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Abstract Many functional magnetic resonance imaging
(fMRI) studies have indicated that Granger causality analysis
(GCA) is a suitable method for revealing causal effects be-
tween brain regions. The purpose of the present study was to
identify neuroimaging biomarkers with a high sensitivity to
amnestic mild cognitive impairment (aMCI). The resting-state
fMRI data of 30 patients with Alzheimer’s disease (AD), 14
patients with aMCI, and 18 healthy controls (HC) were eval-
uated using GCA. This study focused on the “triple networks”
concept, a recently proposed higher-order functioning-related
brain network model that includes the default-mode network
(DMN), salience network (SN), and executive control net-
work (ECN). As expected, GCA techniques were able to re-
veal differences in connectivity in the three core networks
among the three patient groups. The fMRI data were pre-
processed using DPARSFA v2.3 and REST v1.8. Voxel-wise
GCA was performed using the REST-GCA in the REST tool-
box. The directed (excitatory and inhibitory) connectivity ob-
tained from GCA could differentiate among the AD, aMCI
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and HC groups. This result suggests that analysing the direct-
ed connectivity of inter-hemisphere connections represents a
sensitive method for revealing connectivity changes observed
in patients with aMCI. Specifically, inhibitory within-DMN
connectivity from the posterior cingulate cortex (PCC) to the
hippocampal formation and from the thalamus to the PCC as
well as excitatory within-SN connectivity from the dorsal an-
terior cingulate cortex (dACC) to the striatum, from the ECN
to the DMN, and from the SN to the ECN demonstrated that
changes in connectivity likely reflect compensatory effects in
aMCI. These findings suggest that changes observed in the
triple networks may be used as sensitive neuroimaging bio-
markers for the early detection of aMCI.
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Abbreviations
ACC Anterior cingulate cortex
AD Alzheimer’s disease

ALFF Amplitude of low-frequency fluctuations
aMCI Amnestic mild cognitive impairment
ANCOVA One-way analysis of covariance
ANOVA One-way analysis of variance

BOLD Blood oxygenation level-dependent
dACC Dorsal anterior cingulate cortex

dIPFC Dorsolateral prefrontal cortex

DMN Default-mode network

ECN Executive control network

EPI Echo-planar imaging

FC Functional connectivity

fMRI Functional magnetic resonance imaging
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FOV Field of view

GCA Granger causality analysis

HC Healthy controls

IPC Inferior parietal cortex

ITC Inferior temporal cortex
MMSE Mini mental state evaluation
MoCA Montreal cognitive scale
MPFC Medial prefrontal cortex
MPRAGE Magnetization-prepared rapid gradient echo
PCC Cingulate cortex

PCC Posterior cingulate cortex

PPC Lateral posterior parietal cortex
ROI Region of interest

SN Salience network

TE Echo time

TR Repetition time

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disease that is clinically characterized by memory decline and
other cognitive function impairments. These impairments can
affect orientation, immediate memory, delayed memory, atten-
tion, calculation, language, abstraction, visuospatial abilities,
and executive functions. Amnestic mild cognitive impairment
(aMCI) refers to a level of memory decline and cognitive
degeneration among ageing individuals who do not meet the
criteria for dementia, and is considered the prodromal stage of
dementia with a high risk of transition to AD (Morris et al.
2001). Petersen et al. (2005) showed that the short-term (6 to
12 months) use of donepezil for aMCI treatment results in a
more marked decrease in AD progression than observed in
controls, whereas no differences were observed at 36 months.
This finding indicates that early intervention more effectively
delays the progression of AD than late-stage treatment, and
prolongs patient survival. Individuals with aMCI have a high
risk of conversion to AD (Ganguli et al. 2011). Therefore,
early identification of aMCl is particularly important.

In recent decades, resting-state fMRI (rs-fMRI) has been
utilized for the early detection of aMCI. Many findings
based on rs-fMRI analyses have revealed that changes in
the amplitude of low-frequency fluctuations (ALFF) (Bai
et al. 2008; Li et al. 2002), local functional connectivity as
revealed by regional homogeneity (ReHo), and long-range
functional connectivity (FC) (Binnewijzend et al. 2012;
Sorg et al. 2007) can be detected in the prodromal stage
of AD. These changes are concentrated in the parietal cor-
tex, precuneus, posterior cingulate cortex (PCC), anterior
cingulate cortex (ACC), medial prefrontal cortex (MPFC),
hippocampus, and thalamus (Andreasen and Redrobe
2009; De Luca et al. 2006; Greicius et al. 2003; Gusnard
and Raichle 2001; Zhong et al. 2014).
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Among the indices used in these studies, blood oxygena-
tion level-dependent (BOLD) signal changes in ALFF have
only been investigated for a single voxel. For ReHo, only
synchronized changes in the BOLD signals of local brain re-
gions have been studied (Yuan et al. 2016). In the FC, different
seed points and their undirected relationships to other brain
regions have also been studied. Although such research has
provided insights into multiple brain regions, the human brain
produced cognition depends on knowledge of its large-scale
organization (Bressler and Menon 2010); thus, changes in a
single voxel or a local brain region cannot fully explain chang-
es in overall brain function. Certain fMRI studies have pro-
posed completely contradictory conclusions (Fox et al. 2005;
Greicius et al. 2003; Greicius and Menon 2004; Honey et al.
2007).

