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Abstract

Amnestic mild cognitive impairment (aMCI) is a syndrome associated with faster memory decline
than normal aging, and frequently represents the prodromal phase of Alzheimer’s disease. When a
person is not actively engaged in a goal-directed task, spontaneous functional magnetic resonance
imaging (fMRI) signals can reveal functionally connected brain networks, including the so-called
default mode network (DMN). To date, only a few studies have investigated DMN functions in
aMCI populations. In this study, group independent component analysis was conducted for
resting-state fMRI data, with slices acquired perpendicular to the long axis of the hippocampus,
from eight subjects with aMCI and eight normal control subjects. Subjects with aMCI showed
increased DMN activity in middle cingulate cortex, medial prefrontal cortex, and left inferior
parietal cortex compared to the normal control group. Decreased DMN activity for the aMCI
group compared to the normal control group was noted in lateral prefrontal cortex, left medial
temporal lobe (MTL), left medial temporal gyrus, posterior cingulate cortex/retrosplenial cortex/
precuneus, and right angular gyrus. Although MTL volume difference between the two groups
was not statistical significant, decreased activity in left MTL was observed for the aMCI group.
Positive correlations between DMN activity and memory scores were noted for left lateral
prefrontal cortex, left medial temporal gyrus, and right angular gyrus. These findings support the
premise that alterations of the DMN occur in aMCI and may indicate deficiencies in functional,
intrinsic brain architecture, that correlate with memory function, even before significant medial
temporal lobe atrophy is detectable by structural MRI.
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Introduction

Connectivity is an important property of the brain’s anatomic-functional integration and
consists of sub-systems with tight functional connections that have been detected by
spontaneous, synchronous fluctuations in low frequency blood oxygen level-dependent
(BOLD) functional MRI (fMRI) signals during resting states (Biswal et al. 1995, Cordes et
al. 2000 2001, Grady et al. 2001, Greicius et al. 2003, Fransson 2005, Fox et al. 2005 2006,
Damoiseaux et al. 2006, Sorg et al. 2007, Bai et al. 2008, Qi et al. 2010). The default mode
network (DMN) is one such sub-system that is presumptively active when a person is left
undisturbed to engage in introspective modes of cognition including free thinking,
remembering the past, envisioning the future, and mediating the perspectives of others
(Shulman, et al. 1997, Mazoyer et al. 2001, Raichle et al. 2001, Buckner and Carroll 2007,
Buckner et al. 2008, Andrews-Hanna et al. 2010). The brain regions involved with the DMN
are the anterior cingulate cortex (ACC), medial prefrontal cortex (MPFC), lateral prefrontal
cortex (LPFC), medial and inferior lateral parietal lobe (MILP), precuneus, posterior
cingulate cortex (PCC), and medial temporal lobe (MTL) (Raichle et al. 2001, Buckner and
Carroll 2007, Buckner et al. 2008, Andrews-Hanna et al. 2010). An early awareness of the
importance of the DMN arose by observation that deactivations of these regions occurred
when individuals were performing goal-directed tasks (e.g. Ghatan et al. 1995, Baker et al.
1996). Meta-analyses of prior work (Shulman et al. 1997, Mazoyer et al. 2001) revealed
converging evidence regarding the existence of the DMN and lead to vigorous research
using resting-state connectivity (e.g. Greicius et al. 2003, Fox et al. 2005, Fransson 2005,
Damoiseaux et al. 2006, Vincent et al. 2006) and task evoked deactivations (e.g. Esposito et
al. 2006, Greicius and Menon 2004, Harrison et al. 2007, Mckiernan et al. 2003) and
activations (Buckner and Carroll 2007, Greicius et al. 2003, Gusnard et al. 2001, Northoff et
al. 2006, Pujol et al. 2007). A review of the current understanding of the DMN can be found
in Buckner et al. (2008).

A disruption of DMN activities may occur in various central nervous system disorders
including Alzheimer’s disease, schizophrenia, and autism (Buckner et al 2008). Given the
structural and functional relationship of the DMN to regions important to memory, the study
of disrupted DMN activity in Alzheimer’s disease (AD), which is the most common cause of
dementia in older adults, is especially compelling. AD is characterized by progressive
amnesia, executive and visuospatial dysfunction, as well as language and neuropsychiatric
disturbances. Subjects with early AD have been studied using various imaging approaches,
including brain glucose metabolism (Reiman et al. 1996, Minoshima et al. 1997, Herholz et
al. 2002), brain structural atrophy (Scahill et al. 2002, Thompson et al. 2003), as well as
resting-state and task-evoked functional MRI (fMRI) (Lustig et al. 2003, Greicius et al.
2004, Rombouts et al. 2005, Wang et al. 2006). These studies suggest disrupted or altered
activities in AD in DMN regions. Interestingly, amyloid deposition, a pathological hallmark
of AD, preferentially accumulates in regions associated with the DMN even before
symptoms of cognitive dysfunction emerge (Klunk et al. 2004).

