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Background: Normal establishment of cognition occurs after forming a sensation
to stimuli from internal or external cues, in which self-reference processing may be
partially involved. However, self-reference processing has been less studied in the
Alzheimer’s disease (AD) field within the self-reference network (SRN) and has instead
been investigated within the default-mode network (DMN). Differences between these
networks have been proven in the last decade, while ultra-early diagnoses have
increased. Therefore, investigation of the altered pattern of SRN is significantly important,
especially in the early stages of AD.

Methods: A total of 65 individuals, including 43 with mild cognitive impairment (MCI) and
22 cognitively normal individuals, participated in this study. The SRN, dorsal attention
network (DAN), and salience network (SN) were constructed with resting-state functional
magnetic resonance imaging (fMRI), and voxel-based analysis of variance (ANOVA)
was used to explore significant regions of network interactions. Finally, the correlation
between the network interactions and clinical characteristics was analyzed.

Results: We discovered four interactions among the three networks, with the SRN
showing different distributions in the left and right hemispheres from the DAN and SN
and modulated interactions between them. Group differences in the interactions that
were impaired in MCI patients indicated that the degree of damage was most severe
in the SRN, least severe in the SN, and intermediate in the DAN. The two SRN-related
interactions showed positive effects on the executive and memory performances of MCl
patients with no overlap with the clinical assessments performed in this study.

Conclusion: This study is the first and primary evidence of SRN interactions related to
MCI patients’ functional performance. The influence of the SRN in the ultra-early stages
of AD is nonnegligible. There are still many unknowns regarding the contribution of the
SRN in AD progression, and we strongly recommend future research in this area.

Keywords: self-reference network, mild cognitive impairment, interaction, modulation, dorsal attention network,
salience network
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease
accompanied by an irreversible decline in memory, and there
is currently no effective treatment (Rafii and Aisen, 2020).
Two early stages have been defined that play key roles in AD
curative treatment, namely, mild cognitive impairment (MCI)
and subjective cognitive decline, in which patients’ network
damage is still partially reversible at the neuronal level. A
high rate of approximately 10-15% is reported for MCI which
annually progresses to AD, and subjective cognitive decline
possessing lighter cognitive symptoms is regarded as occurring
prior to MCI. Both stages have received much attention in recent
years as a possible precursor to this most common dementia state
(Cai et al., 2015).

Resting-state functional magnetic resonance imaging (fMRI)
has been widely used to investigate the pathogenesis of
networks in the course of the disease and has attracted
increasing attention. However, little evidence of a self-reference
network (SRN) has been found in AD studies. It appears
that most research placed the self-reference processing of the
SRN under that of default-mode network (DMN) concepts;
therefore, there is not much active research being done on
their differences (Whitfield-Gabrieli and Ford, 2012; Davey
et al., 2016; de Caso et al., 2017; Soch et al., 2017; Kubera
et al., 2020). SRN shares some similarities with the DMN
in brain regions and the processing function of self-reference
(Potvin et al., 2019), whereas the operational type and activated
regions (including driving and driven hubs) in the brain
have been reported to be different. Wang et al. (2020) has
defined the driving hub and driven hub, of which both are
composed of brain regions that act similarly in the activation
process within a network. The difference between them is
that the driving hub takes an active role rather than the
passive role taken by the driven hub at the initiation of
an activation.

Moreover, neuroimaging has revealed consistent activations
in the medial prefrontal cortex (MPFC) and posterior cingulate
cortex extending to the precuneus both during explicit
self-reference tasks and during rest (Whitfield-Gabrieli et al.,
2011). Importantly, the functions between dorsal medial
prefrontal cortex (AMPFC) and ventral medial prefrontal cortex
(VMPFC) are different (Schwiedrzik et al., 2018; Lieberman
et al,, 2019). SRN mediates the explicit self-reference in the
dMPEFC during tasks vs. the DMN actions in the default-mode
self-reference in the vMPFC during rest (Whitfield-Gabrieli et al.,
2011). The regions mentioned above are major driving hubs
within each network. According to the above, the precuneus
is involved in all self-reference processing. As mentioned in
regard to the driving hubs, the posterior cingulate cortex
and precuneus only takes part in the active role within
the activation of DMN, while serving a passive role within
the activation of SRN (Whitfield-Gabrieli et al., 2011; Wang
et al, 2020). Interestingly, dMPFC studies have attracted
less attention in AD (Xi et al, 2013; Jedidi et al, 2014;
Kurth et al, 2015). Instead, there is more concern with
social behavior (Dejean et al., 2016; Goelman et al, 2019;

Piva et al, 2019) and psychosis (e.g. depression; Shiota
et al., 2017; Schulze et al, 2018) than with neurosis in
these studies.

Regarding interactions with other networks, correlations
between emotion and attention to cognition scale performance
have been clinically discovered, and self-reference processing
may be partially involved (Berkovich-Ohana et al., 2012; Amft
et al,, 2015; Catalino et al., 2020; Tomova et al., 2020; Van der
Gucht et al,, 2020). The dorsal attention network (DAN) and
salience network (SN), which function across both high-level
cognitive and attention networks (Arkin et al., 2020; Shi et al,,
2020), participate in the regulation of networks between state
switching of the brain (Gao and Lin, 2012; He et al, 2014;
Chand et al., 2018). Specifically, the right fronto-insular region
of the SN plays a critical role in switching between the DMN
and the central executive network (He et al., 2014), and the
DAN modulates the in-between activity and is damaged in MCI;
thus, it is responsible for patients’ cognitive impairment (Chand
et al,, 2018). The actional patterns in AD progression indicate
that the mechanisms of healthy cognition and memory are all
based on balance. Ultimately, prior stimulation then forms the
necessary sensation to attention, and the normal establishment
of those functions comes afterwards (Berger et al., 2015;
Qin et al., 2016).

Notably, the relationship of the SRN to the other networks in
AD remains unclear. In particular, the SRN effect on cognition
is associated with AD. The only closer relationship mentioned in
the last decade was the overlap between self-reference processing
and salience processing and between self-reference processing
and executive control processing regions found in amnestic MCI
(Bai et al., 2016), in which the patient’s cognitive performance
corresponded to the decoupled functional connection (FC)
within and between modules of a network (Contreras et al., 2019)
but not age (Sullivan et al., 2019). Nonetheless, it is difficult to
show the directly engaged network based on the interpretation
in this research. Given that there are many investigations on
the DMN rather than the SRN in AD research, there is a
crucial need for SRN research. Furthermore, the impact of SRN
interactions that contribute to patient cognition in the disease is
nonnegligible.

In this study, we aimed to investigate the interaction of the
SRN between the DAN and the SN and the relationship of its
patterns combined with behavioral and cognitive development
in the course of the disease to promote further research on the
SRN in AD.

MATERIALS AND METHODS

Participants

A total of 65 subjects, including 43 with MCI and 22 cognitively
normal subjects as healthy controls (HC), participated in the
study. HC were free of memory complaints (beyond those of
normal aging), verified by a study partner. MCI subjects had
a subjective memory concern as reported by the subject, study
partner, or clinician. All study subjects met the ADNI inclusion
and exclusion criteria. In the ADNI, HC are nondepressed, non-
MCI, and presented without dementia and have Mini-Mental
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State Examination (MMSE) scores of 24-30 (inclusive) and a
Clinical Dementia Rating (CDR) score of 0. Inclusion criteria for
ADNI MCI were MMSE scores of 24-30 (inclusive), a subjective
memory concern, a CDR of 0.5, an absence of significant levels of
impairment in other cognitive domains, and essentially preserved
activities of daily living.

Neuropsychological Data

The demographic and clinical measures from the ADNI
included in this analysis were age; education; sex; and Clinical
Dementia Rating Scale: sum of boxes (CDRSB), Alzheimer’s
Disease Assessment Scale cognitive subscale (ADAS-Cogll,
ADAS-Cogl3 and ADAS-Cog Q4), MMSE, Rey Auditory
Verbal Learning Test (RAVLT), Logical Memory Test: total
number of units recalled (LDELTOTAL), Trail Making Test-B
(TRABSCOR), Functional Activities Questionnaire (FAQ),
Montreal Cognitive Assessment (MoCA), and Everyday
Cognition test: the patient reported version (ECogPT) scores.

