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Background: Cognitive impairment in Parkinson’s disease (PD) involves the cholinergic system and 
cholinergic neurons, especially the nucleus basalis of Meynert (NBM/Ch4) located in the basal forebrain 
(BF). We analyzed associations between NBM/Ch4 volume and cortical thickness to determine whether the 
NBM/Ch4-innervated neocortex shows parallel atrophy with the NBM/Ch4 as disease progresses in PD 
patients with cognitive impairment (PD-MCI). 
Methods: We enrolled 35 PD-MCI patients, 48 PD patients with normal cognition (PD-NC), and 33 
age- and education-matched healthy controls (HCs), with all participants undergoing neuropsychological 
assessment and structural magnetic resonance imaging (MRI). Correlation analyses between NBM/Ch4 
volume and cortical thickness and correlation coefficient comparisons were conducted within and across 
groups. 
Results: In the PD-MCI group, NBM/Ch4 volume was positively correlated with cortical thickness in the 
bilateral posterior cingulate, parietal, and frontal and left insular regions. Based on correlation coefficient 
comparisons, the atrophy of NBM/Ch4 was more correlated with the cortical thickness of right posterior 
cingulate and precuneus, anterior cingulate and medial orbitofrontal lobe in PD-MCI versus HC, and the 
right medial orbitofrontal lobe and anterior cingulate in PD-NC versus HC. Further partial correlations 
between cortical thickness and NBM/Ch4 volume were significant in the right medial orbitofrontal (PD-
NC: r=0.3, P=0.045; PD-MCI: r=0.51, P=0.003) and anterior cingulate (PD-NC: r=0.41, P=0.006; PD-MCI: 
r=0.43, P=0.013) in the PD groups and in the right precuneus (r=0.37, P=0.04) and posterior cingulate (r=0.46, 
P=0.008) in the PD-MCI group. 
Conclusions: The stronger correlation between NBM/Ch4 and cortical thinning in PD-MCI patients 
suggests that NBM/Ch4 volume loss may play an important role in PD cognitive impairment.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disease 
characterized by typical  motor symptoms such as 
bradykinesia, resting tremor, and rigidity and is accompanied 
by nonmotor symptoms including cognitive impairment, 
anxiety, depression, and sleep disorders (1). Up to 80% of 
patients with PD will develop dementia in the late stage, 
which may greatly increase the cost of medical resources 
and reduce quality of life (2,3). Cognitive impairment in 
PD is the consequence of multifactorial interactions, such 
as dysfunction in neurotransmission and the deposition 
of α-synuclein and Alzheimer-type pathology (4).  
Neurotransmitter systems, especially cholinergic and 
dopaminergic systems, are disrupted by pathological 
damage, such as α-synuclein and Alzheimer-type pathology, 
and contribute to cognitive deterioration (5). Both 
neurotransmitters play roles in PD cognitive impairment; 
moreover, the dual syndrome hypothesis provides an 
explanatory model for neurotransmitter-related cognitive 
impairment, which involves dopaminergic deficits in 
frontostriatal executive dysfunction and other transmitters 
dysfunction, especially cholinergic dysfunction (6). Based 
on the dual syndrome hypothesis, cholinergic dysfunction 
would probably lead to dementia.

In the brain, the cholinergic system includes two 
anatomically distinct aggregations of cholinergic neurons 
(Ch); the pedunculopontine complex (PPN), which 
innervates the thalamus, striatum, cerebellum, and 
brainstem for the regulation of motor function, and the 
basal forebrain (BF), which projects fibers to the neocortex, 
posterior cingulate, amygdala, and hippocampus for the 
regulation of cognitive function (7). In the BF, Ch can be 
anatomically divided into four parts: Ch1 and Ch2 project 
to the hippocampus, Ch3 projects to the olfactory bulb, 
and the nucleus basalis of Meynert (NBM/Ch4) projects to 
the neocortex and the amygdala (8). With the progression 
of cognitive decline, BF projecting regions including the 
hippocampus (9,10) and neocortex (11,12) were found to 
be degenerative in PD with dementia (PDD). However, 
while NBM/Ch4 Ch showed more severe α-synuclein 
pathology and cell loss in PDD, Ch1 and Ch2 cholinergic 
septal neurons were spared from pathological deposits of 
α-synuclein (13). NBM/Ch4 was also shown to be damaged 
by the deposit of α-synuclein at Braak stage IV and was 
accompanied by motor symptoms (14) indicating NBM/
Ch4 degeneration is one of the specific pathological changes 
in PD with cognitive impairment.

