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Abstract: Our aim in this study was to explore the neural substrates of executive function in frontal
and nonfrontal white matter using diffusion tensor imaging (DTI). We studied the relationship
between executive dysfunction and DTI measurements on 13 subjects with amnesic mild cognitive
impairment (aMCI), 11 subjects with early Alzheimer’s disease (AD), and 16 control subjects. All par-
ticipants underwent an examination of their intelligence, memory, and executive function and were
subjected to DTI. Both aMCI and early AD subjects showed executive function impairment with differ-
ential performance in frontal-related behaviors. Both aMCI and early AD subjects showed increased
mean diffusivity in the genu of the corpus callosum and left frontal periventricular white matter
(PVWM), whereas subjects with early AD showed an additional decrease in the fractional anisotropy
of bilateral frontal PVWM and in the genu of the corpus callosum. The frontal PVWM was associated
with performance on the Verbal Fluency Test, the Wisconsin Card Sorting Test (WCST), and Part B of
the Trail Making Test. The parietal PVWM was associated with perseverative errors on the WCST and
Part A of the Trail Making Test. In summary, executive function was impaired in subjects with aMCI
and early AD and was associated with frontal and parietal PVWM changes. These changes may be
due to early AD degeneration of the lateral cholinergic projections or to early change of the superior
longitudinal fasciculus. Hum Brain Mapp 30:3826-3836, 2009.  © 2009 Wiley-Liss, Inc.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common type of
dementia in elderly people. AD was previously considered
to be a kind of cortical dementia associated with a loss of
large pyramidal neurons primarily in the associative cor-
texes [Pearson et al., 1985]. More recently, however, the
important role of white matter pathology in AD pathoge-
nesis (such as myelin breakdown and oligodendrocytic
loss) has been increasingly recognized [Brun and Englund,
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1986; Hirono et al., 2000; Sjobeck and Englund, 2003].
Studies showing that oligodendrocyte damage is an initial
step in the disease suggest myelin-breakdown as an
important component of the AD process [Bartzokis et al.,
2003]. White matter pathology in AD may be indicative of
anterograde Wallerian degeneration, white matter rarefac-
tion with axonal damage and gliosis, reactive astrocytosis,
or myelin breakdown [Englund et al., 2004]. Unique spa-
tial distributions of white matter changes may reflect a
particular pathogenesis. Wallerian degeneration may
involve lesions close to cortical areas having the greatest
pathological burden. In contrast, diffusely confluent rare-
faction is frequently vascular or ischemic in origin, usually
at periventricular areas or near the hemispheric semiovale
[Frazekas et al., 1993].

Because MCI is a heterogeneous condition, subjects with
this impairment are classified into four clinical subtypes:
amnesic MCI-single domain, amnesic MCI-multiple
domains, nonamnesic MCI-single domain, and nonamnesic
MCI-multiple domains [Busse et al., 2006]. The prognosis
of each subtype varies. In a 4-year follow-up study in
Pittsburgh, 70% of the subjects with amnesic MCI (aMCI)
progressed to dementia (all of them to AD) and none
returned to normal [Lopez et al., 2007]. In another study
with a 6-year observation period, 60% of the subjects with
aMCI-multiple domains developed dementia at follow-up,
and 100% of the participants with dementia had AD
[Busse et al., 2006]. Therefore, in the present study,
we included only subjects with aMCI (single or multiple-
domain subtypes), as they have a higher probability of
developing AD at follow-up and would be regarded as
being in a very early phase of AD.

Magnetic resonance imaging (MRI) was used in the
study of AD through hippocampal volumetry and quanti-
fication of increased white matter hyper-intensities
(WMHI). WMHI have been widely studied using conven-
tional structure MRI techniques such as T2-weighted and
fluid-attenuated inversion recovery (FLAIR) images. By
these methods, WMHI have been reported to be associated
with a decrement of executive functions in normal aging
[O’sullivan et al., 2004; Marshall et al., 2006]. Conflicting
findings have arisen, however, particularly in the earliest
clinical stage of AD [Bartzokis et al., 2003; de Groot et al.,
2000]. Although T2-weighted changes are sensitive in the
detection of subcortical vascular disease, they provide little
information about the severity of the underlying patholog-
ical changes [Awad et al, 1986], and the correlation
between T2-lesion load and cognitive dysfunction was rel-
atively modest [Sabri et al., 1999]. Diffusion tensor imaging
(DTI) may allow for the detection of white matter changes
in normal appearing white matter (NAWM). DTI provides
increased sensitivity in the detection of alterations in the
microstructure of white matter in vivo. Such alterations
are indicative of diseases that cause axonal damage and
demyelination.

