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Abstract

Default mode network (DMN) disruption has been reported in Alzheimer’s disease (AD), yet the
specific pattern of altered connectivity over the course of prodromal AD remains to be
characterized. The aim of this study was to assess DMN connectivity in older adults with
informant-verified cognitive complaints (CC) but normal neuropsychological performance
compared to individuals with mild cognitive impairment (MCI) and healthy controls (HC). DMN
maps were derived from resting-state fMRI using independent component analysis. Group
comparisons of DMN connectivity were performed between older adults with MCI (n=18), CC
(n=23), and HC (n = 16). Both CC and MCI showed decreased DMN connectivity in the right
hippocampus compared to HC, with the CC group showing greater connectivity than MCI. These
differences survived atrophy correction and correlated with cognitive performance. DMN
connectivity appears sensitive to early prodromal neurodegenerative changes associated with AD,
notably including pre-MCI individuals with cognitive complaints.
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INTRODUCTION

The default mode network (DMN) is an interconnected set of brain regions that are
spontaneously active when individuals are not focused on the external environment that has
been identified using in vivo functional neuroimaging techniques [1-4], and consists of a set
of brain areas that are tightly functionally connected and distinct from other systems within
the brain [2]. Anatomically, the DMN includes: the posterior cingulate cortex (PCC),
precuneus, dorsal and ventral medial prefrontal cortex, the lateral (mainly inferior) parietal
cortex, and the medial temporal lobes [2-6]. Anatomically distant brain regions within the
DMN demonstrate temporal correlations in their spontaneous fluctuations, which represent
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functionally coupled intrinsic neuronal processes [2-5, 7]. DMN involves multiple
anatomical networks that converge on cortical “hubs”, such as the PCC, ventral medial
prefrontal, and inferior parietal cortices. These hubs are strongly inter-connected and show
strong connections with the other regions of the DMN [8].

Resting-state functional connectivity magnetic resonance imaging (RS-fcMRI) estimates the
coherence in the neural activity across brain regions by measuring patterns of synchronous
fluctuations in the blood oxygenation level dependent (BOLD) signal [7] at rest. Emerging
evidence suggests that the intrinsic correlations estimated by RS-fcMRI are constrained
sufficiently enough by known anatomic connections to be used as a noninvasive probe of the
functional connectivity of a neural system [2, 7]. Using advanced RS-fcMRI, the DMN has
repeatedly been shown to be altered in AD [6, 8-11]. Greicius and colleagues first noted
DMN alterations during the resting state in patients with mild Alzheimer’s disease (AD)
compared to age-matched controls, manifesting as decreased functional connectivity
between PCC/precuneus and the hippocampus [11]. Subsequently, several groups have
reported DMN disruption in mild cognitive impairment (MCI) [9, 12, 13], which is
considered to be a prodromal stage of AD, as well as in normal individuals carrying the most
significant late-onset AD genetic risk factor, the apolipoprotein E (APOE) &4 allele [14-16],
and those with a positive family history of AD [17]. Cognitively normal older adults with
significant cortical amyloid deposition have also been shown to have disrupted DMN
connectivity [8, 18-20]. Interestingly, two brain areas most prone to significant amyloid
deposition, the medial prefrontal cortex and PCC, are also both components of the DMN [8,
18-20]. Other studies have shown that age-related changes in DMN connectivity were found
to be more advanced in an AD sample than in normal older adults [21], and that changes in
DMN connectivity occur even before significant brain atrophy in patients with AD [11].
Differences in DMN connectivity between stable and progressive MCI were also observed
[12]. More interestingly, Damoiseaux and colleagues have evaluated three subnetworks of
DMN and found decreased connectivity in the posterior DMN, and increased connectivity in
the anterior and ventral DMN at baseline in AD patients versus controls [10]. However, the
complete trajectory of changes in DMN connectivity over the course of the preclinical and
prodromal stages of AD remains to be elucidated [2, 6].

Previous studies have indicated that older adults with subjective memory impairment have a
higher risk for future dementia [22] as well as decreased entorhinal cortex volume [23] and
glucose metabolism [24] and therefore as a group may represent a prodromal phase of AD
preceding MCI (“pre-MCI”). In euthymic older adults with informant-verified cognitive
complaints largely involving memory, our group reported reductions in medial temporal
regional grey matter density and alterations in white matter integrity similar in pattern to
those seen in MCI and AD [25-28], as well as altered visual contrast sensitivity [29],
lending further support to the concept that this group may represent a pre-MCI stage for
many individuals.

