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Abstract

Objectives: We aimed to examine how gray matter volume (GMV), regional

blood flow (rCBF), and resting-state functional connectivity (FC) of the basal

nucleus of Meynert (BNM) are altered in 40 patients with AD, relative to 30

healthy controls (HCs). Methods: We defined the BNM on the basis of a mask

histochemically reconstructed from postmortem human brains. We examined

GMV with voxel-based morphometry of high-resolution structural images,

rCBF with arterial spin labeling imaging, and whole-brain FC with published

routines. We performed partial correlations to explore how the imaging metrics

related to cognitive and living status in patients with AD. Further, we employed

receiver operating characteristic analysis to compute the “diagnostic” accuracy

of these imaging markers. Results: AD relative to HC showed lower GMV and

higher rCBF of the BNM as well as lower BNM connectivity with the right

insula and cerebellum. In addition, the GMVs of BNM were correlated with

cognitive and daily living status in AD. Finally, these imaging markers predicted

AD (vs. HC) with an accuracy (area under the curve) of 0.70 to 0.86. Combina-

tion of BNM metrics provided the best prediction accuracy. Conclusions: By

combining multimode MR imaging, we demonstrated volumetric atrophy,

hyperperfusion, and disconnection of the BNM in AD. These findings support

cholinergic dysfunction as an etiological marker of AD and related dementia.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegener-

ative condition characterized by cognitive decline and

memory deficit. Many animal and human studies have

suggested the importance of acetylcholine in cognition,

specifically in the modulation of information

acquisition, encoding, consolidation, and retrieval.1-4

The basal forebrain cholinergic system may be impacted

by pathological deposition of amyloid-b plaques and

neurofibrillary tangles,5 contributing to memory and

cognitive deficits in AD.6-8 Furthermore, cholinesterase

inhibitors showed efficacy in improving cognitive func-

tions in patients with AD.9 Thus, cholinergic deficiency
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may represent a useful etiological marker of cognitive

decline in AD.

The basal nucleus of Meynert (BNM) provides the

major cholinergic inputs to the cerebral cortex and over

90% of BNM neurons are cholinergic.10 The BNM is “in-

terdigitated” with several other anatomical structures of

the basal forebrain, including the ventral pallidum as well

as the nucleus accumbens, which has hampered precise

anatomical delineation of the BNM in previous studies.

In a recent work of cytoarchitectonics of postmortem

human brains, Zaborszky and colleagues constructed a

stereotaxic probabilistic map of the basal forebrain

areas,11 including the BNM. Previous studies have

reported a reduction of BNM volume in patients with

AD, including early stage AD,12-15 as compared with

healthy controls (HCs). Furthermore, volumetric reduc-

tion of the BNM was associated with cognitive deficits in

patients with early stage AD.16 The structural imaging

studies provide potential evidence for cholinergic circuit

dysfunction in AD and related dementia.

Resting-state functional magnetic resonance imaging (rs-

fMRI) has proven to be a highly effective method in investi-

gating neural circuit connectivities.17-19 Numerous rs-fMRI

studies have demonstrated disrupted functional connectivity

(FC) within the default mode,18,20-22 executive control,23

and salience24-26 networks in AD. As the most important

component of the basal forebrain cholinergic system,27 the

BNM circuit may interact with a wide array of brain regions

to support attention and cognitive functions. With the

stereotaxic map of the BNM constructed by Zaborszky and

colleagues, previous rs-fMRI studies described whole-brain

BNM connectivities in healthy people28 as well as in smokers

as compared to nonsmokers.29 Another study employed

electroencephalography to characterize the roles of choliner-

gic projections in the reactivity of alpha frequency band dur-

ing transition from “eyes closed” to “eyes opened.”30 Two

recent studies also focused on the BNM network to delineate

cholinergic deficits in AD and early stage AD, each showing

disconnection between the BNM and insula/claustrum in

association with cognitive impairments31 and BNM network

metrics predicting treatment response to cholinesterase inhi-

bition.32 These findings shed light on cholinergic circuit

functions in humans and provide important data to support

the cholinergic bases of cognitive dysfunction during healthy

aging and in the development of AD.

