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ABSTRACT
Objective: Higher functional connectivity (FC) in resting-state 
networks has been shown in individuals at risk of Alzheimer’s 
disease (AD) by many studies. However, the longitudinal 
trajectories of the FC remain unknown. The present 35-month 
follow-up study aimed to explore longitudinal changes in 
higher FC in multiple resting-state networks in subjects with 
the apolipoprotein E ε4 allele (ApoE4) and/or amnestic mild 
cognitive impairment (aMCI).

Methods: Fifty-one subjects with aMCI and 64 cognitively 
normal (CN) subjects underwent neuropsychological tests 
and resting-state functional magnetic resonance imaging 
(fMRI) scans twice from April 2011 to June 2015. Subjects 
were divided into 4 groups according to diagnosis and ApoE4 
status. The CN non-ApoE4 group served as a control group, 
and other groups served as AD risk groups. The cross-sectional 
and longitudinal patterns of multiple resting-state networks, 
including default mode network, hippocampus network, 
executive control network, and salience network, were 
explored by comparing FC data between groups and between 
time points, respectively.

Results: At baseline, compared with the control group, 
the AD risk groups showed higher FC with 8 regions in 
multiple networks. At follow-up, 6 of the regions displayed 
longitudinally decreased FC in AD risk groups. In contrast, 
the FC with all of these regions was maintained in the control 
group. Notably, among the 3 risk groups, most of the higher FC 
at baseline (5 of the 8 regions) and longitudinally decreased FC 
at follow-up (4 of the 6 regions) were shown in the aMCI ApoE4 
group.

Conclusions: Higher resting-state FC is followed by a decline 
in subjects at AD risk, and this inverse U-shaped trajectory is 
more notable in subjects with higher risk.
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A lzheimer’s disease (AD) is the most common form 
of dementia characterized by progressive cognitive 

impairments and behavioral deficits. The AD pathology begins 
decades before the onset of dementia,1 and populations at 
high risk of AD have gained much attention for AD research. 
Mild cognitive impairment (MCI) has been considered as a 
transitional state between normal aging and early AD.2 MCI 
confers a high rate of conversion to AD at 10%–15% per 
year.3 Individuals carrying the ε4 allele of the apolipoprotein 
E gene (ApoE4), a major genetic risk factor for AD, are also 
at increased risk of AD,4 and the presence of both MCI and 
ApoE4 is associated with a much greater risk for developing 
AD.5,6

Using resting-state functional magnetic resonance imaging 
(fMRI) technology, a series of resting-state functional 
networks have been defined on the basis of the temporal 
correlations between intrinsic fluctuations of blood oxygen 
level–dependent signals across functionally related areas, also 
known as functional connectivity (FC).7 Disruptions of brain 
networks, including the default mode network (DMN), the 
hippocampus network, the executive control network (ECN), 
and the salience network (SN), have gained major focus because 
abnormal patterns in these networks were observed in AD 
patients, MCI subjects, and healthy subjects at risk of AD.8–13 
In addition to extensively decreased FC, subjects at risk of AD 
also display increased FC, including increased DMN FC with 
frontal cortex and the hippocampus,14 increased hippocampus 
FC with extensive cerebral cortex,9,15,16 increased ECN FC with 
frontal cortex and parietal cortex,17,18 and increased SN FC with 
cingulate cortex, frontal cortex, insula, and parietal cortex.19,20 
Interestingly, a recent study performed on transgenic mouse 
models of amyloidosis found that hypersynchrony of resting-
state FC was due to early amyloid-beta (Aβ) pathology and 
followed by hyposynchronized FC at a later period.21 However, 
whether the increased FC in subjects at risk of AD is followed 
by a decline remains relatively unknown.

The present longitudinal resting-state fMRI study recruited 
cognitively normal (CN) subjects and subjects with amnestic 
MCI (aMCI, a subtype of MCI characterized by episodic 
memory loss). According to ApoE status, the subjects were 
further divided into CN non-ApoE4 group, CN ApoE4 group, 
aMCI non-ApoE4 group, and aMCI ApoE4 group. The CN 
non-ApoE4 group served as a control group, and the other 
groups served as AD risk groups. Among the 3 risk groups, 
the aMCI ApoE4 group was considered at the highest risk for 
AD. First, the present study analyzed the baseline FC data of 
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s  ■ Although many studies have shown higher functional 
connectivity in resting-state networks in individuals at risk 
of Alzheimer’s disease, the longitudinal trajectories of the 
higher functional connectivity remain relatively unknown.

 ■ The inverse U-shaped trajectories of resting-state 
functional connectivity found in subjects at risk of 
Alzheimer’s disease may be of value for prediction, 
identification, and assessment of the disorder.

resting-state networks, including anterior and posterior 
DMN, hippocampus network, ECN, and SN, between 
AD risk groups and the control group and detected brain 
regions showing higher FC in AD risk groups relative to 
the control group. After nearly 3 years, we then explored 
the longitudinal changes of the higher FC in these regions. 
We hypothesized that regions showing higher FC in AD risk 
groups at baseline would display declines in FC strength 
during follow-up period and this changing pattern would be 
most notable in the aMCI ApoE4 group, which has highest 
risk for AD.

