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Abstract

Objective

To describe and compare diffusion tensor imaging (DTI) parameters between patients with
subcortical ischemic vascular disease (SIVD) and Alzheimer’s disease (AD) diagnosed
using structuralized neuropsychiatric assessments, and investigate potential neuronal sub-
strates related to cognitive performance.

Methods

Thirty-five patients with SIVD, 40 patients with AD, and 33 cognitively normal control (NC)
subjects matched by age and education level were consecutively recruited and underwent
cognitive function assessments and DTI examinations. Comparisons among these three
subgroups with regards to cognitive performance and DTI parameters including fractional
anisotropy (FA) and mean diffusivity (MD) values were performed. Partial correlation analy-
sis after controlling for age and education was used to evaluate associations between cogni-
tive performance and DTI parameters.

Results

With regards to cognitive performance, the patients with SIVD had lower total scores in fron-
tal assessment battery (FAB) compared to those with AD (p < 0.05) in the context of compa-
rable Mini-Mental Status Examination and Cognitive Abilities Screening Instrument scores.
With regards to DTI parameters, there were more regions of significant differences in FA
among these three subgroups compared with MD. Compared with NC group, the patients
with SIVD had significant global reductions in FA (p < 0.001 ~ 0.05), while significant reduc-
tions in FA among the patients with AD were regionally confined within the left superior
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longitudinal fasciculus, genu and splenium of the corpus callosum, and bilateral forceps
major, and the anterior thalamic radiation, uncinate fasciculus, and cingulum of the left side
(p<0.01 ~0.05). Analysis of FA values within the left forceps major, left anterior thalamic
radiation, and genu of the corpus callosum revealed a 71.8% overall correct classification
(p < 0.001) with sensitivity of 69.4%, specificity of 73.8%, positive predictive value of 69.4%,
and negative predictive value of 73.8% in discriminating patients with SIVD from those with
AD. In combined analysis of the patients with SIVD and AD (n = 75), the total FAB score
was positively correlated with FA within the bilateral forceps minor, genu of the corpus callo-
sum, left forceps major, left uncinate fasciculus, and right inferior longitudinal fasciculus
(p=0.001 ~ 0.038), and inversely correlated with MD within the right superior longitudinal
fasciculus, genu and body of the corpus callosum, bilateral forceps minor, right uncinate fas-
ciculus, and right inferior longitudinal fasciculus (p = 0.003 ~ 0.040)

Conclusions

Our findings suggest the effectiveness of DTl measurements in distinguishing patients with
early-stage AD from those with SIVD, with discernible changes in spatial distribution and
magnitude of significance of the DTI parameters. Strategic FA assessments provided the
most robust discriminative power to differentiate SIVD from AD, and FAB may serve as an
additional cognitive marker. We also identified the neuronal substrates responsible for FAB
performance.

Introduction

Dementia is a syndrome in which there is deterioration in memory, thinking, behavior and
the ability to perform everyday activities [1]. Diagnosing the subtype of dementia generally
requires a clinical profile, neuropsychological assessments, and neuroimaging studies.
Although Alzheimer’s disease (AD) and vascular cognitive impairment (VCI) constitute the
majority of patients with dementia [2], diagnosing and differentiating the subtypes of demen-
tia, particularly during the early stage, remains a challenge. For example, both AD and VCI
may present with an insidious onset and progressive course. When a history of prior clinical
stroke is unavailable, the differential diagnosis appears to be somewhat difficult. In addition to
the slow rate of disease progression, there is also considerable overlap between AD and VCI
with regards to their underlying pathology, neuropsychological profile, and neuroimaging fea-
tures. In pathological reports, ischemic changes and arteriosclerosis have been reported in
patients with AD [3,4], and about one third of patients diagnosed with VCI may have AD-type
pathology at autopsy [5]. In neuropsychological tests, although some researchers have con-
cluded that patients with AD and VCI have their own specific characteristic cognitive profiles
[6-8], others have reported a poor diagnostic accuracy in differentiating dementia subtypes
[9,10]. This inconsistency may partly be because VCI encompasses a group of heterogeneous
pathological properties (e.g., ischemia, micro/macro-hemorrhage) and involves different
regions (e.g., cortex, subcortical regions, and strategic infarcts) with variable severity (e.g.,
local, multifocal, and diffuse lesions) [11]. The diagnosis of subcortical ischemic vascular
dementia (SIVD) appears to be associated with a pathology more confined within subcortical
regions, and with lacunes and white matter changes involving cognitive impairment. There-
fore the pathogenesis of SIVD appears to be more homogeneous. Typical neuroimaging
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features of patients with SIVD include hyperintensities extending into periventricular and
deep white matter on T2-weighted magnetic resonance imaging (MRI), and lacunes within the
deep gray matter [12]. However, both periventricular and deep white matter hyperintensities
have also been documented in patients with AD [13,14] and in normal elderly subjects [15,16],
making it a challenge to differentiate between SIVD and AD in the early stage, and even more
for normal ageing process.

Diffusion tensor imaging (DTI) has shown promise in evaluating white matter integrity
and microstructural changes within regions that commonly have a normal appearance in con-
ventional MRI [17]. In the ageing and/or pathological process, the diffusion of water within
the affected brain tissues is thought to be altered by changes in the tissue microstructure and
organization. DTI parameters such as fractional anisotropy (FA) and mean diffusivity (MD)
are potentially powerful probes to characterize changes both at the cellular and microstructural
level. While an increasing amount of research has focused on evaluating and comparing patho-
logical processes in patients with AD and mild cognitive impairment [18-20], comparisons
between patients with VCI and AD are relatively rare [21,22], and comparisons between SIVD
and AD even more so [23].

The aims of the current study were to (i) describe and compare the DTT parameters
between SIVD and AD in the context of structuralized neuropsychiatric assessments, and (ii)
identify potential regions related to cognitive performance using DTI parameters.

