
Appendix: Supplementary text 1

Center-specific definitions of amnestic mild cognitive
impairment (aMCI) and subcortical vascular MCI (svMCI)

aMCI patients all met Petersen’s criteria for MCI with
these modifications [1]: (1) subjective memory complaint
by the patient or his/her caregiver; (2) normal general cogni-
tive function above the 16th percentile on the Korean Mini-
Mental State Examination (MMSE); (3) normal activities of
daily living as judged by both an interview with a clinician
and the standardized activities of daily living (ADL) scale pre-
viously described; (4) objective memory decline below the
16th percentile on neuropsychological tests; and (5) not
demented. In addition, we ensured that patients had minimal
white matter hyperintensity (WMH) on magnetic resonance
imaging (MRI): periventricular WMH [PWMH] ,5 mm
and deep WMH [DWMH] , 10 mm in maximum diameter.

svMCI patients met the following modified Petersen’s
criteria [1]: (1) subjective cognitive complaint by the patient
or his/her caregiver; (2) normal general cognitive function
above the 16th percentile on the Korean MMSE; (3) normal
activities of daily living as judged by both an interview with
a clinician and the standardized ADL scale previously
described; (4) objective cognitive decline below the 16th
percentile on neuropsychological tests; and (5) not
demented. Additionally, all svMCI patients had focal neuro-
logical symptoms or signs and significant ischemic changes
on MRI. Focal neurological symptoms and signs included
corticobulbar signs (facial palsy, dysarthria, dysphagia, or
pathologic laughing or crying), pyramidal signs (hemipare-
sis, hyperactive deep tendon reflexes, or extensor plantar re-
sponses), or Parkinsonism (short-step gait, festination,
shuffling gait, decreased arm swing while walking, rigidity,
bradykinesia, or postural instability). The presence of signif-
icant ischemic changes associated with small-vessel disease
was defined asWMH onMRI: PWMH (caps and rim) longer
than 10 mm and DWMH � 25 mm in maximum diameter.
When defining DWMH, WMH located within the four axial
slices just above the top of the lateral ventricles were consid-
ered to be PWMH, whereas WMH in the fifth or higher axial
slices above the top of the lateral ventricle were considered
to be DWMH. These imaging criteria indicate that our
svMCI patients had ischemia sufficiently significant to
meet at least grade 3 of Fazekas’ ischemia criteria [2].

Supplementary text 2

Calculation of global Pittsburgh compound B (PiB)
retention ratio

PiB-PET (positron emission tomography) images were
co-registered to individual MRIs, which were normalized
to a T1-weighted MRI template. Using these parameters,
MRI co-registered PiB-PET images were normalized to
the MRI template. The quantitative regional values of PiB
retention on the spatially normalized PiB images were ob-

tained by automated VOIs analysis using an automated
anatomical labeling (AAL) atlas. Data processing was per-
formed using SPM Version 5 (SPM5) within Matlab 6.5
(MathWorks, Natick, MA).

To measure PiB retention, the cerebral cortical region to
cerebellum uptake ratio (UR) was used. The cerebellum was
used as a reference region as it did not show group differ-
ences. We selected 28 cortical volumes of interest (VOIs)
from left to right hemispheres using the AAL atlas. The ce-
rebral cortical VOIs chosen for this study were the bilateral
frontal (superior and middle frontal gyri; medial portion of
the superior frontal gyrus; opercular portion of the inferior
frontal gyrus; triangular portion of the inferior frontal gyrus;
supplementary motor area; orbital portion of the superior,
middle, and inferior orbital frontal gyri; rectus and olfactory
cortex), posterior cingulate gyri, parietal (superior and infe-
rior, supramarginal and angular gyri, and precuneus), lateral
temporal (superior, middle, and inferior temporal gyri, and
heschl gyri), and occipital (superior, middle, and inferior oc-
cipital gyri, cuneus, calcarine fissure, and lingual, and fusi-
form gyri). Regional cerebral cortical URs were calculated
by dividing each cortical VOI’s UR by the mean uptake of
the cerebellar cortex (cerebellum crus1 and crus2). Global
PiB UR was calculated from the volume-weighted average
UR of 28 bilateral cerebral cortical VOIs. We defined PiB
UR as a continuous variable. Patients were considered PiB
positive if their global PiB UR was more than two standard
deviations (PiB retention ratio .1.5) from the mean of the
normal controls.

Supplementary text 3

Imaging parameters for MRI acquisition

We acquired three-dimensional (3D) T1 turbo field echo
MR images with the following imaging parameters: sagittal
slice thickness, 1.0 mm, over contiguous slices with 50%
overlap; no gap; repetition time (TR) of 9.9 ms; echo time
(TE) of 4.6 ms; flip angle of 8�; and matrix size of
240 ! 240 pixels, reconstructed to 480 ! 480 over a field
of view of 240 mm. The following parameters were used
for the 3D fluid-attenuated inversion recovery (FLAIR) im-
ages: axial slice thickness of 2 mm; no gap; TR of 11,000
ms; TE of 125 ms; flip angle of 90�; and matrix size of
512 ! 512 pixels.

Supplementary text 4

Image processing for cortical thickness measurement

Native MRI images were linearly transformed and regis-
tered into a standardized stereotaxic space [3]. The N3 algo-
rithm was used to correct images for intensity-based
nonuniformities [4] caused by nonhomogeneities in the
magnetic field. Then, the registered and corrected images
were classified into white matter, gray matter, cerebrospinal
fluid, and background using a 3D stereotaxic brain mask and
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the Intensity-Normalized Stereotaxic Environment for Clas-
sification of Tissues algorithm [5]. The surfaces of the inner
and outer cortices were automatically extracted using the
Constrained Laplacian-Based Automated Segmentation
with Proximities algorithm [6].