Studies show that NBM/Ch4 is the major source of 
cholinergic projections to the neocortex and amygdala (15), 
and its pathological atrophy has been confirmed by in vivo 
magnetic resonance imaging (MRI) evidence of reduced BF 
volume in patients with mild cognitive impairment (MCI) 
(16,17). Although volume loss in the substantia innominata 
can be present in PD patients with intact cognition, 
greater loss is seen in those who progress from PD-MCI 
to PDD (18,19). Furthermore, NBM/Ch4 volume loss was 
demonstrated to be a predictor of future cognitive decline 
(20-22). While these studies may have uncovered the status 
of NBM/Ch4 in PD cognitive impairment, whether changes 
occur in NBM/Ch4-innervated regions in PD remains 
unknown. Diffusion and functional studies have found that 
structural and functional connections are decreased between 
the Ch4 and the neocortex in PD (23) suggesting the cortical 
region involving innervation from the NBM/Ch4 may have 
changed along with damage to the projection fibers.

Cortical thinning is a marker of MCI (24) and PD-MCI 
(25-27) and is severe in PDD (28-30). Positron emission 
tomography (PET) tracers of acetylcholinesterase (AChE) 
activity in PD patients show cortical cholinergic deficits 
become more widespread and profound as cognition 
deteriorates and always occur in the posterior region, 
including the temporoparietal and occipital regions (31,32). 
As the posterior cortex receives projections of cholinergic 
fibers from the NBM/Ch4 (33), a cholinergic deficit may 
lead to posterior dysfunction and finally result in cortical 
thinning. A previous vertex-wise study found stronger 
correlations between temporal lobe cortical thickness and 
variations in NBM/Ch4 volume in amnestic MCI (aMCI) 
patients than in healthy controls (HCs) (34). Furthermore, 
the regions innervated by the NBM/Ch4 in humans are 
more extensive than those observed in animal studies and 
involve the temporal, parahippocampal, cingulate, and 
temporal polar regions (35). However, these correlations are 
not well defined in PD patients with cognitive impairment. 
We hypothesize that NBM/Ch4 volume loss is correlated 
with cortical thinning of its innervated regions, especially 
the posterior cortex in PD patients, and this study thus 
aimed to analyze the relationship between NBM/Ch4 
volume loss and cortical thickness in PD-MCI patients.

Methods

Participants 

Participants in this prospective study were recruited from 
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the Department of Neurology, Guangdong Neuroscience 
Institute, Guangdong Provincial People’s Hospital, 
Guangzhou, China, from October 2015 to December 2019, 
and included 83 PD patients and 33 age- and education-
matched HCs. PD was clinically diagnosed following the 
Queen Square Brain Bank criteria, and PD subjects met the 
following criteria: age between 40 and 80 years, without the 
presence of dementia according to the Movement Disorders 
Society criteria (36), Hoehn and Yahr stage ≤3, and no severe 
depression or anxiety [Hamilton Depression Scale (HAMD) 
≤35 points and Hamilton Anxiety Scale (HAMA) ≤29 points). 
The medical treatment of patients included levodopa, 
dopaminergic agonists, monoamine oxidase inhibitors, and 
catechol-O-methyltransferase inhibitors. Those with a 
medication history of acetylcholinesterase inhibitors were 
excluded from the study. Volunteers with no neurological 
or mental illness and without a recent medication history 
of acetylcholinesterase inhibitor use were rated by Mini-
Mental State Examination (MMSE) and Montreal 
Cognitive Assessment (MoCA). Those with a MoCA 
score higher than the educational corrected cutoff value of 
the general Chinese population was chosen as HCs (37).  
All subjects provided written informed consent to the 
research protocol, which was approved by the Medical Ethics 
Committee of Guangdong Provincial People’s Hospital [no. 
GDREC2018338H(R1)].

