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Abstract

Subjective cognitive impairment may be a very early at-risk period of the continuum of dementia. However, it is difficult to
discriminate at-risk states from normal aging. Thus, detection of the early pathological changes in the subjective cognitive
impairment period is needed. To elucidate these changes, we employed diffusion tensor imaging and volumetry analysis,
and compared subjective cognitive impairment with normal, mild cognitive impairment and Alzheimer’s disease. The
subjects in this study were 39 Alzheimer’s disease, 43 mild cognitive impairment, 28 subjective cognitive impairment and 41
normal controls. There were no statistically significant differences between the normal control and subjective cognitive
impairment groups in all measures. Alzheimer’s disease and mild cognitive impairment had the same extent of brain
atrophy and diffusion changes. These results are consistent with the hypothetical model of the dynamic biomarkers of
Alzheimer’s disease.
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Introduction

The relationship between subjective and objective memory
impairment is more complicated in older adults. Around 25-56%
of older adults have subjective memory complaints, and such
complaints may be a predictor of future dementia [1]. Subjective
cognitive impairment (SCI) may be observed prior to amnestic
mild cognitive impairment (MCI) in the continuum of the disease
progression [1-4]. Amnestic MCI is an at-risk period of dementia,
converting to dementia at a rate of 10-15% per year [5-12].
About 7-8% of healthy older people with SCI progress to MCI or
convert to dementia every year. [3] Jessen et al. reported that
subjective memory impairment (SMI) subjects with worry showed
a greater risk for conversion to Alzheimer’s disease (AD) than did
SMI subjects without worry or subjects without SMI [4]. AD is the
most common type of neurodegenerative disorder, and its main
clinical feature is memory impairment with impaired awareness
even in the earliest stages [13]. Galeone et al. reported that AD
and MCI subjects showed reduced awareness of memory
difficulties and significant memory monitoring deficits [14].
Additionally, the insight into memory impairment becomes
weaker with disease progression, a process that may be used to
predict conversion from MCI to AD. Therefore, the self-awareness
of poor memory function is considered to be a very early change in
the preclinical stage of AD. In AD patients and MCI subjects,
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amyloid B (AB)-plaque biomarkers have largely reached a plateau
by the time clinical symptoms appear [15]. Similarly, genetic at-
risk individuals demonstrate AR accumulation many years before
the onset of impaired cognitive function [16—18]. Thus, those
displaying SCI may already have some brain pathological
abnormalities. Identifying the prodromal stage of AD is a major
target for clinical research and disease-modifying therapies [19],
[20]. At a more basic level, we should discriminate at-risk from
normal aged adults with less expensive tools. Although biomarkers
for AD are now available even at the preclinical stage, their
acquisition is invasive and/or costly for patients. (e.g., lumbar
puncture, positron emission tomography (PET) scan). Neuroim-
aging studies of SCI have shown abnormalities of AP deposition,
diffusion tensor imaging (DTI) and grey matter volume. Selnes et
al. reported that DTT surpasses cerebrospinal fluid as a predictor
of cognitive decline and brain atrophy in SCI subjects [21]. In a
PET study, high AB deposition in older adults was associated with
future cognitive decline [22]. SCI subjects also showed decreased
volumes of medial temporal lobe structures compared to subjects
without subjective cognitive failure [23], [24]. However, there
have been few imaging studies on SCI, possibly because of the
difficulty in recruiting and assessing SCI subjects. Even in the
reported studies, the number of subjects was relatively small. In
addition, most of the previous SCI studies did not use more
complicated memory tests such as the logical memory II subscale
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from the Wechsler memory scale; hence, those imaging studies
might have contained MCI subjects. The proposed Reisberg
criteria for primary idiopathic subjective cognitive impairment [3]
are as follows: (1) Presence of subjective cognitive deficits; (2) Belief
that one’s cognitive capacities have declined in comparison with 5
or 10 years previously; (3) Absence of significant medical,
neurologic, or psychiatric conditions; (4) Absence of overt
cognitive deficits; (5) Cognitive performance in a general normal
range; (6) Absence of dementa. In this study, we screened SCI
subjects who met these criteria, except (2), and who further visited
our hospital for consultation because of memory deficit. The
reason for the exclusion of criterion (2) was that subjects did not
undergo cognitive tests in the previous 5 or 10 years. In the current
imaging study, we examined the differences in DTT indices and
cortical atrophy by comparing AD, MCI, SCI and normal
controls (NC). We proposed that DTT or 3D-MRI would be useful
as an early stage biomarker. Briefly, our hypothesis was as follows:

1) Compared with NC, we will observe diffusion changes in AD,
MCI, and SCI subjects.

