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Abstract

Background: Various amnestic mild cognitive impairment (aMCl) subtypes have been identified as single domain (SD) or multiple
domain (MD), with differential probabilities of progression to Alzheimer disease (AD). Detecting the differences in the alterations
in gray matter (GM) and intrinsic brain activity between the subtypes of aMCI help to understand their pathophysiological
mechanisms and was conducive to construct such potential biomarkers to monitor the progression of aMCl. Methods: In all, 22
normal controls (NCs), 18 patients with SD-aMCl, and 17 patients with MD-aMCl participated in the study. The amplitude of low-
frequency fluctuations (ALFFs) during rest represented intrinsic brain activity. Voxel-based morphometry analysis was used to
measure the GM volume. Results: The MD-aMCl showed reduced GM in hippocampus (Hip), parahippocampal gyrus (PHG),
and other regions than SD-aMCI. The SD-aMCI had reduced GM only in Hip and PHG than in NC. The MD-aMCl showed
decreased ALFF in posterior cingulate cortex (PCC) and precuneus and increased ALFF in anterior cingulate cortex (ACC), PHG,
and Hip compared with both SD-aMCl and NC. However, no ALFF difference was found between SD-aMCl and NC. Neurop-
sychological measures were correlated with ALFF in PCC and ACC only in the MD-aMCI. Conclusions: Patients with MD-aMCl|
displayed more severe GM atrophy and ALFF changes than patients with SD-aMCI. The results suggested that aMCl is hetero-

geneous and that MD-aMCI may be a prodromal stage which is more close to AD.

Keywords

resting-state functional MRI, spontaneous brain activity, mild cognitive impairment, gray matter volume

Introduction

Amnestic mild cognitive impairment (aMCI) is a term used to
describe individuals who display relative memory impairment
compared with their contemporaries and do not fulfill the cri-
teria of dementia.! Previous studies have demonstrated that
approximately 80% of patients with aMCI will progress to
clinically diagnosable Alzheimer disease (AD) within 6 years,
with an annual conversion rate of 10% to 15%.% To further
describe the clinical characteristics and investigate the patholo-
gical mechanisms, aMCI has been divided into 2 subtypes:
single-domain aMCI (SD-aMCI), which is characterized by
isolated memory impairment and multiple-domain aMCI
(MD-aMCI), which is characterized by memory impairment
and impairment in at least one more cognitive domain, such
as executive function, attention, and language abilities.’
Neuroimaging techniques such as volumetric and functional
magnetic resonance imaging (MRI) have been widely used to
investigate the structural and functional changes in patients
with various aMCI subtypes.*”” Based on volumetric MRI, for

example, patients with SD-aMCI were observed to have corti-
cal thinning in the left medial temporal lobe and patients with
MD-aMCI were observed to have more diffused cortical thin-
ning in the left medial temporal lobe, precuneus (PCu), and
several other brain regions.* Shu et al, using diffusion tensor
imaging, reported that the global topological organization of
white matter networks was significantly disrupted in patients
with MD-aMCI but not in patients with SD-aMCI.” In another
single photon emission computed tomography study, hypo-
metabolism in the medial temporal lobe and fronto—parieto—
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temporal areas was observed in both the SD-aMCI and the MD-
aMCI groups, with the MD-aMCI group presenting additional
deficit in the left posterior cingulate gyrus.’ Findings from
these studies support the idea that deficit patterns in patients
with MD-aMCI are similar to those in patients with AD and
MD-aMCI may represent a more advanced prodromal stage
of AD.%’

Previous neuroimaging studies suggest that the deficits in
brain regions by subtype aMCI are mainly located in the default
mode network (DMN). The core DMN regions include the ven-
tral medial prefrontal cortex, posterior cingulate/retrosplenial
cortex, inferior parietal lobule, lateral temporal cortex, dorsal
medial prefrontal cortex, and hippocampal formation.® These
regions are also vulnerable to amyloid-B depositions.” Alzhei-
mer disease is characterized by the pathological accumulation
of amyloid-B."° The amyloid accumulation in these vulnerable
brain areas is followed by synaptic dysfunction and neuronal
loss, ultimately resulting in cognitive dysfunction.'®!'! Many
studies have reported that the DMN regions display signifi-
cantly reduced amplitude of low-frequency fluctuations
(ALFFs) in patients with MCL'*!3 Patients with MCI having
lower DMN connectivity are more likely to progress to a diag-
nosis of AD.' The key regions (hubs) in the DMN serve to
integrate diverse informational sources and aid in the minimi-
zation of metabolism costs by providing a limited number of
long-distance connections that integrate local networks."
Therefore, the intrinsic activity in DMN regions is very impor-
tant to representing progress from MCI to AD.