DTI measures the directionality of the molecular diffu-
sion of water, representing the structural integrity of white

matter [Medina et al., 2006]. Mean diffusivity (MD) is a
measurement of the mean motion of bulk water in all
directions, and fractional anisotropy (FA) is a measure-
ment of the direction consistency [Rose et al., 2006].

Neuropsychological investigations of early AD and
aMCI were characterized by subtle deficits in multiple
domains such as attention, learning and memory, execu-
tive function, processing speed, and language function
[Twamley et al., 2006]. Among these, executive function
was referred to as a supervisory, or high-level cognitive
process because of the combination and organization of
complex behaviors and thoughts involved [Alvarez and
Emory, 2006; Stuss et al., 2000]. Subjects with frontal lobe
insult, however, might not demonstrate significant execu-
tive dysfunction; and subjects with nonfrontal lesions
might perform poorly in the executive function tests
[Ahola et al.,, 1996; Anderson et al., 1991]. Therefore, we
used DTI to explore the association between executive dys-
function and white matter changes in the frontal or non-
frontal structures in subjects with aMCI and early AD. We
also examined whether there were any other differences in
performance in the various aspects of executive function
tested in these subjects.

SUBJECTS AND METHODS
Subjects

Thirteen subjects with aMCI, 11 subjects with early AD,
and 16 control subjects participated in the study. All par-
ticipants were right-handed Taiwan Chinese. All three
groups were evaluated with the same battery of tests,
including the Wechsler Adult Intelligence Scale-III (WAIS-
III), the Taiwan version of the Wechsler Memory Scale-
Third Edition (WMS-III) [Hua et al., 2005], the Clinical De-
mentia Rating (CDR), and executive function tests. We
also performed the WAIS-III test on all participants to
obtain a quotient for general intelligence (IQ) and eval-
uated them with CDR to determine the global severity of
dementia.

Subjects with amnesic MCI and early AD were selected
from the memory clinic at the National Taiwan University
Hospital. Following tests at the memory clinic, they
received a comprehensive clinical checkup including a
review of their history, physical and neurological examina-
tions, and laboratory tests. Subjects with early AD fulfilled
the NINCDS-ADRDA criteria for probable AD with CDR
scores of 0.5 or 1.0 [McKhann et al., 1984]. The early AD
subjects were reviewed using the Hachinski ischemic scale
and those with a Hachinski ischemic score greater than
four were excluded [Moroney et al., 1997].

Subjects with deficits in any recall subtest of the WMS-
III, a CDR score of 0.5, and consistently normal ADL/
IADL, were diagnosed as aMCI in keeping with the Mayo
clinic criteria [Petersen et al., 2001].

The control subjects were selected from healthy volun-
teers in an MCI project. In this project, the volunteers
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were given a medical check-list for major systemic disease,
operation, and hospitalization. Those having uncontrolled
medical conditions such as heart failure, recent myocardial
infarction (in the past 6 months), malignancy (in the past 2
years), or poorly controlled diabetes (Hb A1C > 8.5) were
excluded. They also received physical and neurological
examinations and were scored on a short form Geriatric
Depression Scale (GDS-S); those who had a GDS-S score
greater than nine were excluded. Control subjects had nor-
mal cognitive function, confirmed by the neuropsychologi-
cal test battery. All subjects or their primary caregivers
gave their informed consent. The study was approved by
the ethics committee of the university hospital.

Executive Function Tests

Executive function was examined with (1) a Verbal Flu-
ency (VF) task; (2) the Wisconsin Card Sorting Test
(WCST), Modified version; (3) the Trail Making Test
(TMT), part A and B; and (4) the Frontal Behavioral Inven-
tory (FBI).

In the VF task, subjects were instructed to name as
many vegetables, fish, and fruits as possible in 1 min for
each category [Hua et al., 1997]. We used the WCST with
52 cards and calculated the number of completed catego-
ries and perseverative errors as indices of executive func-
tion [Nelson, 1976]. Both written TMT-A and TMT-B
[Reitan, 1958] were applied as a measure of attention,
speed, and mental flexibility. The scoring was expressed in
terms of the time in seconds required for completion of
each of the two parts of the test and truncated at 150 s for
Part A and at 300 s for Part B. The FBI is a 24-item care-
giver-based behavioral questionnaire. It was originally
designed for the diagnosis and quantification of frontotem-
poral dementia symptoms, but is also helpful in the differ-
ential diagnosis of dementia [Kertesz, 1997; Milan et al.,
2007]. There were four possible response options, resulting
in a total score ranging from 0 to 72: (0), mild and occa-
sional (1), moderate (2), or serious and most of the time
(3). Behavioral problems were further divided into two
categories, each with a 12-item Negative Behavioral Score
(0-36) and Disinhibition Score (0-36).