Alzheimer’s Disease Neuroimaging

Initiative (ADNI)

The ADNI was launched in 2003 by the National Institute on
Aging (NIA), the National Institute of Biomedical Imaging and
Bioengineering (NIBIB), the Food and Drug Administration
(FDA), private pharmaceutical companies, and nonprofit
organizations as a $60 million, 5-year public-private partnership.
The primary goal of the ADNI has been to test whether
serial magnetic resonance imaging (MRI), functional MRI,
other biological markers, and clinical and neuropsychological
assessments can be combined to measure the progression
of MCI and early AD. The determination of sensitive and
specific markers of very early AD progression is intended to
aid researchers and clinicians in developing new treatments
and monitoring their effectiveness and to lessen the time and
cost of clinical trials. To date, the ADNI has three phases,
ADNI-1, ADNI-GO, and ADNI-2, consisting of cognitively
normal individuals, individuals with MCI, and individuals with
dementia or AD. For more information, see http://www.adni-
info.org.

Standard Protocol Approvals,

Registrations, and Patient Consent

The ADNI was approved by the institutional review board at
each site and was compliant with the Health Insurance Portability
and Accountability Act. Written consent was obtained from all
participants at each site.

MRI Acquisition

All subjects were scanned on a 3.0-Tesla MRI scanner (GE
Healthcare, Philips Medical Systems). Resting-state functional
images were obtained by an echo-planar imaging sequence (EPIL:
a fast MRI technique that allows the acquisition of single images
in as little as 20 ms and the performance of multiple-image
studies in as little as 20 s (De LaPaz, 1994) with the following
parameters: 140 time points; repetition time (TR) = 3,000 ms;
echo time (TE) = 30 ms; flip angle = 80°, number of slices = 48;
slice thickness = 3.3 mm spatial resolution = 3 x 3 x 3 mm?

and matrix = 64 x 64. All original image files are available
to the general scientific community. Detailed descriptions of
the resting-state fMRI and MRI scanner protocols are available
online!. Scan quality was evaluated by the ADNI MRI quality
control center at the Mayo Clinic to exclude “failed” scans
because of motion, technical problems, or significant clinical
abnormalities (e.g., hemispheric infarction).

Resting-State Functional Image

Preprocessing

The fMRI data were processed with the Data Processing
Assistant for Resting-State fMRI v2.3 (DPARSFA)? and Resting-
State fMRI Data Analysis Toolkit> based on the Statistical
Parametric Mapping 12 (SPM12)* and MATLAB (The Math
Works, Inc.; Natick, MA, USA) programs (Chao-Gan and Yu-
Feng, 2010). The first 10 volumes of the scanning session
were abandoned to allow for magnetization equilibration effects.
Then, the remaining images were corrected for timing differences
in acquisition among slices and head motion effects. No
subjects performed a head motion of >3.0 mm of displacement
or >3.0° of rotation during the scan. Next, the obtained images
were spatially normalized into Montreal Neurological Institute
echo-planar imaging templates, resampled to 3 x 3 x 3 mm?
voxels, and smoothed with a Gaussian kernel of 6 x 6 x 6 mm?
(full width at half-maximum, FWHM). The nuisance signals,
including 24 head motion parameters and global mean, white
matter, and cerebrospinal fluid signals, were regressed out
as covariates of no interest. Finally, the resulting data were
bandpass-filtered within the frequency range of 0.01 and 0.08 Hz
to reduce the low-frequency drift and high frequency cardiac and
physiological respiration noise.

Resting-State Networks Definition

Seed-based FC analysis was used to construct resting-state
networks. The spherical region of interest (ROI) (radius = 8 mm)
centered at the dMPFC (Montreal Neurological Institute [MNI]
space: —0, 52, 26) (Andrews-Hanna et al., 2010), the medial
frontal gyrus (MFG) (MNI space: —8, 57, 12/5, 54, —15) (Jacova
et al.,, 2013), and the bilateral intraparietal sulcus (IPS) (MNI
space: —25, —53, 52/25, —57, 52) (Woodward et al., 2011; Ham
et al.,, 2015) served as seed regions for the SRN, bilateral SN,
and bilateral DAN, respectively. These seed regions have been
widely used to identify the corresponding networks in prior
studies. For each subject, an average time series for the ROI
was computed as the reference time course. Pearson cross-
correlation analysis was then conducted between the average
signal change in the dMPFC, MFG, and IPS and the time
series of whole-brain voxels. Next, Fisher’s z-transform was
used to improve the normality of the correlation coefficients
(Lowe et al., 1998). Finally, the individual maps of each network
were acquired.

!http://www.adni.loni.usc.edu/methods/documents/mriprotocols/
Zhttp://www.rfmri.org/DPARSFA

3http:/fwww.restfmri.net

4http://www.filion.ucl.ac.uk/spm
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STATISTICAL ANALYSIS

Demographic and Neuropsychological
Data

The composite scores were applied to enhance statistical
reliability by means of reducing random variability and
eliminating floor and ceiling effects (Wilson et al, 2010).
The x? test was applied in the comparisons of sex. One-way
analysis of variance (ANOVA) was applied in the comparisons
of education. The Kruskal-Wallis test was applied in age and
other neuropsychological data comparisons, with Monte Carlo
significance at p < 0.05 due to the nonnormal distributions.

Group-Level Interaction Analysis

Two-way ANOVA with network types (i.e., SRN, left and right
DAN, left and right SN) and the two groups (i.e., HC and
MCI) was conducted to identify the brain regions showing
significant interaction between the two networks in a voxel-wise
manner. The thresholds were set at a corrected p < —0.05,
determined by Monte Carlo simulation for multiple comparisons
(AlphaSim-corrected voxel-wise p < 0.01, FWHM = 6 mm,
cluster size = 756 mm?®). Post hoc analysis was conducted to
determine the internetwork differences among the groups. To
further investigate the associations between cognitive scores
and internetwork differences among the two groups, partial
correlation analysis was performed, with age, sex, and education
included as covariates. All data were analyzed using SPM12 and
SPSS Statistics 22 software (SPSS, Inc., Chicago, IL, USA),
with statistically significant differences (p < 0.05, Monte Carlo
simulation) included.

RESULTS

Demographic and Neuropsychological
Data

As shown in Table 1, no significant differences in age, years
of education, or sex were detected between the groups. In
consideration of the main disease effect, MCI subjects displayed
significantly worse performance on general cognition than the
HC subjects, excluding ECogPT Divided Attention. Notably, the
scores of CDRSB, ADASs, FAQ, TRABSCOR, and ECogPTs
and two RAVLTs (i.e., the Forgetting and Percent Forgetting)
correlated positively with the disease progression or functional
damage degree, with a score of 0 corresponding to normal or
no impairment and higher scores representing damage severity.
The higher score of MMSE, MoCA, LDELTOTAL, and the other
RAVLTs (i.e., Immediate Recall and Learning Score) correlated
positively with normal performance (Farias et al., 2008; Battista
et al., 2017; Moradi et al., 2017).

Identification of Network Interactions

The spatial maps of each reconstructed network are shown in
Figure 1. A qualitative visual inspection of networks between
the two groups showed similar patterns, in which distributions
were demonstrated across the majority of the clusters, including
diffuse subcortical and cortical sites, with a corrected threshold

TABLE 1 | Demographic and neuropsychological data.

Items HC (n =22) MCI (n = 43) p-value?

Demographic Data
Age (years) 73.77 (6.00) 74.22 +2.82 0.644
Education (years) 16.27 £ 2.05 15.66 + 2.53 0.333°
Sex (male/female) 7/15 21/22 0.111¢

Neuropsychological Data
CDRSB 0.02 (0) 1.66 (2) <0.001
ADAST11 5.38 (4) 9.88 (7) <0.001
ADAS13 8.62 (4) 15.93 (11) <0.001
ADASQ4 2.76 (2) 5.44 (4) <0.001
MMSE 28.9 (2) 27.8 (3) 0.01
MoCA 25.48 (3) 22.9 (4) 0.001
RAVLT: Immediate recall 47.38 (14) 33.59 (13) <0.001
RAVLT: Learning 6.29 (4) 3.98 (5) 0.001
RAVLT: Forgetting 3.29 (2) 4.85 (3) 0.024
RAVLT: Percent Forgetting 28.25(21.47) 63.11 (62.91)  <0.001
LDELTOTAL 14.67 (4) 6.78 (4) <0.001
TRABSCOR 89.29 (31) 107.85 (74) 0.024
FAQ 0.5 (0) 3.88 (8) <0.001
ECogPT: Memory 1.6 (0.5) 2.14 (0.94) 0.001
ECogPT: Langue 1.31 (0.44) 1.86 (0.82) 0.002
ECogPT: Visual-spatial 1.17 (0.29) 1.45(0.79) 0.017
ECogPT: Planning 1.08 (0.2) 1.47 (0.8) <0.001
ECogPT: Organization 1.17 (0.42) 1.46 (0.67) 0.039
ECogPT: Divided attention 1.52 (0.63) 1.78 (0.75) 0.064
ECogPT: Total score 1.31 (0.29) 1.73 (0.79) <0.001