METHODS

Participants
As described in our prior report,22 the present study 

was carried out in accordance with the latest version of 
the Declaration of Helsinki from April 2011 to June 2015 
and was approved by the Affiliated ZhongDa Hospital of 
Southeast University Research Ethics Committee. Chinese 
Han participants were recruited by media advertisements 
and community health screening. Written informed consent 
was provided by each participant. All subjects underwent a 
standardized diagnostic evaluation, including demographic 
information, medical history, and an examination of 
neurologic status. We initially recruited 87 subjects with 
aMCI and 135 CN subjects. During the follow-up period, 
36 subjects with aMCI were lost due to the development 
of neurologic or other psychiatric diseases, moves to 
other cities, being nonresponders, dying, and subjective 
unwillingness. The follow-up of CN subjects was paused 
after comparable numbers of subjects with aMCI and CN 
subjects returned. A total of 51 subjects with aMCI and 
64 CN subjects underwent resting-state fMRI scans and 
neuropsychological tests at both baseline and follow-up. 
The mean follow-up period was 35 months. Seven subjects 
with aMCI and 4 CN subjects were excluded after the 
evaluation of head motion artifacts. Finally, both the aMCI 
and CN groups were divided into subgroups according to 
ApoE status: the remaining 44 subjects with aMCI were 
divided into 16 ε4 carriers (aMCI ApoE4 group) and 28 
non-carriers (aMCI non-ApoE4 group), and the remaining 
60 CN subjects were divided into 10 ε4 carriers (CN ApoE4 
group) and 50 non-carriers (CN non-ApoE4 group). These 
groups were matched for the duration of the follow-up 
period (Table 1).

Neuropsychological Assessments
As described previously, each subject underwent a 

neuropsychological test battery,23–27 which is described in 
detail in eAppendix 1.

Inclusion and Exclusion Criteria
Subjects with aMCI were included according to the 

diagnostic criteria proposed by Petersen2 and others,28 
which were also described in our prior study.22 See 
eAppendix 1 for details on inclusion and exclusion criteria, 
ApoE genotyping, MRI procedures, and image processing. 
Since global signal has recently been found to be associated 
with major neuronal components,29–31 global signal was not 
regressed out in the present study.

Functional Connectivity Analysis
Seed-based FC analysis was used to construct resting-

state networks. Five-mm radius spheres centered at posterior 
cingulate cortex (PCC) (Montreal Neurologic Institute [MNI] 
space: −2, −45, 34),31 medial prefrontal cortex (MNI space: 
−1, 57, 10),32 bilateral orbital frontoinsula (MNI space: −38, 
26, −10/38, 26, −10),33 and bilateral dorsolateral prefrontal 
cortex (MNI space: −42, 34, 20/44, 36, 20)34,35 served as seed 
regions for posterior DMN, anterior DMN, bilateral SN, and 
bilateral ECN, respectively. Bilateral hippocampus regions 
defined through the automated anatomic labeling template 
served as seed regions for bilateral hippocampus networks.36 
See eAppendix 1 for more details.

Statistical Analysis
Demographic and neuropsychological data. One-

way analysis of variance (ANOVA) and χ2 tests (applied 
only in the comparisons of sex) were used to compare the 
demographic data and neuropsychological performances, 
respectively, among the 4 groups with significance at P < .05. 
A 2-sample t test and χ2 tests were used in comparisons 
of the demographic data between included subjects and 
excluded subjects with statistically significant differences 
(P < .05). All statistical procedures utilized the SPSS 19.0 
software (IBM).

Functional connectivity analysis. To analyze the group 
differences of each network at baseline, a whole-brain 
voxel-wise 1-way analysis of covariance was performed 
on the baseline-stage FC data, controlling for age, sex, and 
number of years of education (using Resting State fMRI Data 
Analysis Toolkit [REST] 1.7, REST-Group). The thresholds 
were set at a corrected P < .05, determined by Monte Carlo 
simulation for multiple comparisons (voxel-wise P < .05, 
FWHM = 6 mm, cluster size > 4,131 mm3). Then, the 
average FC strength in each region with significant group 
differences was extracted in each group at both baseline 
and follow-up. To detect the higher FC in AD risk groups, 
a post hoc test (1-way ANOVA) was performed to compare 
the FC data in each region between the control group and 
AD risk groups at baseline (using the SPSS 19.0 software). 
Finally, to explore the longitudinal FC changing patterns in 
these regions during follow-up, a paired t test was applied in 
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Table 1. Demographic and Neuropsychological Dataa,b