Little is known regarding the alteration in intrinsic brain
activity within the DMN regions in patients with aMCI subtype
from a regional perspective. Recent studies have suggested that
the ALFFs, calculated as the square root of the power spectrum
in a low frequency range, can be used to assess the spontaneous
brain activity during resting-state using functional MRI (fMRI)
techniques.'®'” In other studies, the ALFF was physiologically
meaningful and able to represent different states of the brain.'®'?
Using this method, Wang et al demonstrated that patients with
MCI had decreased activity in the medial parietal lobe and
increased activity in the lateral temporal regions and superior
frontal regions,”® which are mainly located within the DMN.

To our knowledge, ALFF-measured DMN activity differ-
ences among aMCI subtypes have not been reported in the lit-
erature. Such differences, if identified, could be used as an
early indication of a higher risk of AD, given that patients with
SD-aMCI and MD-aMCI occasionally reveal similar degrees
of memory loss and are difficult to distinguish between using
any single neuropsychological test. The feasibility of such use
of ALFF as an early detection of risk to AD is consistent with
the belief that regional spontaneous neuronal activity reflects
mild cortex functional alteration.'®?° In addition, we are inter-
ested in examining the possible structural aberration in the
brains of patients with these aMCI subtypes alone or their
effects on functional ALFF measurements. We finally also aim
to investigate the relationship between the functional activities
and the clinical and cognitive measures. A strong association of
the observed ALFF with the neuropsychological measures

would confirm the validity of using ALFF as a possible ima-
ging biomarker to differentiate the aMCI subtypes and relate
them to the degree of risk of AD.

Materials and Methods
Patients

In this study, 59 right-handed elderly patients participated all of
who were from the Beijing Aging Brain Rejuvenation Initiative,
which is an ongoing longitudinal study investigating the aging
and cognitive impairment of urban elderly people in Beijing,
China. All of the patients filled in an Activities of Daily Living
(ADL) scale®! and received a battery of neuropsychological tests
that included the Chinese version of the Mini-Mental State Exam-
ination (MMSE),?* the Auditory Verbal Learning Test (AVLT),*
the Rey-Osterrieth Complex Figure (ROCF),>* the Symbol Digit
Modalities Test,> the Trail Making Test (TMT),° the Clock-
Drawing Test,?’ the Category Verbal Fluency Test, the Boston
Naming Test,”® and the Stroop Color and Word Test.?’

The diagnostic criteria for MCI included subjective memory
complaints, cognitive impairment in memory (scoring more than
1.5 standard deviation below the age- and education-adjusted
norms on the AVLT and the ROCF), relatively preserved general
cognitive function, and intact ADL (scoring 0 on the ADL scale),
as stated in Petersen et al.' The patients who had isolated episo-
dic memory impairment were considered to be SD-aMCI
whereas patients were considered to be MD-aMCI if memory
together with one or more additional cognitive domains was
affected as evaluated using neuropsychological tests (1.5 stan-
dard deviations below age and education norms). The criteria for
the normal controls (NCs) were no cognitive complaints, normal
cognitive ability, and normal activities of daily life.

Two patients were removed from the study due to excessive
head motion during the acquisition of their MRI data. The
patients were divided into 3 groups: SD-aMCI (n = 17), MD-
aMCI (n = 18), and NCs (n = 22). None of the patients reported
a history of head trauma, psychiatric or neurological disorders,
or alcohol or drug abuse. All patients voluntarily joined this
study with informed consents. The use of patients for this study
has been approved by institutional review board at the Imaging
Center for Brain Research at Beijing Normal University.