Clinical and neuropsychological evaluation

The motor function of most subjects was evaluated by 
the Movement Disorder Society–sponsored Revision 
of the Unified Parkinson’s Disease Rating Scale part III 
(MDS-UPDRS-III) under the “ON” condition, while the 
remaining subjects were assessed by the Unified Parkinson’s 
Disease Rating Scale part III (UPDRS-III). The UPDRS-
III score was transformed by the formula used to transform 
UPDRS-III scores into MDS-UPDRS-III scores (38). 
The neurobehavioral assessment included the HAMA and 
HAMD. The neuropsychological assessments of our study 
were as follows: MMSE and MoCA for the assessment 
of global cognitive efficiency; the animal fluency test 
for executive functions, digit span and digit symbol tests 
for attention and working memory; logical memory and 
immediate memory tests from the Wechsler Memory Scale 
(WMS) and vocabulary and similarities subtests (WAIS-R) 
for language; and block design and object assembly for 
visuospatial function. Patients with PD were divided into 
PD with normal cognition (PD-NC) and PD with mild 

cognitive impairment (PD-MCI) groups according to the 
Level I criteria of the Movement Disorder Society (MDS) 
Task Force guidelines (39). The identification of PD-MCI 
was based on the criteria of a score ≥1.5 standard deviation 
(SD) below the mean in at least two tests in five domains 
(40,41).

Neuroimaging

MRI data acquisition
To acquire MRI data a GE 3.0 T MR imaging system 
(GE Healthcare, Fairfield, CT, USA) was used. All 
subjects underwent three-dimensional spoiled gradient 
recalled (3D-SPGR) sequences according to the following 
parameters: number of scanning slices, 146; slice thickness, 
1.00 mm; slice spacing, 1.00 mm; matrix, 256×256; field 
of view (FOV), 512×512; voxel, 0.469×0.469×1.0 mm3; flip 
angle, 13°; repetition time (TR), 7.6 ms; and echo time 
(TE), 3.3 ms.

Volume estimation of the BF
The structural MRI of each participant was checked 
visually to ensure the absence of motion artefact. 
Structural MRI data were preprocessed using the VBM8 
(Voxel-based morphometry) (http://www.neuro.uni-
jena.de/vbm/download/) approach integrated in SPM8 
(Wellcome Trust Centre for Neuroimaging; www.fil.ion.
ucl.ac.uk/spm) and implemented in MATLAB R2018b 
(MathWorks, Natick, MA, USA). Structural MRI data were 
automatically segmented into gray matter, white matter 
(WM), and cerebrospinal fluid (CSF) partitions of 1.5-mm  
isotropic voxel size using the segmentation routine of 
the VBM8 toolbox. The segmented gray matter and 
WM were obtained and high-dimensionally registered to 
Montreal Neurological Institute (MNI) space by using 
the diffeomorphic anatomical registration through an 
exponentiated lie algebra (DARTEL) algorithm (42). The 
segmented image of each subject was rechecked visually 
to ensure the accuracy of registration. The modulated 
nonlinear-warping GM image was then used to extract the 
volume of the NBM/Ch4.

The mask of the region of interest (ROI) for the NBM/
Ch4 was identified using cytoarchitectonic mapping 
implemented in the SPM Anatomy Toolbox (43,44) to 
ensure anatomical precision and replicability. The BF is 
composed of a magnocellular cholinergic cell complex 
and has been defined histologically in primates as Ch1–
Ch4 (15). A probabilistic anatomical map of the BF was 
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obtained from a postmortem human brain, and a stereotaxic 
map has recently been made available (44). The NBM/
Ch4 is one of the regions in the BF, and the NBM/Ch4 
volume of each subject was calculated by summing up the 
bilateral voxel values within the masks of the ROI from the 
modulated gray matter without smoothing (45). The NBM/
Ch4 volume was then normalized across all subjects by the 
following algorithm: normalized volume = total volume 
(mm3)/total intracranial volume (TIV) (mm3) ×1,000. The 
TIV was calculated as the sum of the total segmented gray 
matter, WM, and CSF volumes.

Cortical thickness estimation
Structural MRI data were preprocessed using the analysis 
pipeline of FreeSurfer v.5.3 (http://surfer.nmr.mgh.
harvard.edu/). Image preprocessing included the following 
steps: magnetic field inhomogeneity correction, motion 
correction, removal of nonbrain tissues such as the scalp and 
skull, automated Talairach transformation, segmentation 
of the GM and WM boundaries, automatic topological 
correction and registration with standard brain templates, 
Gaussian smoothing, reconstruction of the bilateral cerebral 
cortex, and calculation of the cortical thickness. Cortical 
thickness was calculated as the closest distance from the gray 
matter/WM boundary to the gray matter/CSF boundary at 
each vertex. A general linear model (GLM) was assessed for 
statistical analysis in the Query, Design, Estimate, Contrast 
(Qdec) module of FreeSurfer with NBM/Ch4 volume on 
the horizontal axis and cortical thickness on the vertical 
axis. Vertex-wise analyses were performed in each group to 
investigate whether the volume variation in the NBM/Ch4 
was correlated with a variation in cortical thickness. We also 
compared the slope from the GLM in cortical thickness 
across each group to investigate the group differences in 
correlation coefficients. Monte Carlo simulation was applied 
to provide cluster-wise correction for multiple comparisons, 
and the cluster-wise probability significance level of the 
results was set to 0.05.