Item
CN Non-ApoE4 

(n = 50)
CN ApoE4 

(n = 10)
aMCI Non-ApoE4 

(n = 28)
aMCI ApoE4 

(n = 16) F or χ2 P Value
Age, y 69.54 ± 5.88 68.10 ± 5.43 67.43 ± 6.85 69.25 ± 7.33 0.73 .54
Education, y 12.65 ± 3.18 13.60 ± 2.07 12.02 ± 3.62 12.41 ± 3.45 0.62 .61
Sex, male/female, n 21/29 5/5 18/10 10/6 4.42 .22
Follow-up duration, d 1,029.44 ± 97.25 1,111.20 ± 146.70 1,025.96 ± 154.71 1,083.44 ± 241.55 1.37 .26
MMSE score

Baseline 28.30 ± 1.36 28.30 ± 1.25 27.39 ± 1.65* 26.33 ± 3.27*,† 5.19 < .01
Follow-up 28.14 ± 1.62 28.30 ± 1.25 27.12 ± 2.05 24.47 ± 5.08*,†,﹟ 8.84 < .01

AVLT-DR score
Baseline 7.50 ± 1.67 7.20 ± 1.81 3.23 ± 1.27*,† 2.14 ± 1.56*,†,﹟ 69.7 < .01
Follow-up 6.20 ± 1.98 6.00 ± 1.56 2.54 ± 2.23*,† 2.07 ± 2.56*,† 26.25 < .01

CFT score
Baseline 34.32 ± 1.68 34.50 ± 1.58 33.81 ± 2.12 33.71 ± 2.49 0.75 .53
Follow-up 23.25 ± 7.57 22.60 ± 6.94 32.29 ± 7.00*,† 30.29 ± 6.90*,† 11.03 < .01

CFT-DR score
Baseline 19.40 ± 5.79 16.45 ± 3.72 14.75 ± 5.47* 10.18 ± 6.09*,†,﹟ 11.31 < .01
Follow-up 21.76 ± 7.01 20.65 ± 5.21 14.63 ± 5.38*,† 12.61 ± 10.16* 9.86 < .01

TMT-A (seconds)
Baseline 70.38 ± 22.60 55.70 ± 16.07 76.38 ± 22.97† 79.38 ± 17.46† 2.86 .04
Follow-up 73.14 ± 23.25 59.40 ± 16.08 89.54 ± 26.20*,† 87.23 ± 22.10† 5.63 < .01

TMT-B (seconds)
Baseline 186.60 ± 82.03 159.40 ± 40.49 237.73 ± 97.53*,† 225.54 ± 69.82† 3.48 .02
Follow-up 174.14 ± 54.18 162.70 ± 42.25 234.96 ± 82.23*,† 250.69 ± 129.08 6.73 < .01

CDT score
Baseline 9.04 ± 1.16 9.30 ± 1.06 8.65 ± 1.50 7.86 ± 1.29*,† 3.83 .01
Follow-up 8.72 ± 1.50 8.90 ± 0.99 8.19 ± 1.60 8.21 ± 1.93 1.04 .38

aValues are presented as mean ± SD unless otherwise noted.
bχ2 Test was applied in the comparisons of sex, and 1-way analysis of variance was applied in the other comparisons.
*P < .05 vs CN non-ApoE4 group.
†P < .05 vs CN ApoE4 group.
﹟P < .05 vs aMCI non-ApoE4 group.
Abbreviations: aMCI = amnestic mild cognitive impairment, ApoE4 = apolipoprotein E ε4, AVLT-DR = Auditory Verbal Learning 

Test–Delayed Recall, CDT = Clock Drawing Test, CFT = Rey-Osterrieth Complex Figure Test, CFT-DR = CFT–Delayed Recall, 
CN = cognitively normal, MMSE = Mini-Mental State Examination, TMT-A and TMT-B = Trail Making Tests A and B.

comparisons of FC between baseline and follow-up in each 
group. The significance level for post hoc tests was set at 
P < .05.

RESULTS

Demographic and Neuropsychological Data
As shown in Table 1, there was no significant demographic 

difference among the 4 groups. Both the CN non-ApoE4 
group and the CN ApoE4 group had results within normal 
limits on all cognitive tests at both baseline and follow-up. 
The 2 aMCI groups showed poorer performances in episodic 
memory tests, including the Auditory Verbal Learning Test 
(AVLT-DR) and Rey-Osterrieth Complex Figure Test–
Delayed Recall (CFT-DR), than the control group (ie, the CN 
non-ApoE4 group) at both baseline and follow-up. Notably, 
the aMCI ApoE4 group displayed the worst performances 
on the AVLT-DR and CFT-DR at baseline and on the Mini-
Mental State Examination at follow-up, suggesting that the 
coexistence of aMCI and ApoE4 conferred much greater 
cognitive deficits. Furthermore, at follow-up, some subjects 
converted to aMCI subjects (from 4 control subjects), 
dementia subjects (from 5 aMCI non-ApoE4 subjects and 
11 aMCI ApoE4 subjects), or CN subjects (from 4 aMCI 
non-ApoE4 subjects and 3 aMCI ApoE4 subjects). Finally, 
although some subjects were excluded during analyses, 
no significant demographic difference was found between 

included subjects and excluded subjects in either the aMCI 
group or the CN group (Supplementary eTable 1).