Data Acquisition

Magnetic resonance imaging data acquisition was performed
using a Siemens Trio 3.0 Tesla scanner (Trio; Siemens, Erlangen,
Germany) in the Imaging Center for Brain Research at Beijing
Normal University. Foam padding and headphones were used
to reduce head motion and scanner noise. The patients were
instructed to keep still with their eyes closed, not to fall asleep,
and not to think about anything in particular. The functional
images were acquired using an echo-planar imaging sequence:
33 axial slices, repetition time (TR) = 2000 ms, echo time (TE) =
30 ms, slice thickness = 3.5 mm, flip angle = 90°, field of view
(FOV) =200 mm x 200 mm, and acquisition matrix = 64 x 64.
The scan lasted for 480s. The T1-weighted structural images were
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Liet al 3
Table |. Demographic Information for Each Group.®

NC (n = 22) SD-aMClI (n = 18) MD-aMClI (nh = 17) F Value (%) P Value
Age, years 626 + 5.8 65.6 + 6.4 67.0 + 7.9 239 A
Education, years 1.3 + 27 125 + 2.8 1.1+ 33 1.23 299
Gender (M/F) L/l 6/12 9/8 1.22 544°

Abbreviations: NC, normal control; SD-aMCl, single-domain amnestic mild cognitive impairment; MD-aMCIl, multiple-domain amnestic mild cognitive impairment;

M, male; F, female.

? All patients (NC, SD-aMCl, and MD-aMCl) were matched across the groups for age, gender, and education. Values are mean + standard deviation. The
comparisons of demographics among the 3 groups (SD-aMCl, MD-aMClI, and NC) were performed using separate |-way analysis of variance (ANOVA). Post hoc
pair-wise comparisons were then performed using t tests. P < .05 was considered significant.

® The P value for gender distribution in the 3 groups was obtained using a chi-square test.

acquired using 3-dimensional (3D) magnetization prepared rapid
gradient echo sequences: 176 sagittal slices, TR = 1900 ms, TE =
3.44 ms, slice thickness = 1 mm, flip angle = 9°, FOV = 256 mm
X 256 mm, and gap = 9.

Structural Image Analysis

All of the patients’ individual structural images (3D Tl1-
weighted anatomical images) were coregistered to the mean
functional images after motion correction using a linear trans-
formation.>® The transformed 3D T1-weighted images were
then segmented and spatially normalized into gray matter
(GM), white matter, and cerebrospinal fluid in standard Mon-
treal Neurological Institute (MNI) space using a unified seg-
mentation algorithm.?’ Modulation was further applied to the
GM images to compensate for the effect of spatial normaliza-
tion using linear and nonlinear methods. All of the resultant
images were resampled with 3-mm isotropic voxels and
smoothed with a 6-mm full width and half maximum (FWHM)
Gaussian kernel. In the study, we utilized the mean GM map
(threshold = 0.2) of all of the patients to obtain a group-
based brain mask and used it for subsequent analysis.

Functional Image Analysis

All image preprocessing and analyses were conducted using
Statistical Parametric Mapping (SPM8, http://www.fil.ion.ucl.
ac.uk/spm) and Data Processing Assistant for Resting-State
fMRI.*? The first 5 volumes of the functional images were dis-
carded for each patient to allow for signal equilibrium and the
patients’ adaptation to the situation. The remaining functional
images were corrected intravolume for time delay between the
slices and the realigned intervolume for head motion. Next, all
of the images were spatially normalized to the template in MNI
space by applying the transformation parameters that were
obtained from the structural images (see above-mentioned
Structural Image Analysis section for details) to those time-
and motion-corrected images. The resultant normalized func-
tional images were spatially smoothed with a 6-mm FWHM
Gaussian kernel and the linear trends removed. Finally, all of
the images were temporally filtered (0.01-0.1 HZ) to eliminate
high-frequency noise and low-frequency drift.

For each voxel in the brain, its blood oxygenation level-
dependent time series was first transformed to the frequency
domain using a fast Fourier transform. The square root of the
power spectrum, the ALFF for this voxel,'® was computed and
then averaged across the 0.01 to 0.1 HZ frequency interval. To
account for whole brain variation, the ALFF value was then
divided by the global mean ALFF value for each patient.

Statistical Analyses

The statistical analyses were performed using REST software
(www.restfmri.net). In particular, an analysis of covariance
(ANCOVA) with group as the factor and age, gender, and for-
mal education years as covariants was conducted to identify the
ALFF differences among the SD-aMCI, MD-aMCI, and NC
groups. Post hoc 2-sample #-tests were also performed. To
determine the pattern of GM loss in the patients, we also per-
formed ANCOVA on the GM volume maps. To further analyze
the effects of GM atrophy on functional results, we performed
ANCOVA in which the GM volume maps were entered as cov-
ariates. All the statistical maps were corrected for multiple
comparisons at a significance level of P <.05 by combining the
individual voxel P value < .05 with cluster size > 3240 mm?>
using Monte Carlo simulations.*® For those clusters displaying
significant differences between the groups, post hoc 2-sample
t-tests were further performed. The results were visualized
using the BrainNet Viewer (http://www.nitrc.org/projects/
bnv/).