Statistical analysis

Statistical analysis was performed using SPSS Statistics 
version 25.0 (IBM SPSS Statistics, Armonk, NY, USA). 
The Kolmogorov-Smirnov test was used to assess a normal 
distribution, and the normally distributed continuous 
variables were then compared by analysis of covariance 
(ANCOVA) and unpaired t-tests, while the Kruskal–Wallis H 
test and Mann–Whitney U test were used for nonnormally 

distributed parameters. The chi-square test was used to 
compare categorical variables. Pearson’s correlation was 
performed in the HC and PD groups to determine the 
correlation coefficients between NBM/Ch4 volume and 
other parameters. We found that the normalized volume 
of the NBM/Ch4 correlated with the duration of disease 
(r=−0.436, P=0.009) in the PD-MCI group and age (r=−0.466, 
P=0.001) in the PD-NC group. Sex differences in structural 
changes were also assessed in each group, and the normalized 
volume of the NBM/Ch4 was smaller in males. Thus, we 
applied age, sex, and duration of disease as nuisance factors in 
correlation analyses. We additionally investigated the effect 
of NBM/Ch4 in each group by using partial correlation 
analysis between the normalized volume of the NBM/Ch4 
and the average thickness of the significant region (right 
medial orbitofrontal, anterior cingulate, posterior cingulate 
and precuneus) in the comparison of correlation efficiencies 
across groups. The age, duration of disease, and sex were also 
included in the correction as cofactors.

Results

Demographic and clinical characteristics

Demographic and clinical characteristics, along with 
normalized volumes of the NBM/Ch4 and TIV, are shown 
in Table 1. The results of the neuropsychological battery are 
shown in Table S1. No significant differences were noted 
among the PD-NC, PD-MCI and HC groups in age, sex, 
education, HAMA, HAMD, or TIV. A significant difference 
was found in MMSE (H =8.59, P=0.014), MoCA (F =17.75, 
P<0.001), and normalized volume of Ch4/NBM (F =3.33, 
P=0.39) across the three groups. Bonferroni post hoc test 
showed that HC had greater performance on MMSE 
(P=0.018); Tukey pair-wise tests revealed PD-MCI had a 
worse performance on MoCA than PD-NC (P=0.002) and 
HC (P<0.001) and better performance in HC than PD-NC 
(P=0.012). Both PD-NC (P=0.057) and PD-MCI (P=0.072) 
tended to have a smaller normalized volume of NBM/Ch4 
than HC. In the comparison of the PD-NC and PD-MCI 
groups, duration of disease, H-Y stage, MDS-UPDRS-III, 
and levodopa equivalent daily dose showed no significant 
difference (Table 1).

Structural correlations in PD-MCI, PD-NC, and HC 
subjects

Brain regions with significant correlations between NBM/

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
https://cdn.amegroups.cn/static/public/QIMS-20-444-supplementary.pdf
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Table 1 Demographics and clinical characteristics

Variable PD-NC PD-MCI HC Test stat P value (P<0.05)

Subject 48 35 33 – –

Age (yrs) 58.61 (7.45) 60.40 (8.51) 58.36 (7.25) 0.897a 0.411

Sex (female/male) 16/32 18/17 18/15 4.44b 0.11

Education (yrs) 10.21 (3.53) 8.9 (3.9) 9.88 (3.37) 2.27c 0.32

MMSE 28.05 (1.44) 27.07 (1.89) 28.21 (1.71) 8.59c 0.014*

MoCA 23.98 (3.52) 21.23 (4.33) 26.27 (2.25) 17.75a <0.001*

HAMA 7.68 (6.93) 7.26 (6.0) 6.09 (5.81) 1.30c 0.52

HAMD 8.02 (6.72) 8.0 (6.96) 6.27 (7.93) 4.19c 0.12

Duration of disease (yrs) 3.05 (2.29) 3.27 (2.58) – −0.061d 0.95

H-Y (1/1.5/2/2.5/3) 4/11/18/12/3 4/6/13/10/2 – 0.64b 0.96

MDS-UPDRS-III 26.33 (10.96) 28.74 (13.85) – −0.32e 0.75

LEDD (mg) 194.2 (196.6) 179.5 (221.5) – −0.54d 0.59

Normalized volume of NBM/Ch4 0.0995 (0.023) 0.099 (0.029) 0.1155 (0.041) 3.33a 0.039*