2) By comparing NC, we can observe volumetric changes among
AD, MCI, and SCI subjects.

3) These SCI changes would be useful for prediction of
preclinical stages in the continuum of AD.

Method

2.1. Subjects

The subjects in this study were 39 (11 males and 28 females)
mild to moderate patients with probable AD, 43 (6 males and 37
females) amnestic MCI patients and 28 (9 males and 19 females)
SCI individuals, recruited from the Department of Psychiatry,
Nara Medical University, Kashihara, Japan. NCs were recruited
from local resident associations and elderly clubs in Kashihara
city. Sixty NCs underwent a medical examination and cognitive
assessment, and 19 of them were excluded for meeting the criteria
for MCI, probable AD, DSM-IV axis I disorder or the exclusion
criteria mentioned below. Probable AD was diagnosed according
to the National Institute of Neurological and Communicative
Disorders and Stroke and the Alzheimer’s Disease and Related
Disorders Association criteria [25]. Amnestic MCI was diagnosed
according to the criteria defined by Petersen [26], [27]: subjective
or informed-by-partner memory complaints confirmed by im-
paired memory function (scoring below the education-adjusted
cutoff on the logical memory II subscale from the Wechsler
memory scale; WMS-R LM II), a Mini Mental State Examination
(MMSE) score greater than 23, absence of significant levels of
impairment in other cognitive domains, and essentially preserved
activities of daily living. The education-adjusted cutoff scores of
WMS-R LM II are as follows: a) education years =16, LMII score
=8; b) education years 10 to 15, LMII score =4; c) education
years 0 to 9, LMII score =2.

The SCI subjects had become aware of poor memory function
and came to our hospital for consultation. To be classified as SCI,
the subjects had normal memory function on WMS-R LM II and
scores above cut-off on MMSE. Three SCI subjects had converted
to amnestic MCI and one to AD by the conclusion of this study.
This study was approved by the Ethics Review Board of Nara
Medical University. Written informed consent was obtained from
each of the subjects prior to their participation.

A somatic and neurological evaluation was performed in all
subjects, with a routine laboratory examination and brain
structural MRI. Exclusion criteria for all subjects were: a history
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of substantial head injury, seizures, neurological discases, impaired
thyroid function, and corticosteroid use. Cerebral white matter
hyperintensities on T2-weighted images were rated for all
participants using the deep white-matter hyperintensity (DWMH)
grade of the Fazekas scale [28]. Subjects with cortical infarctions
or DWMH grade 3 or 4 on T2-weighted images were excluded,
whereas subjects with small lacunae in white matter (fewer than 5
lesions on T2-weighted images) were included. All participants
were screened for comorbid medical and psychiatric conditions by
means of clinical, physical, and neurological examinations.
Cognitive function was assessed according to a standardized
cognitive battery of tests, including MMSE and the Alzheimer’s
disease assessment scale-cognitive component (ADAS-Cog). Glob-
al deterioration scale (GDS) stage was also determined by clinical
interview [29], [30]. NC is thought to be the first stage of the GDS
scale, SCI the second stage, MCI the third, and AD patients were
placed in the fourth and fifth stages.

2.2. Cognitive assessment

Assessment of cognitive function was carried out according to a
standardized battery of tests, including the MMSE, WMS-R LM
II (story A) and the ADAS-Cog. NCs did not undertake the
ADAS-Cog. Two well-trained psychologists evaluated the cogni-
tive functions of all subjects.

2.3. Data acquisition by MRI

All MRI examinations were performed using a 1.5-Tesla
scanner (Magnetom Sonata, Siemens AG, Erlangen, Germany).
DT images were acquired with echo-planar imaging (EPI)
sequence (b=0 and 1000 s/mm? repetition time (TR) =
4900 ms, echo time (TE) =85 ms, field of view (FOV) =
230 mm, matrix =128x128, slice thickness 3 mm without gap,
number of averages =6; 50 contiguous slice images; acquisition
time, 6 minutes). The reconstruction matrix was 256 x256 by
interpolation, and 2 x2x2 mm voxel data were obtained. Motion
probing gradient (MPG) was applied in 6 directions. High-
resolution three-dimensional T1-weighted images were acquired
using a magnetization prepared rapid gradient echo (MPRAGE)
sequence (TR =1500 ms, TE =3.93 ms, inversion time (TT) =
800 ms, flip angle =15°, FOV =233x233 mm, slice thickness
=1.25 mm; 144 sections in the sagittal plane; acquisition matrix,
256x256; acquired resolution, 1x1x1 mm). We also acquired
T1-weighted (spin-echo; TR =500, TE =20) and T2-weighted
(turbo spin-echo; TR =4000, TE =110) images.