Note: values with normal distributions are presented as the mean =+ standard deviation
(SD); values with nonnormal distributions are presented as the median (interquartile). x°
test was applied in the comparisons of sex. One-way Kruskal-Wallis test was applied in
age and all neuropsychological data comparisons. @Monte Carlo significant. ® The p-value
was obtained by one-way ANOVA. ¢ The p-value was obtained by x? test. Abbreviations:
HC, healthy control; MCI, mild cognitive impairment; CDRSB, Clinical Dementia Rating
Scale: sum of boxes; ADAS, Alzheimer’s Disease Assessment Scale cognitive subscales;
MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; RAVLT,
Rey Auditory Verbal Learning Test; LDELTOTAL, Logical Memory Test: total number of
units recalled; TRABSCOR, Trail Making Test-B; FAQ, Functional Activities Questionnaire;
ECogPT, Everyday Cognition test: the patient reported version.

at p < 0.05 (Monte Carlo simulation), for example, the SRN
in medial frontal and other cortical middle regions; the DAN
in temporal and parietal regions; and the SN in frontal cortical
regions. Nevertheless, MCI patients utilized larger regions in all
constructed networks than the HC.

We found four interactions between each pair of networks
of the SRN, DAN, and SN, the details of which are shown in
Table 2 and Figure 2. The SRN demonstrated interactions with
the DAN and SN, respectively, in the left and right hemisphere,
whereas the DAN and SN demonstrated interactions in both
hemispheres: (1) the SRN and left DAN showed interactions
in the main regions of the right precuneus; (2) the left DAN
and left SN showed interactions mainly in the left and right
cerebellum regions, including the posterior lobe, the inferior
lobe, the superior lobe, pyramis, and declive; (3) the SRN and
right SN showed interactions in the main region of the right
angular gyrus; and (4) the right DAN and right SN showed
interactions mainly in the left superior temporal gyrus. The
brain regions with the interactions demonstrated above were not
limited to the defined ROI coordinates (i.e., the left or right
hemisphere) of each constructed network due to the networks’
known whole-brain distribution. Surprisingly, modulations of
the SRN through its communication with the left DAN (and right
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Left DAN

Cd

N

cognitive impairment.

Left SN

FIGURE 1 | Three networks constructed by region of interest. The networks of HC and MCI showed similar distribution patterns across the majority of the clusters,
including the medial frontal, temporal, parietal cortical regions (corrected threshold at p < 0.05, Monte Carlo simulation). MCI patients utilized larger regions in all
constructed networks than HC. Abbreviations: SRN, self-reference network; DAN, dorsal attention network; SN, salience network; HC, healthy control; MCI, mild

Right DAN  Right SN

SN) to the interactions of the DAN and SN in the left (and right)
hemisphere occurred; however, these modulations happened to
be damaged in individuals with MCL

Post hoc tests showed the internetwork differences among
the groups. The SRN showed a decrease in all of its related
interactions, whereas the corresponding networks within those
networks were all increased in MCI patients compared with HC.
The FC of each network within the interaction between the DAN
and SN demonstrated a decrease in the DAN and an increase in
the SN in both the left and right hemispheres. All interactions
were significant (corrected p < 0.05, Monte Carlo simulation)
between HC and individuals with MCI, except the SN within the
interactions between the right DAN and right SN (p = 0.083).

Behavioral Significance of Network

Interactions

The significant results of the behavioral significance of
SRN-related interactions that correlated only with MCI (no
correlation with HC) are presented in Figure 3. The interaction
of the SRN with the left DAN correlated positively with
MCI patients’ visual-spatial performance in the ECogPT test
(r = —0.387, p = 0.016). The interaction of the SRN with the
right SN correlated negatively with the MCI patients’ clinical
test scores on the RAVLTS, including Forgetting (r = —0.454,
p = 0.004) and Percent Forgetting (r = —0.483, p = 0.002);
the FAQ (r = —0.334, p = 0.04), and the CDRSB (r = —0.363,
p = 0.025), whereas only the RAVLT: Learning Scores (r = 0.35,
p = 0.031) were positively related to the interaction due
to its assessment design. According to the above results
(“Demographic and Neuropsychological Data” section), the
higher the scores were on the RAVLT: Learning test regarding
the score design, the better the related performance of patients

was; in contrast, higher scores on the other assessments were
associated with worse functions. All these data indicated a
positive relationship between the functional performances of
MCI patients and SRN-related interactions.

DISCUSSION

First Evidence of SRN Modulations and Its
Special Distribution Among the Other

Networks

We discovered the interactions among the three networks
and brain regions. Four interactions (Table 2 and Figure 2)
were not limited to the defined ROI coordinate (i.e., the
left or right hemisphere) of each constructed network due to
the networks’ known whole-brain distributions. The network
normally interacts between hemispheres; therefore, it might be
the crossing recruitment within network in order to adapting
to the damage functions (Ptak et al., 2020). Furthermore, SRN
anatomical structure is located in the midline of cortex. The
ROI coordinate of SRN we selected lies in middle area of
brain. Accordingly, these cross-hemisphere results shown in
SRN-related interactions is actually reasonable.

To emphasize, the SRN showed a fundamental difference
from the DMN in its relationship to the DAN and SN concerning
both self-referencing and attentional processes. The DMN tends
to be passively regulated by both the DAN and the SN,
whereas the SRN plays an active role in the relationship. For
the SRN and DMN, a lower FC between these networks has
been proven to lead to global decline in episodic memory
retrieval or the recognition of amnestic MCI (Bai et al., 2012a).
Nonetheless, selective changes within the SRN at least preserved
the partial task function of amnestic MCI (Bai et al., 2016).
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TABLE 2 | Regions showing self-reference network (SRN) interactions with the dorsal attention network (DAN) and salience network (SN).

Interactions Brain regions BA Peak MNI coordinates Peak intensity Number of cluster voxels (mm?)
X y z
SRN x Left DAN Precuneus. R 7/31 12 —42 42 13.7827 864
Left DAN x Left SN Cerebellum posterior lobe. L - 27 —72 -39 11.0646 1458
Cerebellum inferior lobe. L
Pyramis. L
Cerebellum posterior lobe. R - 15 —66 21 11.4859 1080
Cerebellum superior lobe. R
Declive. R
SRN x Right SN Angular gyrus. R 39 48 —72 33 9.5474 810
Right SN x Right DAN Superior temporal gyrus. L 13/22/38 —45 9 -9 14.8657 756
Note: BA, Brodmann area; MINI, Montreal Neurological Institute; R, Right; L, Left; p < 0.01, AlphaSim corrected.
Interaction
SRN x L. DA L. DAN x L. SN SRN x R. SN R. SN x R. DA
i e i~ ‘
R 5 %
SN
[ —T o s L — o s
Post-hoc Post-hoc
0.8 *
Lunm | .
0.6 [—|
S oa
0.2
0.0
N N A\ N N N
& € & € & © & € & Q\C;\ & éo\ & © RORS
SRN DAN DAN SN SRN SN SN DAN
FIGURE 2 | The interactions among the three networks with group differences. Four interactions were found: the SRN demonstrated interactions with the DAN and
SN in the left and right hemispheres, respectively, whereas the DAN and SN demonstrated interactions in both hemispheres. (1) The SRN and left DAN demonstrated
interactions in the main regions of the right precuneus; (2) the left DAN and left SN demonstrated interactions in both the left and right cerebellum regions, including
the posterior lobe, inferior lobe, superior lobe, pyramis, and declive; (3) the SRN and right SN demonstrated interactions in the main region of the right angular gyrus;
(4) the right DAN and right SN demonstrated interactions in the left superior temporal gyrus. The brain regions that were demonstrated above were not limited to the
defined ROI coordinates (i.e., the left or right hemisphere) of each constructed network due to the networks’ known whole-brain distribution. Post hoc tests showed
the internetwork differences among the groups: (1) the SRN showed a decrease in FC in all its related interactions, whereas increases in FC were found in the
corresponding networks (the left DAN and right SN) within the interaction with the SRN; (2) the decreased FC in the DAN and increased FC in the SN were
demonstrated within their own interactions of both hemispheres in MCI patients compared with HC. All interactions were significant (corrected p < 0.05, Monte Carlo
simulation) between HC and MCI patients, except that of the right SN (p = 0.083) with the right DAN. Abbreviations: L, left; R, right; SRN, self-reference network;
DAN, dorsal attention network; SN, salience network; FC, functional connectivity; HC, healthy control; MCI, mild cognitive impairment; *Monte Carlo significant.