Identification of neuropathological or functional changes before the onset of dementia is a
crucial step in finding treatments that prevent or slow the onset of disease. The diagnosis of
AD is typically preceded by a long prodromal phase during which a person has detectable
cognitive deficits (mild cognitive impairment or MCI) but does not meet criteria for
dementia (Small et al., 2000; Palmer et al., 2003). Some estimate that the prodromal phase
may be as long as 20 years. The development of MCI with an amnestic component (or
aMCl) is an important clinical predictor of dementia, with an annual rate of conversion to
AD or dementia in the range of 6-25% compared to only 0.5-4% for healthy subjects in
similar age groups (Petersen et al 2001).
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A few fMRI studies (Rombouts et al. 2005, Sorg et al. 2007, Bai et al. 2008, Qi et al. 2010)
have investigated altered DMN functions in aMCI patients. Rombouts et al. (2005) used a
visual encoding task and a non-spatial working memory task to investigate the deactivations
in DMN for healthy subjects, aMCI subjects, and AD subjects. In general, aMCI subjects
showed less deactivation than healthy controls, but more than AD. The deactivation in
anterior medial frontal cortex significantly distinguished aMCI from healthy elderly.
Combining independent component analysis (ICA) and region of interest (ROI) based
correlation, Sorg et al. (2007) investigated resting-state fMRI networks of healthy elderly
and aMCI groups. They found that functional connectivity between hippocampi and
posterior cingulate cortex (PCC) are absent in aMCI during the resting state. A subsequent
resting-state fMRI study (Bai et al. 2008) using ROI-based Kendall’s coefficient of
concordance (Kendall and Gibbons 1990) revealed decreased activities in PCC and
precuneus and increased activities in right inferior parietal lobe (IPL), right fusiform gyrus,
and bilateral putamen in aMCI compared to healthy elderly. Most recently, Qi et al. (2010)
found that compared to healthy elderly controls, aMCI subjects exhibited decreased
functional activity in DMN regions, including precuneus/PCC, right inferior parietal lobule,
and left fusiform gyrus, as well as a trend towards decreased right medial temporal lobe
activity. The aMCI subjects also had increased activity found mainly in left prefrontal
cortex, left inferior parietal lobule, and left middle temporal gyrus compared to the healthy
elderly. These studies demonstrate that there are both consistencies and discrepancies in
selective DMN changes in aMCI, which may be due to methodological differences and/or
the clinical heterogeneity of aMCI. Additional evidence is necessary to understand the
changes of activity in different regions in the DMN that are consistent and potentially
reliable indicators of aMCI and future development of AD.

MCI with an amnestic component (aMCI) confers the highest risk for transition to
Alzheimer’s disease. As a preliminary study, we examined eight subjects with aMClI and a
group of eight normal controls with resting-state fMRI, and we focused data analysis on the
functional connectivity of the DMN. We adopted a model-free group approach using ICA
(Calhoun et al. 2001) with an imaging protocol that allows acquisition of oblique-coronal
slices perpendicular to the long axis of the hippocampus to obtain more specific information
for the medial temporal lobe with fewer susceptibility artifacts.

Eighteen subjects (ten with aMCI and eight normal controls) were consented and recruited
from the community for participation in this study, which was approved by the Colorado
Multiple Institution Review Board. Two subjects with aMCI did not qualify for the fMRI
study due to incidental imaging abnormalities (meningioma and arachnoid cyst). All
subjects were right-handed and demographic information for those completing the study is
shown in Table 1. Of the eight normal control subjects, four were women and four were men
with an average age of 60.88+8.31 years. Subjects with aMCI included three women and
five men with an average age of 60.63+3.22 years. Screening for vascular-based cognitive
impairment (Modified Hachinski Ischemic Scale or HIS) and depression (Center for
Epidemiologic Studies Depression Scale or CES-D) was performed to exclude potential
stroke-related MCI (excluded for HIS>4) and depression (excluded for CES-D>27).
Subjects with a past history of a major psychiatric illness (i.e. schizophrenia, bipolar illness),
neurologic disorder (i.e. stroke, Parkinson’s disease) or known structural central nervous
system abnormality were excluded, as were those taking acetylcholinesterase inhibitors or
medications with mood- or significant arousal-altering potential (e.g. benzodiazepines or
stimulants). Diagnosis of amnestic MCI was made using Petersen Criteria (Petersen et. al
2001) following 1) a comprehensive neuropsychological evaluation, 2) a neurologic
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examination by a neurobehavioral neurologist or neuropsychiatrist, and 3) a diagnostic
consensus by the neuropsychologist and the examining physicians. Neuropsychological
battery included the mini-mental state examination (MMSE), Boston Naming Test,
California Verbal Learning Test (CVLT), Logical Memory | and Il of the Wechsler Memory
Scale-Revised, Controlled Oral Word Association Task, Animal Naming, Trail Making A
and B, Symbol Digit Test, Block Design, and Benton Visual Retention test.

MRI Data acquisition

Echo planar imaging (EPI) was performed in a 3.0T GE HDx MRI scanner (General
Electric, Milwaukee, WI) equipped with an 8-channel head coil using the following
parameters: ASSET=2, ramp sampling, TR/TE=2sec/30ms, FA= 70deg, FOV=22cmx22cm,
thickness/gap=4mm/1mm, 25 oblique-coronal slices perpendicular to the long axis of the
hippocampus (see Figure 1), in-plane resolution 96x96 interpolated to 128x128, and 288
time points. Subjects were instructed to rest with eyes closed during EPI. A standard high
resolution T2-weighted structural image aligned with the same coronal oblique orientation
and coverage of the EPI scans was also collected. Furthermore, standard 3D SPGR T1-
weighted high resolution (1mm3) axial structural images were collected.