In 2011, Menon proposed the “triple networks” concept
(Menon 2011), which includes the default-mode network
(DMN), salience network (SN), and executive control net-
work (ECN). The DMN and its core regions, which primarily
include the MPFC, PCC, inferior parietal cortex (IPC), inferi-
or temporal cortex (ITC) and the hippocampal formation
(Buckner et al. 2008; Zhong et al. 2014), play an important
role in monitoring the internal mental landscape (Gilbert et al.
2007; Mitchell et al. 2006). The SN is primarily anchored in
the dorsal ACC (dACC) and plays an important role in the
attentional capture of biologically and cognitively relevant
events and subsequent engagement of frontoparietal systems
for working memory and higher-order cognitive control
(Menon and Uddin 2010; Sridharan et al. 2008). The ECN is
a frontoparietal system anchored in the dorsolateral prefrontal
cortex (dIPFC) and lateral posterior parietal cortex (PPC)
(Habas et al. 2009; Seeley et al. 2007). The ECN is crucial
for actively maintaining and manipulating information in
working memory, rule-based problem solving and decision-
making in the context of goal-directed behavior (Koechlin and
Summerfield 2007; Muller and Knight 2006). The triple net-
works systematically engaged in mediation of cognition
(Smith et al. 2009). This model provides a common frame-
work for examining the stable and reliable patterns of large-
scale connectivity (Menon 2011). The ECN and SN typically
show an increase in activation during stimulus-driven cogni-
tive and affective information processing, whereas the DMN
shows decreased activation during tasks of self-referential and
stimulus-independent memory recall.

Many studies have confirmed that the connectivity of these
three networks are abnormal in different neurological diseases
and mental disorders, including AD (Menon 2011). However,
studies have not previously examined whether indices based
on the three networks can be used to identify neuroimaging
biomarkers for aMCI detection.

Granger causality analysis (GCA) is a method for investi-
gating whether the past value of a time series in one brain
region can correctly predict the current value of another region
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based on multiple linear regressions. Recently, Zang et al.
(2012) proposed the use of a signed-path coefficient from
linear regression to measure directed interactions between
brain regions. Positive and negative path coefficients
indicate that the previous activity of a brain region can
predict increased and decreased present activity in another
region, respectively. Miao et al. (2011) used GCA to identify
abnormal patterns in DMN hubs in AD.

In the present study, healthy control (HC), aMCI and
AD subjects were analysed, and changes in directed FC
(or effective connectivity) among the three networks in
the three groups were studied. The directed FC indices
were determined using GCA. The ultimate goal of the pres-
ent analysis was to identify which method, brain region,
and connection yield the most sensitive biomarkers for
aMCIL.

Materials and methods
Demographic and clinical assessments

AD and aMCI patients were recruited from the Memory Clinic
of Zhejiang Provincial People’s Hospital between January 2014
and December 2015. The HC subjects were volunteers who were
primarily enrolled from the health promotion center of the hos-
pital. All participants were right-handed and asked to provide
written informed consent. All applied procedures were approved
by the local Ethics Committee of Zhejiang Provincial People’s
Hospital (Permit Number: 2012KY002).

The patients received a standard dementia screening that
included medical history, physical, and neurological examina-
tions, screening of laboratory tests, neuropsychological test-
ing, and brain MRI. Patients with AD met the revised
NINCDS-ADRDA (National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association) criteria for
“probable AD” (McKhann et al. 2011). Neuropsychological
tests were assessed using the Mini Mental State Examination
(MMSE) (Folstein et al. 1975) and Montreal Cognitive Scale
(MoCA). Patients with AD had a MMSE score < 24 and a
MoCA score < 26.

Subjects with aMCI exhibited memory impairment but
did not meet the criteria for dementia. The following criteria
were used for the identification and classification of subjects
with aMCI (Rivas-Vazquez et al. 2004): 1) complain of im-
paired memory; 2) MMSE score > 24 and <27; 3) maintain
normal performance.

The criteria for HC subjects were: 1) no neurological or
psychiatric disorders, such as stroke, depression, or epilepsy;
2) no neurological deficiencies, such as visual or hearing loss;
3) no abnormal infarction or focal lesion on conventional
brain MR imaging.

For all subjects, exclusion criteria were: 1) vascular demen-
tia or mixed dementia; 2) diseases that may cause memory
loss such as Parkinson’s disease, severe anemia, and cancer;
3) previous treatment with psychoactive substances; 4) any
other types of dementia such as Pick disease, dementia with
Lewy bodies, paresis of the insane or positive syphilis anti-
body with absence of paresis of the insane; 5) mental and
nervous system diseases, hypertension, diabetes, and other
severe physical diseases; 6) alcohol dependence, substance
abuse, or a history of head trauma; 7) drug allergy, intolerance
to scanning, or metal artifacts; or 8) high signal lesions with a
diameter > 5 mm or more than 4 lesions with diameter < 5 mm
using T2-FLAIR.