Most importantly, the modulation of the SRN to the interaction
between the DAN and the SN (hereafter, DAN-SN) was first
evidenced in our study. The SRN regulates the DAN-SN in
the left hemisphere through its interactions with the DAN and
regulates the DAN-SN in the right hemisphere through the SN.
Furthermore, a different distribution of the SRN interacting
with only the left DAN and only the right SN in the left and right
hemispheres, respectively, vs. the DAN and the SN interacting in
both hemispheres in this study, showed the special characteristic
of the SRN in its connection with the two networks. This may
be related to the laterality. For instance, the significance of
network functional lateralization in AD progression is as follows:
(1) in the SN, in which right lateralization has been proven

(Zhang et al.,, 2019), the occurrence of connections with the
SRN on the right side rather than the left side significantly
reduced FC, especially in the right prefrontal cortex, and has
been observed in subjective cognitive decline patients (Hu et al.,
2017); (2) however, in the DAN, damage patterns (Zhang et al,,
2015) and inhibition in the temporal region of the whole
brain have been observed in MCI patients (Chand et al., 2018;
Zhang et al, 2019), but evidence for lateralization remains
debatable (Corbetta and Shulman, 2002; Vossel et al., 2012;
Mayrhofer et al, 2019); and (3) in addition, the DMN also
presented left lateralization but functional decline with age and
AD (Banks et al., 2018), showing insufficient activation in the
right prefrontal region but overactivation in the left prefrontal
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FIGURE 3 | The correlation between SRN-related interactions and cognitive functions in mild cognitive impairment patients. The interaction of the SRN with the left
DAN was positively correlated with MCI patients’ visual-spatial performance in the ECogPT test. The interaction of the SRN with the right SN was negatively
correlated with the MCI patients’ clinical test scores on the FAQ, CDRSB, and RAVLTs (the Forgetting and the Percent Forgetting), whereas only the RAVLT: Learning
Score was positively correlated with the interaction. Notably, the scores of the CDRSB, FAQ, ECogPTs, and two RAVLTS (i.e., the Forgetting and the Percent
Forgetting) were positively correlated with the disease progression or functional damage degree, while a higher RAVLT: Learning Score was positively correlated with
normal performance. Therefore, all correlations indicating that these functional performance scores of MCI patients are positively correlated with FC were within
SRN-related interactions. Red arrows show the interaction patterns among the SRN, DAN, and SN. Green arrows show the significant correlations of the
SRN-related interactions to clinical assessments. The background with the oblique line shows networks in the right hemisphere; the background without the oblique
line shows networks in the left hemisphere. Abbreviations: MCI, mild cognitive impairment; SRN, self-reference network; DAN, dorsal attention network; SN, salience
network; FC, functional connectivity; ECogPT, Everyday Cognition test: the patient reported version; RAVLT, Rey Auditory Verbal Learning Test; FAQ, Functional

Activities Questionnaire; CDRSB, Clinical Dementia Rating Scale: sum of boxes.

region during memory maintenance and reasoning tasks in MCI
patients (Melrose et al., 2018). Nevertheless, the hyperactivation
in the DAN and SN and the hypoactivation in the DMN
were regarded as compensatory due to damage that had been
confirmed to be directly related to the AD pathology in the
right hemisphere (Wu et al., 2011; Li et al., 2012). Tau protein
accumulation is positively related to neurorehabilitation or
neural plasticity, regardless of neuron metabolism or nutrition,
in AD (Cope et al, 2018), and beta-amyloid appears to be
positively correlated with high neuronal activity (Bero et al,
2011; Mormino et al, 2011). Consequently, AD pathology
preferentially occurring in the right hemisphere may be related
to the fact that the right hemisphere is dominant in most
human brains. Therefore, we believe that network lateralization
is a natural balance of the brain and affects SRN distributions.
Although lateralization does not affect FC performance, in which
the rearrangement mechanism follows different pathological
stages in AD progression (Bai et al., 2016; Banks et al., 2018),
lateralization may participate in the adaptation or compensatory
performance of each network.

SRN Exhibits Damage at the Early Stage of

the Disease

The larger region of all constructed networks shown in MCI
patients compared with HC indicates the impact of the disease
on the network modules, in which tropology mainly serves
a network function (Contreras et al.,, 2019). Moreover, group
differences in the discovered interaction represent differences
not only in damage patterns but also in adaptation to AD.
For MCI patients, it was shown that the SRN decreased

its participation in all its relating interactions, whereas the
corresponding networks all increased their participation within
those interactions. For the interaction between the DAN and the
SN, the FC of the DAN decreased and that of the SN increased,
as shown in both the left and right hemispheres. Accordingly,
the degree of impairment among the three networks in MCI
patients was most severe in the SRN, least severe in the SN,
and intermediate in the DAN. This result is similar to previous
studies that have proven functional damage in the DAN and SN
(Li et al., 2012; Zhan et al., 2016; Bi et al., 2018; Chand et al,,
2018) but observed only several compensatory patterns in the SN
(Balthazar et al., 2014; He et al., 2014). Another task state study
found that the DMN was capable of better reorganization than
the SRN in MCI patients with worse memory performance (Bai
et al., 2012b, 2016). Moreover, damage in SRN regions (the left
triangular part of inferior frontal gyrus) has been reported to be
a problem in maintaining longitudinal memory (Bi et al., 2018).
Based on the above, we thought that the SRN also suffered more
serious damage than other networks, as in the DMN, in which
FC alterations within and to other networks have been suggested
to be directly related to AD pathology (Ferreira et al., 2019) at
the early stage of the disease (Bai et al., 2016; Melrose et al.,
2018). The SRN may have less damage adaptation as it has higher
specificity but smaller functionality than the DMN (Whitfield-
Gabrieli et al., 2011; Bai et al., 2012a, 2016).

SRN Functional Relationship With Multiple

Functions in MCI
The interactional performance of the SRN with the DAN in
the left hemisphere was related to only the ECogPT: Visual-
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spatial score, whereas that of the SRN with the SN in the right
hemisphere was related to FAQ, CDRSB, and RAVLTs (including
RAVLT: Learning, Forgetting and Percent Forgetting) scores in
MCI patients, showing the functional differences between these
SRN interactions.

Visual-spatial organization is reported as a fundamental
coding principle to structure the communication between distant
brain regions (Knapen, 2021). The connection between the
cognitive network and basal ganglia network, which processes
the primary integration of information, has been proven to
be positively related to visual-spatial performance (Bagarinao
et al, 2019; Hucke et al., 2020). Moreover, the attention
function is known to be closely connected to the visual system
(Sharafeldin et al, 2020; Speed et al, 2020). In addition
to engaging in the cognition process, networks composed
of frontotemporal regions function to integrate multisensory
information, and parietal regions manage attention and visual-
spatial functions. Accordingly, we suggest that it might be the
possible mechanism underlying the effect of the SRN and left
DAN interactions related to the visual-spatial performance of
MCI patients.

Researchers have previously identified the influences of other
networks on AD and MCI patients’ visual-spatial symptoms (Li
et al., 2012; Brissenden et al., 2016; Buckley et al., 2017), yet no
related study has evaluated the SRN. Our research has provided
the first evidence that the visual-spatial performance in MCI
patients is affected by the interaction between the SRN and the
left DAN.

Next, the SRN also showed an effect on executive and memory
function within its interaction with the SN in addition to its own
self-referencing. The greater the interaction between the SRN
and the right SN is, the more normal the FAQ, CDRSB, and
RAVLT performances in MCI patients. Self-reference processing
was required more from the SRN than from the DMN when
the brain was in a task state and was reflected in the FAQ
performance, which is a self-administered functional assessment
(Battista et al., 2017) requiring more self-reference processing
than other testing scales in this study. These results show that
SRN influences are as important as DMN influences on clinical
scale scores. Moreover, the CDRSB involves partial executive
and memory function assessment, and RAVLTs are tests for
episodic memory functions (Battista et al., 2017). The effect
we found of a corresponding interaction of the SRN with the
SN showed positive enhancement of both the executive and
memory functions of MCI patients, especially with no discovery
of any two-way impact that occurred in the DMN (showing
both positive and negative influences to the cognitions that
function different but in the same category (Berger et al,
2015; Gardini et al, 2015; Bi et al., 2018; Melrose et al,
2018) on memory performance (e.g., the RAVLTs used in
the study).