Between-Group FC Analyses at Baseline
Posterior default mode network. As shown in Table 2, 

compared with the control group, the aMCI ApoE4 group 
showed higher posterior DMN FC with the right middle 
occipital gyrus (P = .041) and left precentral gyrus and 
superior temporal gyrus (P = .015) (Figure 1A–1C).

Anterior default mode network. As shown in Table 2, 
compared with the control group, the 3 risk groups displayed 
no significantly higher anterior DMN FC at baseline (Figure 
1F and 1G).

Hippocampus networks. As shown in Table 2, compared 
with the control group, higher left hippocampus FC with 
the right middle temporal gyrus (P < .001) and the bilateral 
middle occipital gyrus and calcarine gyrus (P < .001) and 
higher right hippocampus FC with the right fusiform gyrus 
and cerebellar vermis (P = .022) were shown in the aMCI 
ApoE4 group (Figure 2A–2E). Higher right hippocampus 
FC with the left supramarginal gyrus and superior/middle 
temporal gyrus were shown in the aMCI non-ApoE4 group 
(P = .001) (Figure 2D and 2F).

Salience network. As shown in Table 2, compared with 
the control group, the aMCI non-ApoE4 group displayed 
higher left SN FC with the right lingual gyrus, fusiform 
gyrus, and calcarine gyrus (P = .002) (Figure 3A and 3B). 
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Table 2. Brain Network Functional Connectivity Dataa,b

Network
Regions With  

Significance at Baseline
CN Non-ApoE4 CN ApoE4 aMCI Non-ApoE4 aMCI ApoE4

Baseline Follow-Up Baseline Follow-Up Baseline Follow-Up Baseline Follow-Up
Posterior 

DMN
Left precentral gyrus 

and superior temporal 
gyrus

0.01 ± 0.19 0.06 ± 0.18 −0.04 ± 0.19 0.02 ± 0.13 −0.08 ± 0.20 0.02 ± 0.20 0.14 ± 0.11* 0.11 ± 0.13

Right middle occipital 
gyrus

0.11 ± 0.18 0.14 ± 0.21 0.18 ± 0.13 0.07 ± 0.14 0.02 ± 0.20* 0.09 ± 0.21 0.20 ± 0.16* 0.07 ± 0.13﹟

Bilateral superior frontal 
gyrus

0.55 ± 0.14 0.53 ± 0.19 0.41 ± 0.15* 0.34 ± 0.21 0.48 ± 0.20 0.47 ± 0.19 0.37 ± 0.17* 0.32 ± 0.20

Right superior temporal 
gyrus and rolandic 
operculum

0.10 ± 0.20 0.14 ± 0.21 0.07 ± 0.11 0.09 ± 0.12 0.00 ± 0.23* 0.07 ± 0.21 0.21 ± 0.16 0.12 ± 0.17

Anterior 
DMN

Bilateral posterior 
cingulate cortex and 
middle cingulate cortex

0.10 ± 0.13 0.09 ± 0.14 −0.03 ± 0.11* 0.03 ± 0.11 0.02 ± 0.11* 0.08 ± 0.09﹟ 0.11 ± 0.11 0.03 ± 0.11

Left Hip Bilateral middle occipital 
gyrus and calcarine 
gyrus

0.20 ± 0.13 0.22 ± 0.16 0.21 ± 0.17 0.20 ± 0.05 0.18 ± 0.13 0.22 ± 0.15 0.37 ± 0.13* 0.22 ± 0.12﹟

Right middle temporal 
gyrus

0.23 ± 0.13 0.22 ± 0.15 0.23 ± 0.18 0.21 ± 0.07 0.19 ± 0.12 0.23 ± 0.14 0.38 ± 0.12* 0.24 ± 0.12﹟

Right Hip Right fusiform gyrus and 
cerebellar vermis

0.20 ± 0.19 0.17 ± 0.20 0.16 ± 0.21 0.16 ± 0.13 0.09 ± 0.23* 0.17 ± 0.19﹟ 0.33 ± 0.19* 0.20 ± 0.16﹟

Left supramarginal gyrus 
and superior/middle 
temporal gyrus

0.17 ± 0.18 0.19 ± 0.17 0.16 ± 0.14 0.19 ± 0.13 0.31 ± 0.19* 0.22 ± 0.18﹟ 0.27 ± 0.11 0.22 ± 0.18

Left SN Right lingual gyrus, 
fusiform gyrus and 
calcarine gyrus

0.16 ± 0.17 0.21 ± 0.20 0.11 ± 0.19 0.15 ± 0.12 0.29 ± 0.21* 0.19 ± 0.14﹟ 0.17 ± 0.14 0.18 ± 0.12