Materials and methods

Thirty-five patients with SIVD and 40 patients with AD who visited the Department of Neu-
rology of our hospital from July 2014 to June 2016 were consecutively recruited. Data on
demographics, serology tests, general cognitive function assessments, and brain MRI (includ-
ing DTI) studies were recorded for each patient.

Another 33 cognitively-normal subjects matched by age and education level were recruited
as the normal control (NC) group for comparisons of cognitive function and DTI parameters.
The study was approved by the Institutional Review Board of our hospital (REC 103-14). All
participants provided their written informed consent to participate in this study.

Inclusion and exclusion criteria

The inclusion criteria for the patients with SIVD were: (1) cognitive complaints with interfer-
ence in complex occupational and social activities [12]; (2) evidence of subcortical ischemic
changes in brain MRI [12]; (3) Clinical Dementia Rating (CDR) = 0.5 ~ 1 [24]; (4) Mini-Men-
tal State Examination (MMSE) score < 26 [25]; and (5) Hachinski Ischemic Scale score > 7
[26]. The inclusion criteria for the patients with AD were: (1) changes in cognition reported by
the patient, informant or clinician [27]; (2) absence of profound subcortical ischemic change
in brain MRI [12]; (3) CDR = 0.5 ~ 1 [24]; (4) MMSE score < 26 [25]; and (5) Hachinski Ische-
mic Scale score < 4 [26].

The exclusion criteria were: (1) state of delirium; (2) stroke event within 2 weeks; (3)
appearance of cortical and/or cortico-subcortical non-lacunar territorial infarcts and water-
shed infarcts, hemorrhages, signs of normal pressure hydrocephalus, and specific causes of
white matter lesions (e.g. multiple sclerosis, sarcoidosis, brain irradiation) [12]; (4) derange-
ments in serology tests contributing to cognitive impairment (e.g. abnormal levels of free T4,
cortisol, folic acid, vitamin B12, or rapid plasma reagin); and (5) severe hearing or visual
impairment.
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Demographic data registry

Disease duration, defined by time interval between initial cognitive symptom (e.g., frequent
missing an appointment, forgetfulness, poor efficiency on work, etc.) and the first clinic visit,
was recorded. The systemic diseases of all patients were registered. Hypertension was defined
as a systolic blood pressure > 140 mmHg or a diastolic blood pressure > 90 mmHg at two sep-
arate blood pressure measurements [28], self-report of a diagnosis of hypertension, or medical
treatment for hypertension. Diabetes mellitus was defined as a fasting blood sugar level > 126
mg/dl, random postprandial blood sugar level > 200 mg/dl, HbA1C > 6.5% [29], self-report
of a diagnosis of diabetes mellitus, or treatment with insulin or oral hypoglycemic agents.
Chronic kidney disease was defined as a glomerular filtration rate according to the Modifica-
tion of Diet in Renal Disease Study equation [30] < 60 mL per minute per 1.73 m2 for > 3
months with or without evidence of kidney damage [31]. Coronary artery disease was defined
as events and/or history related to stable angina pectoris, unstable angina pectoris, or a myo-
cardial infarction [32]. To avoid the confounding effect of medications on cognitive perfor-
mance and neuropsychiatric symptoms, the current use (within 1 month) of antipsychotics,
anxiolytics, and antidepressants was reviewed and recorded.

Serology tests

Antecubital venous blood samples were collected after an 8-hour fast for hemogram, serum
creatinine, folate, vitamin B12, free T4, thyroid stimulating hormones, cortisol, and rapid
plasma reagin measurements. Samples were collected in evacuated tubes containing EDTA,
centrifuged within 10 minutes and stored below -20°C until analysis.

Cognitive function assessment

General cognitive evaluations included CDR [24], the Taiwanese version of the MMSE [25],
and Cognitive Abilities Screening Instrument (CASI) [14]. The CDR is a semi-structured
interview with the patient and a reliable informant. It characterizes six domains of cognitive
and functional performance including memory, orientation, judgment and problem solving,
community affairs, home and hobbies, and personal care. An overall score is reached accord-
ing to a standardized algorithm. A CDR score of 0 denotes no cognitive impairment, with the
remaining four scores representing various stages of severity (0.5: very mild; 1: mild; 2: moder-
ate; 3: severe) [24]. Both the MMSE and CASI assess global cognition of the subjects, with a
higher score representing better cognition.

Both the patients and NC subjects also received tests to evaluate individual cognitive
domains. For the memory domain, the Chinese Version Verbal Learning Test (CVVLT) (i.e.,
immediate recall, 30-second delay, 10-minute delay, cued recall, and recognition as index
scores) [33] and Wechsler Memory Scale (WMS) (i.e., recall I, recall II, and recognition as
index scores) [34] were assessed. For the attention domain, the total score and forward subset
of digit span [34] were evaluated. For the execution domain, the backward subset of digit span
[34] and the total score of Frontal Assessment Battery (FAB) [35] were evaluated. For the visuo-
spatial construct domain, the total score of the clock drawing tests [36] was recorded. For the
language domain, the subset of category fluency and language score from the CASI [14] were
recorded. A higher score in each individual test represented better cognitive performance.

Brain MRI

All patient received brain MRI using a 3.0 T scanner (Discovery MR750, GE Medical System,
Milwaukee, WI) with an 8-channel phased array head coil in accordance with same imaging
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protocol, including axial T1-weighted imaging, T2 fluid-attenuated inversion recovery [T2-
FLAIR], diffusion weighted imaging, and MR angiography for the circle of Willis. White mat-
ter hyperintensities were rated according to the Fazekas scale [37] from T2-FLAIR sequences.
The Fazekas scale classifies white matter into periventricular and deep white matter, and each
is given a grade (0 to 3) depending on the size and confluence of quantification of the lesions
[37]. DTI data were acquired using a single-shot spin-echo echo-planar imaging sequence.
The diffusion-sensitizing gradients were applied along 20 non-collinear directions with diffu-
sion weighting factor b = 1000 sec/mm?, plus one b = 0 image. The imaging parameters were:
TR/TE = 8000/82 msec, matrix size = 128x128, field of view (FOV) = 240 mm, slice thick-
ness = 3 mm with no intersection gap, number of excitations = 2, number of slices = 67, scan
time = 5 minutes and 58 seconds.