2.4. MRI processing and voxel-based analysis (VBA)

The obtained diffusion images were visually inspected for
apparent artifacts by a radiologist. Automated image preprocess-
ing and statistical analysis were carried out using statistical
parametrical mapping software (SPM8, Wellcome Department
of Imaging Neuroscience, London, UK) running in MATLAB
(MathWorks, Natick, MA, USA). For each subject, distortions
induced by eddy currents and head motion were corrected by
affine registration of the diffusion images to the non-diffusion
weighted images (b value =0 s/mm?).

A brain mask of each subject was created using the Brain
Extraction Toolbox (BET). The diffusion tensor indices of each
voxel were calculated by FMRT’s Diffusion Toolbox (FDT), and
then the mean diffusivity (MD) and fractional anisotropy (FA)
maps were generated for each subject. We coregistered the
individual T1-MPRAGE images to the BO map, and then
normalized the T1-MPRAGE images into the standard MNI
space and applied the transformation matrix to normalize the
generated FA and MD images. Images were shown at a final voxel
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Table 1. Demographic and diagnostic data of the participants.

GM and WM Changes in SCl, MCl and AD

NC SCi

Gender, f/m

Age, mean (SD), y
Edu’cétfio' , T ean(SD),
MMSE, meaﬁ (SD) o
045, e 0

ChEl administration

74.6 (6.40)

263 (1.47)
(3.96)

)
1.02 (1.35)

white matter hyperintensity; ChEl, cholinesterase inhibitor.

doi:10.1371/journal.pone.0104007.t001

size of 2x2x2 mm resolution. The resulting transformation was
then applied to the MD map for spatial normalization. The
normalized maps were spatially smoothed with a 6-mm isotropic
Gaussian filter.

Gray matter image preprocessing and statistical analyses were
also carried out using SPM8 software (Wellcome Department of
Imaging Neuroscience Group, London, UK; http://www.fil.ion.
ucl.ac.uk/spm), in which we applied VBM implemented in the
VBMS toolbox (http://dbm.neuro.uni-jena.de/vbm html) with
default parameters. Images were bias-corrected, tissue-classified,
and registered using linear (12-parameter affine) and non-linear
transformations (warping), within a unified model [31]. Subse-
quently, analyses were performed on gray matter (GM) segments,
which were multiplied by the non-linear components derived from
the normalization matrix in order to preserve actual GM values
locally {modulated GM volumes). Importantly, the segments were
not multiplied by the linear components of the registration in
order to account for individual differences in brain orientation,
alignment, and size globally. Finally, the modulated volumes were
smoothed with a Gaussian kernel of 6 mm full width at half
maximum (FWHM).

Normalized and smoothed FA, MD and GM image maps were
compared with voxel-based analysis among the four subject
groups. Statistical inferences were made at a voxel-level threshold
of p<<0.001, uncorrected, with a minimum cluster size of 30
voxels. Fazekas DWMH grade, age, gender, education and
cholinesterase inhibitor use were treated as covariant components.

2.5. Statistical analysis

Demographic data were analyzed using the Statistical Package
for Social Sciences (SPSS for Windows, Version 16.0; SPSS,
Chicago, I1). We performed the % test of differences in gender
distribution and Fazekas DWMH score across the groups and used
the Kruskal-Wallis test to evaluate systematic differences in age
and education across groups.

PLOS ONE | www.plosone.org

NG, normal controls; SCI, subjective cognitive impairment; MCl, mild cognitive impairment; AD, Alzheimer’s disease; GDS, Global Deterioration Scale; MMSE, Mini Mental
State Examination; ADAS-Cog., Alzheimer’s disease assessment scale - cognitive subscale; WMS-R, Wechsler memory scale - revised; N.S., not significant; DWMH, deep

*y? test, **GDS; stage 4, n=25, stage 5, n="14, **one way analysis of variance, ***lack of one subject’s data.

