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ABSTRACT: Although seweral studies have demonstrated correlation between white matter hyperintensities
(WMH) and impairment of executive functions, the underlying anatomical-functional relationships are not fully
understood. The present study sought to inwestigate the correlations between the wlume of WMH and medial
temporal lobe atrophy (MTA) using quantitative magnetic resonance image (MRI) and a variety of executive
function assessments. A total of 91 patients ranging in age from 58 to 90 years with mild cognitive impairment
(MCI) due to Alzheimer’s disease (AD) or early phase AD were recruited from the outpatient clinic at the
Department of Neurology of Nagoya City University Hospital. We administered neuropsychological batteries
evaluating verbal memory, orientation, spatial ability, sustained attention, and a variety of executive functions,
including verbal fluency, flexibility, inhibition, and working memory. Quantitative MRI analyses were performed
using Dr. View/Linux software and a voxel-based specific regional analysis system. Significant correlations were
observed between WMH, as well as MTA, and some executive function scores. Regressionanalysis rewealed that
MTA was the strongest predictor of flexibility and verbal fluency. These findings provide new insight into the
relationship between quantitative MRI analyses and various types of executive dysfunction inelderly people with
MCI due to AD and/or early phase AD. When cognitive function is examined in elderly patients with MCI due to
AD or early phase AD, itisimportant to consider the inwlvement of WMH and MTA, which is indicative of AD
pathology in cognitive dysfunction, particularly executive function.
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Assessments of subtle structural changes in the white
matter using quantitative magnetic resonance imaging
(MRI) analysis have provided insight into the
mechanisms underlying both normal brain aging and
pathological processes  [1-5].  White matter

hyperintensities (WMH), as shown on T2-weighted
imaging (T2WI1) or fluid-attenuated inversion recovery
(FLAIR) images, are associated with neuronal loss,
demyelination, and gliosis on neuropathological
examination. These features have also been linked to
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cerebral hypoperfusion and reduced white matter integrity
[6-8].

The degree of cognitive impairment associated with
WMH is generally accepted to depend on the volume and
topography of the lesions [4, 9]. In addition, WMH have
been found to induce deficits in executive function by
reducing the functional connectivity of the prefrontal
cortex with other (sub-)cortical regions [10]. Studies
examining the correlations between WMH and executive
functions have adopted verbal fluency, flexibility,
inhibition, and working memory as measures of executive
function. Although these functions include cognitive
processes, not all functions are affected by WMH. In
particular, medial temporal lobe atrophy (MTA), which
often coexists with WMH in elderly people, may play a
crucial role in executive function, as well as memory
performance. Functional connectivity exists between the
prefrontal cortex and the medial temporal lobe, implying
that MTA is involved in the cognitive characteristics of
the prefrontal cortex, including executive functions [11,
12].

However, few studies of aging without dementia have
assessed MTA when examining the relationship between
WMH and executive functions. Furthermore, WMH can
be divided into two anatomically distinct regions: (a)
WMH in the area adjacent to the ventricles
(periventricular hyperintensities; PVH) and (b) WMH in
the area under the cortex (deep and subcortical white
matter hyperintensities; DSWMH) [2, 13]. Importantly,
these forms of WMH have different clinical and
pathological features. The main differences include that
PVH link to atrophic processes involving ventricular
enlargement and DSWMH to ischemic risk factors [14].
The distinctive effects of PVH and DSWMH in cognitive
dysfunction are currently not fully understood.

In the present study, we used quantitative MRI
analysis to investigate the correlations between the
volume of PVH, DSWMH, and MTA, and cognitive
function, including a variety of executive functions.

MATERIALS AND METHODS
Study participants

Patients with mild cognitive impairment (MCI) due to
Alzheimer’s disease (AD) and patients in the early phase
of AD were recruited from the outpatient clinic at the
Department of Neurology at Nagoya City University
Hospital. Because MCI due to AD and early-phase AD
comprise a continuum of cognitive decline, both groups
were combined for our primary analysis. A total of 91
patients ranging in age from 58 to 90 years were included
when they were diagnosed as meeting the Petersen’s
criteria for MCI and the criteria of the National Institute