Because of limitations in linear stereotaxic normaliza-
tion, cortical thickness was calculated in native space
rather than Talairach space. As we transformed MR vol-
umes in native space into stereotaxic space with a linear
transformation matrix, the inverse transformation matrix
was applied to cortical thickness models to reconstruct
them in native space [7]. Cortical thickness was defined
as the Euclidean distance between linked vertices of inner
and outer surfaces [6]. Thickness value was spatially
normalized using surface-based two-dimensional registra-
tion with a sphere-to-sphere warping algorithm. Thus,
vertices of each subject were nonlinearly registered to a
standard surface template [8,9]. Cortical thickness was
subsequently smoothed using a surface-based diffusion
kernel to increase signal-to-noise ratio. We chose a kernel
size of 20-mm full-width at half-maximum to maximize
statistical power while minimizing false positives [10].
For global and lobar regional analyses, the data of 30
normal subjects who had previously been manually catego-
rized to lobes with high inter-rater reliability [11] were
registered to the template. The template then used the label
of maximum probability in each vertex.

The presence of extensive WMH in MRI scans made it
difficult to completely delineate the inner cortical surface
with the correct topology due to tissue classification errors.
To overcome this technical limitation, we automatically
defined the WMH region using a FLAIR image and
substituted it for the intensity of peripheral, normal-
appearing tissue on the high-resolution T1 image after affine
co-registration, as described in an earlier study [12].

Supplementary text 5

Image processing for hippocampal shape and volume
measurement

Hippocampal shape analysis was based on boundary sur-
faces rather than volume measurement. Surface-based shape
analysis and volume measurement have several advantages
compared with volume-based approaches [13,14]. Thus,
the boundary surfaces of the hippocampi were used to
measure hippocampal volume, instead of voxel number.
T1 images were processed to perform anatomical
parcellations of each subject’s hippocampus using the

FreeSurfer software package (Version 5.0; Athinoula A.
Martinos Center at Massachusetts General Hospital,
Harvard Medical School; surfer.nmr.mgh.harvard.edu/).
Labeled images with parcellation were transformed into
the native anatomical space of the input MRI data.
Subcortical mesh surfaces were then extracted from the
labeled images for each subject using a Laplacian-based sur-
face modeling system [15]. Next, every surface mesh from
the population was registered to the mean surface mesh,
which was used as a template mesh [16]. This surface regis-
tration provided vertex correspondences for hippocampal
surface meshes. Thus, relative deformation of the hippocam-
pal surface meshes against the template was calculated for
each vertex. Based on this deformation data, subcortical sur-
face volume was measured employing an algorithm pro-
posed in a previous study [17].

Supplementary text 6

Neuropsychological tests and the calculation of composite
scores for frontal and memory function

All patients underwent a standardized neuropsychologi-
cal battery called the Seoul Neuropsychological Screening
Battery (SNSB) [18]. This battery contains tests evaluating
attention, language, praxis, four elements of Gerstmann syn-
drome, visuospatial processing, verbal and visual memory,
and frontal/executive function. These included digit span
forward/backward, Korean version of the Boston Naming
Test, Rey-Osterrieth Complex Figure Test (copying, imme-
diate and 20-min delayed recall, and recognition), the Seoul
Verbal Learning Test (three learning-free recall trials of 12
words, 20-min delayed recall trial for these 12 items, and a
recognition test), phonemic and semantic Controlled Oral
Word Association Test (COWAT), the Stroop Test (word
and color reading of 112 items during a 2-min period), the
Mini-Mental State Examination, and Clinical Dementia Rat-
ing Sum of Boxes.

Using results from the SNSB, memory and frontal/exec-
utive subdomain scores were calculated as described in a
previous study [19]. Memory-domain SNSB-D score (mem-
ory subscore) was calculated by summing scores of orienta-
tion, verbal memory, and visual memory tests. Memory
subscores ranged from 0 to 150. Frontal/executive-domain
SNSB-D score (frontal subscore) was calculated by sum-
ming scores from a category word generation task (COWAT
for animal), a phonemic word generation task (phonemic
COWAT), and Stroop color reading test. The frontal sub-
scores ranged from 0 to 55.
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Supplementary Fig. 1. Schematic diagram of additional path analysis for

memory score. Results of path analysis for memory function score. Mean

temporal-parietal thickness was entered as a mediator variable. Amyloid

burden, white matter hyperintensities (WMH), and the number of lacunae

were entered as predictors. Age, gender, education, intracranial volume,

and clinical group were entered as covariates. Numbers on the paths are

standardized beta coefficients. Statistically significant direct paths were ex-

pressed. Abbreviations: SNSBD, Seoul Neuropsychological Screening

Battery Domain.

Supplementary Table 1

Effects of predictors (PiB retention ratio, WMH volume, and the number of

lacunae) on memory score through mean temporal-parietal thickness

Mean temporal-parietal

thickness Memory score

b SE P value b SE P value

Global PiB

retention ratio

20.070 0.025 .015 213.536 2.413 .010

WMH volume 20.002 0.001 .024 20.078 0.093 .435

Lacunae 20.001 0.001 .341 20.333 0.139 .040

Mean temporal-

parietal thickness

41.986 6.369 .010

Abbreviations: b, unstandardized beta coefficient; PiB, Pittsburgh com-

pound B; SE, standard error; WMH, white matter hyperintensities.

NOTE. Values shown are the results of path analyses.
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