The integrity of regional brain function has also been

investigated with the measures of cerebral blood flow

(rCBF).33 Arterial spin labeling (ASL) MRI provides

quantitative information of rCBF. A recent meta-analysis

revealed decreases in rCBF in the bilateral posterior cin-

gulate cortex and precuneus, bilateral inferior parietal lob-

ule, and left dorsolateral prefrontal cortex in patients with

AD.34 No studies have examined whether rCBF is

disrupted in the BNM regions or how altered rCBF may

relate to changes in gray matter volume (GMV), func-

tional activity or connectivity of the BNM in AD.

In this study, we aimed to identify the differences in

the GMV, rCBF, and FC of the BNM in patients with AD

relative to HCs. To this end, we will employ voxel-based

morphometry (VBM) to examine GMV and ASL to

examine rCBF, and explore resting-state FC of the BNM.

Furthermore, we investigated the relationship between

cognitive and living status and these imaging measures.

Finally, on the basis of these imaging findings, we employ

receiver operating characteristic (ROC) analysis to differ-

entiate patients with AD and HC, in search for the best

imaging biomarkers of AD. We hypothesize that: 1) the

BNM region would show decreases in GMV, rCBF, and

FC in patients with AD relative to HC; 2) altered imaging

metrics of the BNM are associated with cognitive deficits

in AD; and 3) the imaging markers would have significant

sensitivity and specificity in the “diagnosis” of AD.

Materials and Methods

Subjects and assessments

Seventy subjects, including 40 patients with AD (46–92 years

of age; 18 men) and 30 HCs; (48–83 years of age; 15 men),

participated in the study after providing written informed

consent, in accordance with a protocol approved by the

Medical Research Ethics Committee of Xuanwu Hospital,

and the Declaration of Helsinki. All participants were right-

handed. Patients with AD were recruited from the memory

clinics at Xuanwu Hospital and HCs from the local commu-

nity. The diagnosis of AD fulfilled the new research criteria

for possible or probable AD.35,36 HCs met the following cri-

teria: a) no neurological or psychiatric disorders such as

stroke, depression, and epilepsy; b) no neurological deficien-

cies such as visual or hearing loss; c) no abnormal findings

such as infarction or focal lesion in conventional brain MRI;

d) no cognitive complaints; and e) CDR score of 0. Partici-

pants with contraindications for MRI such as having a pace-

maker, cardiac defibrillator, implanted material with electric

or magnetic system, vascular clips or mechanical heart valve,

cochlear implant or claustrophobia were excluded. In addi-

tion, patients with a history of stroke, psychiatric diseases,

drug abuse, uncontrolled hypertension, systematic diseases,

and documented intellectual disability were excluded.

All participants underwent a complete physical and

neurological examination, standard laboratory tests, and

neuropsychological assessment. The assessment included

the mini-mental state examination (MMSE),37 activity of

daily living scale (ADL),38 clinical dementia rating (CDR)

scale,39 Hamilton Depression Scale (HAMD),40 and

Hamilton anxiety scale (HAMA).41 We employed a
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Chinese version of the ADL scale, with a total of 20 ques-

tions and each scored 1 to 4 – 1: can do by myself; 2: a

little difficult but can do by myself; 3: need help to do it;

and 4: cannot do it at all. The total score ranges from 20

to 80, with a higher score indicating more significantly

compromised activity of daily living.