on Aging and the Alzheimer’s Association for AD (NIA-
AA) [15, 16], and had a Clinical Dementia Rating (CDR)
score less than or equal to 1, to confirm early stage AD
[17]. Since the educational level effects are well known to
be strong, the patients who had a minimum of junior high
school degrees were included. Exclusion criteria included
contraindications for imaging (e.g., brain surgery, cardiac
pacemakers, metal implants, claustrophobia, large body
tattoos); major vascular disorders such as stroke,
including asymptomatic lacunar stroke that incidentally
identified by MR scan, heart disease, or other causes of
vascular dementia; psychiatric disorders such as major
depression, schizophrenia, bipolar disorder, psychotic
disorder not otherwise specified, or treatment for a
psychotic  disorder  with  psychotropic  drugs,
including benzodiazepines, anticonvulsants, and
anticholinergics, within the previous 12 months; epilepsy;
Parkinson’s disease; multiple sclerosis; electroshock
therapy; kidney dialysis; Meniere’s disease; infection,
trauma, or major structural abnormalities of the brain;
cognitive impairment due to alcohol and/or drug abuse or
abuse of other substances; and absence of a reliable person
who knows the patient and had detailed knowledge of
their concerns. Informed consent was obtained for
participation in the experiments. The study was approved
by the Institutional Review Board of Nagoya City
University Hospital.

MRI examinations

A 1.5 Tesla scanner was used for brain MRI (Magnetom
Vision, Siemens, Germany). A standardized imaging
protocol consisting of sagittal T1-weighted (repetition
time [TR] 540 ms, echo time [TE] 12.0 ms) and axial
T2WI (TR 4000 ms, TE 99.0 ms) and FLAIR (TR 10,000
ms, TE 160 ms) with 5 mm contiguous sections was
performed to measure total WMH volume. A T1-
weighted 3D sagittal volumetric gradient echo sequence
image (TR 9.7 ms, TE 4.0 ms, flip angle 12< acquisition
matrix 256 x 256, 1.2-mm slice thickness) was acquired
for voxel-based morphometry (VBM) analysis and
hippocampal tracing. For measurement of WMH volume,
we used semi-automated quantitative image processing
software (Dr. View/Linux, Asahi-Kasei Information
Systems, Tokyo, Japan) on a Linux workstation [18].
WMH were defined as hyperintense lesions on every 23
slices from T2WI or FLAIR images. By combining fuzzy
clustering, connectivity rules and mathematical
morphology, WMH segmentations were automatically
generated (Fig. 1). While WMH connected to the lateral
ventricles were labelled PVVH, WMH not connected to the
lateral ventricles were labelled DSWMH. We used
information from the white matter parcellation atlas to
create regions of interest for DSWMH. Among them,
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DSWMH of the frontal lobe (DSWMH-F) were featured
and entered as independent variables in a step-wise
multiple linear regression model. Using the bitmap
statistics method in Dr. View/Linux, we calculated the
total volume of WMH, PVH, DSWMH, and DSWMH-F.
In addition, we used the Voxel-based Specific Regional
Analysis System for Alzheimer’s Disease (VSRAD), an
automated software program, for the diagnosis of AD
using the VBM technique [19], to evaluate MTA. VSRAD
enables the evaluation of the degree of entorhinal cortex
and parahippocampal volume loss by comparing a given

subject’s gray matter volume with that of the original
healthy individual database template. By comparisons
with the image database for healthy individuals, Z scores
(the magnitude of gray matter density’s discrepancy, n x
standard deviation [SD], in individual patients from the
mean for healthy individuals) reflect the degree of atrophy
of the bilateral entorhinal cortex and a Z-score >2
indicates significant atrophy of the hippocampal region.
Average Z-scores of left and right MTA were used for the
analyses.

Figure 1. Quantitative analysis of white matter hyperintensity volume. A representative fluid-attenuated inversion
recovery image (A). Using the bitmap statistics method in Dr. View/Linux, white matter hy perintensity volume segmentations

are automatically generated (B).