The goal of the present study was to measure resting-state DMN connectivity in cognitively
normal older adults (HC), subjects with informant-verified cognitive complaints (CC; as a
pre-MCI group), and MCI patients. We hypothesized that the CC group would show
intermediate changes in resting-state DMN connectivity relative to the MCI and HC groups.
We also hypothesized that subjective and objective measures of memaory integrity would be
directly related to DMN connectivity.
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MATERIALS AND METHODS

Participants

The study was approved by the Indiana University Institutional Review Board, and written
informed consent was obtained from all participants. Participants were consecutively
selected on the basis of resting state scan availability from a larger cohort of older adults
recruited for a longitudinal study of brain aging and memory. The sample included 23
euthymic individuals with significant cognitive complaints despite cognitive test
performance within the normal range (CC group), 18 patients with amnestic MCI (MCI
group), and 16 healthy age-matched healthy controls (HC group) without significant
cognitive complaints or psychometric deficits. Further details regarding participant
recruitment, selection criteria, and characterization are described in Saykin et al. [25]
although the present study represents an independent sample.

Inclusion criteria were: at least 60 years of age, right-handed, fluent in English, and at least
10 years of formal education. Participants were required to have an informant who knew
them well and could answer questions about their cognition and general health. Exclusion
criteria included any significant or uncontrolled medical, psychiatric, or neurologic
condition (other than MCI) that could significantly affect brain structure or cognition
including but not limited to history of head trauma with loss of consciousness lasting more
than 5 minutes, history of substance dependence, and factors contraindicating MRI. Non-
amnestic forms of MCI [30] were excluded, although amnestic MCI with involvement of
multiple domains was permitted.

Neuropsychological assessment

MR imaging

Participants underwent a detailed neuropsychological evaluation, including measures of
memory, attention, executive function, language, spatial ability, general intellectual ability,
and psychomotor speed, as well as standard dementia screens. Tests examined for the
current analyses included the Mini-Mental State Examination (MMSE) [31], Mattis
Dementia Rating Scale-2 [32], and California VVerbal Learning Test-11 (CVLT-II) [33]. For
the CVLT-II, participants were randomly administered either the standard or alternate test
forms to reduce practice effects engendered by multiple administrations of the same items.
Multiple inventories were employed to assess subjective cognitive functioning, including the
Memory Self-Rating Questionnaire [34], self and informant versions of the Neurobehavioral
Function and Activities of Daily Living Rating Scale [35], self and informant versions of the
Informant Questionnaire on Cognitive Decline in the Elderly [36], the four cognitive items
from the Geriatric Depression Scale (GDS) [37], and 23 items from the Memory Assessment
Questionnaire [38]. A Cognitive Complaint Index (CCI) was calculated as the percentage of
all complaint items positively endorsed [25].

Group classifications (HC, CC, MCI) were based on results of the neuropsychological
assessment and self and informant report indices. A multidisciplinary clinical consensus
panel reviewed each case according to specific criteria [25]. MCI (amnestic type) subjects
had a Clinical Dementia Rating (CDR) global score of 0.5, with 0.5 or greater rating on the
memory domain. Participants were categorized as CC if they endorsed more than 20% of the
items on the CCI based on our previous work [25] or by consensus appraisal that cognitive
concerns were of potential clinical significance.

Imaging data were acquired on a Siemens Tim Trio 3.0 T whole body scanner. Participants
were scanned at rest with eyes closed, using a 2D axial T2*-weighted single shot echo
planar imaging (EPI) pulse sequence (TR/TE: 2250 ms/29 ms, Flip angle: 79, FOV: 220
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mm, Matrix: 88x88, 39 axial slices, voxel size: 2.5 x 2.5 x 3.5 mm?3, total 161
measurements). An integrated Parallel Acquisition Techniques (iPAT) accelerator factor of
2 was used to reduce susceptibility artifact. The 3D prospective motion correction algorithm
(PACE) was performed during the EPI scan to minimize head motion artifact. In addition,
T1-weighted anatomical scans were performed using the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) Magnetization Prepared Rapid Gradient Echo (MPRAGE)
protocol (60 contiguous 1.2 mm sagittal slices, TR/TE: 2300 ms/2.91 ms, Magn.
Preparation: Non-sel. IR, T1: 900 ms, Flip angle: 9, in-plane resolution:1.0 x 1.0 mm2, BW:
240 Hz/Px). To detect incidental findings including cerebrovascular abnormalities, a high-
resolution (isotropic voxel size of 1 mm3), 3D Fluid Attenuated Inversion Recovery
(FLAIR) sequence was utilized using the following parameters: TR/TE/TI = 5000/361/1800
ms, Flip angle = 180.