The post-processing software, Functool, was used to measure FA and MD values in differ-
ent slices of B0 and color-coded maps on the axial images in the three groups. FA and MD
were measured from 21 circular priori-defined subcortical regions of interest (ROI). FA values
ranged from zero to one, with a higher value indicating a greater degree of white matter integ-
rity. In contrast, a higher MD value indicated a greater degree of white matter damage. The
ROI size was kept consistent (30-35 mm?) in all of the patients in order to obtain a stable num-
ber of voxels and decrease variance in the DTI parameters. The positions of the ROIs were
compared to the corresponding slices of the T2-FLAIR axial data sets to avoid measurements
within regions of lacunes or hyperintensities. Midline ROIs included the genu, body (three
portions) and splenium of the corpus callosum. Other ROIs including the superior longitudi-
nal fasciculus, forceps minor, forceps major, anterior thalamic radiation, uncinate fasciculus,
inferior longitudinal fasciculus, and cingulum, were evaluated symmetrically within bilateral
hemispheres (the template is shown in Fig 1). Additionally, bilateral corticospinal tracts were
also assessed at the mid-pons level as the control. The ROIs were manually drawn by a single
rater (Min-Chien Tu). The DTI parameters of each white matter tract were obtained from the
averaged ROIs of two adjacent slices.

Statistical analysis

Analysis of variance (ANOVA) and the » test were used to detect group differences in demo-
graphic data, cognitive function assessments and DTI parameters where appropriate. Spear-
man rank correlation test was used to examine the relationship between Fazekas scale and DTI
parameters. Multivariate analysis of covariance (MANCOVA) was used to compare differ-
ences of DTT parameters across a covariate. Partial correlation analysis after controlling for age
and education was used to evaluate associations between the cognitive test scores and DTI
parameters. To identify discriminating variables between SIVD and AD, a stepwise discrimi-
nant analysis was performed. In this analysis, dementia subgroup (SIVD or AD) was the
dependent variable and the potential DTI parameters and cognitive performances as well as
demographic data were the independent variables. All statistical tests were performed using
SPSS software version 19 (IBM, Armonk, New York). A p value less than 0.05 was considered
to be statistically significant.

Results
Demographic data

Table 1 shows the demographic data of the AD, SIVD, and NC groups. Both patients with AD
and SIVD had disease duration ranging from 0.5 to 2 years. In the SIVD group, 22 patients
had a CDR score of 0.5 and 13 had a CDR score of 1, compared to 26 and 14, respectively, in
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Fig 1. lllustrations of diffusion tensor imaging template. 1/2: Right/Left superior longitudinal fasciculus; 3/4/5: body (three portions) of the corpus
callosum; 6/7: Right/Left forceps minor; 8/9: the genu/splenium of the corpus callosum; 10/11: Right/Left anterior thalamic radiation; 12/13: Right/Left
forceps major; 14/15: Right/Left uncinate fasciculus; 16/17: Right/Left inferior longitudinal fasciculus; 18/19: Right/Left cingulum; 20/21: Right/Left
corticospinal tract at mid-pons level.

https://doi.org/10.1371/journal.pone.0175143.g001

the patients with AD. No significant difference was found with regards to the CDR severity
score (X* = 0.0372, p =0.847) and disease duration (p = 0.423). The patients with SIVD had
higher Hachinski and Fazekas scale scores than those with AD or the NC (p < 0.001). Simi-
larly, more patients with SIVD had a history of cerebrovascular diseases than those with AD
(p < 0.01). In addition, more of the SIVD group were male compared to the other two groups
(p < 0.05). In a review of current medications, more of the patients with AD used anxiolytics
than those with SIVD (p < 0.01).
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Table 1. Demographic data of the study participants.

Age

Education

Disease duration (year)

Hachinski score

Fazekas scale (Total)
Periventricular white matter
Deep white matter

Gender (M/F)

Systemic diseases (n)
Cerebrovascular disease
Hypertension
Diabetes mellitus
Chronic kidney disease

Medications (n)
Antipsychotics
Anxiolytics
Antidepressants

SIVD AD NC ANOVA
(n=35) (n=40) (n=33) F p
73.3(11.3) 72.2(8.6) 69.9 (12.2) 0.905 0.408
6.8 (4.2) 5.7 (4.0) 7.3(4.6) 1.430 0.244
1.2(0.7) 1.0 (0.6) 0.0 (0.0) 48.279 <0.0017B
7.1 (3.0) 1.1 (0.9) 0.6 (0.7) 136.952 <0.001 A
4.7 (1.0) 2.1(1.2) 1.8(1.1) 73.535 <0.001 A¢
2.3(0.6) 1.1 (0.6) 1.0 (0.6) 52.423 <0.0014¢
2.3(0.6) 1.0(0.9) 0.8(0.8) 42516 <0.001A¢
Chi-Square tests
X2 p
27/8 20/20 16/17 5.878-6.000 0.015-0.014%
12 3 - 8.371 0.004€
17 12 - 2.715 0.099
12 7 - 2.781 0.095
7 7 - 0.077 0.782
0 1 - 0.887 0.346
0 7 . 6.756 0.009°
4 5 - 0.020 0.887

A:p<0.001 on comparison between SIVD and the control;

&:p<0.05 on comparison between SIVD and the control;

B:p <0.001 on comparison between AD and the control;

C:p<0.001 on comparison between SIVD and AD;

c:p<0.01 on comparison between SIVD and AD;

©:p<0.05 on comparison between SIVD and AD.