Notably, these functions were decreased in MCI patients
compared to HC. Although the DAN and SN similarly increased
FC within SRN-related interactions, their participation in the
regulation of networks between brain-state switching as a
feedback loop influenced both themselves and the SRN (Gao and

Lin, 2012; He et al.,, 2014; Chand et al., 2018; Sullivan et al,,
2019), indicating a complex explanation of their compensatory
effects within SRN-related interactions. In addition, a memory
encoding failure is much more likely to occur when the
connections of self-reference processing (involved in the SRN
and the DMN) are switching between task and rest states of the
brain (Bai et al., 2016) while the patient is undergoing clinical
assessment. Accordingly, we propose that the relationship
between these functions and interactions is highly related to the
SRN compensatory ability within the related interaction, which
has also been reported to be damaged and therefore does not
last long enough to maintain or improve functional performance
(Bietal., 2018).

LIMITATIONS

Since the primary research of this study focuses on the
SRN and cognition in AD, less emphasis is placed on
neuropsychological assessment considering the self-reference
processing function. We should further supplement the related
scales and demonstrate a better exploration of SRN development
in the course of Alzheimer’s disease at follow-up. Regarding
reproducibility, another independent sample should be recruited
to confirm the present findings. Therefore, these data should be
interpreted with caution.

CONCLUSION

We found special regulation of the SRN in cognitive function,
with a particular distribution trend between the other networks,
the DAN and SN, arranged in both cognitive and attention
network systems. The two SRN-related interactions improved
some cognitive performance in MCI patients. The fact that no
overlap was observed between neuropsychological assessments
reflects the different participations of SRN-related interactions.
We also demonstrated the damage adaptation among the three
networks and pointed out more differences between the SRN
and the DMN. On the basis of this primary research on
interactions between the SRN and both the DAN and the SN
in AD, we strongly suggest that future research should consider
the influence of the SRN on cognition. In particular, research
conducted in the ultra-early stages may be of more benefit to the
field of the disease.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were approved
by the institutional review board at each site and were
compliant with the Health Insurance Portability and
Accountability Act. ADNI data are disseminated by the
Laboratory for Neuro Imaging at the University of Southern

Frontiers in Aging Neuroscience | www.frontiersin.org

March 2021 | Volume 13 | Article 666437


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Wei et al.

Self-reference Network in MCI

California. The ADNI was performed in accordance with
the Good Clinical Practice guidelines, US 21CFR Part
50-Protection of Human Subjects, and Part 56-Institutional

Review Boards (IRBs)/Research Good Clinical Practice
guidelines Institutional Review Boards (IRBs)/Research
Ethics Boards (REBs). More information is available

at:  http://adniloni.usc.edu.  The  patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

P-HW: conceptualization, formal analysis, investigation,
writing—original draft, and visualization. HC: methodology and
software. QY: methodology. HZ: visualization. YX: visualization.
FB: supervision. Alzheimer’s Disease Neuroimaging Initiative:
resources. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported partly by grants from the National
Natural Science Foundation of China (Nos. 81822013 and
82071186), the Jiangsu Provincial Key Medical Talents (No.
ZDRCA2016085), and the Key Research and Development
Program of Jiangsu Province of China (No. BE2016610).
Grants were also provided by the National Key Research
and Development Program of China (No. 2016YFC1300500-
504) and the Jiangsu Province Key Medical Discipline (No.
ZDXKA2016020). The funding sources had no involvement in
the following: study design, collection, analysis, interpretation of
data, writing of the report, and the decision to submit the article
for publication.

REFERENCES

Amft, M., Bzdok, D., Laird, A. R., Fox, P. T., Schilbach, L., and Eickhoff, S. B.
(2015). Definition and characterization of an extended social-affective default
network. Brain Struct. Funct. 220, 1031-1049. doi: 10.1007/s00429-013-0698-0

Andrews-Hanna, J. R., Reidler, J. S., Sepulcre, J., Poulin, R., and Buckner, R. L.
(2010). Functional-anatomic fractionation of the brain’s default network.
Neuron 65, 550-562. doi: 10.1016/j.neuron.2010.02.005

Arkin, S. C., Ruiz-Betancourt, D., Jamerson, E. C., Smith, R. T., Strauss, N. E.,
Klim, C. C,, etal. (2020). Deficits and compensation: attentional control cortical
networks in schizophrenia. Neuroimage Clin. 27:102348. doi: 10.1016/j.nicl.
2020.102348

Bagarinao, E., Watanabe, H., Maesawa, S., Mori, D., Hara, K., Kawabata, K.,
et al. (2019). Reorganization of brain networks and its association with
general cognitive performance over the adult lifespan. Sci. Rep. 9:11352.
doi: 10.1038/541598-019-47922-x

Bai, F.,, Shi, Y., Yuan, Y., Wang, Y., Yue, C, Teng, Y., et al. (2012a).
Altered self-referential network in resting-state amnestic type mild cognitive
impairment. Cortex 48, 604-613. doi: 10.1016/j.cortex.2011.02.011

Bai, F., Watson, D. R., Shi, Y., Yuan, Y., Yu, H.,, and Zhang, Z. (2012b).
Mobilization and redistribution of default mode network from resting state
to task state in amnestic mild cognitive impairment. Curr. Alzheimer Res. 9,
944-952. doi: 10.2174/156720512803251165

ACKNOWLEDGMENTS

Data collection and sharing for this project was funded in part
by the Alzheimer’s Disease Neuroimaging Initiative (ADNI;
National Institutes of Health Grant U01 AG024904) and DOD
ADNI (Department of Defense award number W81XWH-
12-2-0012). ADNI is funded by the National Institute on
Aging, the National Institute of Biomedical Imaging and
Bioengineering, and through generous contributions from the
following: AbbVie, Alzheimer’s Association; Alzheimer’s Drug
Discovery Foundation; Araclon Biotech; BioClinica, Inc.; Biogen;
BristolMyers Squibb Company; CereSpir, Inc.; Cogstate; Eisai
Inc; Elan Pharmaceuticals, Inc; Eli Lilly and Company;
Eurolmmun; F. Hoffmann-La Roche Ltd. and its affiliated
company Genentech, Inc.; Fujirebio; GE Healthcare; IXICO Ltd.;
Janssen Alzheimer Immunotherapy Research and Development,
LLC.; Johnson and Johnson Pharmaceutical Research and
Development LLC.; Lumosity; Lundbeck; Merck and Co., Inc;
Meso Scale Diagnostics, LLC.; NeuroRx Research; Neurotrack
Technologies; Novartis Pharmaceuticals Corporation; Pfizer Inc.;
Piramal Imaging; Servier; Takeda Pharmaceutical Company;
and Transition Therapeutics. The Canadian Institutes of Health
Research is providing funds to support ADNI clinical sites
in Canada. Private sector contributions are facilitated by the
Foundation for the National Institutes of Health (www.fnih.org).
The grantee organization is the Northern California Institute
for Research and Education, and the study is coordinated by
the Alzheimer’s Therapeutic Research Institute at the University
of Southern California. ADNI data are disseminated by the
Laboratory for Neuro Imaging at the University of Southern
California. The ADNI was performed in accordance with the
Good Clinical Practice guidelines, US 21CFR Part 50-Protection
of Human Subjects, and Part 56-Institutional Review Boards
(IRBs)/Research Good Clinical Practice guidelines Institutional
Review Boards (IRBs)/Research Ethics Boards (REBs).