Results

3.1. Demographic Data

There were significant differences in gender, age and cholin-
esterase inhibitor administration across the groups. Seventeen AD
patients, 16 MCI patients and 1 SCI subject were taking
cholinesterase inhibitors at the time of MRI acquisition and
cognitive function assessment. As mentioned earlier, GDS stages
were also categorized. AD patients were placed in the fourth or
fifth stage, with 25 mild AD patients classified as fourth stage and
14 moderate AD patients as fifth stage. The mean MMSE score
was 20.822.1 for AD subjects, 26.3*1.5 for MCI subjects,
28.5% 1.5 for SCI subjects, and 28.9%1.6 for controls (Table 1).

3.2. Voxel-based analysis

Imaging results for all comparison groups are shown in Tables
S1-S3 and Figs. 1-3. FA and MD are diffusion tensor imaging
markers commonly used in the study of microstructural white
matter abnormalities in many pathological states. It is believed
that factors such as axonal density, myelination and homogeneity
in the axonal orientation affect the degree of these diffusion
markers. Compared with NC, MCI and AD groups showed
significantly lower FA in the medial temporal region. Similarly,
compared with SCI, MCI and AD groups had significantly lower
FA in the medial temporal region and deep white matter (Fig. 1
and Table S1). There were no statistically significant differences
between the AD and MCI groups.

As for MD measures, AD and MCI had more widespread,
higher MD regions mainly in the temporal lobe and cingulum
than NC. Compared with SCI, AD and MCI had elevated MD in
the temporal lobe, frontal lobe and precuneus (Fig. 2 and Table
S2). There were widespread, significant differences in GM volume
in NC compared with AD and MCL AD and MCI showed
atrophic changes in the medial temporal lobe and frontal lobe
relative to NC. Similarly, the AD and MCI groups had more
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NC > MClI

SCI > AD

MCI > AD

Figure 1. Differences in fractional anisotropy among normal
controls, subjective cognitive impairment, mild cognitive
impairment and Alzheimer’s disease. NC indicates normal control;
SCl, subjective cognitive impairment; MCl, mild cognitive impairment;
AD, Alzheimer's disease. The statistical brain maps show colored voxels
(green to light green) in regions of significantly lower fractional
anisotropy (FA) (p<<0.001). The blank brain maps (NC > SCI, MCl > AD)
show that there are no significant differences between those subject
groups (NC > SCI, MCI > AD).

doi:10.1371/journal.pone.0104007.g001

prominently atrophic regions than the SCI group in the frontal
lobe, temporal lobe, cingulate gyrus and precuneus of the superior
parietal lobe (Fig. 3 and Table S3).

There were no statistically significant differences between the
NC and SCI groups in all measures (Tables S2-3, Figs. 1-3).

Additionally, both AD and MCI had the same extent of
diffusion changes. To assess the effect of medial temporal volume
atrophy on the results of the voxel-based DTT analysis of the AD
and MCI groups, voxel-wise FA and MD differences between
these groups were examined by adding the medial temporal
volume as a covariate. The medial temporal volume of each
subject was calculated by averaging the values for all voxels within
the spherical volume of interest (VOI) placed on the region where
the AD group showed significant atrophic change when compared
to the MCI group (Fig. 3). The center of the spherical VOI (5-mm
radius) was determined from the MNI coordinates with peak t-
value (coordinate X =25, Y=—2, Z=—32; see Table S3). The
results showed that, taking into account the medial temporal
atrophy, there were no significant differences of FA and MD in the
medial temporal regions between the AD and MCI groups (Fig.
S1-2).

PLOS ONE | www.plosone.org
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/—\‘

NC < MCl

SCI<AD

MCI < AD |,

Figure 2. Group differences in mean diffusivity. The statistical
brain maps show colored voxels (dark blue to light blue) in regions of
significantly higher mean diffusivity (MD) (p<<0.001). The blank brain
map (NC < SCI) shows that there are no significant differences between
NC and SCI groups.

doi:10.1371/journal.pone.0104007.g002

Discussion

In our study, the AD and MCI groups showed more widespread
abnormal regions than the NC and SCI groups. AD and MCI
showed almost the same degree of abnormalities in white and gray
matter. However, there were no statistically significant differences
between the SCI and NC groups by any of the measures. These
results suggest that it may be difficult to investigate microstructural
changes of the SCI stage using structural or diffusion tensor MRI.
In addition, 3 SCI subjects converted to amnestic MCI and one
subject converted to AD after this study. Therefore, some of the
SCI subjects in this study may have undergone some pathological
changes (e.g., deposition of amyloid beta). Briefly, it may be
difficult to show initial changes at the SCI stage by structural MRI
or DT In addition, this speculation would be consistent with the
preclinical stage of the hypothetical model of dynamic biomarkers
of Alzheimer’s disease [15], [32]. The model is based on the
hypothesis that amyloid-f accumulation is an upstream event in
the cascade resulting in synaptic dysfunction, which may in turn
trigger neurodegeneration and cell loss causing structural changes
in the brain. Finally, the full pathologic cascade of events results in
dementia. Similarly, the current results also suggested that the AD
and MCI groups had almost the same extent of pathological
changes, which is also consistent with the hypothetical model. In
addition, this result is consistent with our previous tractography-
based DTT study on AD and MCI [33].
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X=0 Y=6 Z=-28 i
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SCI>AD

