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Abstract

Background: Although donepezil alleviates Alzheimer’s disease (AD) symptoms by raising acetylcholine levels, its impact on choliner-
gic pathways remains unclear. In this longitudinal, resting-state functional magnetic resonance imaging (rs-fMRI) study, we investigated
donepezil-induced changes in cholinergic pathway networks in AD.Methods: AD patients and healthy controls (HCs) were enrolled. AD
patients received 24 weeks of donepezil treatment. Cognitive and emotional symptoms were assessed using the Mini-Mental State Ex-
amination (MMSE), Cornell Scale for Depression in Dementia (CSDD), and Neuropsychiatric Inventory (NPI) pre- and post-treatment.
rs-fMRI was used to examine basal forebrain (BF) functional connectivity. Results: Sixteen AD patients and 16 HCs completed the
study. Post-treatment MMSE scores improved, and NPI and CSDD scores decreased. Reduced BF functional connectivity in the left
cerebellar lobule VI, post-treatment, was revealed by rs-fMRI. Compared with HCs, post-treatment AD patients showed lower BF func-
tional connectivity in the right postcentral gyrus (PoG); pre-treatment patients exhibited higher BF functional connectivity in the left
cerebellar lobule VI. Right PoG functional connectivity was negatively correlated with disease duration pre-treatment and positively cor-
related with MMSE post-treatment. Conclusions: Donepezil improved clinical symptoms in AD by modulating the BF–PoG cholinergic
pathway.
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1. Introduction

The cholinergic hypothesis suggests that the progres-
sive degeneration of cholinergic neurons in the basal fore-
brain (BF) of Alzheimer’s disease (AD) patients is respon-
sible for memory loss, disorientation, and behavioral and
personality changes [1]. Donepezil, a cholinesterase in-
hibitor, increases acetylcholine levels and improves cogni-
tion in AD, but its precise effects on BF pathways remain
unclear [2].

Insights into donepezil’s therapeutic mechanisms in
Alzheimer’s disease have been gained through functional
magnetic resonance imaging (fMRI) [3–6]. After 12 weeks
of treatment, Goveas et al. [3] found that cognitive im-
provements in mild AD patients were linked to specific pat-
terns of hippocampal functional connectivity. They found
that the inferior frontal gyrus, dorsolateral prefrontal cor-
tex, and left parahippocampal gyrus were the key regions

underlying cognitive improvement. Cheng et al. [4] also
found that AD patients had lower regional homogeneity in
the right gyrus rectus, right precentral gyrus, and left su-
perior temporal gyrus after 24 weeks of donepezil treat-
ment. Zheng et al. [5] reported that after 6 months of
donepezil treatment, AD patients showed improved cogni-
tive and non-cognitive symptoms, which were associated
with the increased amplitude of low-frequency fluctuations
in cerebellar and frontostriatal regions. White-matter imag-
ing also showed enhanced connectivity in the nucleus ac-
cumbens shell and anterior limb of the internal capsule, cor-
relating with acetylcholinesterase inhibitors (AChEIs) ex-
posure [6].

Although those studies have provided valuable in-
sights into the effects of donepezil on distributed brain net-
works, they have not specifically targeted the basal fore-
brain cholinergic system—the primary site of cholinergic
neuron degeneration in AD and the direct pharmacological
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target of cholinesterase inhibitors. This gap is significant
because understanding how donepezil modulates the func-
tional architecture of its primary target system would pro-
vide more direct evidence of its therapeutic mechanism.

A key cholinergic source is the nucleus basalis of
Meynert (NBM) in the BF, the atrophy of which has been
shown to be correlated with AD severity [7–9]. Grothe
et al. [8] found cholinergic BF atrophy rates were higher
than ageing-related global brain shrinkage rates in AD pa-
tients. Schumacher et al. [9] reported higher mean diffusiv-
ity in NBM-originating white-matter tracts; this was linked
to increased dementia risk and global cognitive impairment.
Those structural findings suggested that the NBM and its
projection network are critically compromised in AD, rais-
ing the question of whether pharmacological intervention
with donepezil can modulate the functional integrity of this
system. However, to date, the specific impact of donepezil
treatment on functional connectivity within NBM-centered
cholinergic networks remains poorly understood.