Right SN Left inferior frontal gyrus 
and insula

0.21 ± 0.14 0.24 ± 0.19 0.43 ± 0.15* 0.36 ± 0.27 0.26 ± 0.16 0.21 ± 0.13 0.22 ± 0.16 0.23 ± 0.16

ECN None
aValues are presented as mean ± SD. Higher FC in AD risk groups relative to control group at baseline appears in bold.
bOne-way analysis of covariance was applied in the comparisons of baseline data. Paired t test was applied in the comparisons between baseline data and 

follow-up data.
*P < .05 vs HC non-ApoE4 group (control group) at baseline.
﹟P < .05 vs baseline.
Abbreviations: aMCI = amnestic mild cognitive impairment, ApoE4 = apolipoprotein E ε4, CN = cognitively normal subjects, DMN = default mode network, 

ECN = executive control network, Hip = hippocampus network, SN = salience network.

The CN ApoE4 group displayed higher right SN FC with 
the left inferior frontal gyrus and insula (P < .001) (Figure 
3C and 3D).

Executive control network. No significant differences 
in ECN FC were found between the 4 groups at baseline.

Detailed coordinate information on the regions 
described in these results is available in Supplementary 
eTable 2.

FC Analyses Between Baseline and Follow-Up
Posterior default mode network. As shown in Table 

2, among the regions related to the higher DMN FC 
seen at baseline, the right middle occipital gyrus showed 
longitudinally decreased FC in the aMCI ApoE4 group 
(P = .008) (Figure 1C) at follow-up, and the left precentral 
gyrus and superior temporal gyrus showed stable FC during 
follow-up in aMCI ApoE4 group (P = .397) (Figure 1B). The 
DMN FC with all of these regions remained stable in the 
control group.

Hippocampus networks. As shown in Table 2, 
longitudinally decreased FC was shown in all regions 
related to higher baseline hippocampus FC, including the 
left supramarginal gyrus and superior/middle temporal 

gyrus for the aMCI non-ApoE4 group (P = .038) (Figure 
2F) and the bilateral middle occipital gyrus and calcarine 
gyrus (P = .003), right middle temporal gyrus (P = .002), 
and right fusiform gyrus and cerebellar vermis (P = .048) 
for aMCI ApoE4 group (Figure 2B, 2C and 2E). By contrast, 
hippocampus FC in all of these regions was maintained in 
the control group.

Salience network. Among the regions related to higher 
baseline SN FC, the right lingual gyrus, fusiform gyrus, and 
calcarine gyrus displayed longitudinally decreased FC in the 
aMCI non-ApoE4 group (P = .045) (Figure 3B), and the left 
inferior frontal gyrus and insula displayed stable FC during 
follow-up in the CN ApoE4 group (P = .250) (Figure 3D). 
In the control group, the SN FC in all of these regions also 
remained stable.

In summary, as shown in Table 2, most of the regions 
(ie, 6 of 8) related to higher baseline FC in AD risk groups 
displayed longitudinally decreased FC at follow-up. By 
contrast, in the control group, the FC in all of these regions 
remained stable. Notably, among the brain networks, the 
higher FC at baseline was largely related to the hippocampus 
networks (4 of 8 regions); among the 3 risk groups, most of 
the higher FC at baseline (5 of 8 regions) and longitudinally 
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a(A) Brain regions showing differences of posterior DMN FC among the 4 groups at baseline (groups specified in B, C, D, and E as follows), (B) left precentral 
gyrus and superior temporal gyrus, (C) right middle occipital gyrus, (D) bilateral superior frontal gyrus, (E) right superior temporal gyrus and rolandic 
operculum, (F) brain regions showing differences of anterior DMN FC among the 4 groups at baseline (regions specified in G as follows), and (G) bilateral 
posterior cingulate cortex and middle cingulate cortex.

bThe spots are presented with Z scores. The error bars are presented with standard error. The thresholds were set at a corrected P < .05, determined by Monte 
Carlo simulation for multiple comparisons.

*P < .05 vs control group.
﹟P < .05 vs baseline.
Abbreviations: aMCI = amnestic mild cognitive impairment, ApoE4 = apolipoprotein E ε4, CN = cognitively normal, DMN = default mode network, 

FC = functional connectivity, L = left, R = right.

Figure 1. Posterior and Anterior Default Mode Network Functional Connectivity Dataa,b
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a(A) Brain regions showing differences of left hippocampus FC among the 4 groups at baseline (groups specified in B and C as follows), (B) bilateral middle 
occipital gyrus and calcarine gyrus, (C) right middle temporal gyrus, (D) brain regions showing differences of right hippocampus FC among the 4 groups 
at baseline (regions specified in E and F as follows), (E) right fusiform gyrus and cerebellar vermis, and (F) left supramarginal gyrus and superior/middle 
temporal gyrus.

bThe spots are presented with Z scores. The error bars are presented with standard error. The thresholds were set at a corrected P < .05, determined by Monte 
Carlo simulation for multiple comparisons.

