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Background: Alzheimer’s disease (AD) is an age-progressive neurodegenerative disorder that affects
cognitive function. There have been several functional connectivity (FC) strengths; however, FC density
needs more development in AD. Therefore, this study wanted to determine the alternations in resting-state
functional connectivity density (FCD) induced by Alzheimer’s and mild cognitive impairment (MCI).
Methods: One hundred and eleven AD patients, 29 MCI patients, and 73 healthy controls (age- and sex-
matched) were recruited and assessed using resting-state functional magnetic resonance imaging (MRI) scanning.
The ultra-fast graph theory called FCD mapping was used to calculate the voxel-wise short- and long-range
FCD values of the brain. We performed voxel-based between-group comparisons of FCD values to show the
cerebral regions with significant FCD alterations. We performed Pearson’s correlation analyses between aberrant
functional connectivity densities and several clinical variables with adjustment for age and sex.

Results: Patients with cognition decline showed significantly abnormal long-range FCD in the cerebellum
crus I, right insula, left inferior frontal gyrus, left superior frontal gyrus, left inferior frontal gyrus, and right
middle frontal gyrus. The short-range FCD changed in the cerebellum crus I, left inferior frontal gyrus, left
superior occipital gyrus, and right middle frontal gyrus. The long- and short-range functional connectivity in
the left inferior frontal gyrus was positively correlated with Mini-mental State Examination (MMSE) scores.
Conclusions: FCD in the identified regions reflects mechanism and compensation for loss of cognitive
function. These findings could improve the pathology of AD and MCI and supply a neuroimaging marker
for AD and MCIL
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Introduction

Alzheimer’s disease (AD) is an age-progressive
neurodegenerative disorder that may cause cognitive
function impairment even in its prodromal stage termed
as mild cognitive impairment (MCI) (1). Cognitive
dysfunction, which is the most common AD symptom,
is characterized by dramatic and dangerous behaviors
that mainly contributed to AD-associated mortality and
burden (2). Although there has been significant progress in
elucidating the mechanisms underlying AD, they remain
unclear (3).

Advances in neuroimaging techniques have allowed more
efficient and noninvasive AD assessment (4-6). Besides,
cognitive function scale can be used to early diagnosis in
clinical and some blood markers and metabolites predict the
development of AD in some research.

Morphometric studies using magnetic resonance imaging
(MRI) have reported a significant reduction in the gray
matter density of the hippocampus in patients with AD (4).
Further, diffusion tensor imaging has shown that anisotropy
in the cingulate and mean diffusivity in the hippocampus are
AD progression predictors (7). A method called functional
connectivity (FC) can measure spontaneous brain function (8),
which indicates the temporal correlation of spontaneous
brain activity fluctuations between spatially distinct regions.
Several studies have reported abnormal FC in the bilateral
hippocampal functional network (9).

A functional connectivity density (FCD) can measure the
number of functional connections of the target voxel with
the other voxel (10). A higher FCD value shows that the
voxel is functionally connected to a large voxel number. It
suggests that the voxel may be more crucially involved in
information processing than voxels with lower FCD values.

Studies have used long- and short-range FCD to
investigate the abnormal brain FC in borderline personality
disorder (11), sleep deprivations (12), alcohol abuse (10),
and autism spectrum disorder (13). Calculating the short-
range FCD can determine the function of the special voxels
in functionally specialized systems, while long-range FCD is
more exact for showing the functional integration of whole-
brain networks.

This study aimed to identify differences in the
spontaneous functional organization by using long- and
short-range FCD values in many patients with AD and MCI
and normal controls (NC). The within-group correlation
analysis revealed the relationship between cognitive
function and long- and short-range FCD in the identified
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abnormal regions. We present the following article in
accordance with the MDAR reporting checklist (available at
http://dx.doi.org/10.21037/atm-20-7019).

Methods
Participants

This study recruited 140 cognitive impairment patients,
including 111 AD patients and 29 MCI patients from
September 2016 to December 2018 at Zhejiang Provincial
People’s Hospital. The control group was healthy, age-
and sex-matched volunteers from the hospital. The Ethics
Committee of Zhejiang Provincial People’s Hospital
authorized the study protocol (No. 2012KY002) and was
performed following the Declaration of Helsinki (as revised
in 2013). Informed consent was taken from all patients.