Data presented as Mean (Standard deviation) unless stated elsewhere. AD: Alzheimer’s disease; SIVD: Subcortical ischemic vascular disease; NC: Normal

Control; ANOVA: Analysis of variance.

https://doi.org/10.1371/journal.pone.0175143.t001

Comparisons of cognitive assessments

Table 2 shows the results of cognitive assessments among the three groups. Compared to the
NG, the patients with SIVD and AD had lower MMSE and CASI scores and higher CDR-sum
of box scores (p < 0.01 ~ 0.001). Cognitive tests of individual domains showed significantly
worse performances among the patients with SIVD compared to the NC (p < 0.05 ~ 0.001)
except for recall II subset of the WMS and clock drawing test. In comparison, the patients
with AD had significantly lower scores in the CVVLT (p < 0.05 ~ 0.001), WMS-recognition
(p < 0.01), total score and forward performance of digit span (both p < 0.01), FAB total score
(p < 0.05), and language score (p < 0.01) than the NC. Of note, the patients with SIVD had
lower total FAB scores compared to those with AD (p < 0.05).

Comparisons of DTI parameters

Table 3 shows comparisons of FA among the three groups. Except for the left forceps minor
and right uncinate fasciculus, patients with SIVD had significantly lower FA values than the
NC (p < 0.05 ~ 0.001). In comparison, the patients with AD had fewer ROIs where the FA was
lower than the NC, including the left superior longitudinal fasciculus (p < 0.05), genu and
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Table 2. Cognitive assessment of the study participants.

Mini-Mental State Examination
Cognitive Abilities Screening Instrument
Clinical Dementia Rating — sum of box

Memory CVVLT —immediate recall
— 30 seconds delay
— 10 minutes delay
—cued recall
— recognition
WMS —recall |
—recall I
— recognition
Attention Digit span — total score
— forward
Execution Digit span — backward
FAB total
Visuospatial construct Clock drawing
Language Language score

Verbal fluency

SIVD AD NC ANOVA
(n=35) (n=40) (n=33) F p
20.6 (5.6) 21.8 (4.7) 25.8 (2.9) 11.475 <0.001A8
64.8 (17.6) 69.3 (15.8) 81.9 (10.2) 11.918 <0.00148
3.7(3.2) 3.4 (2.4) 0.0 (0.0) 19.178 <0.0014B
16.5 (6.0) 18.1 (4.1) 21.1(6.1) 6.316 0.003%°
4.0 (2.1) 4.1(2.4) 6.5 (1.4) 16.396 <0.00148
3.0(2.9) 2.7 (2.8) 5.4 (2.3) 10.867 <0.00148
45(2.5) 3.8(2.5) 6.5(1.9) 13.063 <0.00148
6.6 (2.9) 6.7 (2.8) 8.3(1.1) 5.267 0.007%°
41.4 (29.5) 44.1 (21.6) 58.0 (24.9) 3.856 0.025°
14.1(19.9) 15.5 (23.2) 24.9 (21.5) 2.051 0.135
33.5(8.6) 34.2 (6.0) 39.6 (4.0) 8.419 <0.00148
12.6 (4.3) 13.7 (4.3) 16.9 (4.2) 8.540 <0.00148
9.2 (3.0) 9.6 (3.0) 11.8 (2.3) 8.009 0.00148
3.6 (2.2) 4.1 (2.1) 5.3 (2.5) 4.480 0.0142
8.7 (3.0) 10.7 (3.2) 12.6 (3.2) 11.999 <0.001Ab°
2.3(1.4) 2.2(1.3) 1.8(1.0) 1.154 0.320
7.9(1.6) 8.6 (1.6) 9.9 (2.0) 11.121 <0.00148
4.3(2.8) 5.5 (2.4) 6.6 (2.1) 7.607 0.002"

A:p <0.001 on comparison between SIVD and the control;

A:p <0.01 on comparison between SIVD and the control;

:p <0.05 on comparison between SIVD and the control;

B:p <0.001 on comparison between AD and the control;

B:p <0.01 on comparison between AD and the control;

b:p <0.05 on comparison between AD and the control;

¢:p <0.05 on comparison between SIVD and AD.

Data presented as Mean (Standard deviation). AD: Alzheimer’s disease; SIVD: Subcortical ischemic vascular disease; NC: Normal Control; ANOVA:
Analysis of variance; CVVLT: Chinese Version Verbal Learning Test; WMS: Wechsler Memory Scale; FAB: Frontal Assessment Battery.

https://doi.org/10.1371/journal.pone.0175143.1002

splenium of the corpus callosum (both p < 0.05), bilateral forceps major (both p < 0.01), and
the anterior thalamic radiation, uncinate fasciculus, and cingulum of the left side (all p <0.05).

In comparisons between the patients with SIVD and AD, those with SIVD had lower FA
values in the right superior longitudinal fasciculus (p < 0.001), genu of the corpus callosum
(p < 0.001), the body (portion 1 and 3) and splenium of the corpus callosum (all p < 0.05),
right forceps minor (p < 0.01), left forceps major (p < 0.01), bilateral anterior thalamic radia-
tion (p < 0.05 ~ 0.01), bilateral inferior longitudinal fasciculus (p < 0.01 ~ 0.001), and right
cingulum (p < 0.01). There was no significant difference within corticospinal tracts among
the three groups. Among patient groups (SIVD + AD; n = 75), there were significant inverse
correlations between Fazekas scale and FA values within multiple ROIs (p < 0.05 ~ 0.001) (S1
Appendix). On taking Fazekas scale as a covariate into account, the original results were modi-
fied, mostly in the pairwise comparisons between SIVD and AD.

Table 4 shows comparisons of MD among the three groups. Similar to FA, the patients
with SIVD had higher MD values than the NC (p < 0.05 ~ 0.001). However, the patients with
AD only showed a trend of higher MD values than the NC within most ROIs, and no signifi-
cant differences were noted between the AD and NC groups. Comparisons between the
patients with SIVD and AD also revealed that the SIVD group had higher MD values overall
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Table 3. Fractional anisotropy of the study participants.