*P < .05 vs control group.
﹟P < .05 vs baseline.
Abbreviations: aMCI = amnestic mild cognitive impairment, ApoE4 = apolipoprotein E ε4, CN = cognitively normal, FC = functional connectivity. 

Hip = hippocampus, L = left, R = right.
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Figure 2. Hippocampus Networks Functional Connectivity Dataa,b
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Figure 3. Salience Network Functional Connectivity Dataa,b
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and calcarine gyrus; (C) brain regions showing differences of right SN FC among the 4 groups at baseline (regions specified in D as follows); and (D) left 
inferior frontal gyrus and insula.

bThe spots are presented with Z scores. The error bars are presented with standard error. The thresholds were set at a corrected P < .05, determined by Monte 
Carlo simulation for multiple comparisons.

*P < .05 vs control group.
﹟P < .05 vs baseline.
Abbreviations: aMCI = amnestic mild cognitive impairment, ApoE4 = apolipoprotein E ε4, CN = cognitively normal, FC = functional connectivity, L = left, 

R = right, SN = salience network.

decreased FC at follow-up (4 of 6 regions) were shown in 
the aMCI ApoE4 group.

In addition, compared with the control group, the 3 risk 
groups also displayed some regions with lower FC at baseline 
(Table 2, Figure 1C–1E and 1G, and Figure 2E). During the 
follow-up period, most of the lower FC at baseline (5 of 7 
regions) remained stable.

DISCUSSION

The present study investigated the cross-sectional and 
longitudinal patterns of brain functional networks in 
subjects at AD risk. We demonstrated that regions related 
to higher baseline FC displayed longitudinal decreases of FC 
at follow-up in subjects at AD risk and that this trajectory 
was more notable in subjects with higher risk.

The present findings are consistent with a recent study21 
demonstrating that transgenic mouse models of amyloidosis 

showed increased FC at an early stage but decreased FC 
at a later stage. That study also suggested that the inverse 
U-shaped curve of FC was yielded by the development of 
Aβ pathology. Although the present study did not measure 
the Aβ pathology by using positron emission tomography 
imaging or cerebrospinal fluid analyses of Aβ, we divided 
the subjects into different AD risk groups according to 
the presence of aMCI and/or ApoE4, both of which are 
associated with the development of Aβ pathology. The Aβ 
deposition is gradually accelerated during the conversions 
from normal aging to MCI and from MCI to AD.37 ApoE4 
carriers exhibit earlier and more abundant Aβ deposition 
than noncarriers.38,39 Furthermore, the presence of both 
aMCI and ApoE4 is associated with much greater Aβ 
accumulation.40 Thus, the aMCI ApoE4 group in the present 
study might carry the greatest Aβ accumulation, which 
might contribute to the most notable inverse U-shaped 
curve of FC in this group. This inverse U-shaped curve of 
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FC was also shown by a recent cross-sectional finding that 
hippocampus FC with frontal and temporal regions initially 
increased during MCI but then decreased at a later stage.9

The mechanisms underlying network hypersynchrony 
or neuronal hyperactivity have been explored mainly in 
mouse models of AD. Generally, the hypersynchronized FC 
or the neuronal hyperactivity is due to the impaired balance 
between synaptic excitation and inhibition caused by early 
Aβ development; early Aβ pathology elicits reduced reuptake 
and enhanced presynaptic release of glutamate41,42 and 
reduced GABAergic inhibition,43 yielding an increased ratio 
of glutamate/GABA neurotransmitters.21,44 Then, activated 
neurons could further release Aβ and cause a vicious cycle 
that may boost neuronal injuries and synaptic dysfunctions.44 
The vicious cycle may explain the decreases in brain network 
FC or neuronal activities at later stages of Aβ development.

The present study detected higher FC with extensive 
regions, including frontal cortex, parietal cortex, temporal 
cortex, and occipital cortex at baseline. Traditionally, 
however, hypersynchronized FC or neuronal hyperactivity 
was found in the frontal and parietal cortex.45 This increased 
activity may be because Aβ pathology starts first in the 
upper neocortex.46 As the Aβ pathology spreads to the 
lower parts of the brain,46 the hypersynchronized FC or 
neuronal hyperactivity also arises in occipital and temporal 
regions.21,47,48 In the present study, the aMCI ApoE4 group 
displayed higher FC primarily with temporal and occipital 
regions, suggesting that the Aβ pathology in this group 
might have spread to the lower brain regions. By contrast, 
the CN ApoE4 group displayed higher FC mainly with the 
frontal cortex and the aMCI non-ApoE4 group displayed 
higher FC with the parietal, occipital, and temporal cortex, 
suggesting that the Aβ pathology in the 2 groups might be 
less severe and involve the upper brain regions, especially 
in the CN ApoE4 group. Among the networks, the higher 
FC was mainly found in the hippocampus networks and 
related to the occipital and temporal regions. This finding 
is also consistent with the developing track of Aβ pathology. 