MRI Acquisition

Images were acquired with a 1.5-T GE Excite MRI sys-
tem. We performed a routine whole brain MRI scan for ev-
ery patient, including an axial T2-weighted image (TR/TE,
5,600/90, slice thickness 5 mm), an axial FLAIR (TR/TI/
TE 9,000/2250/85, slice thickness: 5 mm), and a coronal
3D T1WI using inversion prepared spoiled gradient echo
(IR-SPGR) sequence (TR/TE/flip angle 10.5/2.2/15°, slice
thickness: 1.5 mm). The T2-weighted and FLAIR images
were used to identify lacunar infarct and diffusely conflu-
ent WMHI. We excluded those subjects with the image
possibility of subcortical ischemic vascular dementia as

WMHI of extending caps or irregular halos (>10 mm), dif-
fusely confluent hyperintensities (>25 mm), and deep gray
matter lacunes [Roman et al., 2002].

A 3D IR-SPGR Helped to Identify the Proper
Position for Examining the ROI

For DTI acquisition, we used single shot spin echo EPI
acquisition with TR/TE = 6000 ms/90 ms, 25 uniformly
distributed gradient directions, a b-value of 1,000 s/ mm?,
and a NEX of two. In total, 24 contiguous axial slices were
acquired with 5-mm slice thickness, a 128 x 128 matrix,
and a 24 cm X 24 cm field of view; the slices were
positioned to run parallel to the anterior commissural and
posterior commissural plane. The total acquisition time
was 5 min and 40 s.

DTI Measurement

Postprocessing of the DTI data was done on a GE work-
station (FuncTool, Advantage Workstation 4.2, GE, Medi-
cal System, Milwaukee, WI). This system uses automatic
correction of the EPI distortion by scaling, deskewing, and
translating to align each image with the reference image (b
= 0) and minimize the mismatch between diffusion and
reference images. The MD and FA maps were computed
and displayed along with a b = 0 reference map. We
measured the MD and FA at different locations of white
matter using ROI-based analysis. The neuroradiologist
(YEC) responsible for the placement of ROIs was blind to
the clinical diagnosis of all the participants. We placed 12
ovoid ROIs in the white matter regions on two slices,
which included the temporal subcortical white matter
(SCWM) adjacent to the temporal horns, the genu and
splenium of the corpus callosum, the anterior SCWM, the
anterior periventricular white matter (PVWM), and the
posterior SCWM and the posterior PVWM (see Fig. 1). The
nonmidline regions were measured on both sides. The size
of the ROIs was 8-12 voxels, measuring 1.878 mm x 1.875
mm X 5 mm each. For further details regarding ROI place-
ment, see our previous work (Chen et al., 2008).

Quantitative WMHI Measurement

The FLAIR images were used for automatic measure-
ment of WMHI. We developed a user-friendly MATLAB-
based program (ROITOOL) for the quantitative analysis of
WMHI. The WMHI had higher signal intensity than the
surrounding area, resulting in a signal intensity histogram
with a peak of high intensities. The operator then set the
intensity threshold to obtain the area of WMHI. The vol-
ume was calculated using outlined area multiplied by slice
thickness. This analysis was performed separately in the
frontal, temporal, and parieto-occipital lobes of either
hemisphere (Chen et al., 2006).
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Figure 1.

Selection of ROl in MD and FA maps. Twelve ROIs in MD (A
and B) and FA (C and D) maps were selected. Brain regions are
indicated as: | and 2 = Right and left temporal subcortical white
matter (SCWM), 3 and 4 = genu and splenium of corpus cal-
losum, 5 and 6 = right and left anterior medial SCWM, 9 and
10 = right and left posterior SCWM, 7 and 8 = right and left
anterior periventricular white matter (PVWM), and || and 12 =
right and left posterior PVYWM.

Statistics

Demographic and clinical data with nonparametric char-
acteristics were compared using a Chi-square test, and
parametric data were examined using analysis of variance
(ANOVA). Multivariate ANOVA (MANOVA) was used to
compare between group DTI, WMHI measures, and cogni-
tive function tests with pairwise post hoc. Pearson correla-
tion was used to assess the association between executive
function and the DTI measurements. To correlate executive
function with multiple ROIs, a stepwise linear regression
was performed to clarify the contribution of each related
ROI. All statistical analyses were performed with SPSS
version 11.0 (SPSS, Chicago, IL, 2003).

RESULTS

Demographic, Clinical Data, and
Memory Functions

There was no significant difference between groups for
gender (Pearson Chi = 1.665, P = 0.435), age (F = 2.622, P
= 0.086), and years of education (F = 2.213, P = 0.124).