The present longitudinal, resting-state fMRI (rs-
fMRI) study investigated donepezil-induced changes in
cholinergic pathway networks in AD. Using BF subre-
gions as regions of interest, we tested the hypothesis
that donepezil treatment modulates functional connectiv-
ity within BF-centered networks. Specifically, based on
previous evidence [3–9], we predicted increased functional
connectivity between the NBM and prefrontal/cingulate re-
gions, and that these changes were correlated with cognitive
improvements.

2. Materials and Methods
2.1 Patients

Sixteen AD patients were recruited from Tongde Hos-
pital of Zhejiang Province. Patients aged 65–80 years met
the criteria for probable AD according to National Insti-
tute on Aging-Alzheimer’s Association guidelines [10] and
were in the mild stage (Clinical Dementia Rating [CDR]
= 1, Mini-Mental State Examination [MMSE] <24). Six-
teen healthy people were enrolled to serve as healthy con-
trols (HCs, CDR = 0) from the community. All partici-
pants were right-handed and had over six years of educa-
tion. Exclusion criteria included: history of psychiatric dis-
orders; current antidepressant use; comorbidities (e.g., di-
abetes, hypertension); or any magnetic resonance imaging
(MRI) contraindication.

Patients were assessed using the MMSE, the Neu-
ropsychiatric Inventory (NPI) [11], and the Cornell Scale
for Depression in Dementia (CSDD) [12] at baseline and
after 24 weeks of donepezil treatment. Depression was in-
dicated by CSDD ≥6 and NPI depression domain ≥4 [11–
13]. A donepezil dose of 5 mg/day was administered for
the first 4 weeks, followed by 10 mg/day for the remaining
20 weeks. Concomitant use with other central nervous sys-
tem (CNS) depressants or with anticholinergic agents was
avoided [14].

2.2 MRI Data Acquisition
MRI scans were performed on a 3T scanner (MAG-

NETOM Verio, Siemens Healthcare, Erlangen, Germany).
Resting-state functional images were acquired using a
gradient echo-planar imaging sequence (repetition time
(TR)/echo time (TE) = 2000/30 ms; slice thickness = 4.8
mm; field of view = 200 × 200 mm; matrix = 64 × 64;
flip angle = 90°; 33 slices; scan duration = 6 min 40 s).
High-resolution 3DT1-weighted structural images were ac-
quired with a magnetization-prepared rapid gradient echo
sequence (inversion time (TI)/TR/TE = 900/1900/2.48 ms;
slice thickness = 1 mm; matrix = 256 × 256; field of view
[FOV] = 256 × 256 mm; flip angle [FA] = 9°; 128 slices).

2.3 Data Processing
Data preprocessing was conducted using SPM12

(Wellcome Centre for Human Neuroimaging, University
College London, London, UK) and DPABI 7.2 (Institute
of Psychology, Chinese Academy of Sciences, Beijing,
China). After discarding the first 10 volumes, functional
images underwent slice-timing and motion correction (all
participants: mean framewise displacement (FD) <0.5).
Subsequent steps included co-registration to individual T1-
weighted images, normalization to Montreal Neurological
Institute 152 (MNI152) space, and spatial smoothing (6-
mm full width at half maximum (FWHM)Gaussian kernel).
Further processing comprised linear detrending, band-pass
filtering (0.01–0.08 Hz), and regression of white-matter,
cerebrospinal-fluid, and motion-parameter signals.

2.4 Calculation of Functional Connectivity
Functional connectivity analysis was performed us-

ing four BF seeds per participant, defined according to the
Julich-Brain Atlas [15] (Fig. 1, Ref. [16]): bilateral cholin-
ergic cell group (Ch)123 (medial septum/diagonal bands)
and bilateral Ch4 (NBM). Whole-brain connectivity maps
were generated for each seed using Pearson correlation, fol-
lowed by Fisher’s r-to-z transformation to z scores for nor-
malization.