Cognitive assessments

First, patients were screened using the Mini-Mental State
Examination (MMSE) [20] and CDR [17], which are also
applicable for MCI due to AD or the early stages of AD
according to the NIA-AA criteria. Second, all study
participants underwent cognitive testing with a
comprehensive test battery that covered verbal memory,
orientation, spatial ability, sustained attention, and a
variety of executive functions, including verbal fluency,
flexibility, inhibition, working memory. Briefly, these
executive functions were measured using the trail making
test (TMT) [21], the completion time of the TMT part B,
corrected for part A (TMT-B/A), the digit span test
backward (DST-B) [22], the modified Stroop test (MST)
[23], semantic verbal fluency (SVF) [24], and the frontal
assessment battery (FAB) [25]. For the other domains, we
conducted subtests from the Alzheimer’s Disease

Assessment Scale - Cognition (ADAS-Cog) [26],
including 10 words delayed recall (LOWDR), orientation,
and visuospatial ability.

Statistical analysis

Partial correlations between cognitive functions and PVH,
DSWMH, DSWMH-F, and MTA were calculated,
controlling for age and years of education. In addition, to
determine the unique contributions of PVH, DSWMH,
DSWMH-F, and MTA to cognitive functions, hierarchical
multiple regression analyses with stepwise selection were
performed while controlling for age and years of
education. The significance level was set at p < 0.05.
Statistical analyses were performed using MATLAB
software (The Mathworks Inc., Natick, MA).
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Figure 2. Correlation analyses between verbal fluency scores and imaging parameters. Significant negative correlations were
confirmed with MTA (r=—-0.336, p = 0.003; A) PVH (r=—0.391, p < 0.001; B) DSWMH (r = —0.311, p = 0.006; C) DSWMH-F (r =
—0.288, p = 0.013; D) MTA = medial temporal lobe atrophy; PVH = periventricular hyperintensity; DSWMH = deep and subcortical
white matter hy perintensity ; DSWM H-F = deep and subcortical white matter hyperintensity of frontal lobe.

RESULTS
Clinical characteristics

A total of 91 patients ranging in age from 58 to 90 years,
with MCI due to AD or early phase of AD were studied.
Clinical characteristics of the study participants are
presented in Table 1.

Correlation between cognitive performance and MRI
variables

Correlations between cognitive functions, including a
variety of executive functions, and the volume of WMH,
and Z-scores of MTA, are presented in Table 2. The
results revealed strong correlations between MTA and
verbal memory (r =—0.309, p <0.01) and orientation (r =

—0.301, p < 0.01). Sustained attention was significantly
correlated with PVH (r =0.367, p < 0.01), DSWMH (r =
0.443, p< 0.01) and DSWMH-F (r=0.353, p< 0.01). In
executive functions, working memory was correlated with
PVH (r = —0.266, p < 0.05), flexibility with MTA (r =
0.305, p < 0.01), inhibition performance with PVH (r =
0.280, p < 0.05) and DSWMH (r = 0.282, p < 0.05).
Verbal fluency exhibited significant correlations with all
of the imaging parameters. An overview of these
correlations is shown in Fig. 2. Negative correlations were
confirmed with MTA (r = —0.336, p = 0.003; Fig. 2a),
PVH (r = —0.391, p < 0.001; Fig. 2b), DSWMH (r =
—0.311, p =0.006; Fig. 2c), and DSWMH-F (r = —0.288,
p = 0.013; Fig. 2d). Finally, FAB scores exhibited mild
correlations with PVH (r = —0.219, p < 0.05) and
DSWMH (r=-0.219, p < 0.05).
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Table 1. Clinical characteristics of the participants.

Variable Value
Number (Male / Female) 91 (37/54)
Age (years) 75.9 6.3
Education (years) 11.4+3.1
Mini-M ental State Examination 235%41
Clinical Dementia Rating Scale 0.6 £0.3
MTA Z score 24x11
WM H volume (cm”3) 29.3 %231
PVH volume (cm"3) 15.3+99
DSWM H volume (cm”3) 14.0 %155
DSWM H-F volume (cm”3) 5.7+6.8

Data are mean =SD.

MTA = medial temporal lobe atrophy; WMH = white matter
hyperintensity; PVVH = periventricular hyperintensity; DSWMH, deep
and subcortical white matter hyperintensity; DSWMH-F = deep and
subcortical white matter hyperintensity of frontal lobe.