For a single subject, we also collected EPIs in an axial orientation with identical imaging
parameters to compare the signal drop-out near the sphenoid sinus affecting the anterior
portion of the MTL (Figure 1).

MRI data analysis

The first five echo planar volumes were excluded to avoid saturation artifacts. The
remaining 283 volumes were pre-processed using SPM5
(http://www.fil.ion.ucl.ac.uk/spm/software/spmb5/), including slice timing and motion
correction. A mean EPI image was used to co-register the EPI functional images to the high
resolution T2-weighted image. Then, both co-registered EPI images and the T2-weighted
image were co-registered to the T1-weighted image. Finally, the high resolution T1-
weighted anatomical image was used to determine parameters for spatial normalization of
the EPIs to the Montreal Neurological Institute (MNI) space. The normalized EPIs were
spatially smoothed with a 6 mm FWHM Gaussian kernel.

Spatial independent component analysis (ICA) was performed using the GIFT software
v1.3g (http://icatb.sourceforge.net) (Calhoun, et al. 2001). Group ICA was conducted for the
aMCI and the normal group, separately. For each group, the dimensionality of the data from
each subject was estimated by the minimum description length (MDL) criterion (Calhoun et
al. 2001). We used the median of the estimated dimensions of each group, which equaled 40
for both groups, as the number of independent components to be estimated in group ICA.
The data from each subject was first reduced using principle component analysis (PCA) and
concatenated into an aggregate data set for each group. Forty independent sources were
estimated with an independent component analysis (ICA) using the Infomax algorithm (Bell
and Sejnowski, 1995) on the aggregate data. Individual subject ICA data sets were then
back-reconstructed. More details of group ICA can be found in Calhoun et al. (2001).

The DMN component was identified by selecting the component with the highest spatial
correlation to the default network template supplied by the GIFT software. The mask
included the lateral posterior parietal cortex, precuneus, posterior cingulate cortex, frontal
pole, and occipitotemporal junction, as defined anatomically from the WFU Pickatlas
(http://www.fmri.wfubmc.edu). A visual inspection was also conducted to assure that the
spatial components selected resemble the DMN. No false selection was found from the
automated procedure. The selected DMN components were further analyzed in a second
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level random effect analysis by using one-sample t-test for individual group and by using
two-sample t-test for group differences. To address the multiple comparison problem, a
cluster size larger than 272mm3 (corresponding to at least 34 voxels in re-sliced images with
2mm x 2mm x 2mm resolution) was determined by AFNI using AlphaSim (Cox, 1996) to
achieve a corrected statistical significance less than p=0.05 with an uncorrected (voxelwise)
threshold of p<0.005 for the results. All images in this work were displayed in neurological
convention, i.e. the left side of the image corresponds to the left side of the brain, unless
otherwise noted.

The MTL volume between two groups was also compared. First, the region including
hippocampus, entorhinal cortex, perirhinal cortex, and parahippocampal cortex was
delineated slice-by-slice in each subject’s high resolution T2 image by a trained professional
using methods developed at UCLA (Zeineh et al., 2000; Ekstrom et al., 2009). To avoid
bias, the segmentation was done without knowledge of the group membership of the
subjects. The segmentation procedure has been reported to have high intra-rater reliability
(>0.9) as measured by an intra-class correlation coefficient (Burggren et al. 2008). Then, the
volume of delineated areas of each subject was calculated and input into a two-sample t-
test.

To identify the correlation between resting-state activities and neuropsychological test
scores for working memory (CVLT Trial 1), delayed recall (CVLT long delayed recall), and
learning efficiency (CVLT Total), we adopted linear regression using least squares. The
average activity (normalized to the variance of the fluctuation) in 6mmxémmx6mm cubes,
whose central locations were chosen as significant peak group differences in each individual
DMN component, were used as dependent variables and the neuropsychological memory
test standardized scores were the predictors. The significance of the Pearson correlation
coefficient was also calculated. Due to the exploratory nature of this work and the limited
number of subjects, the multiple-comparison problem was not addressed in the current
correlation analysis and an uncorrected p-value was used to find significant correlations
between resting-state activities and neuropsychological test scores.

To show the advantage of using an fMRI imaging protocol with slices acquired in a coronal
oblique orientation (perpendicular to the long axis of the hippocampus) over a protocol with
a conventional axial slice orientation, we computed the signal drop-out in the anterior part of
the MTL (Figure 1). All EPIs were co-registered to the same T1 3D-SPGR anatomical
image (which serves in Figure 1 as an underlay). We found that anterior MTL regions
(specifically right CA1, right subiculum, right and left entorhinal cortex) have significant
signal dropout when the EPIs are acquired axially. This signal drop-out does not occur when
the EPIs are acquired in the coronal oblique direction where the slice is perpendicular to the
long axis of the hippocampus. Note that all images in Figure 1 were displayed in
radiological convention.