Imaging data acquisition

MRI data were acquired on a SIEMENS 3-Tesla scanner

(Siemens, Erlangen, Germany). The subjects were instructed

to hold still and keep eyes closed but not to fall asleep. 3D

magnetization-prepared rapid gradient echo (MPRAGE)

sagittal images were obtained with following parameters:

TR/TE/inversion time (TI)/FA = 1900 ms/2.2 ms/900 ms/

9°, image matrix = 256 9 256, slice number = 176, thick-

ness = 1 mm. ASL data were acquired using the following

parameters: TI/TI1 = 1.2s/700 ms, TR/TE = 2.0 s/14ms,

FOV = 256 9 256 mm2, matrix size = 64964, in plane res-

olution = 393 mm2, bandwidth = 2232Hz/px, phase partial

Fourier = 6/8, EPI factor = 64. Twelve slices of 6-mm thick-

ness were acquired. The resting-state fMRI data were

acquired axially using an echo-planar imaging (EPI) with

following parameters: repetition time (TR)/echo time (TE)/

flip angle (FA)/field of view (FOV) = 2000 ms/40 ms/90°/
24 cm, image matrix = 64964, slice number = 33, thick-

ness = 3 mm, gap = 1 mm, bandwidth = 2232 Hz/pixel,

with one 6-minute scan per subject.

Imaging data processing

We computed the GMV, regional cerebral blood flow,

and whole-brain FC of the BNM using the mask of

Zaborszky et al.11 (Figure 1A).

Voxel-based morphometry (VBM) analysis

The structural data preprocessing was performed using

Statistical Parametric Mapping (SPM8) software (http://

www.fil.ion.ucl.ac.uk/spm/), as implemented in MATLAB

2013a (Math Works, Natick, MA, USA). First, all images

were manually reoriented to place the anterior commis-

sure at the origin and the anterior–posterior commissure

in the horizontal plane. Seconds, images were segmented

into gray matter (GM), white matter (WM), and cere-

brospinal fluid (CSF) areas, using the unified standard

segmentation option in SPM8. Third, individual WM and

GM components were normalized into the standard Mon-

treal Neurological Institute (MNI) space using the Diffeo-

morphic Anatomical Registration through Exponentiated

Lie algebra (DARTEL) algorithm.42 The normalized GM

and WM components were modulated to generate the rel-

ative GMV and white matter volume (WMV) by multipli-

cation by the nonlinear part of the deformation field.

Fourth, the resulting GMV and WMV images were

smoothed with an 8-mm full width at half maximum

(FWHM) Gaussian kernel. Finally, the GMVs of BNM

were calculated for each subject using REST V1.8243 soft-

ware (in MATLAB) for subsequent statistical analysis.

Arterial spin labeling (ASL) data analysis

ASL data were analyzed using custom MATLAB (The

Mathworks Inc., Natick, MA) scripts and ASL tool-

box.44 The rCBF images were normalized to the MNI

space using the following steps: (1) Data were con-

verted from EPI digital imaging and communications in

medicine (DICOM) to neuroimaging informatics tech-

nology initiative (NIFTI) format with the orientation

Figure 1. (A) The mask of the basal nucleus of Meynert (BNM). (B) Patients with AD showed significantly lower GMV (P = 0.000) and higher rCBF

(P = 0.005) in the BNM, as compared with HCs. The y-axis means the gray matter volume and one hundredth of regional cerebral blood flow.

ª 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association 1921

W. Zheng et al. Altered MRI parameters of BNM in AD

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/


and origin reset; (2) Functional images were realigned

to the first volume (M0); M0 was registered to the

mean blood oxygen level-dependent (BOLD) image gen-

erated during motion correction for the raw ASL

images; functional images were then coregistered to the

anatomical image; mean rCBF maps were normalized in

MNI space; during this procedure, partial volume effect

(PVE) correction was performed to correct rCBF at

each voxel in the GM. (3) The coregistered functional

images were smoothed by an isotropic Gaussian kernel

with FWHM at 4 mm; (4) Batch calculation for the

perfusion signals; and (5) The CBF of the BNM was

calculated for individual subjects using REST V1.8243

software for subsequent statistical analyses.