MCI > AD

Figure 3. Gray matter atrophy across subjects groups. Voxel-
based analysis showing regions of gray matter atrophy across groups.
Clusters are overlaid on the MNI standard brain. Red- to yellow-colored
voxels show regions with significance in the analyses. The blank brain
map (NC > SCI) shows that there are no significant differences between
NC and SCI groups.

doi:10.1371/journal.pone.0104007.g003

Three studies have reported volume reduction in temporal lobe
structures in subjects with subjective memory or cognitive
impairment. One study showed that subjective memory impair-
ment subjects had smaller medial temporal structures [24].
However, as measurement was performed by manual outlining
and only one rater, the results might have suffered from bias [34—
36]. Although the other two studies also showed brain atrophies in
SCI, cognitive testing was insufficient, suggesting that both studies
might have included MCI subjects as SCI subjects [37], [23].
These two studies did not use specific memory tests such as the
logical memory II subtest of the Wechsler memory scale. Without
such a test, it is difficult to diagnose between SCI and amnestic
MCI [38], [39].

To our knowledge, five DTT studies on SCI have been reported
[21,40-43]. Four out of the five studies were conducted by the
same research group [21,40—42]. Three of these studies combined
cerebrospinal fluid (CSF) biomarkers and DTT [21,41,42], and two
of them showed significant diffusion changes in cingulum fiber
[41], [42]. However, because of the small number of SCI subjects
in two of these studies, the SCI and MCI subjects were combined
and the MCI subjects’ results were mainly shown [41], [42]. They
also showed that DTI parameters were a better predictor of
disease progression than CSF biomarkers in SCI, and 5 of 11 SCI
subjects converted to AD during the follow-up period, as did 6 of
43 MCI patients [21]. Because the SCI subjects have high rate
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conversion to AD relative to the MCI subjects, the subjects in that
study may be highly-selected and have been far from ideal SCI
subjects. However, combining CSF biomarkers and imaging
results would be ideal because SCI subjects would likely show
very few structural imaging changes.

Meanwhile, Wang et al. reported that a voxel-based analysis of
DTT indices did not reveal any differences between the older
adults with cognitive complaints (CC) and healthy controls (HC).
[43] This result was consistent with ours. In addition, they
conducted another analysis which used parahippocampal region of
interest (ROI). In this analysis, the CC group showed diffusivity
values that were intermediate to the MCI and HC groups.
However, the CC group also had significantly lower memory
scores (Wechsler Memory Scale-III, Logical Memory delay recall)
than did the HC group. Therefore, the CC subjects in their study
had objective memory impairment, while SCI subjects in our
study showed no objective memory impairment. This difference
may explain the discrepancy between the results of these studies.

In contrast to those previous studies, we could not observe any
differences between SCI and NC by DTI analyses or structural
neuroimaging. Although it is difficult to collect and assess SCI
subjects, we specifically classified people with awareness of poor
memory function as SCI or amnestic MCI using cognitive tests
and clinical interviews. This may explain why our results differed
from other reports investigating SCI. In addition, like other
previous reports, if we include subjects with “awareness of poor
memory” and normal range MMSE score as SCI, most of our
MCI subjects would be diagnosed as SCI. Many amnestic MCI
patients are aware of their memory deficits [44]. As mentioned
previously, our SCI subjects met the proposed Reisberg criteria for
primary idiopathic subjective cognitive impairment [3]. In
addition, we did not advertise for the current study, and the SCI
subjects voluntarily visited our hospital for consultation on
memory deficit.

In future studies, besides CSF biomarkers and amyloid PET
examination, it might be of greater benefit to perform functional
brain imaging such as functional MRI and near infrared
spectroscopy (NIRS) than structural or diffusion MRI. Alterna-
tively, because the current study and previous MRI studies of SCI
were conducted using 1.5-T MRI scanners, the use of more than
3-T MRI machines, diffusion tensor or kurtosis imaging may be
more useful for an assessment of the very early disease stage [45].
Some of the previous SCI studies investigated APOE genotype
and showed that the €4 genotype but not the non-€4 genotype was
related to future cognitive decline and brain atrophy [37], [41].
Combining those biomarkers and neuroimaging might also be
useful for gaining a better understanding of the early pathological
changes of Alzheimer’s disease.