fMRI acquisition protocols

MRI data acquisition was performed using a Siemens Trio3-
Tesla scanner equipped with a 12-channel phased-array head
coil (Siemens, Erlangen, Germany) at Zhejiang Provincial
People’s Hospital. The participants were instructed to be still
during the sessions, to keep their eyes closed but not fall
asleep, and to relax. Resting-state functional images were col-
lected axially using an echo-planar imaging (EPI) sequence
with the following settings: 31 axial slices; thickness/gap, 3.2/
0.8 mm; in-plane resolution, 64 x 64; repetition time (TR);
2000 ms; echo time (TE), 30 ms; flip angle, 90°; field of view
(FOV), 220 mm x 220 mm; voxel size, 3 mm x 3 mm x 4 mm,;
240 volumes (8 min). Three-dimensional T1- magnetization-
prepared rapid gradient echo (MPRAGE) sagittal images were
collected using the following parameters: 192 sagittal slices;
slice thickness/gap, 1/0 mm; in-plane resolution, 256 % 256;
TR, 1380 ms; TE, 2.6 ms; inversion time, 800 ms; flip angle,
15°; FOV, 256 mm x 256 mm; and voxel size, 1 mm x
I mm % 1 mm.

Data pre-processing

The fMRI data were pre-processed using DPARSFA v2.3
(http://rfmri.org/DPARSF) and REST v1.8 (http://www.
restfmri.net) based on SPM8 (http://www.fil.ion.ucl.ac.uk/
spm) with MATLAB 2012a (MathWorks, Inc., Natick, MA,
USA). Data pre-processing included the following steps: re-
moval of the first four time points, allowing the longitudinal
magnetization to reach a stable state and the participants to get
used to the scanning environment; slice timing correction; head
motion correction; spatial normalization to the Montreal
Neurological Institute (MNI) space; rs-fMRI images resam-
pling with voxels of 3 mm x 3 mm x 3 mm; spatial smoothing
performed using an isotropic Gaussian kernel (FWHM =
6 mm); temporal filtering (0.01-0.08 Hz); removal of linear
and quadratic trends; regression of covariates, including the
global signal, a time series of the white matter and cerebrospinal
fluid, and six affine motion parameters. The exclusion criterion
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for excessive head motion was >2.0-mm translation or >2.0°
rotation in any direction. Details of data pre-processing were
reported in our previous study (Yu et al. 2016).

GCA

We followed Zang et al.’s (2012) extended vector AR model
as follows:

P P

Y=y AXU 4 ¥ BYUN 4 ez + B (1)
k=1 k=1

X' = § AR 4§ grxeR L Oz g (2)
k=1 k=1

where X’ and Y’ represent two time series, A (formula (1)) and
A(formula (2)) are signed path coefficients, B(formula (1)) and
B'(formula (2)) use auto regression, E'(formula (1)) and E"
(formula (2)) are residuals, and Z’ represents the covariates
(e.g., head motion, global trend, and time series from certain
brain areas). The time series X' significantly Granger-causes
time series Y if the signed path coefficient A is significantly
larger or smaller than zero. Conversely, ¥* can be defined as
significantly Granger-causing X' if the signed path coefficient
A" is significantly larger or smaller than zero.

Connectivity Degree of the Network:

In order to further explore the functional connectivity be-
tween the three networks, we defined a calculation for the
network analysis as follows:
= 1771’1'

NV

T
M3

=17

where I, is the connectivity degree between the two net-
works M and N; m and n denote the number of nodes in the

networks M and N, respectively; nij denotes the interregional
connectivity between nodes i and j, defined as nij
= 8. represents the node of the network M; j is
the node in the network N. The larger the value of
L'yn, the greater the increase in functional connectivity
between the two networks, representing excitatory con-
nectivity. The negative value of I,y represents de-
creased functional connectivity, meaning inhibitory con-
nectivity (Zheng et al. 2015).

A region of interest (ROI) for the DMN was placed at the
PCC (centring at x =0,y= —53,z=26), as in a previous
GCA study (Hedden et al. 2009). The ROI for the SN was
placed at the dACC (centringat x = —6,y=18,z=30),asina
previous GCA study (Seeley et al. 2007). The ROI of the ECN
was placed at the dIPFC (centring at y =30,y =12, z=60), as
in a previous GCA study (Seeley et al. 2007). All ROI coor-
dinates were in MNI space.

Voxel-wise GCA was performed using REST-GCA in
the REST toolbox (http://www.restfmri.net). After
obtaining the GCA map for each subject,
standardization was performed by removing the whole-
brain mean and dividing by the whole-brain standard
deviation. The position of the three seed points is illus-
trated in Supplemental Fig. 1. In addition, estimation of
the directed connectivity was based on the models
shown in Supplemental Fig. 2.