Imaging data processing

MPRAGE images were processed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/)
according to updated versions of processing procedures described in our prior work [25].
Briefly, the MPRAGE image for each participant was segmented into gray matter (GM),
white matter (WM), and cerebrospinal fluid (CSF) compartments. An individual GM density
map was also generated for each participant [25]. These GM density maps and volume
information were used for further analyses (see below).

To determine degree of brain atrophy, voxel-based morphometry (VBM) was also
performed in SPM8 using updated versions of processing procedures as described in our
previous publications [25, 39, 40] which include advanced registration and segmentation. In
addition, each participant’s cortical and subcortical tissue volumes, as well as the total
intracranial volume, were estimated using automated parcellation as implemented in the
FreeSurfer software package (version 5.1) [41] using the T1-weighted MPRAGE anatomical
images [40].

RS-fcMRI data was preprocessed using approaches described by Biswal et al. [7]. All
resting-state scans were preprocessed using both AFNI (http://afni.nimh.nih.gov) and FSL
(http://www.fmrib.ox.ac.uk). After the first three images of every scan were discarded to
remove possible T1 stabilization effects, images underwent slice-time correction by means
of sinc interpolation, followed by motion correction by aligning each volume to the mean
image volume using Fourier interpolation. Time series were temporally filtered using a
band-pass filter (0.01~0.1 Hz) [7, 13, 14, 17, 20] and processed with linear detrending to
remove any residual drift. Image data were then spatially smoothed using a 5-mm FWHM
Gaussian kernel. After co-registration to the corresponding MPRAGE image, all EPI data
were transformed into the Montréal Neurological Institute (MNI) standard space as 2 mm
isotropic voxels. Finally, to control for the effects of physiological processes such as
fluctuations related to motion and cardiac and respiratory cycles, nuisance signals were
removed from the data via multiple regression. Specifically, each individual’s 4D time series
data was regressed on nine predictors: white matter, cerebrospinal fluid, the global signal,
and six motion parameters [7, 8, 19].

Independent component analysis

All preprocessed individual 4D RS-fcMRI data were temporally concatenated. Independent
component analysis (ICA) was then performed on this group data to generate group-level
components for the whole sample using the MELODIC function of the FSL package [42].
Consistent with recent work using an ICA approach in RS-fcMRI analysis, the number of
components was fixed at 20 [7, 12, 21]. The group ICA was repeated several times using
unique randomly resampled data to ensure stability of 20 independent components [7, 21]. A
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meta-ICA analysis was then carried out using all iterations of the group ICA components to
extract the 20 spatially independent components consistently identified across the group ICA
runs. To reconstruct component maps for each participant, dual regression [7, 9, 10, 14, 15,
21] was applied to each individual’s preprocessed datasets using the 20 group components
identified using the ICA approach as templates. Specifically, for each of the group
component templates, the first regression model used the template as a spatial predictor for
the participant’s 4D data, producing a set of individual regression weights in the time
domain. Using this time series as a temporal predictor for the 4D BOLD data, the second
regression equation estimated the individual regression weights in the spatial domain. In this
work, individual DMN component maps were selected to carry out group-level statistics [7,
9,10, 14, 15, 21].

Statistical analysis

RESULTS

Voxel level group statistical analyses were carried out using SPM8 on individual DMN
maps. The unified statistical model is an ANCOVA, treating diagnostic group (HC, CC,
MCI) as the between group factor. F-contrasts were used to measure the effect of diagnostic
group, with age and gender as confounding covariates. To take account of the potential
effect of underlying GM atrophy, individual GM density maps were added as a voxel-
dependent covariate using the Biological Parametric Mapping toolbox [21, 43, 44].

Voxel-wise linear regression was implemented in SPM8 to evaluate the relationship between
DMN connectivity and clinical dementia severity (CDR Sum of Boxes (CDR-SB) score), as
well as DMN connectivity and memory performance (CVLT-II total score, short delay recall
score (CVLT-SD), and long delay recall score (CVLT-LD)). Age at scan, years of
education, and gender were included as covariates. Results were masked using a standard
whole-brain mask. A voxel-wise threshold of p < 0.005 was considered significant for all
statistical models.

Statistical Package for Social Sciences (SPSS, version 19.0) was used to assess differences
between diagnostic groups in demographic, cognitive variables, and region of interest (ROI)
data. For continuous variables, ANOVAs were employed with a Tukey’s post-hoc test for
multiple comparisons, while 42 tests were used to assess categorical variables.