In conclusion, there were no significant differences between SCI
and NC in any measurement. We also observed that AD and MCI
subjects had almost the same extent of white matter and atrophic
changes. Our results mean that DTT or volumetric analysis of SCI
cannot show the early pathological changes. However, our results
were consistent with the hypothetical model of dynamic biomark-
ers of Alzheimer’s disease [15] [32].

Supporting Information

Figure S1 Differences in fractional anisotropy between
Alzheimer’s disease and mild cognitive impairment by
adding the medial temporal volume as a covariate.

(T1TE)
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Figure S$2 Differences in mean diffusivity between
Alzheimer’s disease and mild cognitive impairment by
adding the medial temporal volume as a covariate.
(TIF)

Table S1 Voxel-based analysis data of fractional an-
isotropy among the groups. R indicates right; L, left; NC,
normal control; SCI, subjective cognitive impairment; MCI, mild
cognitive impairment; AD, Alzheimer’s disease. p-values adjusted
for search volume.

(XLS)

Table S2 Voxel based analysis data of mean diffusivity
among the groups. R indicates right; L, left; NC, normal
control; SCI, subjective cognitive impairment; MCI, mild
cognitive impairment; AD, Alzheimer’s disease. p-values adjusted
for search volume.

XLS)
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The aim of the study was to investigate the existence of microstructural abnormalities in the white
matter of the brain in stroke patients, as well as the relationship between these microstructural
abnormalities and changes in depressive symptoms over 6 months. Participants were 29 acute ischemic
stroke patients and 37 healthy control subjects. Depressive symptoms were assessed in all subjects using
the Hamilton Rating Scale for Depression and the Zung Self-rating Depression Scale. Whole brain voxel-
based analysis was used to compare diffusion tensor imaging measures of Fractional Anisotropy (FA)
between the groups. Six-month follow-up examinations were conducted. Patients showed significantly
lower white matter FA values in the left and right anterior limbs of the internal capsule, and 6 months
after the stroke they showed significantly increased FA values in these regions. We found a significant
negative correlation between the increased ratio of the FA values and the change in depression scale
scores at 6-month follow-up. Regional white matter damage may reflect abnormalities in neuroanato-

Internal capsule

mical pathways related to the pathophysiology of depression.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Depression is the most common and serious emotional symp-
tom following a stroke and is associated with excess disability,
cognitive impairment and mortality (Whyte and Mulsant, 2002).

" Although there is no consensus about the relationship between

lesion location and post-stroke depressive symptoms, Magnetic
Resonance Imaging (MRI) studies have found a high prevalence of
depressive symptoms in patients with lesions that affect structures
of the prefronto-subcortical circuit (Vataja et al., 2001, 2004).
Recent studies have highlighted the specific relevance of the
Limbic-Cortical-Striatal-Pallidal-Thalamic (LCSPT) circuit in the
pathophysiology of major depressive disorder (Drevets et al.,
2008; Hasler et al., 2008) and of depression due to stroke
(Terroni et al., 2011; Paradiso et al., 2013).

* Corresponding author at: Department of Psychiatry, Nara Medical University,
840 Shijocho, Kashihara, Nara 634-8522, Japan. Tel.: +81 744 22 3051;
fax: +81 74422 3854,

E-mail address: ejm86rp@yahoo.co.jp (F. Yasuno).

http://dx.doi.org/10.1016/j.pscychresns.2014.04.009
0925-4927/© 2014 Elsevier Ireland Ltd. All rights reserved.

Diffusion Tensor Imaging (DTI) combines a conventional MRI
sequence with additional magnetic field gradients to quantify water
diffusion, namely, Fractional Anisotropy (FA), the degree to which
diffusion is directionally hindered, which reflects the microstructural
integrity of the white matter tracts. Microstructural damage to white
matter tracts may confer a biological vulnerability to the onset of
depressive symptoms in stroke patients. To our knowledge, however,
no studies have investigated the existence of microstructural abnorm-
alities of white matter in stroke patients and examined whether the
diminution of microstructural abnormalities decreased the vulnerabil-
ity to post-stroke depression, as measured by increases in depression
scale scores in stroke patients that are noted before the onset of severe
depression.