Statistical analyses

A one-way analysis of covariance (ANCOVA) was used to
compare age, education level and MMSE score among the
AD/aMCI/HC groups. MoCA score comparison between the
AD and aMCI groups was assessed by two-sample

Table 1 Demographics and
neuropsychological performances
of the AD, aMCI and healthy

control patients

AD MCI HC Group comparison
P-value (X2 or F -value)
N 30 14 18 N/A
Age (years, mean + SD) 72.83 £9.25 68.79 £ 8.99 73.78 £9.92 0.29(1.247%)
Gender (M: F) 15:15 9:5 6:12 0.21(3.08")
Handedness (R: L) 30:0 14:0 18:0 N/A
Education (years, mean + SD)  6.87 + 3.68 9.57+491 739 +491 0.16(1.88%
MMSE score (mean + SD) 1593 +534  26.00+0.88  29.56+0.51 < 0.001(82.64)*
MOCA score (mean + SD) 1063 +4.89 2229+186 — < 0.001(63.02%*

A one-way analysis of covariance (ANCOVA) was used to compare age, education level and MMSE score among
the AD/aMCI/HC groups. The MoCA score was calculated using two-sample independent #-tests; Fisher’s exact
test was used to assess the sex ratio between the three groups. P-values were adjusted for multiple comparisons.

AD Alzheimer’s disease, aMCI amnestic mild cognitive impairment, HC healthy controls, SD standard deviation,
MMSE mini mental state evaluation, MoCA Montreal cognitive scale

*P<0.05 for the differences between groups

3 X2 value

° F value
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Fig. 1 Significant differences in
GCA results (directed
connectivity from the PCC to the
whole brain, x2y, red). The F-test
was used, with threshold set to

P < 0.05 with the AlphaSim
correction (individual P < 0.05,
cluster size >228 mm®) with the
color scale representing the
ranges off-values. The aberrant
regions included the lingual
gyrus, fusiform gyrus,
cerebellum 4 5 and
parahippocampal gyrus

+25mm

R

+45mm

8.99 N I I

independent #-tests. Gender ratio was examined by Fisher’s
exact test. P < 0.05 was considered statistically significant.
We performed voxel-wise group comparisons to assess
potential group differences in seed-based GCA, and one-
way analysis of variance (ANOVA) was used for this
analysis. Unless specified, Monte Carlo simulations using
the AlphaSim were used to derive an appropriate combi-
nation of voxel-based significance and cluster extent re-
quired to reach a corrected significance threshold of
P < 0.05, which considered the effective smoothness as
estimated directly from our pre-processed data (http://afni.
nimh.nih.gov/pub-/dist/doc/manual/AlphaSim.pdf). To

i@ 2

-5Smm +Omm

+5mm +40mm

H &

+55mm +60mm

$ e

+30mm

+50mm

3.15

further investigate the differences between groups,
regions that showed significant differences in the above-
mentioned ANOVA were set as ROIs. The ROIs were
spheres that presented the peak voxel as the centre with
a radius of 6 mm. Average GC values were extracted
from the ROIs; for each ROI, two-sample #-tests were
performed for between-group comparisons with
Bonferroni correction, and a significance level of 0.05/3
was set for P values. If significant results were not ob-
served, the threshold values were further decreased to
P < 0.01, and not corrected for multiple comparisons
(the cluster size threshold was set to be larger than 40).
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Table 2 Significant differences in the GCA results (PCC to the whole brain, x2y) between the AD/HC/aMCI groups
Regions Hemisphere = BA  Number of voxels  Peak activation strength (F) ~ Peak coordinates

X y z
Lingual gyrus, fusiform gyrus, Cerebelum 4 5, R / 284 10.1591 24 —69 -3

parahippocampal gyrus

The F-test was used, with threshold set to P < 0.05 with the AlphaSim correction (cluster size >228 mm®). Averaged GC value was extracted from the
RO, for which a two-sample #-test was performed for between-group comparisons, with the P-value set at a significance level of 0.05/3. The degrees of
freedom in AD/aMCI, AD/HC, and aMCI/HC group comparisons were 43, 47 and 31, respectively. The aberrant regions included the lingual gyrus,
fusiform gyrus, cerebellum 4 5, and parahippocampal gyrus. The ROI was extracted from the right lingual gyrus (centring at x =24,y = —69,z= —3)

Results
Demographic and clinical data

Two patients with AD had incomplete data. Data of
12 AD, 2 aMCI and 2 HC subjects could not be used
due to the presence of artefacts. The remaining 4 AD
participants, 1 aMCI participant and 1 HC participant
were eliminated from the analysis due to excessive head
movement. Consequently, the data of 30 AD (mean age,
72.83 £+ 9.25 years; 15 males, MMSE, 15.93 + 5.34), 14
aMCI (mean age, 68.79 £ 8.99 years; 9 males, MMSE,
26.00 = 0.88), and 18 HC (mean age, 73.78 + 9.92 years;
6 males, MMSE, 29.56 + 0.51) participants were used
for the subsequent analysis. The clinical and demo-
graphic data are listed in Table 1. Significant differences
were not observed among the three groups with respect
to gender, age, and education level (P > 0.05), and
MMSE and MoCA scores were significantly different
among the groups (P < 0.05).

GCA

From PCC to other regions (x2y, means directed connectivity
from the seed point to whole brain regions; where x represents
seed point, and y represents other brain regions).

Figure 1 and Table 2 show significant differences in GC
among the three groups with respect to directed connectivity
from the PCC seed points to other brain regions (y2x, means
directed connection from whole brain regions to the seed point;
where y represents other brain regions, and x represents the
seed point). The different regions were concentrated in the right
parahippocampal gyrus within the DMN as well as the lingual
and fusiform gyri. The ROI was extracted from the right lingual
gyrus (peak Z-GC centring at xy =24, y=— 69, z= —3)(Fig. 1
and Table 2). A three-group comparison showed that the GC
values of the AD group were higher than those observed for the
other two groups, which exhibited excitatory connectivity (GC
value increased) (Table 3). However, the aMCI group exhibited
inhibitory connectivity (the GC value decreased significantly
from that of the AD group) (Fig. 2a).