TIV (mm3) 1,333.33 (120.57) 1,345.69 (117.49) 1,302.81 (128.19) 1.12a 0.33
a, one-way analysis of variance; b, Pearson’s chi-square (χ2); c, Kruskal–Wallis H test; d, Mann–Whitney U test; e, Student’s t-test. Data 
are presented as mean and standard deviation. MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; HAMA,  
Hamilton Anxiety Scale; HAMD, Hamilton Depression Scale; HY, Hoehn and Yahr scale; MDS-UPDRS-III, part III of the Movement Disorder 
Society–sponsored Revision of the Unified Parkinson’s Disease Rating Scale; LEDD, levodopa equivalent daily dose. 

Ch4 and cortical thickness were found in the PD-MCI group 
(Figure 1 and Table S2). After correcting for age, sex, and 
disease duration, the left posterior cingulate gyrus (Brodmann 
31), pars opercularis gyrus (insula, Brodmann 44), precuneus 
(parietal lobe, Brodmann 7, 19), superior frontal lobe (frontal 
lobe, Brodmann 10, 32), right posterior cingulate (Brodmann 
23, 31), superior parietal (parietal lobe, Brodmann 7), and 
superior frontal lobe (frontal lobe, Brodmann 10, 11, 12) had 
significant correlations between the volumetric variations in 
the NBM/Ch4 and cortical thickness in the PD-MCI group. 
However, there was no significant correlations between regions 
in the PD-NC and HC groups. Volumetric variations in the 
NBM/Ch4 were not correlated with the MMSE, MoCA, or 
the tests of each domain in the PD-MCI, PD-NC, and HC 
groups. Otherwise, no significant differences were revealed 
when the cortical thickness across groups was compared.

Group differences in correlation coefficients across the PD-
NC, PD-MCI, and HC groups

Stronger correlations between volumetric variations in the 

NBM/Ch4 and cortical thickness were found in the right 
medial orbitofrontal lobe, anterior cingulate gyri, posterior 
cingulate gyri, and precuneus in comparisons between 
the PD-MCI and HC groups. However, in comparisons 
between the PD-NC and HC groups, the right medial 
orbitofrontal lobe and right anterior cingulate gyri 
showed stronger correlations (Figure 2 and Table S3). No 
significant differences were found in comparisons of the 
PD-NC and PD-MCI groups. The effect of NBM/Ch4 
volume on the extracted average cortical thickness of the 
regions mentioned above was conducted by using partial 
correlation analysis and showed significant correlations 
between PD-NC in the right medial orbitofrontal 
( r=0.3 ,  P=0.045)  and anter ior  c ingulate  (r=0.41, 
P=0.006). However, in PD-MCI groups, the right medial 
orbitofrontal (r=0.51, P=0.003), anterior cingulate (r=0.43, 
P=0.013), right precuneus (r=0.37, P=0.04), and posterior 
cingulate (r=0.46, P=0.008) were found to be significantly 
correlated with NBM/Ch4 volume only in the PD-MCI 
group, and no significant associations in these regions were 
noted in the HC group.

http://Table S2
https://cdn.amegroups.cn/static/public/QIMS-20-444-supplementary.pdf
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Figure 1 The regions with significant positive correlation between the volume of the NBM/Ch4 and cortical thickness in PD-MCI patients 
(correcting for sex, age and duration of disease). (A,B) Lateral aspect; (B,E) medial aspect; (C,F) inferior aspect. The red-orange areas 
highlight areas of significant positive correlation. The color bar shows the logarithmic scale of P values (-log10).
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Discussion