Thus, the primary aim of the present study was to investigate
the existence of microstructural abnormalities in white matter
tracts in stroke patients, as well as the relationship between the
recovery from these microstructure abnormalities and the change
in depression scale scores 6 months after a stroke. DTI was
performed and whole brain voxel-based analysis was used to
compare FA between groups of acute ischemic stroke patients
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and healthy control subjects. Six-month follow-up examinations
were conducted. On the day of the MRI scan, depressive symptoms
were evaluated with the Hamilton Rating Scale for Depression and
the Zung Self-rating Depression Scale.

2. Methods
2.1. Participants

After complete description of the study to the subjects, written informed
consent was obtained. The study was approved by the medical ethics committee of
the National Cerebral and Cardiovascular Center in Japan. The patients were of
Japanese ethnicity and were recruited from the neurology unit of the National
Cerebral and Cardiovascular Center hospital. These patients had initially been
hospitalized for treatment of acute ischemic stroke.

Stroke was diagnosed by neurologists according to World Health Organization
(WHO) criteria. After the assessment, a group of psychiatrists and neurologists
reviewed the data and reached a consensus regarding the presence or absence of
psychiatric disease, including dementia, according to DSM-IV criteria. Patients were
included if they met the following criteria: (1) a focal lesion of either the right or
left hemisphere on MRI; (2) absence of other neurological, neurotoxic, or metabolic
conditions; (3) modest ischemic insult (modified Rankin scale < 4) with absence of
a significant verbal comprehension deficit; and (4) occurrence of stroke 10-28 days
before the examinations. Exclusion criteria were as follows: (1) transient ischemic
attack, cerebral hemorrhage, subdural hematoma or subarachnoid hemorrhage;
(2) history of a Central Nervous System (CNS) disease such as tumor, trauma,
hydrocephalus, and Parkinson's disease; and (3) pre-stroke history of depression.
Thirty-eight patients who volunteered to participate in the study were screened for
eligibility. We excluded 5 subjects who did not meet the study criteria. In addition,
four patients had not completed the MRI scan due to fatigue. A final group of 29
patients met the criteria and participated in this study.

Thirty seven healthy volunteers were recruited from the local area by poster
advertisement. Exclusion criteria for the volunteers were a history or present
diagnosis of any DSM-IV axis I or any neurological illness. Major characteristics of
this cohort are summarized in Table 1. To reliably elucidate differences in white
matter integrity between groups, the target total sample size was set at above 52,
which was expected to yield power > 0.8, based on a < 0.05 and assuming a large
effect size (f=0.4) with the analysis of covariance (ANCOVA) used in this study
(Cohen, 1977), and the sample size of this study met the power requirement.

All patients and volunteers were assessed with a series of standardized,
quantitative measurements of depressive symptoms [Hamilton Rating Scale for
Depression (HAM-D) (Hamilton, 1960), Zung Self-rating Depression Scale (SDS)
(Zung, 1965)] and cognitive function [Mini-Mental State examination (MMSE)
(Folstein et al., 1975)] on the day of the MRI scan. A neurological examination
[modified Rankin scale: mRS (Brott et al, 1989)] was also carried out in the
patients. MRIs were conducted for all of the subjects.

Six-month follow-up MRI examinations were also conducted for 18 of 29
patients and 19 of 37 healthy subjects. The other patients and controls were lost to
follow-up because we were unable to contact them at 6 months after the first study
or they declined to further participate in this study due to health problems,
business, feeling of rejection, and so on. On the day of the follow-up MRI scan, the
participants underwent the same battery of depressive, cognitive function and (for
the patients) neurological measurements that had been performed at the time of
the initial MRI. There were no changes in medication between baseline and follow-
up. No patients and healthy subjects were diagnosed as meeting DSM-IV criteria for
major depression on the day of the initial MRI. Two patients were diagnosed as
meeting criteria for major depression for the first time on the day of the follow-up
MRI, and they were prescribed medication after the examinations. No patients
were on antidepressant treatment during the examinations.

2.2. MRI acquisition

All MRI examinations were performed using a 3-T whole-body scanner (Signa
Excite HD V12M4; GE Healthcare, Milwaukee, WI, USA) with an eight-channel
phased-array brain coil. DT images were acquired with a locally modified single-
shot Echo-Planar Imaging (EPI) sequence by using parallel acquisition at a
reduction (ASSET) factor of 2, in the axial plane. Imaging parameters were as
follows: repetition time (TR)=17's; echo time (TE)=72 ms; b=0, 1000 s/mm?;
acquisition matrix, 128 x 128; field of view (FOV), 256 mm; section thickness,
2.0 mm; no intersection gap; 74 sections. The reconstruction matrix was the same
as the acquisition matrix, and 2 mm x 2 mm x 2 mm isotropic voxel data were
obtained. Motion Probing Gradient (MPG) was applied in 55 directions, the number
of images was 4144, and the acquisition time was 15 min, 52 s.