TABLE I. Demographic profile and general intelligence

CS MCI AD
Group (n = 16) (n =13) (n=11)
Gender (women/men) 7/9 5/8 7/4
Age (years) 69.0 (8.4) 73.2 (9.3) 76.7 (8.5)
Education (years) 10.5 (3.8) 11.4 (4.3) 7.8 (4.9)
Full IQ 1144 (11.8) 101.3 (19.0) 86.2 (20.7)*
PIQ 112.9 (10.3)  100.9 (17.8)**  83.2 (17.7)*
VIQ 114.1 (12.2) 102.1 (18.4) 96.8 (32.0)

Mean (standard deviation); CS, control subject; MCI, mild cogni-
tive impairment; AD, Alzheimer’s disease; *P < 0.01, analysis of
variance with post hoc between AD and CS; **P < 0.05 analysis of
variance with post hoc between MCI and AD.

There was a significant group effect for full IQ (F =
8.321, P < 0.01) and PIQ (F = 11.394, P < 0.001). Post hoc
analyses revealed that early AD subjects had lower full IQ
(P < 0.01) and PIQ (P < 0.001) than the control subjects.
Early AD subjects also had lower PIQ than the aMCI sub-
jects (P < 0.05; Table I).

Both early AD and aMCI subjects had lower memory
scores than the control subjects in immediate recall,
delayed recall and recognition (all P < 0.01; Table II).

Executive Functions

The group effect was significant for all executive func-
tion tests, including total scores on the VF task (F = 26.28,
P < 0.001), numbers of completed categories (F = 23.02, P
< 0.001), perseverative errors on the WCST (F = 8.43, P <
0.01), TMT-A (F = 9.92, P < 0.01), TMT-B (F = 17.80, P <
0.001), negative behavioral scores (F = 26.12, P < 0.001),

TABLE Il. Performance of cognitive function tests

Tests CS MCI AD
VF 39.8 (6.8) 22.8 (6.6)** 19.8 (4.5)*
WCST-c 5.8 (1.1) 2.7 (2.3)** 1.3 (0.5)*
WCST-p 2.3 (1.6) 20.2 (15.6)** 19.2 (14.4)*
TMT-A (s) 49.3 (11.6) 89.0 (43.1)* 110.2 (36.7)**
TMT-B (s) 129.9 (46.0) 250.7 (85.6)** 278.5 (33.4)**
FBI-n 0.0 (0.0) 5.2 (3.3) 10.5 (5.1)**
FBI-d 0.0 (0.0) 1.2 (1.2)f 7.2 (5.0)**
I-recall 57.8 (12.7) 26.2 (15.8)** 23.7 (12.6)**
D-recall 35.8 (8.5) 11.5 (10.4)** 4.2 (6.5
Recognition 25.8 (2.9) 17.2 (2.5)* 11.2 (8.2)*

Mean (standard deviation); VF, Verbal Fluency Test; WCST, Wis-
consin Card Sorting Test; ¢, number of completed categories; p,
number of perseverative errors; TMT, trail making, A, part A; B,
part B; FBI, frontal behavioral inventory; n, negative behavioral
score; d, disinhibition score; I-recall, immediate recall of logical
memory; D-recall, delayed recall of logical memory of Wechsler
Memory Scare 3rd Version; *P < 0.05; **P < 0.01 multiple variates
analysis of variance with post hoc between AD and CS; P < 0.05,
P < 0.01 with post hoc between MCI and AD.
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TABLE Ill. Mean diffusivity of region-of-interest in CS, MCI and AD

MD CS MCI AD MCI/AD
(1072 m?/s) (n = 16) (n =13) (n=11) (n = 24)
PVWM
Anterior right 0.87 (0.09) 0.92 (0.16) 0.93 (0.14) 0.93 (0.15)
Anterior left 0.79 (0.09) 0.90 (0.18)* 0.90 (0.16)* 0.90 (0.16)*
Posterior right 0.87 (0.09) 0.95 (0.17) 0.92 (0.18) 0.93 (0.17)
Posterior left 0.89 (0.13) 0.95 (0.22) 0.92 (0.12) 0.94 (0.18)
SCWM
Anterior right 0.76 (0.03) 0.76 (0.06) 0.80 (0.14) 0.78 (0.10)
Anterior left 0.69 (0.06) 0.72 (0.07) 0.72 (0.10) 0.72 (0.08)
Posterior right 0.81 (0.05) 0.78 (0.08) 0.78 (0.07) 0.78 (0.05)
Posterior left 0.81 (0.06) 0.78 (0.08) 0.80 (0.06) 0.79 (0.07)
Temporal right 0.85 (0.07) 0.89 (0.08) 0.87 (0.06) 0.88 (0.07)
Temporal left 0.85 (0.05) 0.86 (0.63) 0.84 (0.08) 0.85 (0.07)
Corpus callosum
Genu 0.81 (0.34) 1.00 (0.25)* 1.01 (0.22)* 1.01 (0.23)*
Splenium 0.87 (0.06) 0.91 (0.11) 0.89 (0.09) 0.91 (0.10)