Functional connectivity (FC) analysis

The functional data processing was performed using the

Data Processing Assistant for Resting-State fMRI45

(DPARSF, http://rfmri.org/DPARSF). The procedure

included the following: (1) The first 10 volumes were

removed; (2) Slice timing and head motion correction; sub-

jects with maximum head movements >2 mm in translation

or >2° in rotation were excluded; (3) The realigned volumes

were spatially normalized in the MNI space using the EPI

template, and the functional images were resampled into a

voxel size of 3 9 3 9 3 mm3; (4) The data were smoothed

with a Gaussian filter of 4-mm FWHM to reduce noise and

residual differences in gyral anatomy; (5) Regress out the

Friston-24 parameters, their first time-derivatives, and glo-

bal, WM, and CSF signals; (6) Time band-pass filtering

(0.01–0.08 Hz) was performed to reduce the effects of a low-

frequency drift and high-frequency physiological noise; (7)

FC of the BNM was computed by voxel-wise correlation

between the time series of the BNM and of the entire brain;

and (8) Regions of interest (ROI) were defined by group dif-

ferences and the FC of the ROIs were calculated using REST

V1.8243 for individual subjects.

Statistical analyses

We performed independent-samples t-tests to assess the

between-group differences (AD vs. HC) in the GMV and

rCBF of the BNM with age, gender, and education level

as covariates.

Then, two-sample t test was performed with age, gender,

and education level as covariates to analysis the FC changes

between AD and HCs using Statistical Parametric Mapping

software package (SPM8, http://www.fil.ion.ucl.ac.uk/spm).

The significance threshold was set to false discovery rate

(FDR) correction (cluster-wise, P < 0.05). In order to reduce

the impact of GMV atrophy on FC, we also analyzed the

BNM-FC changes with age, gender, education level, and

GMV as covariates (voxel P < 0.001, uncorrected, in combi-

nation with cluster-level P < 0.05, FDR corrected).

To explore the associations of the clinical variables with

the GMV, rCBF, and FC in the patients with AD, partial cor-

relation analysis were performed with age, gender, and educa-

tion being used as nuisance covariates (P < 0.05, SPSS20.0).

Finally, we used ROC analysis with SPSS20.0 to com-

pute the sensitivity and specificity of the imaging biomark-

ers for AD diagnosis. The ROC analysis essentially

employed a binary classifier of AD vs. HC as the discrimi-

nation threshold was varied from high to low. We created

the ROC curve by plotting the true positive rate against

the false positive rate at various thresholds. We performed

the ROC curve of the GMV, rCBF, and FC of the BNM,

respectively, and the optimal two combined values (BNM

connectivity with the left cerebellum and right insula).

Results

Demographic and neuropsychological tests

Demographic characteristics are shown in Table 1. There

are no significant group differences in years of age, gender

composition, and years of education (all P’s> 0.46). The

AD group showed significantly lower MMSE and higher

ADL scores than the HC group (P’s < 0.001).

Gray matter volume (GMV) and regional
cerebral blood flow (rCBF) of the BNM

Independent-samples t-tests demonstrated that patients

with AD relative to HC showed significantly lower GMV

Table 1. Clinical and demographical data

AD (n = 40) HC (n = 30) p-Value

Age (y) 65.1 � 9.9 63.9 � 7.5 0.46a

Gender (male/

female)

18/22 15/15 0.51b

Education (years) 11.6 � 7.3 11.4 � 3.2 0.93a

CDR CDR = 1(22)/

CDR = 2(18)

0 -

MMSE 4-24 (14.2 � 5.5) 21-30

(26.9 � 3.0)

<0.001a

ADL 20-60

(29.11 � 8.35)

20-21

(20.07 � 0.25)

<0.001a

HAMD 0-13 (2.34 � 3.12) 0-11

(1.97 � 2.47)

0.597 a

HAMA 0-16 (4.74 � 3.82) 0-10

(3.03 � 2.69)

0.045 a

Data are shown as range (mean � SD).

AD, Alzheimer’s disease; HC, healthy controls; CDR, Clinical Dementia Rat-

ing; MMSE, Mini-Mental State Examination; ADL, Activity of Daily Living

Scale; HAMD, Hamilton Depression Scale; HAMA, Hamilton anxiety scale;

a, two-sample two-tailed t-test; b, two-tailed Pearson chi-squared test.