Bai, F., Yuan, Y., Yu, H., and Zhang, Z. (2016). Plastic modulation of episodic
memory networks in the aging brain with cognitive decline. Behav. Brain Res.
308, 38-45. doi: 10.1016/j.bbr.2016.04.022

Balthazar, M. L. F., Pereira, F. R. S., Lopes, T. M., da Silva, E. L., Coan, A. C,,
Campos, B. M., et al. (2014). Neuropsychiatric symptoms in Alzheimer’s
disease are related to functional connectivity alterations in the salience network.
Hum. Brain Mapp. 35, 1237-1246. doi: 10.1002/hbm.22248

Banks, S. J., Zhuang, X., Bayram, E., Bird, C., Cordes, D., Caldwell, J. Z. K., et al.
(2018). Default mode network lateralization and memory in healthy aging
and Alzheimer’s disease. J. Alzheimers Dis. 66, 1223-1234. doi: 10.3233/JAD-
180541

Battista, P., Salvatore, C., and Castiglioni, I (2017). Optimizing
neuropsychological assessments for cognitive, behavioral, and functional
impairment classification: a machine learning study. Behav. Neurol.
2017:1850909. doi: 10.1155/2017/1850909

Berger, C., Erbe, A.-K., Ehlers, 1., Marx, I., Hauenstein, K., and Teipel, S. (2015).
Effects of task-irrelevant emotional stimuli on working memory processes in
mild cognitive impairment. J. Alzheimers Dis. 44, 439-453. doi: 10.3233/JAD-
141848

Berkovich-Ohana, A., Glicksohn, J., and Goldstein, A. (2012). Mindfulness-
induced changes in gamma band activity—implications for the default mode
network, self-reference and attention. Clin. Neurophysiol. 123, 700-710.
doi: 10.1016/j.clinph.2011.07.048

Frontiers in Aging Neuroscience | www.frontiersin.org

March 2021 | Volume 13 | Article 666437


http://adni.loni.usc.edu
https://doi.org/10.1007/s00429-013-0698-0
https://doi.org/10.1016/j.neuron.2010.02.005
https://doi.org/10.1016/j.nicl.2020.102348
https://doi.org/10.1016/j.nicl.2020.102348
https://doi.org/10.1038/s41598-019-47922-x
https://doi.org/10.1016/j.cortex.2011.02.011
https://doi.org/10.2174/156720512803251165
https://doi.org/10.1016/j.bbr.2016.04.022
https://doi.org/10.1002/hbm.22248
https://doi.org/10.3233/JAD-180541
https://doi.org/10.3233/JAD-180541
https://doi.org/10.1155/2017/1850909
https://doi.org/10.3233/JAD-141848
https://doi.org/10.3233/JAD-141848
https://doi.org/10.1016/j.clinph.2011.07.048
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Wei et al.

Self-reference Network in MCI

Bero, A. W., Yan, P., Roh, J. H., Cirrito, J. R., Stewart, F. R, Raichle, M. E.,
et al. (2011). Neuronal activity regulates the regional vulnerability
to amyloid-B deposition. Nat. Neurosci. 14, 750-756. doi: 10.1038/
nn.2801

Bi, X.-A.,, Sun, Q., Zhao, J., Xu, Q., and Wang, L. (2018). Non-linear ICA analysis
of resting-state fMRI in mild cognitive impairment. Front. Neurosci. 12:413.
doi: 10.3389/fnins.2018.00413

Brissenden, J. A., Levin, E. J., Osher, D. E., Halko, M. A., and Somers, D. C.
(2016). Functional evidence for a cerebellar node of the dorsal attention
network. J. Neurosci. 36, 6083-6096. doi: 10.1523/]NEUROSCI.0344
-16.2016

Buckley, R. F., Schultz, A. P, Hedden, T., Papp, K. V., Hanseeuw, B. J,
Marshall, G., et al. (2017). integrity ~presages
cognitive decline in preclinical Alzheimer disease. Neurology 89, 29-37.
doi: 10.1212/WNL.0000000000004059

Cai, S., Huang, L., Zou, J., Jing, L., Zhai, B, Ji, G., et al. (2015). Changes in thalamic
connectivity in the early and late stages of amnestic mild cognitive impairment:
a resting-state functional magnetic resonance study from ADNI. PLoS One
10:e0115573. doi: 10.1371/journal.pone.0115573

Catalino, M. P., Yao, S., Green, D. L., Laws, E. R., Golby, A. ., and Tie, Y. (2020).
Mapping cognitive and emotional networks in neurosurgical patients using
resting-state functional magnetic resonance imaging. Neurosurg. Focus 48:E9.
doi: 10.3171/2019.11.FOCUS19773

Chand, G. B., Hajjar, I, and Qiu, D. (2018). Disrupted interactions among
the hippocampal, dorsal attention, and central-executive networks in
amnestic mild cognitive impairment. Hum. Brain Mapp. 39, 4987-4997.
doi: 10.1002/hbm.24339

Chao-Gan, Y., and Yu-Feng, Z. (2010). DPARSF: a MATLAB toolbox for
“pipeline” data analysis of resting-state fMRI. Front. Syst. Neurosci. 4:13.
doi: 10.3389/fnsys.2010.00013

Contreras, J. A., Avena-Koenigsberger, A., Risacher, S. L., West, J. D., Tallman, E.,
McDonald, B. C, et al. (2019). Resting state network modularity along
the prodromal late onset alzheimer’s disease continuum. Neuroimage Clin.
22:101687. doi: 10.1016/j.nicl.2019.101687

Cope, T. E., Rittman, T., Borchert, R. J., Jones, P. S., Vatansever, D.,
Allinson, K., et al. (2018). Tau burden and the functional connectome in
Alzheimer’s disease and progressive supranuclear palsy. Brain 141, 550-567.
doi: 10.1093/brain/awx347

Corbetta, M., and Shulman, G. L. (2002). Control of goal-directed and
stimulus-driven attention in the brain. Nat. Rev. Neurosci. 3, 201-215.
doi: 10.1038/nrn755

Davey, C. G., Pujol, J., and Harrison, B. J. (2016). Mapping the self in the brain’s
default mode network. Neurolmage 132, 390-397. doi: 10.1016/j.neuroimage.
2016.02.022

de Caso, 1., Poerio, G., Jefferies, E., and Smallwood, J. (2017). That’s me in the
spotlight: neural basis of individual differences in self-consciousness. Soc. Cogn.
Affect. Neurosci. 12, 1384-1393. doi: 10.1093/scan/nsx076

De LaPaz, R. L. (1994). Echo-planar imaging. Radiographics 14, 1045-1058.
doi: 10.1148/radiographics.14.5.7991813

Dejean, C., Courtin, J., Karalis, N., Chaudun, F., Wurtz, H., Bienvenu, T. C. M.,
etal. (2016). Prefrontal neuronal assemblies temporally control fear behaviour.
Nature 535, 420-424. doi: 10.1038/nature18630

Farias, S. T., Mungas, D., Reed, B. R., Cahn-Weiner, D., Jagust, W., Baynes, K., et al.
(2008). The measurement of everyday cognition (ECog): scale development
and psychometric properties. Neuropsychology 22, 531-544. doi: 10.1037/0894-
4105.22.4.531

Ferreira, D., Pereira, J. B, Volpe, G., and Westman, E. (2019). Subtypes of
Alzheimer’s disease display distinct network abnormalities extending beyond
their pattern of brain atrophy. Front. Neurol. 10:524. doi: 10.3389/fneur.2019.
00524

Gao, W,, and Lin, W. (2012). Frontal parietal control network regulates the
anti-correlated default and dorsal attention networks. Hum. Brain Mapp. 33,
192-202. doi: 10.1002/hbm.21204

Gardini, S., Venneri, A., Sambataro, F., Cuetos, F., Fasano, F., Marchi, M., et al.
(2015). Increased functional connectivity in the default mode network in mild
cognitive impairment: a maladaptive compensatory mechanism associated
with poor semantic memory performance. J. Alzheimers Dis. 45, 457-470.
doi: 10.3233/JAD-142547

Functional network

Goelman, G., Dan, R, Stéf8el, G., Tost, H., Meyer-Lindenberg, A., and Bilek, E.
(2019). Bidirectional signal exchanges and their mechanisms during joint
attention interaction—a hyperscanning fMRI study. Neurolmage 198, 242-254.
doi: 10.1016/j.neuroimage.2019.05.028

Ham, J. H,, Cha, J., Lee, J. J., Baek, G.-M., Sunwoo, M. K., Hong, J. Y., et al.
(2015). Nigrostriatal dopamine-independent resting-state functional networks
in Parkinson’s disease. Neurolmage 119, 296-304. doi: 10.1016/j.neuroimage.
2015.06.077

He, X., Qin, W,, Liu, Y., Zhang, X,, Duan, Y., Song, J., et al. (2014). Abnormal
salience network in normal aging and in amnestic mild cognitive impairment
and Alzheimer’s disease. Hum. Brain Mapp. 35, 3446-3464. doi: 10.1002/hbm.
22414

Hu, X., Uhle, F., Fliessbach, K., Wagner, M., Han, Y., Weber, B., et al.
(2017). Reduced future-oriented decision making in individuals with subjective
cognitive decline: a functional MRI study. Alzheimers Dement. 6, 222-231.
doi: 10.1016/j.dadm.2017.02.005

Hucke, C. I, Heinen, R. M., Pacharra, M., Wascher, E., and van Thriel, C. (2020).
Spatiotemporal processing of bimodal odor lateralization in the brain using
electroencephalography microstates and source localization. Front. Neurosci.
14:620723. doi: 10.3389/fnins.2020.620723