MD, mean diffusivity (standard deviation); PVWM, periventricular white matter;
SCWM, subcortical white matter; CS, control subjects; MCI, mild cognitive impairment;
AD, Alzheimer’s disease; *P < 0.05 analysis of variance with post hoc between AD

and/or MCI and CS.

and disinhibition scores of FBI (F = 16.92, P < 0.001; Table
II). Post hoc analyses showed that both aMCI and early
AD subjects had significantly lower VF than the control
subjects (both P < 0.001). Both aMCI and early AD sub-
jects had significantly lower numbers of completed catego-
ries in the WCST than the control subjects (both P < 0.01);
both aMCI (P < 0.01) and early AD subjects (P < 0.05)
committed more perseverative errors than the control sub-
jects. Similarly, both subjects with aMCI (P < 0.05 for
TMT-A, P < 0.01 for TMT-B) and early AD (P < 0.01 for
TMT-A, P < 0.001 for TMT-B) required significantly more
time to complete the trail-making tasks than the control
subjects.

For frontal-related behavioral symptoms, subjects with
early AD exhibited significantly more negative behaviors
and more disinhibition than the control subjects (both P <
0.001). The aMCI subjects, however, reported only more
negative behaviors (P < 0.01), but not more disinhibition
than the controls. FBI was the only frontal-related function
where there was a significant difference in the post hoc
analysis between aMCI and early AD subjects for both
negative behaviors (P < 0.05) and disinhibition (P < 0.01).

DTI Measurement (Tables Il and 1V)

The DTI measurements showed a significant group
effect with increased MD in the genu of the corpus cal-
losum (F = 3.35, P < 0.05) and decreased FA in the genu
of the corpus callosum and in the left anterior PVWM (F
= 4.96, P < 0.05). Post hoc analyses revealed that subjects
with both aMCI and early AD had increased MD in the
genu of the corpus callosum and in the left anterior

PVWM (both P < 0.05). Only early AD subjects, however,
had decreased FA in the genu of the corpus callosum (P <
0.05) and in bilateral anterior PVWM (right P < 0.05 and
left P < 0.01). The left posterior SCWM was the only area
that differentiated aMCI from early AD (P < 0.05).

Quantitative WMHI Measurements

Total WMHI measurements of the three groups were
highest in the subjects with early AD (5.83 + 7.34 cm’),
followed by the subjects with aMCI (4.54 + 5.72 cm®) and
the controls (1.51 + 1.71 em®). However, there was no sig-
nificant group effect in total WMHI, right temporal, left
temporal, right frontal, right parietal, and left temporal
regions (all P > 0.05). Group effect existed only in the left
frontal WMHI post hoc analysis revealed that the differ-
ence was between the controls (0.44 + 0.59 cm®) and the
early AD subjects (1.92 + 2.41 cm?; P < 0.05) in agreement
with our DTI finding.

Correlation Analyses

To decrease type I error from multiple correlations, we
used P < 0.01 for the level of significance in the correlation
analyses of DTI, WMHI measurements, and cognitive
performance.

In subjects with aMCI, both MD of the anterior PVWM
(r = 0.750 for the right and r = 0.800 for the left, both P <
0.01) and MD of the posterior PVWM (r = 0.852 for the
right and r = 0.899 for the left, both P < 0.001) were posi-
tively correlated with perseverative errors on the WCST.
FA of the left anterior PVWM was positively associated
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TABLE IV. Fraction anisotropy of region-of-interest in CS, MCI and AD

CS MCI AD MCI/AD
FA (n = 16) (n = 13) (n=11) (n = 24)
PVWM
Anterior right 0.38 (0.08) 0.34 (0.10) 0.30 (0.05)* 0.32 (0.08)*
Anterior left 0.39 (0.05) 0.34 (0.10) 0.30 (0.05)** 0.32 (0.09)**
Posterior right 0.47 (0.08) 0.45 (0.10) 0.44 (0.09) 0.45 (0.09)
Posterior left 0.47 (0.09) 0.44 (0.11) 0.43 (0.08) 0.44 (0.10)
SCWM
Anterior right 0.45 (0.05) 0.44 (0.04) 0.42 (0.06) 0.43 (0.05)
Anterior left 0.45 (0.05) 0.47 (0.05) 0.47 (0.06) 0.47 (0.05)
Posterior right 0.43 (0.06) 0.44 (0.05) 0.42 (0.06) 0.43 (0.05)
Posterior left 0.44 (0.04) 0.46 (0.06) 0.41 (0.05)! 0.44 (0.06)
Temporal right 0.46 (0.06) 0.43 (0.07) 0.44 (0.04) 0.44 (0.06)
Temporal left 0.49 (0.06) 0.45 (0.07) 0.48 (0.05) 0.47 (0.06)
Corpus callosum
Genu 0.78 (0.07) 0.74 (0.09) 0.70 (0.09)* 0.72 (0.09)*
Splenium 0.75 (0.06) 0.75 (0.05) 0.75 (0.05) 0.75 (0.05)