We collected social characteristics, including sex,
age, educational status, and disease conditions. The
hematological examination, neuropsychological assessment,
and other medical information were collected. The Mini-
mental State Examination (MMSE) and Montreal Cognitive
Assessment scale (MoCA) were the most common scales for
cognitive function assessment. All the patients were aged
between 55 and 85. The diagnostic standard of AD met
the National Institute of Neurologic and Communicative
Disorders and Stroke and the AD and Related Disorders
Association criteria, MMSE score <24 and MoCA score <26.
Patients with MCI were determined using the following
criteria: impaired memory complaints, maintaining normal
performance, and MMSE scores of >24 and >27. The
inclusion criteria for NC were: age- and sex-matched
volunteers without cognition impairment, the MMSE score
>28. The exclusion criteria: other dementia and involving
memory disorder, the psychiatric illness which may cause
the dementia symptom, a history of alcoholism or drug
abuse, and any organic brain disease. Finally, we enrolled 111
patients with AD, 29 patients with MCI, and 73 NC.

MRI acquisition

We acquired all MRI data using a 3.0-T MR scanner (GE
Healthcare, Discovery MR750, United States). The head
is fixed with sponge pads to avoid head motion artifacts
and scanner noise. All participants were ordered not to
fall asleep while keeping their eyes closed during the scan
to keep brain oxygen level at stable value. The structural
MRIs were acquired using a high-resolution three-
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dimensional T1-weighted magnetization-prepared rapid
gradient echo (MPRAGE) sagittal sequence with scanning
parameters of repetition time (TR) =6.7 ms, echo time
(TE) =2.9 ms, inversion time (TT) =450 ms, slice thickness/
gap =1/0 mm, FOV =256x256 mm’, flip angle =12°,
matrix =256x256; there were 192 sagittal slices collected
from each subject. A resting-state fMRI (rs-fMRI) scan
was performed an echo planar imaging (EPI) sequence
to collect the images with the following parameters:
repetition time/echo time (TR/TE) =2,000/30 ms,
slice thickness =3.2 mm and the gap =0 mm, the field of
view (FOV) =220x220 mm’, and the flip angle =90°. Each
acquisition had 210 timepoints that had 44 slices.

Functional image preprocessing

Data Processing & Analysis for Brain Imaging (DPABI)
toolbox was used to preprocess the re-fMRI data (14).
We discarded the first ten points of each participant
to keep the signal to reach equilibrium and saturation
effects. The remaining 200 consecutive timepoints were
corrected for slice timing to the first timepoint for head
motion correction. The head motion correction and spatial
normalization were set to the standard EPI temple with
a resampled voxel size of 3x3x3 mm’. Participants were
included with a head motion of less than 3 mm and 3°.
Then, the fMRI data were detrended to remove the linear
detrending and band-pass filtering (0.01-0.08 Hz). Finally,
using the nuisance covariates reduced head motion, global
signal, cerebrospinal fluid, and white matter signal.

Long- and short-FCD calculation

After preprocessing the fMRI data, the long- and short-
range FCD of the special voxels were calculated using a
graph theoretical network analysis toolbox v1.2.1 (GRATNA
v1.2.1) (15). A voxel was used to reveal the association of
the time course of the other voxels by Pearson’s correlation.
The strength of the functional connections of a given
voxel described the node degree in the binary graph. The
detailed calculation process of the local and global FCD
has been described (16). The connectional FCD threshold
was set as 0.6 (17). The actual physical distance of between-
region connections has been reported to be approximately
75 mm (18). FC between a given voxel and other voxels
exceeding and within the actual physical distance was
defined as long- and short-range FCD, respectively. For
further data analysis, the long- and short-range FCD
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maps were converted to Z scores (19). Finally, these maps
were smoothed with a 6-mm full-width at half-maximum
Gaussian kernel using SPM8 (https://www.fil.ion.ucl.ac.uk/
spm/software/spm8/).

