; cranial MRI confirmed WML of
different extents; evaluation with daily life scale showed no
functional disability. Exclusion criteria included: there were
severe internal diseases (such as heart diseases, liver diseases,
renal failure, tumor or other systemic diseases; there were severe
neurological disease (such as white matter lesions unrelated to
vascular diseases [immune, demyelination, metabolism, toxicity,
infection, and other factors], tumor, stroke, Parkinson disease,
and brain trauma); there were severe neuropsychological
disorders, mental disease, and no medication with drugs affecting
cognition within prior 24 hours; there were contradictions to
MRI and patients were unable to receive cranial MRL

Control group: 42 healthy community volunteer control
subjects also were recruited. The average age was 70.2+8.9
years. The average education was 8.7 + 3.4 years. Healthy subjects
who were >60 years and had no history of neurological and mental
diseases were recruited in the same period from Beijing Chaoyang
Hospital. Cranial MRIshowed normal, and no abnormalities were
identified by neurological examination. There were 7 males and
14 females. The mean age was 70.2 + 8.9 years. The mean time of
education was 8.7+ 3.4. There were no significant differences in
the age, gender, and education level between 2 groups (P <.05).

This study was approved by the Ethics Committee of Affiliated
Beijing Chaoyang Hospital of Capital Medical University, and
informed consent was obtained from each patient before study.

2.2. Methods

Our neuropsychological assessments mostly followed the proto-
col of LADIS study. The neuropsychological test battery included
the mini-mental state examination (MMSE), Montreal cognitive
assessment (MoCA), digit span test, trail making test (TMT),
digit-symbol test, the Stroop test, and verbal fluency test. The
verbal fluency test was instructed by asking the participants to
generate as many names of animals that they could think of in 1
minute. The MMSE and MOCA were considered a global
measure of cognitive function. The 24 stems of Hamilton
depression scale (HAMD) were also performed to assess the
severity of depressive disorders.

2.3. Data collection of MRI
2.3.1. MRI scanning. All data were acquired on a 3.0 Tesla

Siemens MAGNETOM TIM Trio whole-body MR system
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(Siemens, Erlangen, Germany) with an 8-channel phased-array
head coil. The head was fixed with a sponge mat. All the patients
and controls received sagittal T1-weighted image (T1WI)
scanning first, and then axial scanning. Scanning was performed
at the central sagittal layer parallel to the AC-PC line. Routine
cranial MRI was done with sagittal T1WI, axial T2W1, and axial
FLAIR. The unknown lesions were excluded. Once normality
was confirmed, following scanning was performed: T1WI:
sagittal, 3-dimensional volume acquisition, pulse repetition
interval=1900ms, echo time=2.52ms; TI=900ms; flip angle
=97°, scanning field =250 mm x 250 mm; slice thickness =5 mm;
slice interval=1.5mm; T2WI: axial; FSE sequence; pulse
repetition interval=4500ms; echo time=93 ms; slice thickness
=5mm; slice interval=1.5 mm; scanning field=220 mm x 220
mm; T2-FLAIR: axial; pulse repetition interval=8000ms; echo
time=86ms; slice thickness=5mm; slice interval=1.5mm;
scanning field=220 mm x 220mm; DTI: axial; single-shot SE
EPI sequence; pulse repetition interval=7700ms; echo time=
104 ms; slice thickness=3.5 mm, slice interval=0mm; consecu-
tive scanning of 35 slices; number of excitation=2; scanning
field=230 mm x230mm; diffusion gradient exerted at 20
directions with 6=0, 1000s/mm?, bandwidth=1396 and slice
number=335.

2.3.2. Processing of DTl data. Two radiologists with rich
experience in neuroimaging observed the images and measured
the parameters. The region of interest (ROI) was delineated in the
Leonardo workstation (Siemens), and FA, ADC, and MD values
were measured (Fig. 1). Slices used in this study include: frontal
cortex localizes superior frontal gyrus and middle frontal gyrus at
slices 3, 4, and 5 anterior to the top of lateral ventricle and above
the genu of corpus callosum, and ROI localizes at 9, 10, and 46
regions of Brodmann region; putamen; gyri callosus; genu and
body of corpus callosum; lenticular nucleus; caudate nucleus;
pulvinar (Fig. 1); crus posterius capsulae internae; crus anterius
capsulae internae.