SIVD AD NC ANOVA
Regions of Interest (n=35) (n=40) (n=33) F p
Supetior longitudinal fasciculus — Rt 0.38 (0.07) 0.46 (0.09) 0.46 (0.09) 11.307 <0.001/¢
—Lt& 0.39 (0.09) 0.44 (0.09) 0.50 (0.11) 9.991 <0.0014°
Corpus callosum — Genu $$& 0.59 (0.14) 0.69 (0.12) 0.76 (0.07) 19.040 <0.0014PC
— Body 1 0.56 (0.15) 0.65 (0.12) 0.65 (0.12) 5.369 0.006%°
— Body 2 0.54 (0.18) 0.62(0.13) 0.64 (0.13) 4.484 0.0142
—Body 3 0.57 (0.16) 0.64 (0.13) 0.67 (0.11) 4.980 0.009%°
— Splenium $& 0.57 (0.16) 0.66 (0.14) 0.74 (0.10) 12.978 <0.001AP°
Forceps minor — Rt 0.34 (0.05) 0.40 (0.07) 0.40 (0.07) 10.347 <0.001A¢
—Lt 0.34 (0.07) 0.37 (0.06) 0.37 (0.07) 2.164 0.120
Forceps major — Rt $&& 0.37 (0.09) 0.41 (0.08) 0.48 (0.08) 16.162 <0.00148
—Lt&& 0.36 (0.08) 0.43(0.08) 0.50 (0.10) 23.223 <0.00148¢
Anterior thalamic radiation — Rt 0.34 (0.09) 0.40 (0.09) 0.43 (0.08) 8.624 <0.0014°
—Lt$& 0.32(0.12) 0.39 (0.09) 0.46 (0.08) 16.785 <0.0014°¢
Uncinate fasciculus — Rt 0.30 (0.09) 0.35 (0.09) 0.35(0.10) 3.174 0.046
— Lt $$& 0.30 (0.08) 0.35(0.10) 0.41 (0.09) 11.224 <0.0014°
Inferior longitudinal fasciculus — Rt 0.43 (0.09) 0.49 (0.07) 0.52 (0.07) 10.925 <0.0014¢
— Lt $$& 1t 0.47 (0.10) 0.55 (0.07) 0.58 (0.06) 16.597 <0.001A¢
Cingulum — Rt $$$t1 0.38 (0.07) 0.44 (0.06) 0.47 (0.06) 16.839 <0.0014¢
— Lt $$& 0.38 (0.06) 0.40 (0.07) 0.45 (0.07) 6.741 0.002
Corticospinal tract — Rt 0.45 (0.06) 0.48 (0.06) 0.50 (0.08) 3.065 0.053
—Lt 0.46 (0.06) 0.44 (0.06) 0.46 (0.05) 0.892 0.414

A:p <0.001 on comparison between SIVD and the control;
4:p <0.01 on comparison between SIVD and the control;
&:p <0.05 on comparison between SIVD and the control;
B:p <0.001 on comparison between AD and the control;
B:p <0.01 on comparison between AD and the control;
b:p <0.05 on comparison between AD and the control;
C:p <0.001 on comparison between SIVD and AD;
C:p<0.01 on comparison between SIVD and AD.

¢:p <0.05 on comparison between SIVD and AD.
Through MANCOVA with Fazekas scale as a covariate,
$5%: 5 <0.001 on comparison between SIVD and the control;

$$:p <0.01 on comparison between SIVD and the control;

$:p <0.05 on comparison between SIVD and the control;

8&:p<0.01 on comparison between AD and the control;

&:p <0.05 on comparison between AD and the control;

:p<0.01 on comparison between SIVD and AD.

Data presented as Mean (Standard deviation). AD: Alzheimer’s disease; SIVD: Subcortical ischemic vascular disease; NC: Normal Control; ANOVA:
Analysis of variance; MANCOVA: Multivariate analysis of covariance; Rt: Right; Lt: Left.

https://doi.org/10.1371/journal.pone.0175143.t003

(p < 0.05 ~ 0.001) except for the body (portion 2 and 3) of the corpus callosum and left cin-
gulum. There was no significant difference within corticospinal tracts among the three
groups. Among patient groups (SIVD + AD; n = 75), there were significant positive correla-
tions between Fazekas scale and MD values within multiple ROIs (p < 0.05 ~ 0.001) (S1
Appendix). In MANCOVA, the original results remarkably altered on taking Fazekas scale
as a covariate into account.
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Table 4. Mean diffusivity of the study participants.

Regions of Interest SIVD AD NC ANOVA
(n=235) (n=40) (n=33) F P
Supetior longitudinal fasciculus — Rt 1 0.973 (0.151) 0.788 (0.063) 0.784 (0.097) 35.260 <0.001/¢
— Lt 0.860 (0.210) 0.754 (0.067) 0.745 (0.077) 8.265 <0.0014¢
Corpus callosum — Genu 1.171(0.310) 0.976 (0.258) 0.933 (0.161) 8.833 <0.0014¢
— Body 1 1.138 (0.264) 0.960 (0.217) 0.949 (0.252) 6.709 0.0024¢
—Body 2 1.154 (0.320) 1.017 (0.267) 0.914 (0.204) 6.788 0.002*
—Body 3 1.123 (0.293) 0.998 (0.245) 0.914 (0.167) 6.460 0.002%
— Splenium 1.209 (0.309) 1.027 (0.291) 0.949 (0.169) 8.670 <0.0014°
Forceps minor — Rt 0.922 (0.072) 0.868 (0.084) 0.873 (0.098) 4.491 0.013%
—Ltt 0.943 (0.100) 0.844 (0.057) 0.851 (0.068) 18.739 <0.0014°¢
Forceps major — Rt 0.902 (0.127) 0.821 (0.099) 0.791 (0.083) 10.452 <0.0014¢
—Lt 0.896 (0.170) 0.788 (0.071) 0.789 (0.055) 11.271 <0.0014°¢
Anterior thalamic radiation — Rt 0.991 (0.171) 0.865 (0.114) 0.813 (0.080) 17.715 <0.001A°
—Lt 1.129 (0.489) 0.825 (0.172) 0.798 (0.095) 13.086 <0.001/¢
Uncinate fasciculus — Rt & 1.040 (0.112) 0.960 (0.113) 0.902 (0.094) 14.287 <0.001A¢
— Lt 0.972 (0.123) 0.895 (0.115) 0.858 (0.084) 9.585 <0.001A¢
Inferior longitudinal fasciculus — Rt 1.240 (0.292) 1.085 (0.214) 1.009 (0.188) 8.612 <0.001A°
— Lt 1.038 (0.248) 0.894 (0.109) 0.844 (0.086) 13.208 <0.0014¢
Cingulum —Rt $ 0.986 (0.211) 0.868 (0.135) 0.814 (0.062) 11.574 <0.0014¢
— Lt 0.875 (0.132) 0.828 (0.111) 0.805 (0.076) 3.470 0.0352
Corticospinal tract — Rt 0.777 (0.060) 0.739 (0.148) 0.720 (0.058) 1.621 0.205
— Lt 0.769 (0.073) 0.770 (0.055) 0.745 (0.052) 1.258 0.290