The mechanisms underlying cognitive impairment in PD 
are unclear but have always been considered a consequence 
of multifactorial interactions. Cholinergic deficits were 
considered as one of the pivotal factors in these interactions, 
and atrophy in the NBM/Ch4 has been regarded as one of 
the markers of these deficits. The present study was first to 
investigate the relationship between NBM/Ch4 volume and 
cortical thickness in PD patients with different cognitive 
states. The major findings were as follows: (I) volume 
differences in the NBM/Ch4 were correlated with the 

thickness of the bilateral posterior cingulate gyrus, parietal 
lobe, frontal lobe and left insula lobe in PD-MCI patients; 
(II) PD-MCI patients showed a stronger correlation 
between NBM/Ch4 volume loss and cortical thickness in 
the right medial orbitofrontal, anterior cingulate, precuneus, 
and posterior cingulate than the HCs, and only the right 
medial orbitofrontal and anterior cingulate showed a 
difference in contrast between the PD-NC and HC groups. 
These findings suggested that NBM/Ch4 volume loss had 
a varying association with different cognitive states in PD 
patients and that the NBM/Ch4 affected the cingulate, 



1560 Rong et al. NBM/Ch4 related cortical thinning in PD-MCI

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(4):1554-1566 | http://dx.doi.org/10.21037/qims-20-444

Figure 2 The regions with significantly stronger correlations between the volume of the NBM/Ch4 and cortical thickness in the comparison 
of the PD-MCI versus HC groups (left) and the PD-NC versus HC groups (right). (A,D) Medial aspect; (B,E) lateral aspect; (C,E) inferior 
aspect. The red-orange areas highlight areas of significance. The color bar shows the logarithmic scale of P values (-log10).
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orbitofrontal, and precuneus regions.
Our study revealed a correlation between NBM/Ch4 

volume loss and the cortical thickness of certain regions 
including the frontal lobe, insular lobe, parietal lobe, and 
cingulate lobe in PD-MCI patients but not in PD-NC 
patients and HCs. Pathology studies have suggested that 
as the main source of cholinergic projections, NBM\Ch4 
widely projects cholinergic fibers through the cingulate gyri 
to the amygdala and neocortex. Moreover, a previous study 
found subdivisions of the Ch4/NBM projecting fibers to 
certain cortical regions (15). However, due to the lack of 

clear anatomical borders between different NBM/Ch4 cell 
regions on MRI scans, the borders between subdivisions 
have not been accurately delineated, and we did not perform 
correlation analyses between them and cortical thickness 
on this basis. In a previous pathological study, Mufson et al. 
found cell loss in NBM/Ch4 restricted to the subdivisions 
of the anterior-lateral part (Ch4al) and posterior part (Ch4p) 
in PD and accompanied by a reduction of the Ach fiber 
plexus in the temporal lobe and amygdala (46). Hence, the 
cell loss of Ch4 may lead to a decrease of AchE fibers and 
cortical thinning. However, some radionuclide imaging 



1561Quantitative Imaging in Medicine and Surgery, Vol 11, No 4 April 2021

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(4):1554-1566 | http://dx.doi.org/10.21037/qims-20-444

studies found extensive reduction of AchE activity not only 
in the temporal lobe and amygdala but also in the occipital 
and global cerebrum (32,47). Therefore, other subdivisions 
of Ch4 might also influence cortical AchE activity and play 
a role in cortical thinning in PD.

Previous structural imaging studies have found more 
extensive cortical thinning in PDD compared with PD-
MCI and that the progression from PD-MCI to PDD is 
gradual and subtle. Furthermore, not all PD-MCI patients 
progressed to PDD. This suggests cortical thinning may 
be initiated and progressively worsened by factors such 
as transmitter dysfunction and Alzheimer-type damage. 
Degeneration of the NBM/Ch4 ranged from 32% cell 
loss in nondemented PD patients to 54–70% in PDD 
patients (13,48), and recent studies have found that a loss in 
NBM/Ch4 volume could predict PD-associated cognitive 
impairment (20-22). In our study, the thickness of cortical 
regions innervated by the NBM/Ch4 were correlated with 
volume changes in the NBM/Ch4 in PD-MCI patients. 
Based on the typical “bottom-up” pathological hypothesis 
in PD, which describes the spread of α-synuclein in PD 
starting from the olfactory bulb, substantia nigra, mid-
brain, and BF to the extensive neocortex (14), we speculate 
that PD-MCI patients with NBM/Ch4 volume loss tend 
to develop cortical thinning and finally progress to PDD. 
However, the cross-sectional nature of our study could 
not explain the causality; that is, whether cholinergic 
denervation from cholinergic BF degeneration leads to 
decreased cortical thickness remains unclear. Furthermore, 
only PD patients in the early stage and not those with 
advanced PD or PDD were enrolled in our study, and 
follow-up studies or enlargement of the sample is therefore 
needed to verify our perspective.