Participant characteristics

The three groups of participants did not differ significantly with respect to age or years of
education (Table 1). However, in view of slight differences in age and years of education,
these variables were entered as covariates in all voxel-wise statistical analyses. Male to
female ratio among the three groups was not significantly different by 42 test. Assessment of
cognitive performance was based on score adjusted for age, years of education, and gender,
as applicable [25]. As expected, CC and MCI participants had significantly higher CDR
global and sum of boxes scores than HC, whereas no significant differences between CC and
MCI groups were found (Table 1). The CCI was significantly elevated in both the CC and
MCI groups relative to the HC group. The CC and MCI groups did not differ and endorsed
approximately three times as many complaints as the HC group. MCI patients had modestly
but significantly lower mean MMSE and DRS-2 total scores than the CC and HC groups.
The most significant difference between MCI patients and other participants was observed
for the CVLT-II scores (total, short delay, long delay). The CC group was not significantly
different from the HC group on the MMSE, DRS-2, and CVLT-II scores. No significant
difference in APOE &4 carrier status was observed across the groups although the present
study was notably not powered to detect genetic influences.
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Group difference in DMN

As predicted, ICA analysis revealed a sample-specific DMN with both anterior and posterior
regions present (Fig. 1). At the threshold of p < 0.005 (uncorrected), voxel-wise between-
group analyses (Fig. 2, Table 2), the CC group showed more DMN connectivity in right
hippocampus and right precuneus than the MCI group, but demonstrated significantly less
DMN connectivity in the right hippocampus compared to the HC group, while significant
reduction of DMN connectivity was evident in the MCI group relative to the HC group in
the right hippocampus, right parahippocampal gyrus, right precuneus, and right thalamus.

In subsequent ROI analyses, mean Z-score of the DMN component for each participant was
extracted from the right hippocampal cluster showing significant voxel-wise differences
between HC and MCI groups. Using age, years of education, and gender as covariates,
ANOVA indicated a significant difference between groups (F(2,57) = 9.893, p < 0.005).
Post-hoc comparisons showed significant differences between all groups, with HC > MCI (p
<0.0001), HC > CC (p < 0.005), and CC > MCI (p < 0.02) (Fig. 3).

Relationship between memory performance and DMN

At the threshold of p < 0.005 (uncorrected), a voxel-wise regression analysis yielded clusters
showing significant positive associations between CVLT performance and DMN
connectivity across the whole sample (Fig. 4). Specifically, positive correlations between
DMN connectivity and CVLT-II total score were most evident in the right hippocampus,
right hippocampal gyrus, and right thalamus. Likewise, CVLT-Il SD and CVLT-IlI LD
scores were also positively correlated with DMN connectivity in the right hippocampus,
right hippocampal gyrus, and right thalamus.

Using the right hippocampal cluster showing significant voxel-wise difference in DMN
between HC and MCI groups as an ROI, partial correlations controlling for age, years of
education, and gender were performed to investigate relationships between right
hippocampal DMN connectivity and cognitive indices. Significant negative correlations
were observed between the mean right hippocampal ROl DMN Z-score and the CDR global
score (r = —0.45, p < 0.001), as well as the CDR-SB (r = -0.38, p < 0.01). Significant
positive correlations were shown between the mean right hip-pocampal DMN Z-score and
CVLT-II performance (CVLT-II total score: r =0.53, p < 0.0001; CVLT-II SD score: r =
0.53, p<0.0001; CVLT-II LD score: r =0.51, p < 0.0005).

Gray matter atrophy

Using age, gender, years of education, and total intracranial volume as covariates, both a
VBM voxel-wise analysis and an ANOVA of FreeSurfer-derived cortical and subcortical
volumes found no significant difference between groups in GM atrophy along the main
components of DMN, including the PCC, precuneus, medial prefrontal cortex, inferior
parietal cortex, and medial temporal lobes (bilateral hippocampi).

DISCUSSION

In the present study, the MCI group demonstrated lower connectivity relative to HC and CC
groups in key DMN regions, including right hippocampus, precuneus, and right thalamus.
These findings are generally in accord with previous DMN studies in MCI and AD [8-15,
18, 21]. The novel aspect of the present report was the inclusion of a group of individuals
with marked cognitive complaints but psychometric performance within normal limits.
Consistent with study hypotheses, the CC group demonstrated intermediate changes of
DMN connectivity in right hippocampus, with values falling between those of the MCI and
HC groups. Further, alterations in hippocampal DMN connectivity were significantly
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associated with performance on measures of episodic memory and clinical dementia
severity.