We finally investigated the relationship between the ALFF
and the cognitive performance in the 3 groups separately while
controlling for age and sex as confounding variables. The cor-
relations were computed on a voxel-by-voxel basis and only
within the regions that displayed significant ALFF differences
among the 3 groups.

Results
Clinical and Neuropsychological Data

The demographic information and neuropsychological char-
acterizations for each group are shown in Tables 1 and 2. No
significant differences in age, gender, and education were
observed among the 3 groups. Significant differences (analysis
of variance [ANOVA]) were observed between the 3 groups in
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Table 2. Neuropsychological Characterizations for Each Group.”

NC SD-aMCl MD-aMCI F-value
(n=22) (n=18) (n=17) ta) P-value

General mental status

MMSE 28.5 + 1.1 26.6 + 2.0 25.6 + 1.27 18.77 <.001°¢

AVLT-delay recall 6.6 + 2.1 1.9 + 1.3 1.7 + 15 53.38 <.001°¢
Memory function

AVLT-T 337 + 69 17.8 + 4.1 162 + 6.2 54.48 <.001°¢

ROCF-delay recall 16.0 + 84 89 +72 42 + 45 13.77 <.001°¢

ROCF-copy 337 £ 52 322 + 37 29.2 + 6.7 3.58 .035°¢
Spatial processing

CDT 24.7 + 6.2 23.5 + 35 21.8 + 4.9 1.58 215

CVFT 47.1 + 8.1 39.7 £ 59 342 + 65 16.70 <0015
Language

BNT 25.6 + 2.9 235 + 29 19.7 + 4.2 14.77 <001

SDMT 39.7 + 94 347 + 93 20.5 + 9.2 20.96 <.001°¢
Attention

TMT-A times 485 + 114 56.3 + 19.5 91.5 + 369 16.77 <0014

SCWT-SIE 29.7 + 8.8 395 + 26.5 49.1 + 25.0 4.15 021°¢
Executive function

TMT-B times 136.9 + 40.1 201.6 + 81.9 286.1 + 66.8 26.29 <0014

Abbreviations: NC, normal control; SD-aMCl, single domain of amnestic mild cognitive impairment; MD-aMCI, multiple domain of amnestic mild cognitive
impairment; MMSE, Mini-Mental State Examination; AVLT, Auditory Verbal Learning Test; AVLT-T, AVLT-total; ROCF, Rey-Osterrieth Complex Figure; CDT,
Clock-Drawing Test; CVFT, Category Verbal Fluency Test; BNT, Boston Naming Test; SDMT, Symbol Digit Modalities Test; TMT, Trail Making Test; SCWT-SIE,
Stroop interference effect of Stroop Color and Word Test.

? Values are mean + standard deviation. The comparisons of neuropsychological scores among the 3 groups (SD-aMCl, MD-aMClI, and NC) were performed
using separate |-way analysis of variance (ANOVA). Post hoc pair-wise comparisons were then performed using t tests. P < .05 was considered significant.

® Post hoc paired comparisons showed significant group differences between NC and SD-aMCl, after least-significant difference (LSD) correction.

€ Post hoc paired comparisons showed significant group differences between NC and MD-aMCl, after LSD correction.

4 Post hoc paired comparisons showed significant group differences between SD-aMCl and MD-aMCl, after LSD correction.

all the cognitive domains, including MMSE, memory, spatial
processing, language, attention, and executive function.
Furthermore, post hoc comparisons indicated that the NC group
performed better than the patients with SD-aMCI in the MMSE
and the test of memory. The patients with MD-aMCI per-
formed worse than the NC group in all the cognitive domains,
especially in memory and executive function. In particular,
patients with SD-aMCI displayed better performance in lan-
guage, attention, and executive function domains than in
patients with MD-aMCI.