The hippocampus, occipital cortex, and temporal cortex are 
affected by Aβ pathology later than the upper neocortex.46 
In the present study, the aMCI subjects with an average age 
of nearly 70 years might display Aβ deposition in these lower 
regions, which may contribute to the higher hippocampus 
FC with the occipital and temporal regions in these subjects. 
In contrast, the lower FC at baseline in groups at risk for AD 
was mainly shown in DMN with PCC and medial prefrontal 
cortex as seeds that are relatively upper regions. The result 
suggests that the upper brain regions of these subjects might 
be at a much later stage of Aβ plaque development with 
severe neuronal injuries and synaptic dysfunctions.

Some limitations should be noted. First, the sample 
size was small. At follow-up, several subjects converted to 
MCI subjects, dementia subjects, or CN subjects; however, 
comparisons between converters and nonconverters could 
not be performed with the limited sample size. Thus, the 
conversion effect on FC changes could not be assessed. Due 
to the small sample size, we did not perform correlation 
analyses between cognitive function and FC. Second, during 
the nearly 3-year follow-up, fMRI scans were conducted only 
twice. Our results confirmed only the decline part of the 
inverse U-shaped curve of FC. FMRI scans at multiple time 
points would be helpful for better illustrating the curve. We 
will continue to follow up with these subjects. Finally, due 
to the incomplete data about the onset time of subjective 
memory impairment, we failed to analyze the onset time of 
the symptoms for aMCI subjects, an analysis that may help 
to illustrate longitudinal trajectories more accurately.

In conclusion, hypersynchronized FC of resting-state 
brain networks was followed by a decline in subjects at risk for 
AD, and the trajectory was more notable in subjects at higher 
risk. The findings could shed light on aging trajectories of 
resting-state functional networks in subjects at AD risk. 
These aging trajectories should be validated with data from 
a larger sample with long-term follow-up and would be of 
value for prediction, identification, and assessment of the 
disorder.
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eAppendix 1

1. Materials and methods

1.1. Neuropsychological assessments

Global cognitive function was assessed by a Mini Mental State Examination (MMSE), 

a Clinical Dementia Rating (CDR) and a Mattis Dementia Rating Scale-2 (MDRS-2). 

All subjects underwent a neuropsychological battery test including an auditory-verbal 

learning test-delayed recall (AVLT-DR), Rey-Osterrieth complex figure test (CFT) 

with its 20-min delayed recall (CFT-DR), clock drawing test (CDT), and trail making 

tests (TMT)-A and B.

1.2. Inclusion and exclusion criteria

The inclusion criteria of aMCI were as follows: 1) subjective memory impairment 

corroborated by the subject and an informant, 2) objective memory performances 

documented by an AVLT-DR score ≤ 1.5 standard deviations of education-adjusted 

and age-adjusted norms (the cutoff was ≤ 4 correct responses on 12 items for ≥ 8 

years of education), 3) normal general cognitive function evaluated by an MMSE 

score ≥ 24, 4) a CDR of 0.5, with at least a 0.5 in the memory domain, 5) minimal or 

no impairment of routine daily life activities, 6) the absence of dementia or 

insufficiency in meeting the National Institute of Neurological and Communicative 

Disorders and Stroke and the AD and Related Disorders Association (NINCDS-

ADRDA) and DSM-IV criteria for AD. Exclusion criteria were as follows: 1) a 

history of alcoholism, stroke (modified Hachinski score of > 4), Parkinson’s disease, 

head injury, major depression (excluded by a self-rating depression scale), epilepsy, 
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or other neurological or psychiatric illness (excluded by clinical assessment and case 

history), 2) major medical illness (e.g., anemia, cancer, and thyroid dysfunction), 3) 

severe hearing or visual loss, 4) T2-weighted MRI displaying infarction, major white 

matter changes, or other lesions (two experienced radiologists executed the scans). 

Control subjects were required to have a clinical dementia rating of 0, an MMSE 

score of ≥ 26, and a delayed recall score of > 4 for those with ≥ 8 years of education. 

The inclusion and exclusion assessments were conducted by 2 experienced 

neuropsychiatric physicians who administered a structured interview to subjects and 

their informants.

1.3. ApoE genotyping

Genomic DNA was extracted from 250 μL EDTA-anticoagulated blood collected 

from each subject using a DNA direct kit (Tiangen, China). A polymerase chain 

reaction-based restriction fragment length polymorphism (PCR-RFLP) assay was 

employed to detect the rs7412 and rs429358 alleles, the haplotype of which ultimately 

determined the ApoE genotype.