Age and education differences between normal control and aMCI subjects were not
statistically significant, whereas MMSE differences were significant (p=0.0041).
Assessment of memory performance, specifically for delayed recall (CVLT long delayed
recall) and learning efficiency (CVLT Total), was significantly different between the two
groups, but working memory (CVLT Trial 1) was not. Average CDR score was 0.5 for the
aMCI group and 0 for the normal control group (See table 1).

In Figure 2, we show the t-maps (corrected p<0.05) of the control group (A) and the aMCI
group (B) for the second level one-sample t-test. Significant resting-state activities for
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normal controls were found in the following regions: lateral prefrontal cortex (LPFC), left
MTL including hippocampus (HC) and parahippocampal gyrus (PHG), left fusiform gyrus
(FG), anterior cingulate cortex (ACC), middle cingulate cortex (MCC), posterior cingulate
cortex (PCC), retrosplenial cortex (RC), precuneus, and angular gyrus (AG). For aMCI
subjects, there were no activities found in left HC/PHG/FG, and left LPFC. Furthermore,
activities extended into MCC, in medial prefrontal cortex (MPFC) and right insular cortex
were observed for aMCI.

The differences between the two groups using the second level two-sample t-test is shown in
Figure 3 with corrected p<0.05. In Figure 3A, the group difference is displayed in axial slice
view, where hot red color represents decreased activities in aMCI and cold blue color
represents increased activities in aMCI. The most prominent decreased activities for aMCI
compared to normal controls are in the left MTL (HC/PHG) and left FG along with those in
LPFC, PCClretrosplenial cortex (RC)/Precuneus, left medial temporal gyrus (MTG), and
right AG. The decreased activities in left MTL for aMCI are observed consecutively from
posterior to anterior slices as shown in coronal view in Figure 3B. On the other hand, the
aMCI group shows increased activities mainly in MCC, MPFC, and left inferior parietal
lobe (IPL). In Table 2 and 3 we list the peak locations in MNI coordinates as well as the size
of clusters of decreased and increased activities for the aMCI group, respectively.

To investigate whether there was a trend of decreased MTL activity bilaterally in aMCI, we
lowered the t threshold using uncorrected p<0.03 and cluster size 34 voxels and showed
results in Figure 4. At this lowered threshold, bilateral decreased activities (aMCl<normal
controls) can be found in MTL.

As shown in Figure 5, the average MTL volume and standard deviation are 8370.44 mm?3
and 1404.56 mm3 for normal controls, and 8698.18 mm3 and 1702.49 mm? for aMCl
subjects. The difference is not statistically significant (p=0.68) using a two-sample t-test.

Using twelve peak locations in Table 2 and Table 3 as centers, we calculated the average
activity in Bmmxémmx6mm cubes from each individual DMN component and regressed
them on specific neuropsychological test scores for memory for all subjects. Results are
shown in Figure 6 for working memory (CVLT Trial 1) (a), delayed recall (CVLT long
delayed recall) (b), and learning efficiency (CVLT Total) (c). In each subplot the abscissa is
the test score expressed as a standardized score and the ordinate is the average functional
activity. A statistically significant dependence of resting-state activity on memory scores
was observed for certain DMN regions (denoted by “*”) for delayed recall and learning
efficiency, but not for any DMN regions for working memory scores. Activity within the left
lateral prefrontal cortex (L LPFC), left medial temporal gyrus (L MTG), and right angular
gyrus (R AG) were positively correlated with memory scores for both delayed recall (b) and
learning efficiency (c) with p<0.05. In other words, functional activity decreased as a
function of decreasing memory scores in these regions. Other regions close to significance
level are left hippocampus (L HC), left parahippocampal gyrus (L PHG), and left fusiform
gyrus (L FG) with 0.05<p<0.1 for delayed recall and learning efficiency. Correlation
analysis among the three test scores revealed significant linear dependence between delayed
recall and learning efficiency (r=0.8443, p=0.000034) and between working memory and
learning efficiency (r=0.5210, p=0.0364), but not between working memory and delayed
recall (r=0.4663, p=0.0623).

Discussion

Comparing the results of our study with previous studies using resting-state fMRI (Sorg et
al. 2007, Bai et al. 2008, Qi et al. 2010), there exist consistencies and discrepancies as
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summarized in Table 4. All studies agree that that activity of the DMN in the posterior
cingulate cortex (PCC) is altered in aMCI with all studies revealing decreased activity
compared to normal controls. Since the PCC is the posterior hub of the DMN (Buckner et al.
2008, Andrews-Hanna et al. 2010) and the site of early metabolic abnormalities in
Alzheimer’s disease (Minoshima et al. 1997), its altered resting-state activity seems to be a
meaningful functional hallmark to distinguish aMCI from healthy controls. Both Qi et al.
(2010) and the present study found increased activities in medial prefrontal cortex (MPFC),
which is an anterior hub of the DMN, and decreased activities in fusiform gyrus (FG),
although findings in the lateral frontal lobes, inferior parietal lobe (IPL) and medial temporal
gyrus (MTG) are not concordant. The current study also yielded new differences between
aMCI and healthy controls in MTL, middle cingulate cortex (MCC), and angular gyrus
(AG).