Gray Matter Structural Morphology in Patients With
SD-aMCl and MD-aMCl

There were significant differences in regional GM volumes
among the patients with MD-aMCI and SD-aMCI, and the
NC group. These included the posterior cingulate cortex
(PCC)/PCu, hippocampus (Hip), parahippocampal gyrus
(PHG), anterior cingulate cortex (ACC), and orbitofrontal
gyrus (OFG). In addition, GM differences were also observed
in the angular gyrus (AG), fusiform gyrus (FG), and middle
occipital gyrus (Figure 1). Post hoc, pairwise comparisons of

Figure |. Z-statistical difference maps in gray matter volume among
the patients with MD-aMCl, patients with SD-aMCl, and the normal
controls. The statistical threshold was set at P < .05 and cluster size
>1080 mm?, which corresponds to a corrected P < .05. MD-aMCl

GM volume are shown in Figure 2 and Table 3. The GM vol-
ume alteration in patients with SD-aMCI was mainly observed

indicates multiple-domain amnestic mild cognitive impairment; SD-
aMCl, single-domain amnestic mild cognitive impairment.
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C

Figure 2. Voxel-wise GM volumes were compared between aMCl subtypes and the normal control group. A, Gray matter volumes difference
between the patients with SD-aMClI and the healthy elderly control individuals. B, Gray matter volumes difference between the patients with
MD-aMCl and the healthy elderly control individuals. C, Gray matter volumes difference between the patients with MD-aMCl and SD-aMCl. The
2 sample t tests were performed within a mask that indicated significant group differences in the ANOVA analysis. The statistical threshold was
setat P < .05 and a cluster size of >708 mm?, which corresponds to a corrected P < .05. GM indicates gray matter; aMCl, amnestic mild cognitive

impairment; SD-aMCl, single-domain aMCl; MD-aMCl, multiple-domain aMCI; ANOVA, analysis of variance.

Table 3. Brain Areas With Significant GM Atrophy Between the Patients With MD-aMCl and SD-aMCl1.>°

MNI Coordinates, mm

Brain Regions Volumn(mm?) X y z T

MD-aMCl < SD-aMCl
Left MTG 3746 -57 =51 18 4.15
Left Angular —48 —69 42 4.01
Right SPG 433 27 —54 48 4.14
Right MOG 36 -8l 21 4.1
Right IPL 57 =51 48 3.95
Right PreCG 146 36 —6 48 4.28
Right IFGtriang 143 48 18 21 3.64
Right calcarine 145 15 —60 18 2.95
Right lingual 15 —57 —6 2.07

Abbreviations: T, statistical value of peak voxel; MOG, middle occipital gyrus; MTG, middle temporal gyrus; SPG, superior parietal gyrus; IPL, inferior parietal lobe;
PreCG, precentral; IFGtriang, inferior frontal (pars triangularis); GM, gray matter; MD-aMCIl, multiple-domain amnestic mild cognitive impairment; SD-aMCl,
single-domain amnestic mild cognitive impairment; MNI, Montreal Neurological Institute.

? The x, y, z coordinates of the primary peak locations in the MNI space.
B P < .05 corrected for multiple comparisons.

in the Hip and PHG. In contrast, in patients with MD-aMCI, the
brain atrophy was diffused throughout the entire brain and
included the frontal, parietal, occipital, and temporal gyri as
well as the limbic system. Furthermore, compared to the
patients with SD-aMCI, the MD-aMCI group displayed signif-
icant atrophy in the PCu, PHG, Hip, OFG, AG, FG, and the
occipital lobes. Thus, the GM volume atrophy was more dif-
fused and severe in patients with MD-aMCI.

Altered ALFF in Patients With SD-aMCI, Patients With
MD-aMCl, and NC

The results of the ANCOVA of the ALFF are displayed in Fig-
ure 3. Significant group differences in the ALFF were detected
in the PCC/PCu, OFG, ACC, and several regions in the temporal
lobe, including the inferior temporal gyrus (ITG), middle

temporal gyrus, and FG as well as the Hip. The results of the post
hoc comparisons are shown in Figure 4 and Table 4. Significant
ALFF decreases in the SD-aMCI group were observed in the right
middle frontal gyrus (MFG) and precentral gyrus (PrCG) com-
pared with the NC. In contrast, the most significant ALFF
decreases in the MD-aMCI group were observed in the PCC/PCu
and PrCG than those in the NC. Moreover, significant increases in
the ALFF were observed in the bilateral ACC and the OFG as well
as in the Hip, PHG, and FG in the MD-aMCI group. Interestingly,
the patients with MD-aMCI displayed decreased ALFF in the
PCC/PCu but increased ALFF in the bilateral ACC, PHG, Hip,
and FG compared with the patients with SD-aMCI.