1922 ª 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

Altered MRI parameters of BNM in AD W. Zheng et al.

http://rfmri.org/DPARSF
http://www.fil.ion.ucl.ac.uk/spm


(0.29 � 0.07 vs. 0.39 � 0.06; t = �5.082, P = 0.000) and

higher rCBF (61.26 � 19.41 vs. 50.34 � 11.05; t = 3.176,

P = 0.002) in the BNM (Figure 1B).

Whole-brain functional connectivity (FC) of
the BNM

Within-group analysis revealed both positive and negative

FC of the BNM with many brain regions in HCs as well

as in patients with AD. The BNM showed positive con-

nectivity with the orbitofrontal cortex, temporal cortex,

medial frontal cortex, including the ventromedial pre-

frontal and anterior cingulate cortices and supplementary

motor area, bilateral hippocampi, amygdala, thalamus,

insula, and basal ganglia. The BNM showed negative con-

nectivity with a large swath of occipital, frontoparietal,

and frontopolar cortices (Figure 2). These findings largely

replicated a previous report of whole-brain BNM-FC in a

larger sample.28

We compared patients with AD and HC in BNM con-

nectivities in a two-sample t test for the whole brain. The

results showed that, relative to HC, patients with AD

showed less BNM connectivity with the left cerebellum

(x = �18, y = �69, z = �51, Z = �4.9051, 49 voxels)

and right insula (x = 42, y = 24, z = 0, Z = �4.8811, 80

voxels) at the same threshold: voxel P < 0.001, uncor-

rected, in combination with cluster-level P < 0.05, FDR

corrected (Figure 3).

In order to reduce the impact of GMV atrophy on FC,

we also analyzed the BNM-FC changes after GMV correc-

tion, and found that relative to HC, patients with AD

showed less BNM connectivity with the left cerebellum

(voxel P < 0.001, uncorrected, in combination with clus-

ter-level P < 0.05, FDR corrected), which was similar to

the result above.

Correlations of imaging findings with
cognitive status

We observed lower GMV and higher rCBF of the BNM

as well as lower FC of the BNM with the left cerebellum

and right insula. Thus, we examine how these four imag-

ing measure may correlate with the MMSE and ADL

scores in patients with AD. Because MMSE and ADL

scores were correlated (r = �0.369, P = 0.029), we evalu-

ated these regressions with a corrected p value of 0.05/4

(four neural measures) = 0.0125. The results showed that

the GMV of BNM was trend-correlated with MMSE score

(r = 0.373, P = 0.023) and significantly correlated with

ADL score (r = �0.461, P = 0.004) (Figure 4). In addi-

tion, we made the partial correlation analysis among the

three measures. In the result, we did not find significant

correlation between the rCBF and GMV in BNM, or

rCBF in BNM, and BNM-FC, but we found significantly

positive correlation between GMV in BNM and BNM-FC

with right insula (r = 0.388, P = 0.028).

Figure 2. Whole-brain functional connectivity of the basal nucleus of Meynert (BNM) in healthy controls (HCs) and patients with Alzheimer’s

disease (AD). The results were thresholded at voxel-wise P < 0.001, uncorrected. The color scale means T-scores.
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Figure 3. Decreased BNM-left cerebellum/right insula connectivity in patients with AD. AD, Alzheimer’s disease. Two-sample t test: voxel

P < 0.001, uncorrected, in combination with cluster P < 0.05 FDR corrected. The color scale means T-scores: warm: AD>HC; cool: AD<HC.

Figure 4. Linear correlation of the mini-mental state examination (MMSE) and activity of daily living scale (ADL) scores with the gray matter

volumes of the BNM in patients with AD.
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ROC analysis of neural measures as a
biomarker of AD

The BNM showed significant differences in GMV, rCBF,

and resting-state FC in patients with AD relative to HCs,

raising the possibility that these neural measures may serve

as biomarkers of AD. We employed ROC analysis to

explore the issue. The area under the curve (AUC) of the

GMV, rCBF, and FC values in BNM was 0.838, 0.703,

0.851, and 0.859 respectively (Table 2 and Figure 5A). Fig-

ure 5B shows the sensitivity and specificity of the BNM-

FC of the left cerebellum and right insula in combination,

with a sensitivity of 92.3%, specificity of 94.3%, and AUC

of 0.951 (95% confidence intervals: 0.892 to 1.009).