FA, fraction anisotropy (standard deviation); PVWM, periventricular white matter;
SCWM, subcortical white matter; CS, control subjects; MCI, mild cognitive impairment;
AD, Alzheimer’s disease; *P < 0.05; **P < 0.01, analysis of variance with post hoc
between AD and/or MCI and CS; 'P < 0.05, analysis of variance with post hoc between

AD and MCIL.

with completed categories on the WCST (r = 0.759, P <
0.01) and FA of the left posterior PVWM was negatively
associated with perseverative errors on the WCST (r =
—0.753, P < 0.01). In subjects with early AD, MD of the
left temporal SCWM was negatively associated with the
total scores of VF (r = —0.840, P < 0.01).

In this study, we investigated both subjects with aMCI
and mild AD. Although the performance of cognitive tasks
was worse in AD subjects than in aMCI subjects in all
domains, the only significant difference between the two
groups was in FBI scores representing frontal-related be-
havioral problems. The only significant difference in DTI
measurements between the groups was in FA of the left
posterior SCWM. Therefore, it is reasonable to regard the
transition from aMCI to early AD as a continuum, at least
for subjects in this study. In light of this assessment, we
combined results from aMCI and early AD in the correla-
tion analysis to increase the statistical power from a
greater number of subjects.

In this combined population, MD of the right anterior
PVWM (r = —0.533), FA of genu of the corpus callosum (r
= 0.483), and FA of the posterior PVWM (r = 0.457 for the
right and r = 0.555 for the left) were significantly associ-
ated with VF (all P < 0.01). Both MD (r = —0.488 for the
right and r = —0.492 for the left, both P < 0.01) and FA (r
= 0.568 for the right and » = 0.591 for the left, both P <
0.001) of the anterior PVWM, and right anterior SCWM (r
= 0.447, P < 0.01) were significantly associated categories
that were completed on the WCST. In the same vein, MD
of both anterior (r = 0.568 for the right and r = 0.622 for
the left, both P < 0.001) and posterior PVWM (r = 0.545

for the right, P < 0.01 and r = 0.580 for the left, both P <
0.001); and FA of both anterior (r = —0.455 for the right
and r = —0.467 for the left, both P < 0.01) and posterior
PVWM (r = —0.520 for the left, P < 0.001) were signifi-
cantly associated with perseverative errors on the WCST.
MD of the left anterior PVWM was positively associated
with both the time needed to complete TMT-A (r = 0.536,
P < 0.01) and TMT-B (r = 0438, P < 0.01). In addition,
MD of the right posterior PVWM (r = 0.436, P < 0.01) and
FA of the left posterior PVWM (r = —0.518, P < 0.01) were
significantly associated with TMT-A; FA of the anterior
PVWM were negatively associated with TMT-B (r =
—0.423, P < 0.01 for the right and » = —0.611, P < 0.001
for the left). FA of the left anterior PVWM was negatively
associated with negative behavioral scores of the FBI (r =
—0.446, P < 0.01).

Total WMHI or WMHI measured in all areas were not
significantly associated with cognitive performances (all P
> 0.01). The results of correlation analyses were summar-
ized in Table V with symbols.

To clarify the contributions of different ROIs, we per-
formed stepwise linear regression of the seven ROIs
(merging measurements from both hemispheres, inde-
pendent variables) on the executive function (dependent
variables) that were correlated to more than one ROI of
the DTT measure. Perseverative errors on the WCST were
positively associated with MD in both anterior and poste-
rior PVWM and were negatively associated with FA of the
posterior PVWM and posterior SCWM. Completed catego-
ries on the WCST were positively associated with FA in
the anterior PVWM and anterior SCWM.
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TABLE V. Areas of significant association between diffusion tensor, white
matter hyper-intensities measurements and executive dysfunctions

VE WCST-c  WCST-p  TMT-A  TMT-B  FBI-n  FBI-d

Diffusion tensor measurements in periventricular white matter

Frontal R/L */_ x-,‘f/a(- *’T/*’T —/* * /% /% .

Parietal R/L * /% —/— VAR * /% _/= _/- Ny
Diffusion tensor measurements in subcortical white matter

Frontal R/L -/- */— -/- —/— —/— —/— _ /-

Parietal R/L —/- —/— —/— —/— —/— —/— .