Predictive values of MRI
performance

variables for cognitive

Results from hierarchical multiple linear regression
analyses are displayed in Table 3. In accordance with the
results of the correlational analysis, MTA was the
strongest predictor of flexibility (B = 0.345, p <0.01) and
verbal fluency (B = —0.290, p < 0.01) in executive
functions, as well as verbal memory (B = —0.309, p <
0.01), orientation (= 0.320, p <0.01), and visuospatial
ability (B= —0.310, p < 0.01). Meanwhile, DSWMH was
entered as a strong predictor of inhibition performance (B
=0.816, p <0.01), followed by DSWMH-F ( =0.623, p
< 0.05). Furthermore, PVH was entered as the strongest
predictor of FAB score (B = —0.215, p < 0.05), and the
second strongest predictor of verbal fluency performance
(B=-0.268, p<0.05).

DISCUSSION

The current study addressed several issues regarding the
relationship between the volume of WMH as well as the
Z-score of MTA and various cognitive function tests,
including a variety of executive dysfunctions.

Table 2. Correlation between cognitive performance and MRI variables.

Cognitive function test (max score) Value MTA PVH DSWMH | DSWMH-F
Verbal Memory 10WDR (10) 25+24 -0.309** -0.228 -0.028 -0.069
Orientation ADAS-J 15+15 0.301** 0.155 0.137 0.106
Orientation
Visuospatial ADAS-J 0.5+0.5 -0.229** 0.005 0.225* 0.193
Copy
Sustained TMT-A 79.7 £425 -0.074 0.367** 0.443** 0.353**
Attention
Executive Working DST-B 3.7+1.0 -0.046 -0.266* -0.172 -0.128
functions Memory
Inhibition MST-B 56.8 +31.6 0.065 0.280* 0.282* 0.172
Flexibility TMT-B/A 3.4+27 0.305** -0.029 -0.142 -0.072
Verbal Fluency SVF 11.2 +4.4 -0.336** | -0.391** | -0.311** -0.288*
Screening of Frontal lobe functions FAB (18) 13.9 +2.7 -0.132 -0.219* -0.219* -0.180

MRI = magnetic resonance image; MTA =medial temporal lobe atrophy; P\VH = periventricular hyperintensity; DSWMH = deep and subcortical white
matter hyperintensity; DSWMH-F = deep and subcortical white matter hyperintensity of frontal lobe; 10WDR = 10 words delay recall; ADAS-] =
Alzheimer Disease Assessment Scale Japanese version; TMT = T rail making test; DST -B = digit spantest backward; MST -B = Modified stroop test part

B; SVF = semantic verbal fluency; FAB = Frontal assessment battery.
* Significant difference (p<0.05); ** Significant difference (p<0.01).

The current results revealed correlations between
WMH and the following executive functions: working
memory, inhibition, and verbal fluency. Previous studies
of WMH suggested that the PVH may be most important
for executive functions [1-3]. Our findings are in line with
these previous reports, revealing a significant correlation

between PVH and these executive functions. However,
our regression analysis also indicated that both DSWMH
and DSWMH-F were independent predictors of inhibition
performance, but not P\VH, among the MRI variables. In
addition, MTA revealed significant correlations with most
of the cognitive function tests that we examined, including
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verbal memory, orientation, spatial ability, and two
executive functions: flexibility and verbal fluency.
Overall, the current study revealed a unique association in
executive functions between PVH and working memory,

DSWMH and inhibition performance, and between MTA
and flexibility performance.

Table 3. Predictive values of MRI valuables for cognitive performance.

Cognitive function test (max score) MTA PVH DSWMH | DSWMH-F Age Education

Verbal * K

Memory 10WDR (B) -0.309 - - - - -

. . ADAS-J . ) ) ) ; ; ok
Orientation Orientation (B) 0.320 0.392
Visuospatial ADAS-JCopy (B) | -0.310** - - - - -0.230*

Sustained ) } ; ok i - - ek
Attention TMT-A (B) 0.405 0.379
Executive Working *
functions Memory RIS (D) ) i ) ) i 023
Inhibition MST-B (B) - - 0.816** 0.623* 0.276* -0.287**
Flexibility TMT-B/A (B) 0.345** - - - - -
Verbal SVF (B) -0.290%* | -0.268* - - ; 0.409%
Fluency
Screening of Frontal lobe _ : - _ _ i o
functions FAB(p) 0.215 0.397

MRI =magnetic resonance image; MTA = medial temporal lobe atrophy; PVH = periventricular hyperintensity; DSWMH = deep and subcor tical white
matter hyperintensity; DSWMH-F = deep and subcortical white matter hyperintensity of frontal lobe; 10WDR = 10 words delay recall; ADASJ =
Alzheimer Disease Assessment Scale Japanese version; TMT =T rail making test; DST -B =digit span test backward; MST -B = Modified stroop test

part B; SVF = semantic verbal fluency; FAB = Frontal assessment battery.
* Significant difference (p<0.05); ** Significant difference (p<0.01).