Table 3 The GC results comparison of three-group in AD/HC/aMCI
Regions Connections Value(Mean + SD) t-value P-value
A B C A-B A-C B-C AB A-C B-C
Lingual gyrus(R) ~ GC(PCC-x2y) 0.40+0.18 —-036+023 -094+030 252 3.89 150 0.0153* 0.0004*  0.1438
Thalamus(R) GC(PCC-y2x) 049+0.17 0.14+025 -088+026 1.14 437 279 02612 <0.0001*  0.009*
Insula GC(dACCx2yROI'1l) —-025+021 -1.14+023 0.14+024 271 1.13 3.76 0.0094*  0.2761 0.0007*
Parietal(L) GC(dACCx2yROI2) —0.31+0.19 0.03+035 1.12+0.34 092 392 216 0.3641 0.0003*  0.039
Parahippocampal ~ GC(dIPFC-x2y ROI 1)  -0.69 +0.35 -0.85+0.28 1.18+0.36 033 327 449 0.7465 0.0022*  <0.0001*
gyrus (L)
Superior medial GC(dIPFC-x2y ROI2)  0.13+0.35 0.55+£047 -241+046 0.71 4.14 438 0.4844 0.0002*  <0.0001*
frontal gyrus(L)

Two-sample #-tests were performed for between-group comparisons with Bonferroni corrections, and P-values were set at a significance level of 0.0166

(0.05/3). Data are mean =+ standard deviation (SD)

Key: A, Alzheimer’s disease group (AD group); B, Healthy control group (HC group); C, Amnestic mild cognitive impairment group (aMCI group); GC
Granger causality; PCC posterior cingulate cortex; dACC dorsal anterior cingulate cortex; d/PFC dorsolateral prefrontal cortex; R right; and L left

*denotes significant differences between groups
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a  GCPCC x2y (24,-69,-3)

p=0.0004

Z-GCA
T

N e P L
1

AD HC aMClI

Fig. 2 GC analysis results. a, Pair-wise comparisons for significantly
different GC values extracted from the ROI, which was the right lingual

gyrus (centring at x =24,y = —69,z= —3) from the PCC to other re-
gions (x2y) among the AD/aMCI/HC groups; b, pair-wise comparisons

From other regions to PCC(y2x)

The GC from other brain regions to PCC seed points differed
among the three groups. This difference primarily appeared in
the right thalamus within the DMN, with peak Z-GC centring
at xy =15, y=—18, z=12 (Fig. 3 and Table 4). A significant
difference was observed between the aMCI group and the
other two groups; however, significant differences were not
observed between the AD and HC groups (Table 3). Group
comparison showed that the AD and HC groups exhibited
excitatory connectivity, whereas the aMCI group exhibited
inhibitory connectivity (Fig. 2b).

From SN to other regions(x2y)

Aberrant directed connectivity was observed from the SN,
with the dACC as a representative seed point to the whole-
brain network. This aberrant activity was observed in the cor-
pus striatum within the SN, including the caudate nucleus and
putamen (Fig. 4). The ROI 1 was extracted from the left insula
(the peak Z-GC centring at x = —33, y=3,z=06) (Table 5).
The directed connectivity within the SN exhibited excitatory
characteristics for the aMCI group, which showed a signifi-
cant difference from inhibitory connectivity in the HC group.
The GC of the AD group also showed inhibitory connectivity
significantly higher than that of the HC group (Fig. Sa,
Table 3). In addition, ROI 2 exhibiting significant differences
was extracted from the ECN at the left parietal cortex peak Z-
GC, centring at y = —27,y= —60, z=48 (Table 5). This re-
sult indicates a significant difference in the directed connec-
tivity from the SN to the ECN. This SN-ECN connectivity
manifested as markedly increased excitatory connectivity in
the aMCI group and exhibited a significant difference from
that of the other two groups (Fig. 5b, Table 3).

No significant difference in connectivity was observed
among the groups from other brain regions to the dACC (y2x).

b GCPCCy2x (15.-18,12)

. p<0.0001

L]
31 | p=0.0090 |

1 L

1 :
24 T

AD HC aMCT

Z-GCA
i

for the significantly different GC values extracted from the ROI, which
was the right thalamus (centring at x =15,y= — 18,z =12) from other
regions to the PCC (y2x) among the AD/aMCI/HC groups

From ECN to other regions (x2y)

Differences were detected in the directed connectivity of the
ECN with the dIPFC as the representative seed point to the
whole-brain network. The aberrant directed connectivity from
the ECN to the DMN included the left parahippocampal gy-
rus, hippocampus, lentiform nucleus, temporal middle gyrus,
lingual gyrus and pallidum, with the peak Z-GC extracted
from the left parahippocampal gyrus centring at x = — 15,
y= —33,z= —6. The aberrant directed connectivity from
the ECN to SN included the bilateral superior medial frontal
gyrus, superior frontal gyrus and supplementary motor area,
with the peak Z-GC extracted from the superior medial frontal
gyrus centring at x =6,y =42,z=45 (Fig. 6, Table 6). The
ECN-DMN connectivity was excitatory in the aMCI group
but was inhibitory in the AD and HC groups. A significant
difference was observed between aMCI and the other two
groups (Fig. 5c, Table 3). Changes in the connectivity of the
ECN-SN were observed in all three groups. The AD and HC
groups showed significant excitatory connectivity, whereas
the aMCI group exhibited significant inhibitory connectivity
(Fig. 5d, Table 3).