Temporal R/L /1 -/ -/ —/— —/— —/— iy
Diffusion tensor measurements in corpus callosum

Genu - /- = = = =

Splenium —/— —/—- -/ —/— —/— —/— — /-
White matter hyper-intensities

Frontal R/L —/- —/— —/- —/— —/— —/— — /-

Parietal R/L —-/- —/— —/— —/= —/— —/— —/—

Temporal R/L —-/- —/— —/— —/— —/— —/— —/—

*For all subjects; fFor MCL 'For early AD, P < 0.01, Pearson correlation analysis;
VE, verbal fluency test; WCST, Wisconsin card sorting test; ¢, number of completed cate-
gories; p, number of perseverative errors; TMT, trail making; A, part A; B, part B; FBI,
frontal behavioral inventory; n, negative behavioral score; d, disinhibition score.

Regression analyses showed that the MD of the poste-
rior PVWM predicted 45.8% (F = 14.38, P < 0.01) of the
perseverative errors on the WCST and that the MD of the
anterior SCWM predicted an additional 17.8% (F = 7.82, P
< 0.05) of these errors (Fig. 2A-C). Similarly, FA of the
posterior PVWM predicted 42.9% (F = 12.8, P < 0.01) of
the perseverative errors on the WCST (Fig. 2D). FA of the
anterior PVWM predicted 32.9% (F = 8.33, P < 0.05) of the
completed categories on the WCST (see Fig. 3).

DISCUSSION

AD subjects may exhibit changes in DTI measurements
in both the anterior and posterior cerebral white matter.
This finding was discovered in our previous study on AD
subjects with different severity [Chen et al., 2008] and is
compatible with other reports [Chua et al., 2008; Medina
et al.,, 2006; Naggara et al., 2006]. In this study, aMCI and
early AD could be differentiated by FA at the left posterior
(posterior parietal) SCWM, which may imply a conse-
quence of a parietal associate cortex lesion, possibly
through Wallerian degeneration.

We found executive dysfunctions in aMCI and early AD
compatible with previous reports [Baudic et al., 2006;
Twamley et al., 2006]. The semantic fluency task is useful
in the detection of preclinical and early AD [Auriacombe
et al., 2006]. Subjects with both aMCI and early AD dis-
played significantly impaired performances of the VF task.
VF performance was associated with white matter changes
in the frontal and parietal PVWM as well as the corpus
callosum. The association of left frontal changes with

semantic fluency deficits has been confirmed by a previous
functional MRI study [Gillard et al., 2003].

Performance on the WCST represents flexibility in shift-
ing mental sets [Miayake et al., 2000]. Subjects with both
aMCI and early AD showed significantly impaired per-
formance on the WCST. The WCST appears sensitive to
frontal lobe damage, but cannot be used alone to predict a
focal frontal lesion [Demakis, 2003]. Rather, it requires a
distributed neural network [Stuss et al., 2000]. Both sub-
jects with aMCI and early AD had significantly lower
numbers of completed categories and more perseverative
errors on the WCST than the control subjects. Category
completion is related to conceptual processing and forma-
tion of the stimulus attributes, that is, color, form, or num-
ber. It depends heavily on dorsolateral prefrontal regions
[MacPherson et al., 2002]. In this study, we found that the
number of completed categories on the WCST was related
to frontal PVWM and anterior (frontal) SCWM. Persevera-
tive errors were related to frontal and posterior (parietal)
PVWM. Previous neuroimaging studies have revealed that
shifting-related tasks were completed through cooperation
between the dorsolateral prefrontal cortex and the poste-
rior parietal cortex [Buchsbaum et al., 2005; Smith et al.,
2004]. Regression analyses in this study further supported
the importance of this cooperation, in that both FA and
MD of the parietal PVWM predicted more than 40% of the
perseverative errors of WCST while the MD of frontal
SCWM predicted an additional 17.8% (Fig. 2A-D).
Another study differentiated that “stuck-in-set” persevera-
tive errors were related to frontal dysfunction while
“recurrent” perseverative errors were associated with pari-
etal lesions [Nagahama et al., 2005]. In short, we found
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Figure 2.

A: Perseverative errors on Wisconsin Card Sorting Test
(WCST) regression-adjusted predicted values of mean diffusivity
(MD, R square = 0.5645); (B) partial regression plot of MD at
parietal periventricular white matter (PYWM); (C) partial
regression plot of MD at frontal subcortical white matter

that frontal and parietal periventricular DTI measurements
were associated with executive dysfunctions.

The TMT is a measure of attention, speed, and mental
flexibility. TMT-B, which is sensitive to cognitive flexibil-
ity, was also impaired in our subjects with aMCI and early
AD [Kortte et al., 2002; Collette et al., 2005]. The perform-
ance of TMT-B was related to frontal PVWM, which is crit-
ical for mental set shifting. On the other hand, TMT-A is
heavily dependent on attention, which has been consid-
ered to have an important role in the posterior parietal
cortex [Nachev and Husain, 2006]. We found that TMT-A
was related to the parietal PVWM, in addition to its fron-
tal involvement.