Jacova, C., Hsiung, G.-R., Tawankanjanachot, I., Dinelle, K., McCormick, S.,
Gonzalez, M., et al. (2013). Anterior brain glucose hypometabolism predates
dementia in progranulin mutation carriers. Neurology 81, 1322-1331.
doi: 10.1212/WNL.0b013e3182a8237e

Jedidi, H., Feyers, D., Collette, F., Bahri, M. A,, Jaspar, M., d’Argembeau, A.,
et al. (2014). Dorsomedial prefrontal metabolism and unawareness of current
characteristics of personality traits in Alzheimer’s disease. Soc. Cogn. Affect.
Neurosci. 9, 1458-1463. doi: 10.1093/scan/nst132

Knapen, T. (2021). Topographic connectivity reveals task-dependent retinotopic
processing throughout the human brain. Proc. Natl. Acad. Sci. U S A
118:€2017032118. doi: 10.1073/pnas.2017032118

Kubera, K. M. Wolf, N. D, Rashidi, M. Hirjak, D., Northoff, G,
Schmitgen, M. M., et al. (2020). Functional decoupling of language
and self-reference networks in patients with persistent auditory verbal
hallucinations. Neuropsychobiology 79, 345-351. doi: 10.1159/000507630

Kurth, S., Moyse, E., Bahri, M. A., Salmon, E., and Bastin, C. (2015). Recognition
of personally familiar faces and functional connectivity in Alzheimer’s disease.
Cortex 67, 59-73. doi: 10.1016/j.cortex.2015.03.013

Li, R., Wu, X,, Fleisher, A. S., Reiman, E. M., Chen, K., and Yao, L. (2012).
Attention-related networks in Alzheimer’s disease: a resting functional MRI
study. Hum. Brain Mapp. 33, 1076-1088. doi: 10.1002/hbm.21269

Lieberman, M. D., Straccia, M. A., Meyer, M. L., Du, M., and Tan, K. M.
(2019). Social, self (situational), and affective processes in medial prefrontal
cortex (MPFC): causal, multivariate, and reverse inference evidence. Neurosci.
Biobehav. Rev. 99, 311-328. doi: 10.1016/j.neubiorev.2018.12.021

Lowe, M. J., Mock, B. J., and Sorenson, J. A. (1998). Functional connectivity
in single and multislice echoplanar imaging using resting-state fluctuations.
Neurolmage 7, 119-132. doi: 10.1006/nimg.1997.0315

Mayrhofer, H. C., Duecker, F., Vincent, V. D. V., Jacobs, H. I. L., and Sack, A. T.
(2019). Hemifield-specific correlations between cue-related blood oxygen level
dependent activity in bilateral nodes of the dorsal attention network and
attentional benefits in a spatial orienting paradigm. J. Cogn. Neurosci. 31,
625-638. doi: 10.1162/jocn_a_01338

Melrose, R. J., Jimenez, A. M., Riskin-Jones, H., Weissberger, G., Veliz, J.,
Hasratian, A. S., et al. (2018). Alterations to task positive and task
negative networks during executive functioning in mild cognitive impairment.
Neuroimage Clin. 19, 970-981. doi: 10.1016/j.nicl.2018.06.014

Moradi, E., Hallikainen, I., Hinninen, T., Tohka, J., and Alzheimer’s Disease
Neuroimaging Initiative. (2017). Rey’s auditory verbal learning test scores can
be predicted from whole brain MRI in Alzheimer’s disease. Neuroimage Clin.
13, 415-427. doi: 10.1016/j.nicl.2016.12.011

Mormino, E. C., Smiljic, A., Hayenga, A. O., Onami, S. H., Greicius, M. D,
Rabinovici, G. D., et al. (2011). Relationships between f-amyloid and functional
connectivity in different components of the default mode network in aging.
Cereb. Cortex 21, 2399-2407. doi: 10.1093/cercor/bhr025

Piva, M., Velnoskey, K., Jia, R, Nair, A., Levy, I, and Chang, S. W. (2019). The
dorsomedial prefrontal cortex computes task-invariant relative subjective value
for self and other. eLife 8:e44939. doi: 10.7554/eLife.44939

Frontiers in Aging Neuroscience | www.frontiersin.org

March 2021 | Volume 13 | Article 666437


https://doi.org/10.1038/nn.2801
https://doi.org/10.1038/nn.2801
https://doi.org/10.3389/fnins.2018.00413
https://doi.org/10.1523/JNEUROSCI.0344-16.2016
https://doi.org/10.1523/JNEUROSCI.0344-16.2016
https://doi.org/10.1212/WNL.0000000000004059
https://doi.org/10.1371/journal.pone.0115573
https://doi.org/10.3171/2019.11.FOCUS19773
https://doi.org/10.1002/hbm.24339
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.1016/j.nicl.2019.101687
https://doi.org/10.1093/brain/awx347
https://doi.org/10.1038/nrn755
https://doi.org/10.1016/j.neuroimage.2016.02.022
https://doi.org/10.1016/j.neuroimage.2016.02.022
https://doi.org/10.1093/scan/nsx076
https://doi.org/10.1148/radiographics.14.5.7991813
https://doi.org/10.1038/nature18630
https://doi.org/10.1037/0894-4105.22.4.531
https://doi.org/10.1037/0894-4105.22.4.531
https://doi.org/10.3389/fneur.2019.00524
https://doi.org/10.3389/fneur.2019.00524
https://doi.org/10.1002/hbm.21204
https://doi.org/10.3233/JAD-142547
https://doi.org/10.1016/j.neuroimage.2019.05.028
https://doi.org/10.1016/j.neuroimage.2015.06.077
https://doi.org/10.1016/j.neuroimage.2015.06.077
https://doi.org/10.1002/hbm.22414
https://doi.org/10.1002/hbm.22414
https://doi.org/10.1016/j.dadm.2017.02.005
https://doi.org/10.3389/fnins.2020.620723
https://doi.org/10.1212/WNL.0b013e3182a8237e
https://doi.org/10.1093/scan/nst132
https://doi.org/10.1073/pnas.2017032118
https://doi.org/10.1159/000507630
https://doi.org/10.1016/j.cortex.2015.03.013
https://doi.org/10.1002/hbm.21269
https://doi.org/10.1016/j.neubiorev.2018.12.021
https://doi.org/10.1006/nimg.1997.0315
https://doi.org/10.1162/jocn_a_01338
https://doi.org/10.1016/j.nicl.2018.06.014
https://doi.org/10.1016/j.nicl.2016.12.011
https://doi.org/10.1093/cercor/bhr025
https://doi.org/10.7554/eLife.44939
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Wei et al.

Self-reference Network in MCI

Potvin, S., Gamache, L., and Lungu, O. (2019). A functional neuroimaging
meta-analysis of self-related processing in schizophrenia. Front. Neurol. 10:990.
doi: 10.3389/fneur.2019.00990

Ptak, R., Bourgeois, A., Cavelti, S., Doganci, N., Schnider, A., and Iannotti, G. R.
(2020). Discrete patterns of cross-hemispheric functional connectivity underlie
impairments of spatial cognition after stroke. J. Neurosci. 40, 6638-6648.
doi: 10.1523/JNEUROSCI.0625-20.2020

Qin, P.,, Grimm, S., Duncan, N. W., Fan, Y., Huang, Z., Lane, T., et al
(2016). Spontaneous activity in default-mode network predicts ascription
of self-relatedness to stimuli. Soc. Cogn. Affect. Neurosci. 11, 693-702.
doi: 10.1093/scan/nsw008

Rafii, M. S., and Aisen, P. S. (2020). The search for Alzheimer disease
therapeutics—same targets, better trials? Nat. Rev. Neurol. 16, 597-598.
doi: 10.1038/s41582-020-00414-3

Schulze, L., Feffer, K., Lozano, C., Giacobbe, P., Daskalakis, Z. J.,
Blumberger, D. M., et al. (2018). Number of pulses or number of sessions?
An open-label study of trajectories of improvement for once-vs. twice-daily
dorsomedial prefrontal rTMS in major depression. Brain Stimul. 11, 327-336.
doi: 10.1016/j.brs.2017.11.002

Schwiedrzik, C. M., Sudmann, S. S., Thesen, T., Wang, X., Groppe, D. M.,
Mégevand, P., et al. (2018). Medial prefrontal cortex supports perceptual
memory.  Curr.  Biol. 28, R1094-R1095. doi: 10.1016/j.cub.2018.
07.066