Statistical analysis

SPSS 26.0 (SPSS Inc., Chicago, IL, USA) was used to
analyze demographic and clinical variables. We analyzed
variance to determine differences in age, education level,
MMSE, and MoCA. The sex ratio was compared with the
X test. Statistical significance was set as P<0.05. Analysis of
covariance (ANOVA) was performed using DPABI toolbox
v4.0 to examine among-group differences (20). Then, based
on the brain mask from the abnormal brain regions of the
ANOVA, post hoc analysis based on a two-sample #-test
is used to perform two groups by comparison. AlphaSim
corrections were used for multiple comparisons after
removing the confounding effects of age, sex, and relative
root mean square of head motion by regression. The
significance level was set at an uncorrected P<0.005, with a
cluster size >25, which corresponded to a corrected P<0.05
for each voxel. The mean z values of long- and short-range
FCD were extracted from the cluster with abnormal FCD
to explore the correlation with the cognition function
assessment. Pearson correlation coefficients were calculated
between these variables after assessing the normality of this
data to reveal the strength of the relationship.

Results
Demographic and clinical features

Table 1 shows the demographic and clinical characteristics
of the AD, MCI, and NC groups. There were no significant
group differences in sex, age, and education. However, there
was a significant difference in MMSE and MoCA scores.

Abnormal short-range FCD

The analysis of variance was used to reveal the difference in
short-range FCD in different cognition decline groups at
select brain regions like the cerebellum crus I, left inferior
frontal gyrus, left superior occipital gyrus, and right middle
frontal gyrus. Short-range FCD was found to increase left
cerebellum crusl and right middle frontal gyrus in AD
patients. Short-range FCD increased in left superior occipital
gyrus in MCI patients. Compared with MCI patients, AD
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Table 1 Demographic and clinical characteristics of the participants
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Characteristics AD (n=111) MCI (n=29) NC (n=73) P value
Sex 37:74 13:16 32:41 0.273
Age 68.28+9.64 65.90+10.05 66.30+9.52 0.284
Education 7.87 +4.41 8.45+4.60 8.26+3.38 0.723
MMSE 17.24+5.57 25.97+0.94 28.77+0.83 <0.001
MOCA 13.39+6.30 21.21+£3.83 27.19+1.66 <0.001

¥’-test was used in sex, analysis of variance in age, education level, MMSE, and MoCA. AD, Alzheimer’s disease; MCI, mild cognitive
impairment; NC, the normal control; MMSE, Mini-mental State Examination; MoCA, Montreal Cognitive Assessment.

Table 2 Regions showing abnormal short-range FCD in the AD group compared with the MCI group and NC group

MNI coordinates

Brain regions Voxels BA F/T value
X y z
ANOVA
Cerebelum-Crus I-L 48 - -36 -48 -36 7.7076
Frontal-Inf-Tri-L 73 47 -36 36 6 10.8696
Frontal-Inf-Tri-L 45 48 -42 15 27 7.9068
Occipital-Sup-L 25 19 -12 -78 42 10.1479
Frontal-Mid-R 66 6 39 -3 57 8.5307
AD vs. MCI
Frontal-Inf-Tri-L 73 47 -36 36 6 -4.3604
Frontal-Inf-Tri-L 39 48 —42 12 24 -4.0689
AD vs. NC
Cerebelum-Crus I-L 46 - -33 -48 -39 3.4949
Frontal-Mid-R 56 8 30 6 57 3.7141
MCl vs. NC
Occipital-Sup-L 25 19 -12 -78 42 4.0437

FCD, functional connectivity density; AD, Alzheimer’s disease; MCI, mild cognitive impairment; NC, normal control group; MNI, Montreal
Neurological Institute; BA, Brodmann area; ANOVA, analysis of variance; L, left; R, right; Inf, inferior; Sup, superior; Mid, middle; Tri, triangular.

patients showed the significant attenuation of short-range

FCD in the left inferior frontal gyrus (Table 2, Figure I).

Abnormal long-range FCD

Long-range FCD had been found significant differences in
the left cerebellum crus I, right insula, left inferior frontal
gyrus, left superior frontal gyrus, and right middle frontal
gyrus in distinct groups. Compared to the MCI group,
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there was a decreased long-range FCD found in the left
inferior frontal gyrus and left superior frontal gyrus in
AD patients. Compared with NC, AD patients showed
lower long-range FCD in the right insula, left inferior
frontal gyrus, and right superior frontal gyrus. However,
AD patients showed stronger long-range FCD in the left
cerebellum crus I. Compared with the NC group, the MCI
group showed lower long-range FCD in the right insula
(1able 3, Figure 2).
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Figure 1 Spatial distribution of short-range FCD in the AD, MCI, and NC groups, as well as the statistical among-group differences. The

among-group differences were corrected using AlphaSim (P<0.005, a combined threshold of P<0.05 with a minimum cluster size of 25

voxels). ANOVA, Analysis of variance; AD, Alzheimer’s Disease; MCI, mild cognitive impairment; NC, normal control group; L, left; R,

right; FCD, functional connectivity density.