2.5 Gray Matter Volume
To examine the effects of whole brain volume on

functional connectivity (FC) analyses, T1-weighted im-
ages were analyzed with the voxel-based morphometry
(VBM8, version r435, http://dbm.neuro.uni-jena.de/) tool-
box in SPM8 (released April 2009, http://www.fil.ion.uc
l.ac.uk/spm). T1-weighted images were normalized to
MNI space using Diffeomorphic Anatomical Registration
through Exponentiated Lie Algebra for each subject. The
resulting images were then segmented into gray matter
(GM), WM and cerebrospinal fluid (CSF). Allowing for
individual differences in brain size, the segmented images
were modulated using non-linear deformation. Individual
GM volume (GMV) of the whole brain was calculated.
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Fig. 1. Basal forebrain subregion map on a Montreal Neurological Institute (MNI) template. Ch123L/R denote left/right medial
septum/diagonal bands; Ch4L/R denote left/right nucleus basalis of Meynert. Ch, cholinergic cell group. [16].

2.6 Statistical Analysis

Demographic and clinical data were analyzed using
SPSS 15.0 (IBM Corp., Armonk, NY, USA). Age and edu-
cation were compared with the Mann-Whitney U test, and
sex was compared with the Chi-square test. For func-
tional connectivity analysis, voxelwise one-way analysis
of covariance (ANCOVA) was performed on BF func-
tional connectivity maps across the Post-Treatment AD,
Pre-Treatment AD, andHCs, controlling formean headmo-
tion, age, sex and GM maps. Significant clusters (voxel-
level p < 0.005, cluster size >25, AlphaSim corrected)
were further analyzed with post hoc pairwise comparisons:
two-sample t-tests for AD vs. HCs, and paired t-tests for
AD pre- vs. post-treatment. Statistical significance was set
at p < 0.05 with False Discovery Rate (FDR) correction.

2.7 Relationship Between Functional Connectivity and
Clinical Variables

Mean BF functional connectivity values were ex-
tracted from significant clusters and correlated with clini-
cal variables in AD patients pre- and post-treatment using
Pearson correlation (p < 0.05).

3. Results
3.1 Neuropsychological Data

A total of 32 participants (16 HCs, 16 AD patients)
completed the study. No significant differences were ob-
served in age, sex, or education between groups (p >

0.05). As expected, AD patients showed significantly lower
MMSE scores (p < 0.001) and higher NPI scores (p <

0.001) than did HCs at baseline. Using the results from
functional connectivity analysis, we calculated the sample
power value to be 80% using the MATLAB Statistics and
Machine Learning Toolbox (R2007a, TheMathWorks, Inc.,
Natick, MA, USA).

After the 24-week treatment, the AD group’s MMSE
scores had increased significantly (t = 2.423, p< 0.05), and
NPI and CSDD scores had decreased significantly (t = –
6.152, t = –5.590, both p < 0.001). Post-treatment, AD pa-
tients continued to have higher NPI scores than did HCs (p
< 0.001), but no significant difference was found in CSDD
scores between the groups (p > 0.05) (Table 1).

3.2 Abnormal BF Functional Connectivity Values in the
AD Group

Post-treatment, AD patients displayed decreased BF
functional connectivity in the left cerebellar lobule VI.
When compared to HCs, post-treatment AD patients
showed reduced BF functional connectivity in the right
postcentral gyrus (PoG). Furthermore, pre-treatment AD
patients exhibited elevated BF functional connectivity in
the left cerebellar lobule VI than did HCs (Table 2).

3.3 Correlations Between Functional Connectivity and
Clinical Variables

A significant negative correlation was found between
right PoG functional connectivity values and disease dura-
tion in pre-treatment AD patients (r = –0.64, p = 0.008).
Conversely, in post-treatment AD patients, right PoG func-
tional connectivity values showed a significant positive cor-
relation with MMSE scores (r = 0.60, p = 0.014).