The internal mentation hypothesis that DMN (Andreasen et al. 1995, Rilling et al. 2004,
Saxe & Powell 2006, Buckner & Carroll 2007, Schacter et al. 2008, Andrews-Hanna et al.
2010) is involved in remembering the past, envisioning the future, and mediating the
perspectives of others is supported by evidence that the DMN overlaps with regions that are
active during episodic memory function (Greicius et al 2004, Buckner et al. 2005, Vincent et
al. 2006). Reduced activity in the PCC in AD is attributed to damaged connectivity between
the MTL and PCC (Greicius et al 2004, Wang et al. 2006). Greicius et al. (2009) determined
the fiber tracts from MTL to RC as well as from PCC to MPFC using DTI tractography and
suggested an information flow originating from MTL, through RC to adjacent PCC, and
finally ending in MPFC. This hypothesis is consistent with the histological finding that the
pathological origin of AD is in MTL (Braak & Braak, 1991). Therefore, the decreased
activity in MTL can trigger a cascade of abnormalities in PCC and MPFC. Although
reduced PCC activity is consistently observed in prior aMClI studies of the DMN, reduced
MTL is not. Interestingly, we found the coexistence of reduced activities in both MTL and
PCC, which is in agreement with absent functional connectivity in aMCI discovered by Sorg
et al. (2007) using ROI-based correlation analysis (Table 4). We speculate that the abnormal
activity in MTL occurs earlier than that in PCC, but may be difficult to detect. In part, our
success may have been due to acquisition of oblique-coronal slices perpendicular to the long
axis of the hippocampus, which allowed us to obtain more specific information for MTL
with fewer susceptibility artifacts. In addition, the non-significant difference in MTL volume
between aMCI and controls, despite the resting state functional DMN differences, indicates
that the functional abnormalities may occur before structural atrophy is measurable. This is
quite different from Sorg et al. (2007), where their aMCI group had statistically significant
reduced gray matter volume in MTL and the structural abnormalities were deemed as the
cause of reduced functional connectivity. Additional studies will be useful to investigate
whether DMN changes in the PCC and MTL, even in the absence of significant MTL
atrophy, are reliable indicators of aMCI and/or progression to dementia. It is worthwhile
noting that Li et al. (2002) studied functional synchrony of the hippocampus, defined and
quantified as the mean of the cross-correlation coefficients of spontaneous low frequency
components (COSLOF), in AD, MCI and healthy controls. The COSLOF index in the
hippocampus, but not in the primary visual cortex, was significantly different in three testing
groups and has potential as a noninvasive marker for the preclinical stage of AD.

In agreement with findings by Qi et al. (2010), aMCI subjects in our study also
demonstrated reduced FG activity of the DMN. Although the exact functional meaning of
FG fMRI BOLD activity is debated, there is consensus on its importance in memory-related
function in recognition, particularly in face recognition (McCarthy et al. 1997). Powell et al.
(2004) discovered connections between FG and the parahippocampal gyrus (PHG) using
MR tractography techniques. Anatomically, FG is adjacent to the parahippocampal cortex
(posterior) and perirhinal cortex (anterior) and can feed information into these two areas,
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which are connected to the hippocampus through the entorhinal cortex (Preston & Wagner
2007). It should be no surprise that FG serves as a part of the integrated system of memory
processes during resting states. Reduced FG activity may be an “accessory” indicator of
impaired memory function associated with aMCI.

The finding of increased activities in the DMN in aMCI subjects supports a compensatory
hypothesis proposed in aging and AD (Bookheimer et al. 2000, Buckner 2004). Areas
recruited in the presence of impaired DMN functions are not likely to be the same for
everyone, although regions within the frontal and parietal lobes have been consistently
reported (Anderson et al. 2000, Cabeze et al. 2002, Logan et al. 2002, Grady et al. 2002,
Pariente et al. 2005, Gould et al. 2006). Consistencies and discrepancies in regions with
increased activities for aMCI in different studies are noted in Table 4. For IPL, increased
activity was reported on the right side by Bai et al. (2008) but on the left side by Qi et al.
(2010) and in the present study. Findings of increased left MTG activity and extended
activity into MCC were only found in Qi et al. (2010) and in our study, respectively. Based
on these findings, increased DMN activity alone at a focal region may not be adequate to
indicate aMClI or progression of abnormal aging, although the inferior parietal lobe deserves
further study in this regard.

A major reason for these inconsistent findings may be due to the heterogeneity of aMClI
subjects (Petersen 2004). It was suggested by memory studies (Rombouts et al. 2000, Kato
et al. 2001, Sperling et al. 2003, Machulda et al. 2003, Dickerson et al. 2004, 2005,
Hémaélainen et al. 2007) that initially increased activity occurs in the MTL to compensate for
a functional deficiency followed by hypoactivity in the MTL as pathological progression to
AD occurs. Other regions of the DMN may show similar pattern of activity changes. Thus, it
is conceivable that more consistent conclusions can be found by studying functional activity
of the MTL in aMCI groups over several time points with correlation to the degree of
memory impairment. This longitudinal study will allow DMN activity to be correlated to the
stage of functional impairment to AD and not just to the designation of aMCI. Because the
functional impairment of the MTL in aMCI is generally unknown, longitudinal studies with
survival analyses would be essential to investigate the course of cognitive degeneration
along the aging-MCI-AD progression timeline.