Correlation between abnormal FCD and cognitive function

Positive correlations were confirmed between MMSE
scores and the increased long-range FCD in the left
inferior frontal gyrus. Further, the increased short-range
FCD in the left inferior frontal gyrus was positively
associated with MMSE scores (Figure 3). Other brain
region FCD values showed no correlation to cognition
function assessment.

Discussion

Our study is one of the first to find aberrant FCD may
provide help in early diagnosis of cognitive decline patients.
AD and MCI patients showed a abnormal long-range FCD
in the cerebellum crus I, right insula, left inferior frontal
gyrus, left superior frontal gyrus, left inferior frontal gyrus,
and right middle frontal gyrus. There was a significant
increased in the short-range FCD in the cerebellum crus
I, left inferior frontal gyrus, left superior occipital gyrus,
and right middle frontal gyrus. Further, there was a positive
correlation of altered long-range FCD in the left inferior
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frontal gyrus with the MMSE scores, which showed
impaired cognitive function. These findings suggest an
association of altered brain function with specific brain
areas showing disrupted intraregional and interregional
interactions in individuals with cognition decline.

Abnormal FCD in AD and MCI

Our findings showed that the MCI and AD group had a
abnormal short-range FCD and changed long-range FCD in
the left inferior frontal gyrus, which is crucially involved in
component processes of episodic memory and cognition (21).
Given the findings above, the long-range FCD in the left
inferior frontal gyrus in cognitive decline patients could imply
the impaired memory, and the changed short-range FCD in
the left inferior frontal gyrus in patients with MCI and AD
could temporarily compensate for impaired memory (22).
These findings could be applied for distinguishing individuals
with abnormal cognition decline (23). Short-range FCD in
MCI patients was higher than those in AD patients in the
left inferior frontal gyrus. MCI is the early-stage of AD has
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Table 3 Regions showing abnormal long-range FCD in the AD group compared with the MCI group and NC group

MNI coordinates

Brain regions Voxels BA F/T value
X y z
ANOVA
Cerebelum-Crus I-L 32 - -36 -48 -36 6.4958
Insula-R 46 47 33 24 3 10.4319
Frontal-Inf-Tri-L 72 47 -36 36 6 10.1624
Frontal-Sup-L 37 10 -15 66 21 8.9487
Frontal-Inf-Tri-L 70 48 -42 15 27 12.9862
Frontal-Mid-R 34 8 27 27 48 9.0315
AD vs. MCI
Frontal-Inf-Tri-L 72 47 -36 39 3 -4.4916
Frontal-Sup-L 29 10 -15 66 21 —4.2946
Frontal-Inf-Tri-L 61 48 -45 18 27 —-4.9329
AD vs. NC
Cerebelum-Crus I-L 31 - -36 -48 -36 3.1791
Insula-R 26 47 30 27 0 -3.5715
Frontal-Inf-Tri-L 53 48 -42 15 27 -4.8272
Frontal-Sup-R 34 8 24 27 51 -3.9857
MCl vs. NC
Insula-R 28 47 30 24 3 -4.1713

FCD, functional connectivity density; AD, Alzheimer’s disease; MCI, mild cognitive impairment; NC, normal control group; MNI, Montreal
Neurological Institute; BA, Brodmann area; ANOVA, analysis of variance; L, left; R, right; Inf, inferior; Sup, superior; Mid, middle; Tri,

triangular.

a stronger short-range FCD value than the late-stage of
AD. Stronger short-range FCD may reduce the progression
of AD, which can help early diagnosis and treatment.
The increased short-range FCD could be a compensation
mechanism in the left inferior frontal gyrus for cognitive

function during MCI progression to AD (24).