According to the results of the correlation coefficient 
comparisons among each group, no difference was found 
between the PD groups. When compared with HC, the 
region with significant difference in PD-MCI was more 
extensive than that in PD-NC. A stronger correlation 
between the cortical thickness of the right orbitofrontal 
lobe (medial orbitofrontal lobe and anterior cingulate 
gyri), posterior cingulate gyri, and precuneus with NBM/
Ch4 atrophy was found in PD-MCI compared with HC. 
However, comparison between PD-NC and HC showed 
only the right orbitofrontal lobe (medial orbitofrontal lobe 
and anterior cingulate gyri) to have a stronger correlation 
with NBM/Ch4 atrophy in PD-NC. As NBM/Ch4 
atrophy is one of the markers of cholinergic deficit, cortical 
thickness in the right medial orbitofrontal and anterior 

cingulate, posterior cingulate, and precuneus of PD-MCI 
may be more susceptible to cholinergic deficit. Otherwise, 
the significant region in the comparison between PD-MCI 
and HC is more extensive than the result of the comparison 
between PD-NC and HC; therefore, this result suggested 
that PD-MCI could be more greatly influenced by NBM/
Ch4 volume loss than PD-NC . The partial correlation 
analyses showed regions of the right posterior cingulate and 
precuneus were significant only in the PD-MCI group. A 
previous diffusion tensor imaging study suggested that the 
cingulate lobe was part of the pathway of fibers from the 
NBM/Ch4, which then projected to the posterior cortex 
including the temporoparietal and occipital regions (49). 
This suggests that the discrepancy between the PD-NC 
and PD-MCI groups in the correlations of NBM thickness 
could be attributed to the dysfunction of the posterior 
cingulate. According to our result, posterior cingulate and 
precuneus are part of the parietal–temporal area, which is 
located in the posterior cortex, and dysfunction in these 
regions has been shown to predict cognitive impairment 
in PD patients (50-52). Atrophy of the posterior cingulate 
gyri (29) and precuneus lobe has been regarded as a marker 
of PDD, along with reduced metabolism (53,54) and 
AChE activity (47). Hypometabolism of the cortex has 
consistently been found to precede atrophy in PD patients 
with cognitive impairment (55). Our results show cortical 
thinning of the posterior cingulate and precuneus was 
more strongly correlated with NBM/Ch4 atrophy in PD-
MCI which in turn was correlated with cortical cholinergic 
deficit. On this basis, we speculated that NBM/Ch4 volume 
loss would lead to hypometabolism and cortical cholinergic 
deficits in the posterior cingulate and precuneus and initiate 
cortical thinning of these regions in the early stages of 
cognitive impairment.

In addition to the above, the thickness of the medial 
orbitofrontal lobe and the anterior cingulate was correlated 
with NBM/Ch4 volume loss in both the PD-MCI and PD-
NC groups but not the HC group. The medial orbitofrontal 
lobe, anterior cingulate gyri, and associative circuits in the 
prefrontal cortex correspond to the frontal–striatal loop, 
which is a part of the dopaminergic network (56), and 
cortical atrophy in the medial orbitofrontal lobe and anterior 
cingulate is widely recognized as a marker of dopaminergic 
deficit–regulated executive and attentional dysfunction in 
PD. A previous study revealed that efferent projections from 
the NBM/Ch4 also arrive at the orbitofrontal lobe (15) as 
part of the lateral orbitofrontal circuit, which is a part of 
the frontal–striatal loop, and then pass through the anterior 
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cingulate (56). Radionuclide imaging studies have found the 
medial orbitofrontal lobe and anterior cingulate to have 
reduced dopaminergic activity (32,57), but no cholinergic 
deficit or hypometabolism in PD-MCI and PDD patients 
was found when compared with healthy aging controls 
(47,53,55). Therefore, we speculate that the NBM/Ch4 
might regulate dopaminergic function, which is the typical 
dysfunction associated with PD, through its own efferent 
fibers. Previous Korean studies have suggested that a smaller 
volume of the substantia innominate and frontal atrophy at 
baseline can distinguish between those who progress from 
PD-MCI to PDD and those who do not (18,58). In our 
study, the frontal lobe regions in both the PD-NC and PD-
MCI groups were affected by NBM/Ch4 volume, which 
implies that atrophy of the frontal lobe was accompanied by 
NBM/Ch4 volume loss, which eventually becomes a marker 
of PDD conversion. Therefore, we believe that the NBM/
Ch4 not only regulates the cholinergic system in PD but 
also plays an important role in the dopaminergic system.