A:p <0.001 on comparison between SIVD and the control;

4:p <0.01 on comparison between SIVD and the control;

&:p <0.05 on comparison between SIVD and the control;

B:p <0.001 on comparison between AD and the control;

B:p<0.01 on comparison between AD and the control;

b:p <0.05 on comparison between AD and the control;

C:p <0.001 on comparison between SIVD and AD;

C:p<0.01 on comparison between SIVD and AD.

¢:p <0.05 on comparison between SIVD and AD.

Through MANCOVA with Fazekas scale as a covariate,

$:p <0.05 on comparison between SIVD and the control;

&:p <0.05 on comparison between AD and the control;

T:p <0.05 on comparison between SIVD and AD.

Data presented as Mean (Standard deviation) expressed in units of m?s™'x107°. AD: Alzheimer's disease; SIVD: Subcortical ischemic vascular disease;
NC: Normal Control; ANOVA: Analysis of variance; MANCOVA: Multivariate analysis of covariance; Rt: Right; Lt: Left.

https://doi.org/10.1371/journal.pone.0175143.1004

Discriminative power of DTI parameters between the SIVD and AD
groups

In significant pairwise comparisons (SIVD vs. NC; AD vs. NC; SIVD vs. AD), only FA values
within four ROIs were significantly different, including the genu of the corpus callosum, sple-
nium of the corpus callosum, left forceps major, and left anterior thalamic radiation. In addi-
tion, FAB was the only significant cognitive assessment able to differentiate subgroups. We
therefore analyzed the discriminative power (SIVD vs. AD) with regard to FA of these four
ROIs, FAB, age, sex, and education in a stepwise procedure.
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Fig 2. Stepwise discriminant analysis and receiver operating characteristic curve of dementia subgroup differentiation. Lfmajor: the left forceps
major; Latr: the left anterior thalamic radiation; GCC: the genu of the corpus callosum.

https://doi.org/10.1371/journal.pone.0175143.9002

The results showed that the combination of FA values of three ROIs, including the left for-
ceps major, left anterior thalamic radiation, and genu of the corpus callosum best discrimi-
nated between SIVD and AD (Wilks” lambda = 0.696, p < 0.001) (Fig 2). FAB, age, sex, and
education didn’t enter the model. The model demonstrated that the left forceps major best dis-
criminated between the dementia subgroups with a standardized discriminant function coeffi-
cient of 0.622, followed by a coefficient of 0.537 for the left anterior thalamic radiation and a
coefficient of 0.454 for the genu of the corpus callosum. The average squared canonical corre-
lation was 0.742, showing that these three variables, accounted for 74.2% of the overall variance
in the data set.

The discriminative function equation (composite score) was as follows: 0.622 * the left for-
ceps major + 0.537 * the left anterior thalamic radiation + 0.454 * the genu of the corpus callo-
sum. Receiver operating characteristic curve was shown in Fig 2.
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Table 5. Correlations between diffusion tensor imaging parameters and Frontal Assessment Battery.

SIVD + AD SIVD AD
(n=75) (n=35) (n=40)
Regions of Interest FA MD FA MD FA MD
Superior longitudinal fasciculus — Rt 0.197 -0.295* -0.084 -0.014 0.104 -0.278
— Lt 0.099 - 0.046 - 0.084 0.251 0.019 0.044
Corpus callosum — Genu 0.423*** -0.368%* 0.343 -0.281 0.340* -0.310
—Body 1 0.215 - 0.255* 0.267 -0.137 0.038 -0.189
—Body 2 0.009 - 0.055 -0.022 0.065 -0.153 -0.014
—Body 3 0.115 -0.191 0.174 -0.185 - 0.041 -0.104
— Splenium 0.215 -0.199 0.189 -0.177 0.082 -0.052
Forceps minor — Rt 0.307* -0.311* 0.455* -0.073 0.026 -0.277
—Lt 0.269* -0.353** 0.275 -0.150 0.118 -0.210
Forceps major — Rt 0.236 -0.298 0.336 -0.039 -0.004 -0.307
—Lt 0.348** -0.233 0.197 -0.050 0.276 -0.180
Anterior thalamic radiation — Rt 0.188 -0.140 0.193 -0.140 0.015 0.156
—Lt 0.228 -0.186 0.127 -0.056 0.101 0.020
Uncinate fasciculus — Rt 0.143 -0.263* 0.435* -0.119 -0.167 -0.184
— Lt 0.258* -0.137 0.186 0.304 0.162 - 0.260
Inferior longitudinal fasciculus — Rt 0.350** -0.275% 0.448* -0.246 0.081 -0.114
— Lt 0.149 -0.244 0.099 -0.142 -0.115 -0.083
Cingulum — Rt 0.106 - 0.094 0.060 0.044 -0.126 -0.017
—Lt 0.151 -0.104 -0.027 0.325 0.222 -0.298
**%:p<0.001;
**:p<0.01;
*:p<0.05.