The correlations between the ALFF and behavior measures
are shown in Figure 5. The TMT attention (TMT-A) time was
significantly negatively correlated with the ALFF of the PCu/
PCC in the patients with MD-aMCI, and the Stroop
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Figure 3. Z-statistical difference maps of the ALFF among patients with MD-aMCl, patients with SD-aMCl, and normal controls. The results
were from an ANCOVA analysis. A, without GM correction. Significant differences were observed among the 3 groups in the PCC/PCu, OFG,
anterior cingulate cortex (ACC), and several regions in the temporal lobe, including the inferior temporal gyrus (ITG), middle temporal gyrus
(MTG), and fusiform gyri (FG), as well as the Hip. B, with GM correction. Significant differences were similar to those without the GM cor-
rection. The statistical threshold was set at P < .05 and a cluster size of >1080 mm?, which corresponds to a corrected P < .05. ALFF indicates
amplitude of low-frequency fluctuation; MD-aMCIl, multiple-domain amnestic mild cognitive impairment; SD-aMCl, singe-domain amnestic mild

cognitive impairment; GM, gray matter; PCC, posterior cingulate cortex; PCu, precuneus; OFG, orbitofrontal gyrus.

interference time was significantly negatively correlated with
the ALFF of the ACC. For the NC and the SD-aMCI group,
there is no correlation between cognitive performance mea-
sures and ALFF in any brain region.

Given the overlap between the structural and the functional
differences, we implemented the above-mentioned analysis
with the GM volume as a covariate (Figures 3 and 4). We
observed that most of the results were similar to those without
the GM correction. In particular, we observed no significant
differences between the SD-aMCI and the NC groups when
we used the GM correction.

Discussion

To our knowledge, this is the first study combining resting state
fMRI with structural measures to detect differences between
2 aMCI subtypes. Compared to patients with SD-aMCI, patients
with MD-aMCI displayed more obvious functional changes and
more severe brain atrophy. These findings indicate that degen-
eration extensively exists in the GM structure and intrinsic brain
activity in patients with MD-aMCI, which is more similar to
what is observed in AD.*® These results are consistent with the
view that aMCI presents heterogeneity in the clinical progres-
sion and that ALFF may be a possible imaging-based biomarker
that can discriminate the subtype of aMCI.

Structural Alteration in the Subtypes of aMCl

Our research revealed heterogeneity of GM atrophy in aMCI
subtypes. Compared to patients with SD-aMCI, the MD-
aMCI group displayed significant atrophy in the PCu, PHG,

Hip, OFG, AG, FG, and the occipital lobes. Our results demon-
strated that the brain regions showing significant atrophy in
patients with MD-aMCI were much more widely distributed,
and the atrophy was more severe than that observed in the
SD-aMCI group. Compared with the controls, patients with
SD-aMCI only displayed a significant GM volume decrease in
the Hip and parahippocampus. The changes in GM volume were
agreed with the previous studies.*** Our results show that
SD-aMCI and MD-aMCI are characterized by a common pattern
of GM atrophy within the medial temporal cortex. Furthermore,
the results exhibited a general pattern of GM Volumeyp_avicr <
GM Volumegp_amcr < GM Volumeye. The atrophy patterns
showed a linear change(Figure 6, left), which is consistent with
presumably more advanced disease in the MD-aMCI group®”
and may help to predict the prognosis of the disease.

Amplitude of Low-Frequency Fluctuations Alteration in
MD-aMCl

We observed that patients with MD-aMCI displayed
decreased ALFF values within the posterior DMN regions,
especially in the PCC and PCu, consistent with previous stud-
ies.? Other research has indicated that the PCu is involved in
episodic memory>® and visuospatial processing.>’ The PCu
also plays a pivotal role in the DMN>* and central executive
networks.>® Moreover, this region is vulnerable to cortical
atrophy,*® early amyloid deposition,*' and hypometabolism**
in patients with MCI and AD. The PCC has structural and
functional similarities with the PCu and has also been shown
to be altered in patients with MCI and AD.*® Therefore, the
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Figure 4. Z-statistical difference maps of the ALFF between the groups. Upper maps, without GM correction; lower maps, with GM correction.
A, Z-statistical difference maps between the patients with SD-aMCl and the healthy elderly control individuals. Without GM correction, the
SD-aMCl displayed significantly decreased ALFF in the right MFG and PrCG. No significant differences in ALFF appeared between the SD-aMClI
and the normal controls after correction. B, Z-statistical difference maps between the patients with MD-aMClI and the healthy elderly control
individuals. C, Z-statistical difference maps between the patients with MD-aMCl and SD-aMCI. The 2 sample t tests were performed within a
mask that indicated significant group differences in the ANOVA analysis. For the without GM correction comparisons, the statistical threshold
was set at P < .05 and a cluster size of >234 mm?, which corresponded to a corrected P < .05. For the GM correction comparisons, the statistical
threshold was set at P < .05 and a cluster size of >153 mm?, which corresponded to a corrected P < 0.05. ALFF indicates amplitude of low-
frequency fluctuation; GM, gray matter; MD-aMClI, multiple-domain amnestic mild cognitive impairment; SD-aMCl, singe-domain amnestic mild
cognitive impairment; MFG, middle frontal gyrus; PrCG, precentral gyrus; ANOVA, analysis of variance.