To reduce the diffusion gradient vortex-induced image
distortion, the above ROIs were selected from high-resolution
readily available sequence (FSE sequence). Then, image synchro-
nization and positioning technique was used for analysis and
measurement on the basis of FA and ADC. To avoid volume
effect, the ROIs did not include gray matter, cerebrospinal fluid,
scalp, and skull. At each brain region, values from different slices
were averaged. For the bilateral ROIs, left and right means were
used for statistical analysis. The DTI signal characteristics are
related to the selection of ROIs. Thus, ROI of the same size was
used in the same anatomic structure (especially the small
anatomic structure). Measurement was done thrice in a blind
manner, and average was calculated. The examinee was blinding
to the grouping.

2.4. Statistical analysis

Statistical analysis was performed with SPSS version 16.0. All the
data were subjected to tests for normal distribution and
homogeneity of variance. Data with normal distribution and
homogeneity of variance are expressed as mean +standard
deviation (¥ +s) and compared with ¢ test and 1-way analysis
of variance (ANOVA). Data with normal distribution and
heterogeneity of variance were compared with approximate
analysis of variance, and data with abnormal distribution with
nonparametric test. Paired comparisons of means were done with
least significant difference procedure (L-S-D). Qualitative data
are expressed as percentage and compared with x* test.



Wang et al. Medicine (2017) 96:17

www.md-journal.com

Figure 1. Measurement of ROIs in the same LA patient. A, D, G, FA. B, E, H, ADC. C, F, |, Axial FLAIR, measurement of NAWN in the frontal lobe, crus posterius
capsulae internae, head of caudate nucleus, and corpus collosum as well as LA at white matter. Measurements were matched at the location in FLAIR, assuring the
localization accuracy. FLAIR = fluid-attenuated inversion recovery, LA = leukoaraiosis, NAWM = normal appearing white matter, ROl = region of interest.

Correlation between cognition function score and DTI para-
meters was evaluated with Pearson correlation analysis. A value
of P<.05 was considered statistically significant.

3. Results

3.1. General characteristics and cognition function

There were no significant differences in the age, gender, and
education level between LA patients and healthy controls
(P>.05). In addition, the risk factors of cerebrovascular disease
(such as hypertension, diabetes mellitus, coronary heart disease,
and history of smoking) were also comparable between 2 groups
(P>.05) (Table 1).

LA patients had evident cognitive impairment and manifested
significant reductions in MMSE and MoCA (P <.05). Moreover,
LA patients had evident executive function impairment and there
were differences in the scores of Stroop B, Stroop C, Stroop (C-B),
TMT-A, TMT-B, and digit symbol test between 2 groups
(P<.05). In addition, significant difference in HAMD score was
also observed between LA patients and controls (P <.05).

3.2. FA and MD of ROl in two groups

The FA of WML at centrum ovale and anterior and posterior
lateral ventricle in LA patients was significantly lower than that of

General characteristics and cognition function of LA patients and
controls.

Controls LA patients P
Demographics
n 21 (7TM/14F) 21 (TM/14F) 1
Age X 9 70.2+89 748 +6.1 .061
Time of education (x +9) 8.71+34 714438 169
Body mass index (x +9) 26122 26.0+3.6 .92
Hypertension n, % 13 (62%) 14 (67%) 747
Diabetes n, % 7 (33%) 11 (52%) 113
Coronary heart disease 4 (19%) 5 (24%) 1
History of smoking n, % 5 (24%) 2 (10%) 408
Cognition assessment

MMSE 280+1.2 248+32 0
MoCA 256+1.6 20.7+33 0
Stroop color-word test B, s 441475 65.1+13.8 0
Stroop color-word test C, s 66.7+18.2 135.9+32.1 0
Stroop color-word test (C-B), s 22.6+14.3 70.9+34.0 0
TMT A, s 37.7+123 71.6+141 0
TMT B, s 87.1+15.9 1256.9+18.6 0
TMT (B-A), s 4944133 5444132 233
Digit symbol test 385+8.6 24.3+59 0
VF test 13.7+2.3 127425 .064
HAMD 11.4+85 16.1+4.8 .032

HAMD = hamilton depression scale, MMSE = mini mental state examination, MoCA = Montreal
cognitive assessment, TMT = trail making test, VF = verbal fluence.
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FA and MD of ROI in two groups.