We carried out an additional investigation to shed some light on the question of whether
resting-state DMN activities are correlated to the degree of impairment using
neuropsychological test scores for all subjects. Our results demonstrate that there is a
notable linear dependence of resting-state activity patterns in some regions of the DMN (left
lateral prefrontal cortex, left medial temporal gyrus, and right angular gyrus) and memory
test scores for delayed recall and learning efficiency, but not for working memory. The lack
of statistical significance in some regions may be caused by the small sample size or by a
nonlinear relationship between test scores and resting-state activities. In addition, we
speculate that resting-state functional activity may provide additional information not
captured entirely by memory scores. The complexity of information conveyed by resting-
state activities and how it changes with cognition has to be fully investigated before it can be
used as a routine imaging marker for monitoring cognitive decline of aMCI. However,
aberrant DMN functional patterns using resting-state fMRI has potential as an imaging
marker for aMCI and progression to dementia and it has the advantage of being less
demanding than task-related fMRI scans and is non-invasive compared with nuclear
imaging. Nevertheless, the development of an fMRI imaging marker for diagnosis of aMClI
and prediction of AD may rely on cross validation with other imaging modalities, such as
structural MRI and PET amyloid beta peptide imaging, as well as cerebrospinal and serum
fluid examinations.
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Another reason for discrepancies between studies may be the different resting-state fMRI
data acquisition methods. The most exceptional finding of the present study is that aMCI
showed decreased left MTL activities of the DMN (Figure 3) as well as a trend of bilateral
decreased activities in MTL (Figure 4), which implicates that resting-state activity on both
sides of the MTL may be affected. Our imaging technique was optimized by using a coronal
oblique EPI slice acquisition perpendicular to the long axis of the hippocampus. The
advantage of such a slice orientation is that susceptibility artifacts are reduced as shown in
Figure 1. Furthermore, we used a fairly long resting-state fMRI sequence (2 sec TR
sampling period over more than 9 minutes duration), which may provide a more reliable
ICA analysis. Although 5 minutes of scanning time has been suggested to be sufficient with
respect to the stability for ROI-based correlation methods (Van Dijk et al. 2010), our
experience is that more temporal points will provide more robust resting-state maps using
ICA.

A majority of applications of ICA to fMRI use Infomax since the sources of interest in this
case are super-Gaussian in nature and the algorithm favors separation of super-Gaussian
sources. Correa et al. (2007) compared a number of ICA approaches (Infomax (Bell and
Sejnowski, 1995), FastICA (Hyvérinen and Oja, 1997), and JADE (Cardoso and
Souloumiac, 1993)) using a task related paradigm. Their comparison study showed that all
ICA algorithms yield consistent and reliable results. Therefore, outliers seem not to be a
concern for these approaches. They also found that Infomax yields results that appear to be
the best with highest t values. However, a recently developed ICA algorithm, named Combi
ICA (Tichavsky et al. 2006), was not used in their work. To understand how sensitive the
findings are to the choice of algorithm, we used Infomax, extended Infomax (Lee et al.,
1999) (which is suitable for separation of both super-gaussian and sub-gaussian sources),
and also Combi ICA for our resting-state fMRI data. The group differences from three ICA
algorithms are largely in agreement (similar to Figure 3), which indicates that our findings
are not sensitive to the choice of ICA algorithms.

Although ICA has appealing advantages over ROI-based correlation methods in terms of
avoiding bias introduced by prior seed choice and the necessity of pre-cleanup of
confounding noise, it faces several challenges, and the prominent one is to determine the
number of independent components (IC). Too many ICs may split the interested network
into several pieces, while too few ICs may mix the interested network with other networks
or confounding components. In this study, we used the MDL criterion (Calhoun et al. 2001)
to estimate the number of ICs for each subject and used the median 1C number of each group
for group-1CA. We note that the MDL criterion may still be an overestimate of the true
number of ICA components due to the fact that MDL does not account for correlated noise
properties that are known to exist in fMRI data (Cordes and Nandy 2006). Even if the
optimal number of ICs can be found for a given dataset based on statistical criteria, they may
not reflect the “best” model order for the underlying neurophysiology of multiple distributed
systems (Cole et al. 2010). High dimensionality of ICA decomposition recently advocated
(Kiviniemi et al. 2009, Smith et al. 2009) may provide a viable solution to this problem, but
its robustness is restricted by the length of fMRI series. To investigate whether the DMN
component was split into multiple components, we took the time course of the DMN and
correlated it with time courses of the other 39 independent components. The highest
correlation coefficient was 0.4266 for normal subjects and 0.5553 for aMCls. To further
investigate whether DMN activity has been spread among components differently in one
group versus the other, we used the two-sample Kolmogorov-Smirnov test to compare the
distributions of correlation coefficients in the two groups. The resultant p value of 0.22
cannot reject the null hypothesis that two samples are drawn from the same distribution.
Therefore, it is reasonable to believe that there is no significant splitting of the DMN and the
spread of DMN activity is similar in the two groups.
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Temporal fluctuations of resting-state networks have unique frequency characteristics
(Cordes et al. 2000, 2001). We used each individual’s DMN time course to calculate
“fractional amplitude of low frequency fluctuations” (fALFF) as proposed by Zou et al.
(2008), which was defined as the ratio of the amplitude sum across the 0.01-0.08 Hz range
over the whole frequency range (0-0.25 Hz) in our study, because fALFF is less sensitive to
the physiological noise than the direct use of amplitude of low frequency fluctuations
(ALFF). The difference of fALFF between the aMCI and control group was tested by a two-
sample t-test and turned out to be non-significant (p=0.93). This frequency analysis
demonstrated that the characteristic measured by fALFF was similar in both groups and
incapable of discriminating the groups. Nevertheless, this negative finding should not
exclude future investigation to identify non-stationary time-frequency features of the DMN
that may be used to distinguish between different groups (Chang and Glover 2010).