4. Discussion
Using rs-fMRI and functional connectivity analysis,

this study examined changes in BF networks in AD pa-
tients pre- vs. post-treatment with donepezil. Compared
to baseline, post-treatment patients showed decreased BF
functional connectivity in the left cerebellar lobule VI. Rel-
ative to HCs, treated patients exhibited lower BF functional
connectivity in the right PoG and higher functional connec-
tivity in the left cerebellum.
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Table 1. Demographic and neuropsychological data.
AD group HCs group χ2/z p

Sex, n (M/F) 16 (8/8) 16 (7/9) 2 0.157
Age, years 65.20 (8.10) 69.10 (4.50) 1.49 0.135
Education, years 9.10 (2.00) 8.30 (2.10) −0.50 0.613
MMSE 19.70 (2.60)* 28.31 (0.95) −14.15 <0.001
MMSE (24 weeks) 20.10 (2.50)* 28.56 (0.63) −13.78 <0.001
NPI 4.56 (2.90)** 0.15 (0.36) 13.45 <0.001
NPI (24 weeks) 1.38 (1.20)** 0.06 (0.25) 4.39 <0.001
CSDD 3.25 (2.40)*** 1.56 (0.81) 2.80 0.014
CSDD (24 weeks) 0.75 (0.71)*** 0.31 (0.48) 1.70 0.110
Data are presented as means (standard deviations). The Chi-square test was
used to compare sex, and two-sample t-tests were used to compare age and
neuropsychological data. * Comparison of MMSE score post- vs. pre-
treatment (t = 2.423, p < 0.05). ** Comparison of NPI score post- vs. pre-
treatment (t = –6.152, p < 0.001). *** Comparison of CSDD score post-
vs. pre- treatment (t = –5.590, p < 0.001). HCs, healthy controls; AD,
Alzheimer’s disease; M, male; F, female; MMSE, Mini-Mental State Ex-
amination; NPI, Neuropsychiatric Inventory; CSDD, Cornell Scale for De-
pression in Dementia.

Table 2. Brain regions showing significant differences in basal forebrain functional connectivity across groups: post-treatment
AD, pre-treatment AD, and HCs.

Brain regions Voxels BA MNI coordinates F/T p

x y z

ANCOVA
Cerebellar_VI_L 25 37 −30 −57 27 11.93 <0.01
Postcentral_R 51 5 12 −54 75 15.16 <0.01

t2 vs. t1
Cerebellar_VI_L 27 37 −42 −57 −33 −4.63 <0.01

t1 vs. HCs
Cerebellar_VI_L 33 37 −30 −60 −24 4.22 <0.01

t2 vs. HCs
Postcentral_R 186 5 12 −54 75 −6.53 <0.01

ANCOVA, analysis of covariance; BA, brodmann area; t1, pre-treatment; t2, post-
treatment.

Studies have consistently implicated the PoG in AD.
Diffusion imaging showed altered microstructure in the
PoG, precentral gyrus, and superior temporal gyrus of AD
patients [17]. Non-memory agnosia in AD has been cor-
related with episodic/semantic memory and gray matter
volumes in regions including the anterior cingulate cor-
tex, precentral gyrus, superior frontal gyrus, PoG, and
lingual gyrus [18]. Network analyses have further re-
vealed centrality loss in the precuneus, precentral gyrus,
and PoG during AD progression [19]. Longitudinal stud-
ies have shown higher β-amyloid accumulation in the PoG
of AD patients [20]. Reduced perfusion in both the PoG
and basal forebrain has been shown to predict progression
from mild cognitive impairment to AD [21]. A positron
emission tomography (PET) study of galantamine (another
cholinesterase inhibitor) combined with citalopram showed
increased metabolism in the right middle frontal gyrus,

right PoG, right superior temporal gyrus, and right cerebel-
lum [22]. Animal research has provided mechanistic in-
sight. Using 2-photon imaging in mice, Shanazz et al. [23]
demonstrated that basal forebrain stimulation (60–130 Hz)
increased cortical acetylcholine release. Donepezil admin-
istration potentiated that response in a dose-dependent fash-
ion, thereby enhancing the integrated response by 57% (2
mg/kg) and 126% (4 mg/kg). Those findings from human
neuroimaging and animal models have shown the relevance
of the PoG in AD pathophysiology and treatment response,
supporting the functional connectivity changes observed in
our study after donepezil treatment.