Discussion

To our knowledge, this is the first study to investigate

how the GMV, rCBF, and FC of the BNM are altered in

AD. We found decreases in GMV, increases in rCBF of

BNM, and decreases in BNM connectivity with the cere-

bellum and insula in patients with AD relative to con-

trols. Greater changes in the GMV were associated with

diminished cognitive and daily living status in patients

with AD. Further, the ROC analyses demonstrated that

the combination of BNM-FC of left cerebellum and right

insula could best differentiate AD from controls.

Together, these findings support cholinergic dysfunction

as an important etiological mechanism of AD.

Altered GVM and rCBF of the BNM in AD

Replicating previous studies,11-15,44 we found decreased

GMV of the BNM in patients with AD. Many imaging

studies have demonstrated atrophy of the BNM during

healthy aging45 and in individuals with MCI11,13,44 or

AD.12,14,15 These findings are consistent with neuronal

loss in the BNM during the early stage of AD.46 With the

development of the disease, volumetric reduction

extended from the BNM to the whole basal forebrain, in

association with deterioration in cognitive status..13,16

Indeed, we showed that BNM GMV was associated with

cognitive and living status each reflected by the MMSE

and ADL score in patients with AD.

In the current study, we found the increased rCBF of

BNM in the patients with AD relative to HCs. A majority

of previous ASL studies have revealed cerebral

Table 2. Area under the curve (AUC) of the GMV, rCBF, and FC in

the “diagnosis” of AD

Test Result Variable(s) AUC SE

Asymptotic

P valuea

Asymptotic

95%

Confidence

Interval

Lower

Bound

Upper

Bound

GMV 0.838 0.053 0.000 0.735 0.942

rCBF 0.703 0.067 0.007 0.573 0.834

FC (Insula) 0.851 0.051 0.000 0.752 0.950

FC (Cerebellum) 0.859 0.046 0.000 0.769 0.950

Combined FC 0.951 0.030 0.000 0.892 1.009

GMV, gray matter volume; rCBF, regional cerebral blood flow; FC,

functional connectivity; BNM, basal nucleus of Meynert; SE: standard

error.

a. Null hypothesis: true area = 0.5.

Figure 5. (A) Receiver operating characteristic (ROC) curve of the GMV, rCBF, and FC of the BNM. The AUC for the ROC was 0.838, 0.703,

0.851, and 0.859 respectively. (B) ROC curve for the BNM-FC with left cerebellum and right insula in combination. An optimal combined FC

cutoff value was determined at a sensitivity of 92.3% and specificity of 94.3%. The AUC for the ROC was 0.951 (95% confidence intervals from

0.892 to 1.009). GMV, gray matter volume; rCBF, regional cerebral blood flow; FC, functional connectivity; BNM, basal nucleus of Meynert.
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hypoperfusion in AD, mainly in the temporoparietal,

frontal, and occipital cortex and basal ganglia.47-49 A

recent voxel-wise meta-analysis reported decreases in

rCBF in the posterior cingulate cortex/precuneus, inferior

parietal lobule, and dorsolateral prefrontal cortex.34 How-

ever, other studies showed hyperperfusion in regions of

the cognitive networks, which suggests compensatory or

pathological elevation of neural activity, inflammation, or

elevated production of vasodilators.50-54 In this study,

increased rCBF may similarly reflect a compensation for

volumetric reduction of the BNM.

Altered functional connectivity of the BNM

Previous study has mapped whole-brain functional con-

nectivity of the BNM in neurotypical populations.28 The

BNM network, including key regions of the default mode

and salience networks, as well as the bilateral caudate

nuclei, largely overlapped with the anatomical cholinergic

pathways.55 Specifically, the medial cholinergic pathway

connects the BNM with medial prefrontal cortices, ante-

rior cingulate cortex, and subcortical regions. The lateral

cholinergic pathway connects the BNM with bilateral hip-

pocampi, insula, and other subcortical targets.