Data presented as correlation coefficient. AD: Alzheimer’s disease; SIVD: Subcortical ischemic vascular disease; FA: fractional anisotropy; MD: mean
diffusivity; Rt: Right; Lt: Left.

https://doi.org/10.1371/journal.pone.0175143.t1005

The results revealed a 71.8% overall correct classification (p < 0.001) in discriminating
patients with SIVD from those with AD, with a sensitivity of 69.4%, specificity of 73.8%, posi-
tive predictive value of 69.4%, and negative predictive value of 73.8%.

Correlations between DTl parameters and FAB

As the total FAB score was the only cognitive test able to differentiate patients with SIVD from
those with AD, we performed partial correlation analysis, controlling for age and education,
between the FA/MD values of all ROIs and the total FAB score in order to identify their associ-
ations (Table 5). Overall (SIVD + AD; n = 75), there were positive correlations between the
total FAB score and FA values within the genu of the corpus callosum (r = 0.423; p < 0.001),
bilateral forceps minor (right: r = 0.307; p = 0.013; left: r = 0.269; p = 0.030), left forceps major
(r =0.348; p = 0.005), left uncinate fasciculus (r = 0.258; p = 0.038), and right inferior longitu-
dinal fasciculus (r = 0.350; p = 0.004). In comparison, inverse correlations were found between
the total FAB score and MD values within the right superior longitudinal fasciculus (r = -
0.295; p = 0.017), genu (r = - 0.368; p = 0.003) and body (r = - 0.255; p = 0.040) of the corpus
callosum, bilateral forceps minor (right: r = - 0.311; p = 0.012; left: r = - 0.353; p = 0.004), right
uncinate fasciculus (r = - 0.263; p = 0.034), and right inferior longitudinal fasciculus (r = -
0.275; p = 0.027). Partial correlation analysis conducted among the patients with SIVD

(n = 35) showed that total FAB score was correlated with FA values within the forceps minor
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(r =0.455; p = 0.015), uncinate fasciculus (r = 0.435; p = 0.021), and inferior longitudinal fas-
ciculus (r = 0.448; p = 0.017) of the right side. Among the patients with AD (n = 40), total FAB
score was correlated with FA values within the genu of corpus callosum (r = 0.340; p = 0.045).
In contrast, MD values of both dementia subgroups showed no significant correlations with
FAB performances.

Discussion

In this study, we compared cognitive assessment test results and DTT parameters between
patients with SIVD and AD during the early stage of disease. Our results support the effective-
ness of DTT in differentiating patients with SIVD from those with AD as well as correlating
executive function. We observed a clearly different DTI profile between the SIVD and AD
groups on the basis of comparable disease severity and general cognition. Compared to the
cognitive assessments, it was easier to use changes in FA and MD to differentiate SIVD from
AD, highlighting the different microstructural changes as the fundamental pathogenesis in
these two diseases.

There was a different spatial pattern of a reduction in FA and increase in MD in the pair-
wise comparisons between the SIVD/AD and NC groups. While the patients with SIVD exhib-
ited nearly global changes compared to group level data, significant changes in the patients
with AD were confined to the FA values within the corpus callosum, bilateral forceps major,
and superior longitudinal fasciculus, anterior thalamic radiation, uncinate fasciculus, and cin-
gulum of the left side. These tracts appeared to be those involving the limbic system in addition
to several neocortical fibers. Another study on DTI also reported that patients with SIVD were
prone to show global changes in both FA and MD, whereas patients with AD often demon-
strated modification in FA and MD along the limbic circuits [23]. Moreover, both reports
showed that the magnitude and regions of reductions in FA among SIVD patients outnum-
bered the regions of MD elevation in patients with AD [23]. In contrast to gross regional
assessments and/or averaging selected fibers from bi-hemispheres, asymmetric white matter
involvement and changes in individual fibers were identified through our tract-based spatial
statistics method. These results are consistent with a priori knowledge that both white and gray
matter pathologies occur in the very early course of AD [38,39], while the main imaging fea-
tures identified in patients with SIVD are lacunar infarcts and white matter T2-hyperintensi-
ties [12], to which DTI parameters are expected to be sensitive. As dementia represents a
continuum of disease progression, our findings support that AD and SIVD have different etio-
pathogenic processes, and the potential of DTT to differentiate early pathological changes
among patients with SIVD and AD and the normal ageing.

Two DTI parameters, FA and MD, were used in the current study. Although ROIs selec-
tions of DTI were devoid of regions being affected by white matter hyperintensities, their sig-
nificant correlations and main effect of Fazekas scale as evident in MANCOV A indicated that
white matter hyperintensities may have direct and/or indirect impact on DTI modifications.
For example, FA and MD might alter along the regions under microischemia pathological pro-
cess yet of normal appearances in conventional MRI. FA/MD values are also expected to
change when there are lesions around the ROIs or in a distant location along the fibers. Theo-
retically, FA measures the overall directionality of water diffusion and reflects the complexity
of cytoskeletal architecture, whereas MD represents a marker of neurodegeneration which
reflects a decrease in membrane or other barriers to free water diffusion [39]. The exact under-
lying neurobiological properties behind these two DTI parameters remain unclear, as currently
published results vary considerably according to the physiological/pathological condition and
the stage of dementia. For example, one study focusing on brain maturation suggested that FA
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was sensitive to increases in axonal growth and myelination [40], while another DTT study
including patients with multiple sclerosis reported that diffusion parameters were sensitive to
destructive lesions, but that changes in anisotropy were most profound in inflammatory
lesions [41]. In a cohort study of mild cognitive impairment where FA and three other addi-
tional diffusion parameters were investigated, FA was shown to be most sensitive to differenti-
ate patterns of white matter changes as well as the subtype of mild cognitive impairment [42].
Consistent with these findings, another study focusing on DTI parameters among the normal
aging and amnestic patients with mild cognitive impairment and AD also suggested that FA
appeared to be more sensitive than MD and to have a better correlation with memory perfor-
mance [43]. However, another cohort study reported opposite findings, in which MD indices
were more sensitive than FA in detecting early pathological changes in patients with amnestic
mild cognitive impairment [44]. Furthermore, another study including both patients with sub-
jective and mild cognitive impairment indicated that although FA and MD could predict
future cognitive decline, only MD could significantly predict transformation to dementia and
medial temporal lobe atrophy [45]. Our results support that FA is a sensitive marker to early
detect AD-related pathology, where a significant reduction in FA with unchanged MD
occurred within the genu/splenium of the corpus callosum and several other associated fibers
(i.e., bilateral forceps major and the left superior longitudinal fasciculus/anterior thalamic radi-
ation/uncinate fasciculus/cingulum). As FA reflects directional dependence of selected fiber
tracts, significant reductions in FA in the white matter without differences in MD may indicate
changes in the axonal membrane as well as myelin integrity [46].