Extensive studies with fMRI have shown that the DMN can be identified as a pattern of
resting-state functional activity/connectivity (e.g. Greicius et al. 2003, Fox et al. 2005,
Fransson 2005, Damoiseaux et al. 2006, Vincent et al. 2006) as well as a goal-directed task-
induced deactivations (e.g. Esposito et al. 2006, Greicius and Menon 2004, Harrison et al.
2007, Mckiernan et al. 2003). However, the precise meaning of DMN activity with respect
to behavior is not well defined despite some indirect associations with activations evoked by
tasks that enhance subject’s self-attention (Buckner and Carroll 2007, Greicius et al. 2003,
Gusnard et al. 2001, Northoff et al. 2006, Pujol et al. 2007). A recent study by Harrison et al.
(2008) confirmed that a strong overlap exists in the DMN using resting-state connectivity,
deactivation during a Stroop task (not associated with the self-referential mental process),
and activation during a moral dilemma paradigm (associated with the self-referential
process). Rombouts et al. (2005) used task-induced deactivations to study abnormal changes
of aMClI subjects in the DMN. Their results demonstrated that aMCI subjects had less
deactivation compared to healthy controls in the anterior medial frontal cortex. Their
findings may implicate that either the “baseline” activity of aMCI subjects in the DMN are
higher than normal controls, or the task suppresses less spontaneous activity of DMN, or
both. Our finding of increased resting-state activity in the medial prefrontal cortex (see
Table 3) for aMCI likely confirmed the first implication.

Other issues in resting-state fMRI data acquisition and analysis that have not been addressed
by this study are the optimal experimental setting and the physiological noise cleanup. There
is no consensus whether subjects should be asleep or awake, with eyes open or closed (Marx
et al. 2004, Horovitz et al. 2008, Bianciardi et al. 2009). Recent studies (Fukunaga et al.
2006, Horovitz et al. 2009) demonstrated the relative stability of resting-state networks
through various sleep states. For single subject analysis, ICA can identify confounding
factors of physiological noise (Kiviniemi et al. 2003 2009, Beckmann et al. 2005, De Luca
et al. 2006, Birn et al. 2008). However, at the group level, ICA may benefit from removal of
physiological noise (Biswal et al. 2010). We also like to point out that only eight subjects in
each group were used in this preliminary cross-sectional study. More subjects, or a
longitudinal study, are needed to confirm the findings and hypotheses generated from this
research. These technical considerations may further improve to reliably discriminate aMCl
from normal aging individuals.

Conclusion

Using group ICA on resting-state fMRI data, we found that the amnestic mild cognitive
impairment group had decreased activities in lateral prefrontal cortex, left medial temporal
lobe, posterior cingulate cortex/retrosplenial cortex/precuneus, left medial temporal gyrus,
and right angular gyrus, and increased activity in middle cingulate cortex, medial prefrontal
cortex, and left inferior parietal lobe. These findings support the possibility that DMN
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alterations, particularly decreased activity in the posterior cingulate cortex and medial
temporal lobe and increased activity in inferior parietal lobe, could be indicative of
alterations in intrinsic brain architecture leading to functional deficiencies and compensatory
changes seen in aMCI. Using an fMRI imaging protocol such that the slice acquisition is
perpendicular to the long axis of the hippocampus, decreased activity in left MTL was
observed for aMCI without statistically significant MTL volume differences between the
two groups. A correlation between resting-state activities and memory tests suggests that
resting-state fMRI should be explored further as a potential marker of cognitive decline.
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Figure 1.

The functional EPIs were acquired perpendicular to the long axis of the hippocampus (top
left). To show susceptibility drop-out artifacts of EPIs for different slice directions, we
compare EPIs acquired in a coronal oblique orientation (top right) with EPIs acquired in a
conventional axial orientation for a particular subject (lower left). All EPIs were co-
registered to the same T1 3D-SPGR anatomical image (which serves here as an underlay).
The yellow region (lower right) shows the difference of the EPI signal coverage of the
coronal oblique and axial acquisition indicating major signal drop-off in anterior MTL
regions (right CA1, right subiculum, right and left entorhinal cortex) when EPIs are acquired
axially (arrow). All images in this figure are in radiological convention.
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Figure 2.