ANOVA P values (ANOVA, post hoc)
Lesions NAWM Control F P Lesions vs NAWM  NAWM vs control  Lesions vs control

FAx 1072

Centrum ovale 223.3+675  407.4+66.4 369.1+64.9 92.936  .000 .000 .011 .000

Anterior lateral ventricle 169.4+59.6  380.7+90.8 363.7+623  111.41 .000 .000 .300 .000

Posterior lateral ventricle ~ 314.8+88.7  457.9+1152  387.7+54.9 26.865  .000 .000 .001 .001

Basal ganglia 2229+66.8  409.4+63.3 366.8+64.9 45,001  .000 .000 .060 .000

Corpus callosum 173.6+61.6  386.7+93.9 363.1+62.1 49.1 .000 .000 .326 .000
MD (x 1072 m%s)

Centrum ovale 128.7+143  106.4+10.4 103.4+£11.0 54.584  .000 .000 270 .000

Anterior lateral ventricle 126.8+16.2  103.1+13.8 92.4+5.8 74.253  .000 .000 .000 .000

Posterior lateral ventricle ~ 140.2+16.7  113.2+12.0 111.9+8.7 62.765  .000 .000 .662 .000

Basal ganglia 1295+148 107.8+9.4 104.0+11.8 25.047  .000 .000 337 .000

Corpus callosum 1285+155  104.7+131 92.3+5.7 43.685  .000 .000 .003 .000

ANOVA = one-way analysis of variance, FA = fractional anisotropy, MD = mean diffusivity, NAWM = normal appearing white matter, ROl = region of interest.

NAWM and controls (P<.05), but MD was markedly higher
than that of NAWM and controls (P <.05). The FA of NAWM at
centrum ovale and posterior lateral ventricle in LA patients was
significantly lower than in controls, but MD of NAWM at
anterior lateral ventricle in LA patients was significantly higher
than in controls (P <.05) (Table 2).

3.3. Correlation of FA and MD of different brain regions
with cognition function in LA patients

As shown in Table 3, the FA of WML at anterior lateral ventricle
was positively related to the scores of MoCA, Stroop B, Stroop C,
TMT-A, TMT-B, and digit symbol test (DST) in LA patients
(P<.05). The FA of NAWM of anterior lateral ventricle was
positively related to DST (P<.05). The MD of WML and
NAWM had no relationship with cognition function (Table 3).

4. Discussion

DTI is a new, noninvasive MRI and can detect the diffusion of
water in the brain tissues to provide information on the tissue
structure. FA represents the fractional anisotropy and reflects the
degree of water diffusion in anisotropy tissues (such as white
matter). In the brain, FA is affected by the diameter, density, and
extent of myelination of nerve fibers. It may reflect the integrity of
nerve fibers in the white matter of the brain and has been used as a
sensitive indicator reflecting the damage to white matter tracts:
the higher the FA, the better the directivity of tissues and the

better the degree of tract bonding are. The axonal missing may
compromise the barrier to water, which then changes the DTI-
related parameters. The neurological pathology of LA (such as
axonal missing) is consistent with the gliosis, which might be
related to the disordered neural network regulation.’®*! DTI may
also display the integrity of NAWM at the white matter that
cannot be identified by traditional MRIL!®’

The left hemisphere is involved in the cognition activities such
as language and language-related memory, and the right
hemisphere is involved in visuospatial function and related
memory and cognition. The division of the work between
hemispheres has involvement of both cortex and subcortical
structures. Studies have revealed that damage to the left
hemisphere may cause cognitive impairment,'®’ which may be
ascribed to that the left hemisphere is dominant hemisphere in
most people and dominant hemisphere is more susceptible to
cognitive impairment as compared with nondominant hemi-
sphere.'% In this study, DTI was employed to detect LA patients.
Results showed the FA of WML at the centrum ovale and anterior
and posterior lateral ventricle of left hemisphere reduced
significantly, but MD increased markedly as compared with
NAWM and controls. In addition, FA of NAWM at centrum
ovale and posterior lateral ventricle of left hemisphere in LA
patients was significantly lower than that in controls, and the MD
of NAWM at the left anterior lateral ventricle was markedly
higher than in controls, which were consistent with the language
dysfunction in LA patients.""! Our results indicate the

Correlation of FA and MD of WML and NAWM with cognition function in LA patients.