No significant connectivity differences from other brain
regions to the dIPFC were found between the groups (y2x).

Discussion

Menon et al. proposed that dysregulated interactions within
and among three core brain networks (i.e., ECN, DMN, and
SN), which closely correlate with aberrant saliency mapping
and cognitive dysfunction in psychopathology, including de-
mentia (Menon 2011). Our results are consistent with this
conclusion and show that directed connectivity can reveal a
series of compensational or pathological changes in aMClI,
with GC as an indicator. GCA showed significant differences
among the aMCI, AD and HC groups in this study. We believe
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Fig. 3 Significant differences in
the GCA results (directed
connectivity from other regions to
PCC, y2x, red). The F-test was
used, with threshold set to

P < 0.05 with the AlphaSim
correction (individual P < 0.05,
cluster size >228 mm®) with the
color scale representing the
ranges off-values. The aberrant
region was the right thalamus

that directed connectivity within networks is sensitive and
may serve as a neuroimaging biomarker for aMCI.

Table 4 Significant differences
in GCA results (whole brain to
PCC, y2x) between the AD/HC/
aMCI groups

@ Springer
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The DMN performs inhibitory activation during cognitive
processes. When there are pathological changes in brain

Regions Hemisphere = BA  Number of voxels  Peak activation strength (F) ~ Peak coordinates
X y z
Thalamus R / 52 9.6077 15 18 12

The F-test was used, with threshold set to P < 0.05 with the AlphaSim correction (cluster size >228 mm?). The
averaged GC value was extracted from the ROI, for which a two-sample #-test was performed for between-group
comparisons, with a P-value set at a significance level of 0.05/3. The degrees of freedom in AD/aMCI, AD/HC,
and aMCI/HC group comparisons were 43, 47 and 31, respectively. The ROI was extracted from the right
thalamus (centring at x =15,y = —18,z=12)
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Fig. 4 Significant differences
in GCA results (directed
connectivity from the dACC to
the whole brain, x2y, red). The
F-test was used, with threshold
set to P < 0.05 with the
AlphaSim correction
(individual P < 0.05, cluster
size >228 mm?®) with the color
scale representing the ranges
off-values. The aberrant
regions included the left
insula, putamen, caudate,
frontal middle orb gyrus,
parietal superior/inferior gyrus
and postcentral gyrus

networks, increased activation is observed. In the current
study, the directed connectivity within the DMN as well as
that from the DMN to the visual cortex (i.e., the lingual and
fusiform gyri) differed among the three groups. The AD group
exhibited excitatory connectivity, while the aMCI and HC
groups exhibited markedly decreased connectivity (Fig. 2c).
The GC of aMCI was the lowest, and characterized by com-
pensatory connectivity. In addition, the directed connectivity
from the thalamus to the DMN also exhibited an abnormal
inhibitory effect in aMCI that was interpreted as a type of
adaptive protective mechanism (Fig. 2d). The altered FC from
the DMN to the lingual and fusiform gyri could be the

-35mm

-30mm

5m

XX

+50mm +55mm +60mm

principal cause of deficient memory, and may reflect a break-
down of visual-related cortical networks in AD.

As mentioned above, the SN typically shows excitation
during stimulus-driven cognitive processing, whereas the ab-
normal connectivity observed in aMCI is inhibitory. Previous
research has shown that the excitatory directed connectivity
within the SN represented by the dACC seed point appears in
aMCI (Fig. 6a). The excitatory connectivity of the SN-ECN
connection was only found in the aMCI group under the same
conditions (Fig. 6b). However, the AD group exhibited de-
clined inhibitory connectivity, which may be explained as
follows: the SN is responsible for advanced cognitive
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Table 5 Significant differences

in GCA results (dACC to the Regions Hemisphere = BA  Number of  Peak activation Peak coordinates
whole brain, x2y) between the voxels strength (F)
AD/HC/aMCI groups X y z
Insula, putamen, caudate, L / 346 7.9824 -33 3 6
frontal middle orb gyrus
Parietal superior/inferior gyrus, L 7 232 8.2957 27 60 48

postcentral gyrus

The F-test was used, with threshold set to P < 0.05 with the AlphaSim correction (cluster size >228 mm? ).
Average GC values were extracted from the ROIs, for which two-samples #-tests were performed for between-
group comparisons, with P-value set at a significance level of 0.05/3. The degrees of freedom in AD/aMCI, AD/
HC, and aMCI/HC group comparisons were 43, 47 and 31, respectively. The first line represents the within-SN
connectivity from the dACC to other regions, such as the insula, putamen, caudate and frontal middle orb gyrus.