The present findings suggest strong biological
plausibility. The results of the Rotterdam Scan Study
proposed that DSWMH as well as PVH might affect
cognitive functions [2]. DSWMH may predominantly
disrupt the short association fibers, also known as U or
arcuate fibers, which link adjacent gyri. PVH is likely to
affect the long association fibers that connect the more
distant cortical areas. Decreases in executive cognition are
likely to be related to subcortical mechanisms. The
connections between the prefrontal cortices and the
ascending fiber system consisting of long white matter
tracts are considered to play an important role, underlying
sustained attention and a variety of executive functions
[27]. Our analyses of regions of interest for DSWMH also
suggest that the frontal lobe area containing frontal-
subcortical circuits reinforce a key role in executive
functioning. Recent MRI studies have reported that
executive performance is correlated with white matter
integrity in the frontal lobe [28, 29]. In contrast, in the
current study we did not observe such a correlation for the
parieto-occipito-temporal regions of DSWMH.

Interestingly, the flexibility of performance in
executive functions was related to MTA, but not WMH.
MTA was found to be related to TMT-B in a previous
study [30] and a specific role of the temporal lobe in this

task has been reported [12]. Although the medial temporal
lobe has been traditionally considered to play a role in
memory and orientation, the role of MTA should be also
considered when examining executive functions.
Connections exist between the MTA and prefrontal cortex
[11], and there is evidence for a connection between the
hippocampus and executive functions [12], which might
explain the involvement of MTA in executive functions.
Specifically, previous studies point to the importance of a
specific hippocampal-prefrontal circuit [11], with regard
to executive functions. This implies that the diminished
role of this circuit, as a consequence of WMH or MTA,
could result in impaired executive functions. The
observation of disrupted working memory performance
following disconnection of this circuitin rats supports this
possibility [31].

Our results are broadly in accord with recent reports
of an association between executive dysfunction and
lesions in the periventricular and deep subcortical white
matter. However, previous studies examining the
associations between WMH on MRI and cognitive
dysfunction have produced different results [32]. There
are several methodological differences between this
previous study and the currentstudy. Schmidtetal. (1999)
used visual rating scales, whereas we used a semi-
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automated volumetric method of quantifying WMH.
Volumetric WMH measurements are more objective and
reliable, and thus provide a more accurate measurement
of WMH [19]. In addition, because we distinguished the
type of WMH into PVH and DSWMH, it is possible the
effect of each volume of WMH on cognitive decline
observed in the current study was obscured in the previous
study.

A possible limitation of the present study relates to
the nature of cross-sectional study designs. Although a
number of studies have examined longitudinal cognitive
performance in combination with serial MRI
measurements [5, 6], most of these found no association
between changes in WMH and cognitive functions. It may
be valuable to confirm the current findings using
longitudinal studies with follow-up MRI and cognitive
testing to investigate the association between the
progression of WMH, MTA and cognitive decline in
elderly subjects. Furthermore, a possible age-associated
bias should be considered because several elderly patients
over 80 years were included in this study. Another point
that warrants caution is that, although several significant
associations were noted between WMH, MTA, and
cognitive functions, including a variety of executive
functions, some of these associations were relatively
weak. MRI variables could only account for part of the
variation in cognitive performance, implying that other
factors, such as age and years of education, were also
involved. Finally, normal controls should be included in
this study.

Notwithstanding the limitations, the present study
provides new insight into the relationship between
executive functions and WMH, and how the MTA is
involved in this association. In conclusion, the current
findings revealed that functional connectivity between the
prefrontal cortex and medial temporal lobe play an
important role in executive dysfunction in an aging
population in the early stages of dementia.
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