FCD changes in the cerebellum

Earlier studies have suggested aberrant FCD in the
cerebellum indicative of susceptibility to cognition decline.
We observed increased short- and long-range FCD in the
cerebellum involved in social cognition function (25,26).
Patients with a cerebellum-specific disease have been
shown to present impaired executive functions and abstract
reasoning (27), consistent with the impairment observed
in patients with cognition decline. Consistent with our
findings, a meta-analysis on MRI studies on whole-brain
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function reported a significant association of activation of the
posterior cerebellar hemispheres, especially the Crus I (28).
As showed by several fMRI studies, the cerebellar is
involved in working memory tasks (29). Working memory
impairment is a significant cognition decline symptom in
patients with AD and MCI (30). Computational modeling of
neural dynamics has shown that the cerebellum is the degree
of centrality structure for sensorimotor integration and motor
preparation; the cerebellar exclusion could have affect evidence
in cognitive processes (31). In humans, there is accumulating
evidence showing that the forebrain regions receive input from
the lateral posterior cerebellum; cerebellum disruption results
in impaired working memory (32).

FCD changes in the frontal lobe

Compared with the AD and NC groups, the MCI group
showed a significantly higher short-range FCD value
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Figure 2 Spatial distribution of long-range FCD in the AD, MCI, and NC and the statistical among-group differences. The among-group

differences were corrected using AlphaSim (P<0.005, a combined threshold of P<0.05 with a minimum cluster size of 25 voxels). ANOVA,

Analysis of variance; AD, Alzheimer’s Disease; MCI, mild cognitive impairment; NC, normal control group; L, left; R, right; FCD,

functional connectivity density.

and lower long-range FCD value in the frontal gyrus,
reflecting the neuroimaging endophenotypes patients
with AD and MCI (33). It may be crucially involved in
pathology development and its trajectory in patients with
AD and MCI. Previous studies have reported increasing
FC in the frontal lobes in MCI, maintaining episodic
memory (34). A previous study reported impaired
activation and connectivity within specific elements of the
frontal-medical temporal lobe circuit, which is crucially
involved in component processes of episodic memory
and cognition (35). A recent study reported increasing
FC in the frontal lobe in individuals with MCI after
12 weeks of exercise training (36). Direct evidence from
intraoperative stimulation and diffusion tractography
showed that the inferior frontal gyrus is crucially involved
in an interference, which could help maintain cognitive
control processes (37). A synchronizing rhythmic
brain stimulation study showed a preferential increase
in frontotemporal regions and rapid improvement
in working memory performance, after 25-minute
stimulation (38). Further well-designed studies precisely
explore the effect of FCD in the left inferior frontal
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gyrus and right middle frontal gyrus by using multiple
techniques, including deep brain stimulation, transcranial
direct current stimulation, and repetitive transcranial
magnetic stimulation. Those further studies may help us

understand the FCD in AD pathology.

Correlation analysis and MIMSE effect

We found that it significantly correlated the connectivity
strength of the brain regions with altered FC with MMSE
scores in patients with AD and MCI. These findings
suggest that altered FC of seeds based on clusters with
abnormal FCD over the entire brain reflects intrinsic
dysfunction changes in patients with AD and MCI, which
might change according to the clinical state. These results
suggest that aberrant FCD is an independent AD and
MCI characteristic. However, there is a need for further
studies on the neuro-mechanism to elucidate the reciprocity
between abnormal FCD changes and neuropsychological
variables in patients with cognition decline. In further study,
this relationship between the FCD and neuropsychological
variables can be used in early diagnosis and predict the
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Figure 3 There was a positive correlation between MMSE scores and long-range FCD in the left inferior frontal gyrus. There was a

positive correlation of short-range FCD in the left inferior frontal gyrus with MMSE scores. MMSE, Mini-mental State Examination; FCD,

functional connectivity density.

development of cognitive function.

Conclusions

We observed weakened long-range FCD and enhanced
short-range FCD, which could be the mechanism and
compensation of the loss of cognitive function. These
findings could improve the understanding of AD and MCI
pathology and supply a potential neuroimaging marker for
brain dysfunction in AD and MCIL.

Limitations

There are several limitations to this study. First, the neural
compensation observed in this cross-sectional study should be
interpreted with caution. Second, the premise of functional
computing connections is to assume that the time series still is
constant; it could not optimally reflect the dynamic nature of
brain activity, the sliding window correlation analysis would

© Annals of Translational Medicine. All rights reserved.

be used for evaluating dynamic functional connectivity in
further study. Third, the limited clinical data of participants
could restrict the statistical power for characterizing the
neuroimaging evidence of a cognitive decline in patients with
AD and MCI, more AD related assessment scale need to be
collected including the activities of daily living, behavioral
and psychological symptoms in further study.
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