Meta-analyses confirmed significant cerebellar atro-
phy in AD patients, which was correlated with cognitive
decline [24]. Notably, early-onset AD patients exhibited
substantial amyloid-beta (Aβ) deposits in the cerebellum
[25]. Post-mortem tissue studies revealed a more than four-
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fold higher level of both Aβ expression and load in the
cerebellums of AD patients than in those of controls. Fur-
thermore, the cerebellar microglia of ADs showed signifi-
cantly elevated ionized calcium-binding adapter molecule
1 (IBA1) protein expression and load (91% and 69% in-
creases, respectively), accompanied by a reduction in the
length and branching complexity of their processes [26].
Those established pathological alterations in the cerebel-
lum support our functional connectivity findings. The in-
volvement of the cerebellum extends across the spectrum
of Alzheimer’s disease and related dementias (ADRD). A
recent large-scale study demonstrated that distinct patterns
of cerebellar atrophy were observed in all ADRD subtypes,
with significant gray matter changes appearing in the early
stages of most subtypes—including the very early stages of
AD, Lewy body disease (LBD)-AD, frontotemporal lobar
degeneration (FTLD)-transactive response DNA binding
protein (FTLD-TDP), and progressive supranuclear palsy
[27]. Furthermore, cortical atrophy was found to positively
predict cerebellar atrophy across all subtypes, suggesting
that cerebellar degeneration is closely coupled with corti-
cal pathology [27]. These findings reinforce the notion that
the cerebellum is not spared in neurodegenerative diseases
and may serve as an early indicator of widespread network
dysfunction.

The observed functional connectivity changes be-
tween the NBM and the cerebellum/PoG in the present
study warrant discussion. This was initially unexpected
because basal forebrain cholinergic neurons do not pro-
vide direct monosynaptic input to these regions. How-
ever, we should clarify that functional connectivity is not
the same as direct anatomical connectivity. Functional
connectivity reflects statistical dependencies that can arise
through polysynaptic pathways, intermediary regions, or
common modulatory inputs. This perspective is sup-
ported by growing evidence implicating the cerebellum
in cognition—including attention, executive function, and
working memory—beyond its traditional motor role [28].
The connections of the cerebellum with associative corti-
cal regions provide a substrate for its cognitive contribu-
tions. Thus, altered NBM-cerebellar functional connec-
tivity may have reflected modulation of cerebello-cerebral
circuits via indirect pathways (e.g., brainstem, thalamus,
or cholinergically-innervated cortical regions). Similarly,
PoG connectivity changes were likely to involve multi-
synaptic mechanisms. Anatomically, cholinergic input to
the sensory cortex originates from the NBM, whereas cere-
bellar cholinergic afferents arise from the pedunculopon-
tine tegmental nucleus (PPN), a key regulator of move-
ment, gait, and postural control [29]. The PPN may there-
fore serve as a functional interface linking cerebellar mo-
tor circuits with basal forebrain cognitive networks [30].
Notably, gait and balance impairments are recognized as
early manifestations of AD and correlate with cognitive
decline [31,32]. Donepezil has been demonstrated to im-
prove gait in AD patients [33]. Our findings suggested