1.4. Magnetic resonance imaging procedures

All subjects were scanned using a Siemens Verio 3.0-T scanner (Siemens, Erlangen, 

Germany) with a 12-channel head coil at the Affiliated ZhongDa Hospital of 

Southeast University. The subjects were told to keep their eyes closed and relax 

during the scan. Their ears were occluded with earplugs, and their heads were 

immobilized using foam pads and belts to minimize head motion. Resting-state 

functional images, including 240 volumes, were acquired by a gradient-recalled echo-
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planar imaging (GRE-EPI) sequence: repetition time (TR) = 2000 ms; flip angle (FA) 

= 90°; echo time (TE) = 25 ms; field of view (FOV) = 240 × 240 mm; acquisition 

matrix = 64 × 64; gap = 0 mm; thickness = 4.0 mm; number of slices = 36. High-

resolution T1-weighted axial images covering the whole brain were obtained by a 3D-

magnetization prepared rapid gradient-echo sequence: TR = 1900 ms; FA = 9°; TE = 

2.48 ms; FOV = 250 × 250 mm; acquisition matrix = 256 × 256; gap = 0 mm, 

thickness = 1.0 mm; number of slices = 176. Additionally, routine axial T2-weighted 

images were obtained to exclude subjects with major white matter changes, cerebral 

infarction, or other lesions.

1.5. Image preprocessing

Imaging data were analyzed using Data Processing Assistant for Resting-State fMRI 

(DPARSF) V2.1 (http://www.restfmri.net/forum/DPARSF). The first 10 volumes of 

the scanning session were discarded to allow for T1 equilibration effects. Then, the 

slice timing and realignment procedures were performed to correct for the time 

differences in acquisition among slices within one volume, and the motion effects (6-

parameter rigid body) during the scan. Participants with head motion > 3 mm in 

transition or 3° in rotation were excluded. The resulting images were spatially 

normalized into a standard stereotaxic space with a 12-parameter affine approach and 

an EPI template image, and then resampled to 3 × 3 × 3 mm voxels, and smoothed 

with a Gaussian kernel of 6 × 6 × 6 mm. Finally, white matter, cerebrospinal fluid and 

6 head motion parameters were removed as covariates of no interest. 

1.6. FC analysis
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For each subject, a mean time series of each seed region was computed as the 

reference time course for each network. Pearson cross-correlation analysis was 

performed between the seed time course and the time course of the whole-brain 

voxels. A Fisher’s z-transformation was applied to improve the normality of the 

correlation coefficients . Finally, the individual maps of each network 
r  1
r  1ln  0.5  




z

were obtained. 
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Supplementary eTable 1 Demographic data of included subjects and excluded subjectsa,b

Items

aMCI

t or χ2 P-value

cognitive normal

t or χ2 P-value
Included
subjects

Excluded
subjects

Included
subjects

Excluded
subjects

(n = 44) (n = 43) (n = 60) (n = 75)

Age (years) 68.09±7.00 71.00±7.66 −1.85 0.07 69.30±5.79 67.45±7.22 1.65 0.1

Education (years) 12.16±3.52 11.49±2.79 0.98 0.33 12.81±3.03 11.85±3.06 1.81 0.07

Gender (male:
female)

28:16 19:24 3.31 0.07 26:34 39:36 1 0.32

aValues are presented as the mean ± stand deviation (SD). 
bχ2 test was applied in the comparisons of gender and a two-sample t test was applied in the other comparisons. 
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Supplementary eTable 2 Brain regions with significance at baselinea

Network Brain region BA
Peak  MNI
coordinates
x, y, z (mm)

Peak F
value

Cluster
size
(mm3)

Posterior DMN
Left precentral gyrus and superior temporal gyrus 4, 48 −57, −1, 1 4.44 4590
Right middle occipital gyrus 19 21, −75, 15 5.55 4158
Bilateral superior frontal gyrus 10 −12, 57, 18 5.33 4293
Right superior temporal gyrus and rolandic operculum 48 57, −6, 12 4.81 4212

Anterior DMN
Bilateral posterior cingulate cortex and middle cingulate cortex 26, 29 8, −35, 14 5.9 10395

Left Hip
Bilateral middle occipital gyrus and calcarine gyrus 17, 18, 19 −27, −78, −3 7.84 54891
Right middle temporal gyrus 21, 37 45, −42, 6 6.06 4833

Right Hip
Right fusiform gyrus and cerebellar vermis 37 −3, −45, −39 5.37 6696
Left supramarginal gyrus and superior/middle temporal gyrus 40, 42 −54, −51, 21 5.28 4563

Left SN
Right lingual gyrus, fusiform gyrus and calcarine gyrus 18, 19 24, −84, −3 5.82 12825

Right SN
Left inferior frontal gyrus and insula 45, 46, 48 −40, 38, 1 6.69 4860

ECN
None

aThe thresholds were set at a corrected P < 0.05, determined by Monte Carlo simulation for multiple comparisons.
Abbreviations:  BA = Brodmann’s area, MNI = Montreal Neurological Institute, DMN = default mode network, Hip =
hippocampus network, SN = salience network, ECN = executive control network.
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