In this study, frontal-related behaviors differentiated
subjects with aMCI from early AD, which is compatible
with and comparable to previous studies [Milan et al.,

(SCWM); (D) regression-adjusted predicted values of fraction
anisotropy (FA, R square = 0.2839) of the parietal PYWM; the
plots were obtained from both subjects with amnesic mild cog-
nitive impairment and early Alzheimer’s disease.

2007]. We found that negative behaviors were significantly
associated with DTI measurement of the frontal PVWM.

We noticed that significant correlations within an indi-
vidual group occurred mainly in the group of aMCI. This
is probably from a “floor” effect of AD patients on some
executive tasks. For example, we truncated the time
needed to complete trail-making A and B at 150 and 300 s.
Low-education AD subjects might fail the WCST and per-
form poorly in verbal fluency.

Questions remain, however, about why the PVWM
plays such an important role in executive function. The
cholinergic neurons in the basal forebrain have wide-
spread projections to the cortex, and the degeneration of
basal forebrain cholinergic neurons is an early AD process.
White matter of the frontal and parietal PVWM may
impact executive dysfunction by affecting the critical
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Figure 3.
Completed categories on Wisconsin Card Sorting Test (WCST)
regression-adjusted predicted values of fractional anisotropy (FA,
R square = 0.1922) for frontal periventricular white matter. The
plot was obtained from both subjects with amnesic mild cogni-
tive impairment and early Alzheimer’s disease.

lateral cholinergic fibers that pass through [Behl et al.,
2007]. Furthermore, early pathological change of the peri-
ventricular part of the superior longitudinal fasciculus,
which joins the prefrontal and parietal region, is another
possible account for executive dysfunction. Superior longi-
tudinal fasciculus may be compromised in different clini-
cal conditions such as MCI and AD [Damoiseaux et al.,
2009], traumatic brain injury [Kraus et al., 2007], and schiz-
ophrenia [Karigodt et al., 2008].

One limitation of this study is rooted in the DTI mea-
surement itself. Artifacts in ROI-based analyses are related
to the shape and size of the ROIs used. In this study, we
used an experienced rater to place the ROIs (YFC), and the
criteria for selecting ROIs sustained a good reliability. The
intraobserver and interobserver reliability were computed
as coefficients of variation (CV) centered to mean for preci-
sion of measurement and intraclass correlation (ICC) for
degree of agreement in every ROI Results showed a high
precision of intraobserver (CV, FA: 4.3% + 1.6% and MD:
4.0% =+ 2.3%) and interobserver measurement (CV, MD:
3.8% =+ 1.4% and FA: 8.0% =+ 3.4%), and high intraobserver
(ICC, FA: 0.98 and MD 0.97) and interobserver agreement
(ICC, MD: 0.97 and FA: 0.92; Chen et al., 2008).

There is a second limitation of this study that may con-
strain the generalization of our interpretations. The major-
ity of the ROIs in this study were placed on NAWM. In
cases with minor punctuate WMHI, often of nonischemic
origin, an ROI was situated on NAWM in the proximity of
the WMHI. Although in cases with WMHI around the an-
terior and posterior horns of lateral ventricles, an ROI was
either entirely within the abnormal appearing white matter

or across the NAWM and WMHI. Axonal membrane and
myelin were the major barriers to water diffusivity. In the
WMHI or leukoaraiosis where axonal damage and myelin-
breakdown occurred, the MD increased and FA decreased.
If an ROI was situated entirely within a WMHI lesion or
across areas of NAWM and WMHI, the variations of DTI
measurements would be increased. We excluded those sub-
jects with lacunar infracts or subjects with diffusely conflu-
ent WMHI which were most often of ischemic origin.

In this study, we obtained significant correlation
between executive dysfunction and brain white matter
change through DTI but not through WMHI measurement.
Although we investigated subjects with very limited
WMHI, our study demonstrated that DTI outrivaled
WMHI as an indicator of cognitive dysfunction. T2-
weighted images are sensitive in the detection of subcorti-
cal lesions but provide little information about the severity
of the pathological changes [Awad et al., 1986].

CONCLUSION

In this study, we demonstrated executive dysfunction in
subjects with aMCI and early AD. Differential performance
of executive tasks was also observed in our participants.
The most important finding was that white matter change
in frontal and nonfrontal (parietal) PVWM accounted for
the observed executive dysfunction. This may be due to
the early AD degenerative process on the lateral choliner-
gic bundle or superior longitudinal fasciculus
involvement.
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