The current findings revealed disconnection between the

BNM and right insula in patients with AD. The insula is a

crucial hub of salience, executive control, and default

mode networks56-58 and anatomically connected with many

cortical, limbic, and paralimbic structures. The insula plays

a critical role in a myriad of cognitive and affective pro-

cesses.59 Previous imaging studies have revealed insular

atrophy,60 disrupted insular activities61 and connectivities

in early stage AD.62,63 Ab plaques and neurofibrillary tan-

gles have been consistently detected in the insula and

BNM in AD.64-66 Importantly, recent studies have also

reported functional disconnection between the BNM and

insula, in close association with cognitive decline, in MCI

patients.31,32 More studies are needed to examine the

specific implications of BNM insula dysconnectivity for

cognitive and affective functioning in AD and related

dementia. In particular, the insula is central to the integra-

tion of emotion and cognition, and impaired insula func-

tion may lead to motivational dysfunction or apathy,

which manifests early in the disease process of AD.67-70

We also found lower BNM cerebellum connectivity in

patients with AD as compared to HC. Earlier studies have

reported GM atrophy,71,72 lower CBF,73 altered activa-

tion74 and FC of the cerebellum21,75 in AD. Although

rarely a focus, the cerebellum showed AD pathological

changes including amyloid-b plaques and neurofibrillary

tangles.76,77 In our recent study, we reported disrupted

functional connectivity of cerebellar subregions in link

with cognitive deficits in AD.78 Likewise, more studies are

needed to evaluate the functional implication of BNM

cerebellum dysconnectivity.

BNM metrics as markers of AD

We performed ROC analyses to characterize how the

BNM metrics may serve as biomarkers of AD. Among the

metrics, the combination of BNM insula and cerebellum

FC provided the best sensitivity (92.3%) and specificity

(94.3%). Further, using the combination metric, we were

able to accurately differentiate the two groups at an AUC

of 0.951, suggesting that combination of FC features of

the BNM could provide a most valuable biomarker for

the diagnosis of AD.

Limitations of the study and conclusions

Several limitations should be considered. First, this is a

cross-sectional study with a moderate sample size. Longi-

tudinal studies of a larger cohort are needed to reveal

how the structural and functional changes of the BNM

would evolve as the disease progresses. Likewise, studies

of patients with amnestic mild cognitive impairments

(aMCI) and early stage AD and of ApoE-4 allele carriers

would elucidate the role of the cholinergic circuit dys-

function in the onset and etiological processes of the dis-

ease. Second, the current participants were not evaluated

with neurocognitive tasks and we were not able to relate

these BNM metrics to cognitive and affective functions in

more detail. In the future we will collect more neuropsy-

chological tests such as CDT, AVLT, MoCA, and so on,

exploring the relationship among the BNM atrophy, glo-

bal atrophy, and different tests. Finally, in the current

study, the data of participants were normalized to

MNI152. Future studies involving Chinese populations

should be considered to normalize to Chinese 2020 (a

typical statistical Chinese brain template).

Furthermore, cholinergic deficiency may represent a

useful etiological marker of cognitive decline in AD.

There are some clinical biomarkers to directly reflect the

cholinergic deficiency such as acetylcholine content in

CSF. Establishing relationship among acetylcholine level

and dementia degree, as well as Meynert imaging would

be valuable to provide the new evidence for the mecha-

nisms of AD. However, CSF measurement is an invasive

examination, which has certain risks. In the future we will

try our best to overcome these challenges to collect more

clinical information.

Overall, our results proved the atrophy, hyperperfusion,

and disconnection of BNM in patients with AD. Within

the current sample, the BNM imaging metrics, particu-

larly BNM-FC with left cerebellum and right insula, could

be a valuable biomarker for characterizing the intrinsic
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brain organization and its integrity in patients with AD,

potentially featuring higher sensitivity and specificity in

detecting patients with AD from HCs.
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