The second line represents aberrant

connectivity from the SN to the ECN such as the left parietal superior/inferior

gyrus and postcentral gyrus. The ROI 1 (first line) was extracted from the left insula (centring at x = —33,y =3,
z=06). The ROI 2 (second line) was extracted from the left parietal (centring at x = — 27,y = — 60, z=48)

functions, such as social and affective information (Botvinick
et al. 2004), which are increased upon activation. For exam-
ple, SN hyperactivity has been correlated with anxiety disor-
der (Stein et al. 2007). In the aMCI stage (in which the MMSE
values do not meet the diagnosis standard of AD), anxiety and
depression are the prominent accompanying symptoms
(Orgeta et al. 2015) and may increase the excitatory-directed

a GCDACC x2y ROII(-33.3.6)

4 p—0.0094
A
p=0.0007

2 —
S_ A T T T TP TRt POPPPI | I w
3 ceenelenne
N |

24 —

4 T T T

AD HC aMCT

C GC dIPFC x2y ROII (-15.-33.-6)

1 p=0.0022 i
I
p<0.0001
N -
N TT
< O b
3 } L
N -2 \
4 |
-6 T T T
AD HC aMCI

Fig.5 GCA results of SN/ECN: a, Pair-wise comparisons for significant-
ly different GC values extracted from ROI 1, which was the left insula
(centring at X = — 33,y =3, z=6) from the dACC to other regions within
the SN among the AD/aMCI/HC groups; b, pair-wise comparisons for
significantly different GC values extracted from ROI 2, which was the left
parietal (centring at x = —27,y = — 60, z=48) from the SN to the ECN
among the AD/aMCI/HC groups; ¢, pair-wise comparisons for the

@ Springer

connectivity of the SN. Another possible reason could be
compensatory mechanisms. The AD group exhibited de-
creased inhibitory connectivity, which may indicate an inabil-
ity to compensate. The directed connectivity from the dACC
seed point to other brain regions was concentrated in the
insula, putamen, caudate nucleus, parietal lobe, and superior/
inferior gyrus (Table 6). These brain regions are primarily

b GCDACCx2y ROI2 (-27.-60.48)

p=0.0003

~ 1

4+

Z-GCA

AD HC aMClI

d  GCdIPFC x2y ROI2 (6.42.45)

lo- . p=0.0002

W
1

Z-GCA
& =)

-10 T . T
AD HC aMCT

significantly different GC values extracted from ROI 1, which was the left
parahippocampal gyrus (centring at x = — 15,y = —33,z= —6) from the
ECN to the DMN among the AD/aMCI/HC groups; and d, pair-wise
comparisons for the significantly different GC values extracted from
ROI 2, which was the left superior medial frontal gyrus (centring at x =
6,y=42,z=45) from the ECN to the SN among the AD/aMCI/HC

groups
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Fig. 6 Significant differences in
GCA results (directed
connectivity from the dIPFC to
the whole brain, x2y, red). The
F-test was used, with threshold
set to P < 0.01 (uncorrected,
cluster size >40 mm?) with the
color scale representing the
ranges off-values. The aberrant
regions included the left
parahippocampal gyrus,
hippocampus, lentiform
nucleus, temporal middle gyrus,
lingual gyrus, pallidum,
bilateral superior medial frontal
gyrus, superior frontal gyrus,
and supplementary motor area

-35mm
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-30mm -25mm -20

+25mm +30m
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+45mm +50mm

correlated with cognitive control, attention, emotion, and
short-term memory (Beaty et al. 2015; Gasquoine 2014;
Todd and Marois 2004), which are associated with the symp-
toms of AD.

The ECN shows excitatory connectivity during the affec-
tive information procession, which is similar to the observed
activity in the SN. For the directed connectivity of the ECN,
including the dIPFC (as the representative seed point) and the
DMN, several differences were detected in multiple brain re-
gions, including the hippocampus/parahippocampal gyrus,
lentiform nucleus, and temporal middle gyrus. The excitatory
connectivity in the aMCI group may represent another type of
compensatory protection. The ECN showed increased

activation during cognitive and affective information process-
ing. However, the directed connectivity from the ECN to parts
of the SN, such as the supplementary motor area, showed
inhibitory connectivity in the aMCI group. This may be the
result of feedback inhibition, which deserves further attention.
Other data have demonstrated that memory-encoding regions
involve the hippocampus, precuneus, PCC and lingual gyrus,
prefrontal lobe, parietal lobe and occipital lobe (Schwindt and
Black 2009; Wang et al. 2007). Thus, our finding of aberrant
connectivity in these brain regions in AD and aMCI subjects
was consistent with previous studies.