Volume loss or atrophy of the hippocampus can be observed as one of the earliest and
ultimately most significant signs in both MCI and AD, and can also longitudinally predict
conversion from MCI to AD over time [39, 40]. In our previous report [25], intermediate
decrease in hippocampal volume was observed in participants with CC compared with HC
and MCI groups. Structural GM differences between groups were not statistically significant
in the current study, likely due to relative small sample size. However, it is also possible that
a decrease in functional connectivity within the DMN may precede GM atrophy in the early
stages of AD [5, 45]. In other words, our findings could indicate functional changes in the
DMN that may precede significant brain atrophy in participants likely to progress to AD.
These results suggest that RS-fcMRI can contribute new information related to functional
changes at pre-MCI stages of probable AD.

In this study, thalamic connections also demonstrated significant correlations with CVLT-II
performance, as well as group differences between HC and MCI. The thalamus is not
typically included in DMN but has been shown to play an intermediary role in cortico-
cortical interactions [3]. Thalamic abnormalities, including local lesion or reduction of
connections, have been associated with disruption in DMN [44, 46]. A recent study showed
that thalamic lesions may result in reduced activity in these regions [46], since the PCC
receives axonal projections from the anterior thalamic nuclei [47]. This notion is also in line
with our previous report showing significant callosal atrophy and in CC and MCI patients
relative to healthy controls [27].

The leading hypothesis regarding the causes of AD proposes that toxic forms of the
amyloid-f protein initiate a cascade of events ending in synaptic dysfunction and cell death
[48]. The pathophysiological process of AD is associated with alterations in large-scale
functional brain networks, in particular, the distributed networks supporting memory
function [49]. The DMN offers a functional glimpse into regions of particular interest [2, 5,
6, 49]. From the disease prospective, many DMN regions are particularly vulnerable to
neuropathologic cellular [50] and structural change in MCI and AD [2, 5, 6, 49]. Specific
regions of the DMN, particularly the precuneus and PCC, are selectively vulnerable to early
amyloid deposition in AD [8, 18-20]. Recent studies have also revealed that disruption of
the intrinsic connectivity of these networks is observable during the resting state even in
asymptomatic individuals with high amyloid burden [18-20].

While the nature of DMN function remains elusive, numerous studies of DMN connectivity
have been published, likely because it is an easily produced, readily identified, and
consistent pattern of brain activity [6]. Activity in DMN regions can be efficiently elicited
during simple resting-state scans, a benefit in the study of individuals with compromised
health or cognitive ability. Our study provides support for the notion that one of the
functions of the DMN is to subserve episodic memory processes [2, 6, 49]. Research is
ongoing to determine if impaired connectivity within DMN may serve as a predictor of
memory decline related to the development of AD in prodromal stages. Our results, together
with other recent findings, suggest that DMN connectivity may be able to serve as an
additional stage-related biomarker that can contribute information above and beyond
established medial temporal atrophy and cognitive measures. Furthermore, the CC group
may represent a pre-MCI stage and may provide an earlier therapeutic opportunity than MCI
[22-28].
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Fig. 1.

[llustration of default model network (DMN) regions derived from group independent
component analysis (ICA). The DMN component identified by meta-ICA analysis included
the posterior cingulate cortex, precuneus, medial prefrontal cortex, lateral parietal regions,
lateral temporal regions, and bilateral medial temporal regions (p < 107).
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Fig. 2.

Brain regions displaying significant differences in default model network connectivity
between diagnostic groups (HC, CC, MCI) using voxel-wise comparisons (p < 0.005,
uncorrected for multiple comparisons). Individual atrophy was controlled using biological
parametric mapping.

J Alzheimers Dis. Author manuscript; available in PMC 2014 March 21.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Wang et al.

Page 14

—

|

—
L

J J
HC cc MCI
Error bars: +- 1 SE

Fig. 3.

Region of interest analysis of default mode network (DMN) connectivity in the right
hippocampus showed significant differences in DMN Z-scores (+SE) between groups (HC >
CC > MCI; p<0.02), covaried for age, years of education, and gender.
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Fig. 4.

Verbal memory performance was positively associated with default mode network
connectivity in the right hippocampus, right parahippocampal region, and right thalamus
across the entire sample (n = 57; p < 0.005, covaried for age, years of education, and
gender). (CVLTtot, California Verbal Learning Test-Il total learning raw score; CVLT-SD,
CVLT-II short delay recall score; CVLT-LD, CVLT-II long delay recall score).
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