There was considerable overlap of the ROIs with reductions in FA and increases in MD in
the patients with SIVD. The main pathogenesis is thought to be an ongoing neurodegenerative
process, as both myelin and axonal damage occurs. Our results are consistent with previous
studies, in that extensive arteriolosclerosis, lacunes/microinfarcts, and demyelinating changes
have been reported to be the major pathological findings in patients with SIVD [47]. Derame-
court et al. proposed that vessel wall modifications such as arteriolosclerosis are the most
common and earliest pathological changes in SIVD. These changes are then followed by peri-
vascular spacing with lacunar and regional microinfarcts occurring as consequent but inde-
pendent processes. Deep cerebral structures and white matter appear to be most vulnerable
due to their end-artery properties, which are almost devoid of anastomoses [47]. These mecha-
nisms subsequently cause both myelin and axonal damage, as reflected by changes in FA and
MD. As such neuropathology often progresses with a slow course, DTT measurement can
allow for the early detection of microstructural changes and the prompt reduction of vascular
risk factors and cognitive decline.

In the comparisons between the NC and SIVD/AD groups, some regions still had increased
MD with no changes in FA modifications (i.e., left forceps minor and right uncinate fasciculus
in the patients with SIVD, and left superior longitudinal fasciculus, left forceps minor, right
forceps major, and bilateral uncinate fasciculus in the patients with AD). This pattern of
changes in MD and FA indicates widespread tissue damage resulting in a generalized increase
in extracellular space due, for example, to the loss of axons and/or neurons as expected in Wal-
lerian degeneration [48].

In particular, FA values within three selected regions in our DTI analysis showed acceptable
clinical value in discriminating between patients with SIVD and those with AD (71.8% overall
correct classification; sensitivity 69.4%; specificity 73.8%). However, differentiating these two
subtypes of dementia using a single neuroimaging tool remains a challenge, as the discrimina-
tive power may be confounded by patient group selection as well as different imaging proto-
cols. A previous volumetric brain imaging study showed that hippocampal volume alone could
classify 63% of patients with SIVD from those with AD, but with only 50% sensitivity and 73%
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specificity [49]. The discriminative power could be improved (83% overall classification rate;
sensitivity 72%; specificity 91%) by adding comprehensive values of brain segmentation
analysis but not volumetric assessment of the entorhinal cortex. Although some studies have
described spatial patterns of changes in DTI parameters in patients with SIVD and AD [23,
50], few studies have investigated the discriminative power of DTI parameters between
patients with SIVD and those with AD.

We also provide evidence of the role of changes in white matter integrity within the bilateral
forceps minor, genu and body of the corpus callosum, bilateral uncinate fasciculus, left forceps
major, and right superior/inferior longitudinal fasciculus with regards to FAB performance.
Of note, both FA and MD evaluations suggested that microstructural changes within the bilat-
eral forceps minor and genu of the corpus callosum was responsible for FAB performance.
The forceps minor represents interhemispheric fibers extending through the genu of the cor-
pus callosum that govern projections toward the prefrontal lobes. They are considered to gov-
ern executive function as well as hemispheric specialization and interactions due to their
widespread projections to prefrontal cortices [51]. However, the cognitive implementation of
FAB is not limited to the frontal regions itself, and significant correlations with other major
tracts (i.e., the uncinate fasciculus, forceps major, and superior/inferior longitudinal fascicu-
lus) were identified in the current study. Such observation raises the possibility that disconnec-
tion between frontal and other regions may also contribute to the executive dysfunction in
patients with SIVD.

There are several limitations to the current study. First, although we addressed the discern-
ible DTT parameters and FAB performance between the patients with SIVD and those with
AD during the early stage, we lacked data related to the pathophysiological biomarkers of AD
(i.e., cerebrospinal fluid tau protein and Abeta42). Second, some of our ROIs were drawn in
the crossing-fiber locations (e.g., forceps major) or regions adjacent to the gray matter (e.g.,
anterior thalamic radiation), potential partial-volume effect should be put into considerations
on current DTI study interpretation. Third, as differentiating between a CDR score of 0.5 and
1 is sometimes regarded to be challenging with regard to the informants’ reports, additional
longitudinal studies regarding patients with a CDR score of 0.5 should be conducted to con-
firm the clinical significance of discernible changes in DTI parameters/FAB performance dur-
ing the early stages of AD and SIVD.

Conclusions

Our findings suggest the effectiveness of DTI parameters in distinguishing patients with the
early stage of AD and SIVD, as reflected by the discernible changes in spatial distribution and
magnitude of significant modification in DTI parameters. Critical relation between white mat-
ter hyperintensities and DTI parameters was identified. The disconnection of white matter in
the patients with SIVD appeared to be more profound than that in the patients with AD. The
FA values within three ROIs (the left forceps major, left anterior thalamic radiation, and the
genu of the corpus callosum) provided a satisfactory discriminative power (71.8% overall cor-
rect classification; sensitivity 69.4%; specificity 73.8%). The FAB may serve as an additional
cognitive marker to differentiate patients with SIVD from those with AD. That the white mat-
ter integrity within the bilateral forceps minor, genu and body of the corpus callosum, bilateral
uncinate fasciculus, left forceps major, and right superior/inferior longitudinal fasciculus was
associated with FAB performance highlights the fundamental implication of executive func-
tion and relevant circuit connectivity.
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