The SN can initiate brain networks, guide the ECN and
DMN to execute cognitive tasks, and help target brain regions

@ Springer
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Table 6  Significant differences in GCA results (dIPFC to the whole brain, x2y) between the AD/HC/aMCI groups
Regions Hemisphere ~ BA Number of voxels ~ Peak activation ~ Peak coordinates
strength (F)
X y z
Parahippocampal gyrus, hippocampus, lentiform nucleus, L / 288 8.9627 -15 -33 —6
temporal middle gyrus, lingual gyrus, pallidum
Superior medial frontal gyrus, superior frontal gyrus, L/R 6/8/9 327 12.8440 6 42 45

supplementary motor area

The F-test was used, with threshold set to P < 0.01 (uncorrected, cluster size >40 mm?> ). Average GC values were extracted from the ROIs, for which two-
sample z-tests were performed for between-group comparisons, with P-values set at a significance level of 0.01/3. The degrees of freedom in AD/aMCI,
AD/HC, and aMCI/HC group comparisons were 43, 47 and 31, separately. The first line represents the aberrant directed connectivity from the ECN to the
DMN such as the left parahippocampal gyrus, hippocampus, lentiform nucleus, temporal middle gyrus, lingual gyrus and pallidum. The second line
represents the aberrant directed connectivity from the ECN to SN, such as the bilateral superior medial frontal gyrus, superior frontal gyrus, and
supplementary motor area. The ROI 1 (first line) was extracted from the left parahippocampal gyrus (centring at x = — 15,y = —33,z= —6). The ROI
2 (second line) was extracted from the left superior medial frontal gyrus (centring at x = 6,y =42, z=45)

to respond appropriately to stimulation, thereby playing vital
roles in cognitive task performance (Menon 2011). Studies
have suggested that aberrant connectivity within the DMN
and from the DMN to other brain regions can be considered
a biological marker of AD (Miao et al. 2011; Zhong et al.
2014). The current findings confirm this hypothesis and fur-
ther demonstrate that aberrant connectivity in other core re-
gions (ECN and SN) can be detected in AD and aMCI pa-
tients. The group of aMCI patients exhibited particularly sig-
nificant differences between the AD and HC groups, and
fMRI studies based on the “triple networks” concept have pro-
vided new insights into the large-scale neural networks of in-
trinsic connectivity in AD and aMCI. We believe that such
studies may provide sensitive neuroimaging biomarkers for
aMCI. As a large-scale network, the three core networks inter-
act with and feedback to each other. Except for the directed
connectivity in DMN, we did not observe opposite-direction
aberrant connectivity in the ECN and SN, although this may
have been related to increased importance of the DMN network
in AD. The medial temporal lobe within the DMN is one of the
first brain regions to become altered in the progression AD.
The directed connectivity data obtained from GCA can
differentiate between excitatory and inhibitory connectivity
and distinguish the direction. This indicator can reveal aber-
rant connectivity at an early stage of the disease process when
obvious declines in cognitive function have not been observed
in subjects with aMCI. The differences observed on imaging
in both inhibitory and excitatory connectivity may be charac-
teristic of aMCI. The inhibitory connections occurred (i) from
the PCC to the hippocampal formation within the DMN; and
(i) from the thalamus to the DMN. The excitatory connec-
tions occurred (i) from the dACC to the corpus striatum within
the SN, (ii) from the SN to the ECN, and (iii) from the ECN to
the DMN. We consider these connections compensatory ef-
fects in aMCI, representing potential high-sensitivity neuro-
imaging biomarkers for aMCI. The inhibitory connectivity
from ECN to SN may be the result of feedback inhibition.

@ Springer

Our study had several limitations. The statistical analysis
was challenging due to the relatively small sample size and
disproportionate number of subjects, particularly in the aMCI
and HC groups. Therefore, these findings should be interpreted
with caution, and further studies are required to verify the
results. AD patients were characterized by less education
(years) than the other two groups, whereas significant differ-
ences were not observed among the three groups based on the
level of education. However, these results do not completely
exclude the influence of less education on the results obtained.
In this study, only the GCA changes between important nodes
of the three networks were studied; thus, the other seeds among
the “triple networks” should be investigated in the future.

Future studies should better explore the relationship between
cognitive function and disease stage using the Wisconsin card
sorting test, language fluency test and trail making test. In ad-
dition, a longitudinal study that can better track changes in AD
overtime and how they relate to changes in AD severity based
on the triple networks model should be performed. Prospective
studies should be conducted to investigate whether aMCI pa-
tients who show GCA abnormalities ultimately progress to AD.

Conclusion

Using GCA analytical techniques, we revealed variations in
the connectivity of the three core networks (SN, ECN, and
DMN) in the AD, aMCI and HC groups. Changes in directed
connectivity were observed in all three groups. The directed
(excitatory and inhibitory) connectivity obtained from the
GCA could differentiate among the AD, aMCI, and control
groups. These results suggest that the directed connectivity of
inter-hemisphere connectivity is sensitive to changes in con-
nectivity that manifest in early cognitive decline. Specifically,
inhibitory connectivity within the DMN from the PCC to the
hippocampal formation, inhibitory connectivity from the thal-
amus to the PCC, and excitatory within-SN connectivity from
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the dACC to the striatum, the SN to the ECN, and the ECN to
the DMN were observed. These results demonstrate that such
aberrant connectivity may be used to differentiate between
aMCI and HC, and likely reflect compensatory changes in
aMCI. The inhibitory connectivity from to ECN to SN was
difficult to interpret but may result from feedback inhibition.
These findings suggest that changes in the triple networks
may be used as sensitive neuroimaging biomarkers for the
early detection of aMCI. Early detection would allow physi-
cians to provide early interventions that decrease morbidity
and mortality in patients with AD.
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