NAWM White matter lesions
FA MD FA MD
Cognition R P R P R P R P
MoCA 0.232 13 —0.009 951 0.389 009" —0.196 202
Stroop B —0.05 748 —0.021 .892 0.118 444 —0.196 202
Stroop C —0.301 .05 0.152 325 —0.416 005" 0.277 .068
TMT-A -0.167 277 —0.025 872 —0.487 001" —0.165 283
TMT-B -0.175 .256 —0.138 372 —0.471 001" —0.068 660
DST 0.446 .002%* 0.113 467 0.408 .006" 0.04 794

DST = digit symbol test, FA = fractional anisotropy, LA = leukoaraiosis, MD = mean diffusivity, MoCA = Montreal cognitive assessment, NAWM = normal appearing white matter, TMT = trail making test, WML

= white matter lesion.
P<.05
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impairment of the white matter neural fibers in LA patient is not
confined to the abnormal region shown by routine MRI-T2, but
may be present in NAWM shown by routine MRI-T2.

Several studies have confirmed that the change in DTI
parameters of NAWM is clinically important. O’Sullivan
et al'"? found FA reduced in a linear manner and MD increased
over age, which were more obvious at the anterior white matter of
lateral ventricle. In addition, MD of anterior lateral ventricle is
closely related to executive function (TMT), supporting the cortical
disconnection hypothesis (white matter damage causes cognitive
impairment).""?! This group conducted another DTI study in 36
patients with ischemia-related LA and 19 controls, and their results
showed MD of WML and NAWM increased, which was closely
associated with total IQ (Wechsler Intelligence Scale) and executive
function, suggesting that DTI has advantages in the detection of
white matter integrity and microvascular disease-induced cognitive
impairment.”®! Our findings were basically consistent with the
above results, and indicated that there were characteristic changes
in the white matter of LA patients including the white matter of
WML and that of NAWM not shown in routine MRI. Thus, DTTis
superior to routine MRI in the detection of cognitive impairment of
ischemic cerebrovascular disease patients.'>'* These changes
might be related to the neuropathology of LA (such as axonal loss
and gliosis). The axons serve as a barrier to water diffusion. The
axonal loss may compromise the barrier function and then the
water will increase in tissues, leading to the changes in DTI-related
parameters.!'> These characteristic changes in DTI are helpful for
the early identification of brain lesions, disease monitoring, and
evaluation of therapeutic efficacy.

Currently, it is accepted that executive dysfunction is
associated with the prefrontal-striatal pathway impairment.?!
The prefrontal-striatal pathway impairment may cause damage
to the top-down control in the prefrontal lobe, resulting in
executive dysfunction syndrome!'® which is characterized by
abnormalities in the executive control, working memory, and
dominant response inhibition as well as psychomotor retarda-
tion. Some studies propose that WML mainly affect the structure
and function of prefrontal-striatal pathway"”! and disrupt the
signal transduction between neurons and between prefrontal
cortex and subcortical center, finally leading to the executive
dysfunction.'"® Raji et al**! also found that the cortical thickness
at the prefrontal lobe reduced, implying that subcortical pathway
is also abnormal.”! In 2012, our group also found that the
concentration of NAA/Cho metabolites in the prefrontal lobe
changed as shown by magnetic resonance spectroscopy in LA
patients.!*®! This study confirmed the change in the white matter
microstructure diffusion of prefrontal-striatal pathway, which
was consistent with the findings from the study of Yang et al.?"]

Taken together, we speculate that brain lesions in LA patient
may affect the regulation and information processing of neural
pathway in the brain,”*! and DTI is more sensitive and objective
to reflect the early damage to the white matter microstructure,
cognitive impairment, executive dysfunction, and change in the
brain network system. Thus, it is an effective technique to
investigate the pathogenesis of diseases and aging as well as the
relationship between function and structure, and may provide
evidence for the clinical monitoring of diseases and the evaluation
of therapeutic efficacy. In future studies, the sample size should be
increased, more specific method should be used for neuropsy-
chological assessment, and combined use of other MRI
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techniques is necessary to explore the neural mechanism
underlying the cognitive impairment in LA patients.
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