To reduce blurring and signal loss arising from field inhomogeneity, an
automated high-order shimming method based on spiral acquisitions (Kim et al.,
2002) was used before acquiring DTI scans. To correct for motion and distortion
from eddy current and BO inhomogeneity, FMRIB software (FMRIB Center,

Table 1

Demographic characteristics of patients and healthy control subjects.
Characteristic Stroke patients Healthy controls  tes 0r X* P

(n=29) (n=37)
Age (years) 68.7 + 8.2 675+ 52 t=0.77 045
Female sex (n, %) 6 (20.7) 15 (40.5) =295 010
MMSE score 278 +3.0 292 +1.0 t=245 0.02*
SDS score 26.5+56 241+36 t=2.03 0.05*
HAM-D score 26+25 11+18 t=2.64 0.01*
mRS score 22+08 -
Number of acute 12+ 06 -
infarcts

Volume of acute 20423 -

infarcts (ml)

Acute infarcts (n, %) in

Frontal cortex 1(34) -
Occipital cortex 1(3.4) -
Basal ganglia 13 (44.8) -
Thalamus 4(13.8) -

Subcortical white matter infarcts in

Frontal lobe 6 (20.7) -
Parietal lobe 1(34) -
Temporal lobe 1(34) -
Occipital lobe 1(3.4) -
Genu of internal 1(34) -
capsule
Total 10 (34.5) -

Laterality of acute hemisphere infarcts
Left hemisphere (n, 17 (58.6) -
%)

MMSE=Mini-Mental State Examination. SDS=Zung Self-Rating Depression Scale.
HAM-D=Hamilton Rating Scale for Depression. DWMH= deep white matter
hyperintensity. PVH=Periventricular hyperintensity. mRS=Modified Rankin Scale.
Data are mean + S.D. * p < 0.05.

Department of Clinical Neurology, University of Oxford, Oxford, England; http://
www.fmrib.ox.ac.uk/fsl/) was used. BO field mapping data were also acquired with
the echo time shift (of 2.237 ms) method based on two gradient echo sequences.

High-resolution three-dimensional T1-weighted images were acquired using a
spoiled gradient-recalled sequence (TR=12.8 ms, TE=2.6 ms, flip angle=8°, FOV,
256 mm; 188 sections in the sagittal plane; acquisition matrix, 256 x 256; acquired
resolution, 1x 1 x 1 mm). T2-weighted images were obtained using a fast-spin
echo (TR=4800 ms; TE=101 ms; echo train length (ETL)=8; FOV=256 mm; 74
slices in the transverse plane; acquisition matrix, 160 x 160, acquired resolution,
1x1x2mm).

2.3. Image processing

FMRIB software was used to generate FA maps and three eigenvalues (41, 42,
and 43) from each individual. First, brain tissue was extracted using the Brain
Extraction Tool in FSL software. Brain maps for each of the 55 directions were eddy-
corrected, subsequent to which FA values were calculated at each voxel using the
FSL FMRIB Diffusion Toolbox.

Image preprocessing and statistical analysis were carried out using SPM8
software (Wellcome Department of Imaging Neuroscience, London, England). Each
subject's echo planar image was spatially normalized to the Montreal Neurological
Institute echo planar image template using parameters determined from the
normalization of the image with a b value of 0 s/mm? and the echo planar image
template in SPM8. Images were resampled with a final voxel size of 2 x 2 x 2 mm?>.
Normalized maps were spatially smoothed using an isotropic Gaussian filter (8-mm
full-width at half-maximum).

2.4. Voxel-based analysis

Voxel-based analysis was performed using SPM8 software. FA maps were
compared between patients and healthy subjects by ANCOVA with age and gender
as covariates of no interest. We included age and gender as covariates because it
has been reported that they affect the white matter integrity (Inano et al., 2011).
Statistical inference was done with a voxel-level threshold of p < 0.05, after family-
wise error correction for multiple comparisons, with a minimum cluster size of 50
voxels. The regional FA value was calculated by averaging the FA values for all
voxels within the voxel of interest (VOI) corresponding to the cluster composed of
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