Table 4. Brain Areas With Significant ALFF Differences Between the Patients With MD-aMCl and SD-aMCI.*?

MNI Coordinates, mm

Brain Regions Volumn(mm?) X y z T

MD-aMCI<SD-aMCl

PCul/calcarine left cuneus 6l -9 —60 12 3.35
Pcu 13 9 —66 42 3.63
MD-aMCl > SD-aMClI
Left ITG/MTG/FG/PHG/TP 180 42 —24 —24 4.47
Right ITG/FG/PHG 15 39 =21 —24 4.01
Left OFG/GR 95 —15 51 —18 3.99
ACC/olfactory left caudate/GR 50 —12 24 -3 4.01
Right FG 6 36 —51 —18 3.63

Abbreviations: T, statistical value of peak voxel; PHG, parahippocampal gyrus; FG, fusiform gyrus; PCu, Precuneus; ITG, inferior temporal gyrus; MTG, middle
temporal gyrus; ACC, anterior cingulate cortex; GR, gyrus rectus; OFG, orbitofrontal gyrus; TP, temporal pole; MNI, Montreal Neurological Institute; MD-aMClI,
multiple-domain amnestic mild cognitive impairment; SD-aMCl, single-domain amnestic mild cognitive impairment; ALFF, amplitude of low-frequency fluctuation.
? The x, y, z coordinates of the primary peak locations in the MNI space.

B P < .05, corrected for multiple comparisons.
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Figure 5. A, Correlation map of the ALFF with the Stroop interference effects for the MD-aMCl group. Significant negative correlations were
observed in the ACC in the MD-aMCl group. B, Correlation map of the ALFF with the time of Trail Making Test A for the MD-aMCl group.
Significant negative correlations were observed in the PCu/PCC in the MD-aMClI group. The statistical threshold was set at P < .05 and a cluster
size of >708 mm?, which corresponded to a corrected P < .05. ALFF indicates amplitude of low-frequency fluctuation; ACC, anterior cingulate

cortex; PCu, precuneus; PCC, posterior cingulate cortex; MD-aMCI, multiple-domain amnestic mild cognitive impairment.

GM Atrophy alternation in SD-aMCI and MD-aMCI

" MD-aMCl

SD-aMCl |l MD-aMCI+SD-aMClI

ALFF alternation in SD-aMCI and MD-aMCI

Figure 6. The schematic map of the structural and functional alterations as assessed in the aMCl subtypes. Left, Gray matter atrophy in patients
with MD-aMCl (orange), in patients with SD-aMCl (green), and the overlapping regions of GM atrophy in patients with MD-aMCl and SD-aMCl
(brown). Right, ALFF alteration in patients with MD-aMClI (orange) and in patients with SD-aMClI (green). aMCl indicates amnestic mild cognitive

impairment; MD-aMCI, multiple-domain aMCl; SD-aMCl, single-domain aMCI; ALFF, amplitude of low-frequency fluctuation.

trend toward alterations in the PCC and PCu was consistent
with our expectations. The regions are considered to be
important components of human DMNs®* and have been
shown to exhibit AD-related structural and functional
abnormalities. In patients with MD-aMCI, the deficits of
brain spontaneous neuronal activity in regions of AD-
related pathological change may reflect that MD-aMCI is a
transition stage that may be more close to AD.