Sharafeldin, A., Mock, V. L., Meisenhelter, S., Hembrook-Short, J. R, and
Briggs, F. (2020). Changes in local network activity approximated by reverse
spike-triggered local field potentials predict the focus of attention. Cereb.
Cortex Commun. 1:tgaa014. doi: 10.1093/texcom/tgaa014

Shi, Q., Chen, H,, Jia, Q., Yuan, Z., Wang, J., Li, Y., et al. (2020). Altered
granger causal connectivity of resting-state neural networks in patients with
leukoaraiosis-associated cognitive impairment-a cross-sectional study. Front.
Neurol. 11:457. doi: 10.3389/fneur.2020.00457

Shiota, S., Okamoto, Y., Okada, G., Takagaki, K., Takamura, M., Mori, A,
et al. (2017). Effects of behavioral activation on the neural basis of
other perspective self-referential processing in subthreshold depression: a
functional magnetic resonance imaging study. Psychol. Med. 47, 877-888.
doi: 10.1017/50033291716002956

Soch, J., Deserno, L., Assmann, A. Barman, A., Walter, H., Richardson-
Klavehn, A., et al. (2017). Inhibition of information flow to the default mode
network during self-reference versus reference to others. Cereb. Cortex 27,
3930-3942. doi: 10.1093/cercor/bhw206

Speed, A., Del, R. J., Mikail, N., and Haider, B. (2020). Spatial attention enhances
network, cellular and subthreshold responses in mouse visual cortex. Nat.
Commun. 11:505. doi: 10.1038/s41467-020-14355-4

Sullivan, M. D., Anderson, J. A. E., Turner, G. R,, Spreng, R. N, and Alzheimer’s
Disease Neuroimaging Initiative (2019). Intrinsic neurocognitive network
connectivity differences between normal aging and mild cognitive impairment
are associated with cognitive status and age. Neurobiol. Aging 73, 219-228.
doi: 10.1016/j.neurobiolaging.2018.10.001

Tomova, L., Saxe, R, KI6bl, M., Lanzenberger, R., and Lamm, C. (2020). Acute
stress alters neural patterns of value representation for others. Neurolmage
209:116497. doi: 10.1016/j.neuroimage.2019.116497

Van der Gucht, K, Ahmadoun, S., Melis, M., de Cloe, E., Sleurs, C,
and Radwan, A. (2020). Effects of a mindfulness-based intervention on
cancer-related cognitive impairment: results of a randomized controlled
functional magnetic resonance imaging pilot study. Cancer 126, 4246-4255.
doi: 10.1002/cncr.33074

Vossel, S., Weidner, R., Driver, J., Friston, K. J.,, and Fink, G. R. (2012).
Deconstructing  the
systems with dynamic causal modeling. J. Neurosci. 32, 10637-10648.
doi: 10.1523/J]NEUROSCI.0414-12.2012

Wang, X., Wang, R,, Li, F,, Lin, Q., Zhao, X., and Hu, Z. (2020). Large-scale
granger causal brain network based on resting-state fMRI data. Neuroscience
425, 169-180. doi: 10.1016/j.neuroscience.2019.11.006

Whitfield-Gabrieli, S., and Ford, J. M. (2012). Default mode network activity
and connectivity in psychopathology. Annu. Rev. Clin. Psychol. 8, 49-76.
doi: 10.1146/annurev-clinpsy-032511-143049

Whitfield-Gabrieli, S., Moran, J. M., Nieto-Castaiion, A., Triantafyllou, C.,
Saxe, R., and Gabrieli, J. D. E. (2011). Associations and dissociations between
default and self-reference networks in the human brain. Neurolmage 55,
225-232. doi: 10.1016/j.neuroimage.2010.11.048

Wilson, R. S., Leurgans, S. E., Foroud, T. M., Sweet, R. A., Graff-Radford, N.,
Mayeux, R., et al. (2010). Telephone assessment of cognitive function in
the late-onset Alzheimer’s disease family study. Arch. Neurol. 67, 855-861.
doi: 10.1001/archneurol.2010.129

Woodward, N. D., Rogers, B., and Heckers, S. (2011). Functional resting-state
networks are differentially affected in schizophrenia. Schizophr. Res. 130,
86-93. doi: 10.1016/j.schres.2011.03.010

Wu, X, Li, R, Fleisher, A. S., Reiman, E. M., Guan, X., Zhang, Y., et al. (2011).
Altered default mode network connectivity in Alzheimer’s disease—a resting
functional MRI and bayesian network study. Hum. Brain Mapp. 32, 1868-1881.
doi: 10.1002/hbm.21153

Xi, Q., Zhao, X.-H., Wang, P.-J., Guo, Q.-H., and He, Y. (2013). Abnormal intrinsic
brain activity in amnestic mild cognitive impairment revealed by amplitude
of low-frequency fluctuation: a resting-state functional magnetic resonance
imaging study. Chin. Med. J. 126, 2912-2917.

Zhan, Y., Ma, J., Alexander-Bloch, A. F., Xu, K., Cui, Y., Feng, Q., et al. (2016).
Longitudinal study of impaired intra- and inter-network brain connectivity in
subjects at high risk for Alzheimer’s disease. J. Alzheimers Dis. 52, 913-927.
doi: 10.3233/JAD-160008

Zhang, H., Giannakopoulos, P., Haller, S., Lee, S., Qiu, S., and Shen, D.
(2019). Inter-network high-order functional connectivity (IN-HOFC) and its
alteration in patients with mild cognitive impairment. Neuroinformatics 17,
547-561. doi: 10.1007/s12021-018-9413-x

Zhang, Y., Suo, X., Ding, H., Liang, M., Yu, C., and Qin, W. (2019). Structural
connectivity profile supports laterality of the salience network. Hum. Brain
Mapp. 40, 5242-5255. doi: 10.1002/hbm.24769

Zhang, Z., Zheng, H., Liang, K., Wang, H., Kong, S., Hu, ], et al. (2015).
Functional degeneration in dorsal and ventral attention systems in amnestic
mild cognitive impairment and Alzheimer’s disease: an fMRI study. Neurosci.
Lett. 585, 160-165. doi: 10.1016/j.neulet.2014.11.050

architecture of dorsal and ventral attention

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Wei, Chen, Ye, Zhao, Xu and Bai. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

11

March 2021 | Volume 13 | Article 666437


https://doi.org/10.3389/fneur.2019.00990
https://doi.org/10.1523/JNEUROSCI.0625-20.2020
https://doi.org/10.1093/scan/nsw008
https://doi.org/10.1038/s41582-020-00414-3
https://doi.org/10.1016/j.brs.2017.11.002
https://doi.org/10.1016/j.cub.2018.07.066
https://doi.org/10.1016/j.cub.2018.07.066
https://doi.org/10.1093/texcom/tgaa014
https://doi.org/10.3389/fneur.2020.00457
https://doi.org/10.1017/S0033291716002956
https://doi.org/10.1093/cercor/bhw206
https://doi.org/10.1038/s41467-020-14355-4
https://doi.org/10.1016/j.neurobiolaging.2018.10.001
https://doi.org/10.1016/j.neuroimage.2019.116497
https://doi.org/10.1002/cncr.33074
https://doi.org/10.1523/JNEUROSCI.0414-12.2012
https://doi.org/10.1016/j.neuroscience.2019.11.006
https://doi.org/10.1146/annurev-clinpsy-032511-143049
https://doi.org/10.1016/j.neuroimage.2010.11.048
https://doi.org/10.1001/archneurol.2010.129
https://doi.org/10.1016/j.schres.2011.03.010
https://doi.org/10.1002/hbm.21153
https://doi.org/10.3233/JAD-160008
https://doi.org/10.1007/s12021-018-9413-x
https://doi.org/10.1002/hbm.24769
https://doi.org/10.1016/j.neulet.2014.11.050
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Self-reference Network-Related Interactions During the Process of Cognitive Impairment in the Early Stages of Alzheimer's Disease
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Neuropsychological Data
	Alzheimer's Disease Neuroimaging Initiative (ADNI)
	Standard Protocol Approvals, Registrations, and Patient Consent
	MRI Acquisition
	Resting-State Functional Image Preprocessing
	Resting-State Networks Definition

	STATISTICAL ANALYSIS
	Demographic and Neuropsychological Data
	Group-Level Interaction Analysis

	RESULTS
	Demographic and Neuropsychological Data
	Identification of Network Interactions
	Behavioral Significance of Network Interactions

	DISCUSSION
	First Evidence of SRN Modulations and Its Special Distribution Among the Other Networks
	SRN Exhibits Damage at the Early Stage of the Disease
	SRN Functional Relationship With Multiple Functions in MCI

	LIMITATIONS
	CONCLUSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