Group DMN components of normal controls (A) and aMCI (B) with corrected p<0.05.
Resting-state activities for normal controls are found in: a=Left HC/PHG/FG; b=PCC/RC/
Precuneus; c=ACC; d=AG; e=Precuneus/MCC; f=Right LPFC; g=LPFC; h=Precuneus. For
aMCI subjects, there are no activities in left HC/PHG/FG (a) and left LPFC (see k=right
LPFC). On the other hand, some activities extended into MCC (I=Precuneus/PCC/MCC), in
MPFC (j), and in right insular cortext (i) are observed for aMCI. (The t-score range is from
3.5to 16. ACC=Anterior Cingulate Cortex; AG=Angular Gyrus; FG=Fusiform Gyrus;
HC=Hippocampus; LPFC=Lateral Prefrontal Cortex; MCC=Middle Cingulate Cortex;
MPFC=Medial Prefrontal Cortex; PCC=Posterior Cingulate Cortex; PHG=Parahippocampal
Gyrus; RC=Retrosplenial Cortex.)

Magn Reson Imaging. Author manuscript; available in PMC 2013 January 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Jinetal. Page 19

Figure 3.

Group difference of DMN components between aMClI and normal controls (corrected
p<0.05). (A) Axial view of major differences: hot red color represents decreased activities in
aMCI (t score range is from 2.98 to 7.18) and cold blue color represents increased activities
in aMCI (t score range is from 2.98 to 5.91); (B) Coronal view of the decreased activities in
left MTL for aMCI from posterior to anterior slices. The aMCI subjects show decreased
activities in left MTL, LPFC, PCCl/retrosplenial cortex (RC)/Precuneus, left medial temporal
gyrus (MTG), and right AG, while increased activities in MCC, MPFC, and left inferior
parietal lobe (IPL).
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Figure 4.
Bilateral decreased activities (aMCl<normal control) can be found in MTL at the lowered
threshold (uncorrected p<0.03 and the cluster size > 34).
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Figure 5.
The medial temporal lobe (MTL) volume comparison between age-matched normal controls

(NOM) and aMCI. The MTL region including hippocampus, entorhinal cortex, perirhinal
cortex, and parahippocampal gyrus was delineated slice-by-slice in each subject’s high
resolution T2 image by a trained professional. The two-sample t-test on the MTL volumes of
two groups were not statistically significant (p=0.68).
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Relationship between resting-state activities of the DMN and specific memory test scores
using least-squares linear regression. Using twelve peak locations in Table 2 and Table 3 as
centers, average activity (normalized to variance of the fluctuation) in 6mmx6mmx6émm
cubes from each individual DMN component were used as representations of resting-state
activities and regressed on neuropsychological test scores for working memory (a), delayed
recall (b), and learning efficiency (c), which are expressed as standardized scores. In each
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subplot, the abscissa is the test score and the ordinate is the average activity. The red dots
represent aMCI subjects and the blue dots represent normal control subjects. Significance
with uncorrected p<0.05 (as noted by “*” in the plots), was seen for positive correlations
between functional activity in the left lateral prefrontal cortex (L LPFC), left medial
temporal gyrus (L MTG), and right angular gyrus (R AG) for delayed recall (b) and learning
efficiency (c), showing decreasing activity in these regions with decreasing test scores.
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Table 1

Demographic and neuropsychological test data for subjects

Learning Efficiency*

Normal Control | aMCI
Number of subjects 8 8
Female 4 (50%) 3(37.5%)
Age (years) 60.63+8.31 60.88+3.22
Education (years) 16.88+2.10 16.88+1.89
Handedness Right Right
MMSE™* 29.63£0.51 28.13+1.13
CDR 0 0.5
Working Memory 0.5+1.28 —0.44+1.74
Delayed Recall”™ 0.81+0.80 -0.69+1.46

62.00£9.75 50.50£11.49

MMSE=mini mental state examination.

cekrr
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p<0.05 statistical significance between aMCI subjects and normal controls for Mini Mental State Exam or MMSE (p=0.0041), Delayed Recall

(CVLT Long Delayed Recall) (p=0.0233), and Learning Efficiency (CVLT Total) (p=0.0488).
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Table 4
Comparison of major findings in studies of resting-state DMN activity in aMCI groups compared to normal
controls
Present | Sorg2007 | Bai2008 | Qi2010
Subjects aMCl aMCl aMCl aMClI
Posterior Cingulate Cortex/Precuneus -B -L -B -B
Inferior Parietal Lobe +L +R —R,+L
Medial Temporal Lobe(hippocampus, entorhinal cortex, perirhinal cortex, parahippocampal -L *
gyrus)
Fusiform Gyrus -L +R -L
Lateral Prefrontal Cortex -B -R +L
Medial Prefrontal Cortex +B +B
Middle Cingulate Cortex +B
Medial Temporal Gyrus -L +L
Angular Gyrus -R
Putamen +B

“—"= decreased activities in aMCl; “+”= increased activities in aMCI; L=Left; R=Right; B=Bilateral.
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In addition to altered activity in DMN discovered by ICA, a ROI correlation analysis revealed that functional connectivity between both sides

of hippocampus and left posterior cingulate cortex was absent in aMCI (Sorg et al. 2007).
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