that donepezil alleviated AD symptoms, in part, by modu-
lating cholinergic pathways involved in motor integration.
The observed connectivity changes involving the cerebel-
lum and PoG may have reflected enhanced sensorimotor
integration, a process fundamental to both motor function
and cognition. The mirror neuron system (MNS), which
includes the PoG and receives cerebellar modulation via
inhibitory interneurons, is central to this integration, en-
abling the updating of internal sensorimotor models based
on sensory feedback [34,35]. Cholinergic modulation in-
fluences MNS activity [35], and our findings of increased
NBM-cerebellum and altered PoG connectivity may have
represented enhanced cholinergic drive to these circuits.
This interpretation aligns with evidence that donepezil im-
proves gait in AD patients [33], a function heavily depen-
dent on intact sensorimotor integration, and suggests that
treatment benefits may extend beyond cognition to the real-
time calibration of action-perception loops. Collectively,
these findings indicated the distributed effects of choliner-
gic enhancement beyond direct projection targets. Previous
literature is limited, with only one study reporting NBM-
cerebellum connectivity in healthy controls [34]. Future
studies using effective connectivity methods (e.g., dynamic
causal modeling) or molecular imaging could help clarify
the pathways underlying these network-level changes and
test the hypothesis of PPN-mediated connectivity.

The present study had several limitations. First, the
sample size in this study was relatively small, which repre-
sented a key limitation. The modest sample size increased
the risk of type II errors (missing true effects) and potential
overestimation of observed effects, and limited the general-
izability of our findings. Second, this study did not include
biomarker confirmation for AD, such as CSF biomarkers
or PET imaging due to hospital condition limitations and
the difficulty in obtaining cerebrospinal fluid samples, we
would add plasma biomarkers to future sample collection.
Third, we acknowledge a methodological limitation con-
cerning the duration of our rs-fMRI acquisition. Each scan
lasted 6 min, which, although consistent with many clin-
ical studies involving AD patients, was shorter than the
durations recommended for optimal test-retest reliability
of functional connectivity estimates. Our 6-min protocol
was necessitated by practical considerations related to pa-
tient tolerability and motion control in an elderly AD co-
hort. Nonetheless, we recognize that this may have in-
creased variability in our connectivity estimates. Future
studies should incorporate longer scan durations or multi-
session acquisitions to enhance reliability, particularly if
individual-level analyses are pursued. Fourth, the clinical
symptoms are mainly assessed using the MMSE, but with-
out evaluations of olfaction, sleep, and other aspects, it can-
not fully reflect the efficacy of the drug and its connection
to brain neural mechanisms.

It is worth noting that AD progression and treatment
responses vary considerably among individuals. Longitudi-
nal studies are essential to determine whether the observed
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connectivity improvements persist over time and how they
relate to cognitive outcomes. Also, AD is a heteroge-
neous disease due to the presence of different genetic phe-
notypes, which likely contributed to the variable therapeutic
responses. Future investigations should therefore stratify
patients based on genetic markers (e.g., apolipoprotein E
(APOE) genotype), phenotypic characteristics, and clinical
variables, to better understand the determinants of treatment
response and to facilitate the development of more person-
alized therapeutic approaches.

This exploratory study based on real-world clinical
data has uncovered the neural mechanisms of donepezil in-
tervention in Alzheimer’s disease, which to some extent
deepens our understanding of both disease pathophysiol-
ogy and therapeutic effects. These findings also provide
a direction for future research. However, further studies
with more rigorous designs—including randomized con-
trolled trials, biomarker-based patient stratification, and
multimodal neuroimaging—are still needed to validate and
extend these findings. In particular, given recent evidence
suggesting that the cerebellum may serve as a synergis-
tic therapeutic target in other neurodegenerative conditions
such as frontotemporal dementia (FTD) [36], future studies
could explore whether combining cholinergic therapy with
cerebellar neuromodulation yields enhanced clinical bene-
fits in AD.

5. Conclusions
In the present study, we compared BF functional con-

nectivity among AD patients at baseline and after donepezil
treatment, as well as with HCs. The results revealed
intervention-related functional alterations in the right PoG
and left cerebellar lobule VI. BF–PoG connectivity may
serve as a potential neuroimaging marker for evaluating the
therapeutic effect of donepezil treatment, though its utility
as a specific treatment target requires further validation.
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