We also observed increased ALFF values of the anterior
DMN, including OFG and ACC, in patients with MD-aMCI. The
abnormal pattern in the anterior DMN could be interpreted as a
compensatory mechanism. The increased functional activity has

been proposed to be a compensatory reallocation or recruitment
of cognitive resources in patients.*** Yetkin et al observed that
both patients with MCI and patients with AD displayed more
activation than the controls in the frontal and temporal lobes.*®
In addition, He et al reported that the FG had increased func-
tional homogeneity of spontaneous brain activity in patients with
AD during the resting state.*?

In the current study, we also examined whether the func-
tional results could be influenced by regional GM atrophy.
As noted earlier, we also observed GM atrophy in the patients
with aMCI subtype and GM atrophy may lead to artificial
reduction in the measured functional signals.** When
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comparing functional differences, this issue could potentially
be crucial due to the individual or group differences in the
degree of regional atrophy. However, the differences in the
ALFF between the MD-aMCI and NC groups remained the
same after GM correction, suggesting that the changes in
spontaneous brain activity in the patients with MD-aMCI
were independent of brain atrophy.

Amplitude of Low-Frequency Fluctuations Alteration in
SD-aMCl

We observed that ALFF maps of the individuals with SD-aMCI
were very similar to those of NC participants, except in the PrCG
and the MFG. However, after the GM correction, there is no sig-
nificant difference between the SD-aMCI and the NC groups.
These results indicate that the ALFF alterations in the brains
of patients with SD-aMCI were mainly located in the central and
lateral cerebral cortices (without GM correction). In contrast, the
ALFF alteration in patients with MD-aMCI was mainly located
in the posterior cortex (Figure 6, right).

Amplitude of Low-Frequency Fluctuations Differences
Between Subtypes of aMCl

In addition, we observed that the differences in the ALFF maps
of the SD-aMCI versus the MD-aMCI groups were similar to
those observed when comparing the NC and MD-aMCI groups.
Because of the MD-aMCI pattern of brain atrophy and sponta-
neous brain activity were similar to that observed in patients
with mild AD,*® we concluded that the MD-aMCI is closer
to mild AD than is SD-aMCI, along the continuum from normal
aging to AD. We found that ALFF-changed patterns appeared a
nonlinear state. The possible reason is that there is a compen-
satory mechanism in patients with MCI. Many functional neu-
roimaging studies found that MCI showed hyperactivation in
some brain regions in order to maintain intact cognitive perfor-
mance®****” which is typically defined as compensation.*®

The Relationship Between ALFF and Cognitive
Performance

We observed significant negative correlations between the per-
formance of executive function (Stroop interference effect) and
the ALFF of ACC and caudate nucleus in patients with MD-
aMCI, and the correlations between the performance of atten-
tion (TMT-A) times and the ALFF of the PCC/PCu were also
significant. These strong correlations may imply that the ALFF
values are associated with impaired functioning and have pro-
mising potential value as biomarkers for the discrimination of
aMCl-related pathological change as the early stages of AD.

Structural and Functional Alterations in the DMN

Combining the voxel-based morphometry and ALFF results,
we observed that in patients with MD-aMCI, the structural and
functional alterations were mainly located in the Hip, PHG,

PCC, and PCu. These regions are considered to be important
components of human DMNs® and have been shown to exhibit
AD-related structural and functional abnormalities in previous
studies.'**’ The DMN is particularly vulnerable to fibrillar amy-
loid deposition and atrophy in patients with AD and MCL’~° In
addition, PCC, PCu, and Hip, as the important hub regions, serve
to integrate and transform diverse informational sources.** The
deficit patterns in brains of patients with MD-aMCI reflect the
more severe and diffuse cognition functional impairments.

Several limitations should be addressed in future studies.
First, this study only examined local brain activity changes in
patients with SD-aMCI and MD-aMCI. Exploring changes in
the correlations between different brain areas should also be
interesting. Moreover, this study was cross-sectional but to
clearly establish a progression between the subtypes of aMCI,
a longitudinal study would be essential.

In conclusion, our study indicated the heterogeneity of
aMCI. Patients with MD-aMCI had more ALFF changes and
more severe brain atrophy, which are similar to AD. Interest-
ingly, the functional and structural altered regions are mainly
within the DMN, which is affected by the pathology of AD.
Therefore, the findings of this study support the idea that ALFF
can serve as a potential image biomarker to evaluate the aMCI-
related pathological change and to provide the reference for
clinical diagnosis. Meanwhile, MD-aMCI may represent a
more advanced prodromal stage of AD and such a state
shouldn’t be taken lightly in disease prevention.
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