It is widely recognized that cognitive impairment in PD 
begins in the subcortical regions because of its “bottom-
up” pathological pattern. Recent in vivo studies found 
that NBM/Ch4 volume loss, which reflects neuron loss, 
can predict cognitive impairment in PD patients (18,20). 
However, in the early stage of PD, NBM/Ch4 volume loss 
was not correlated with cognitive performance at baseline 
(18,20) and was not different in PD-MCI and PD-NC 
groups (19), which was consistent with the results of this 
study. However, some diffusion imaging and functional 
studies found that PD patients with cognitive impairment 
had increased mean diffusivity (MD) in the NBM/Ch4 (21)  
and decreased structural integrity and connectivity 
correlated with cognitive performance at baseline (23). 
Presumably, NBM/Ch4 volume loss is preceded by damage 
to its microstructure, and thus NBM/Ch4 volume loss may 
not influence cognition at baseline. Clinically, a previous 
DBS study targeting the NBM in AD showed less advanced 
cortical atrophy in the cortical thickness of the fronto–
parietal–temporal regions (59), and animal studies have 
suggested that stimulating the NBM can induce neural 
vasodilatation and increase cerebral blood flow in the  
cortex (60). Therefore, DBS targeting NBM/Ch4 may 
relieve cognitive impairment in PD, but more studies and 
clinical trials are needed to verify the effects in PD-MCI .

Previous in vivo MRI studies investigating cortical 
thickness between PD-MCI, PD-NC, and HC groups 
have found that the pattern of cortical thinning in PD-
MCI patients included the frontal, insular, and parietal–

temporal regions (25-27,61). However, we found no 
significant differences in cortical thinning across groups; 
and similar results were also reported in some studies with 
small sample sizes (62,63). Otherwise, the mean duration 
of PD was approximately 3 years, the average age of the 
groups was approximately 60 years, and individuals with 
these characteristics tended to have mild cortical changes 
(29,64). Thus, these reasons may take account of why there 
was no significant difference in the comparison of cortical 
thickness.

Conclusions

The results of this study indicate that volume changes in 
the NBM/Ch4, which are involved in cholinergic deficits, 
might play different roles in different cognitive states, 
especially in PD-MCI. The cortical thickness of NBM/
Ch4-innervated regions in PD-MCI patients, including the 
left posterior cingulate gyrus, insula lobe, parietal lobe, and 
frontal lobe, and the right posterior cingulate gyrus, parietal 
lobe, and frontal lobe, were positively correlated with 
NBM/Ch4 volume loss. The right medial orbitofrontal 
lobe, anterior cingulate gyri, posterior cingulate gyri, and 
precuneus lobe were susceptible to cholinergic deficits in 
PD-MCI patients, while only the right medial orbitofrontal 
and anterior cingulate were susceptible in PD-NC patients. 
Our findings contribute to a better understanding of the 
association between the cortex and NBM/Ch4 in the early 
stage of PD, especially in different cognitive states. In the 
future, structural imaging of the NBM/Ch4 could be a new 
method to predict cognitive impairment in PD.
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Supplementary

Table S3 Region with significant difference of correlation coefficients between the volume of NBM/Ch4 and cortical thickness in comparison of 
PD-MCI versus HC and PD-NC versus HC

Contrast
Cluster 

No
p-Max 
(-log10)

Size (mm2)
MNI Coordinates

NVtxs Annotation of Significant Region
X Y Z

PD-MCI vs. HC 1 3.271 2752.22 8 33 -8 5,326 right anterior cingulate, medial orbitofrontal, 
lateral orbitofrontal, middle frontal

2 3.057 1533.67 4 -22 33 3,779 right posterior cingulate, precuneus, isthmus 
cingulate, anterior cingulate

PD-NC vs. HC 1 4.791 2101.87 9 31 -13 4,091 right medial orbitofrontal,  anterior cingulate, 
superior frontal lateral orbitofrontal

p-Max, max indicates the maximum -log10 (p-value) in the cluster; NVtxs, number of vertices in cluster.

Table S1 Neuropsychological battery

Neuropsychological battery PD-NC PD-MCI P value

Animal fluency test 15.12 (3.86) 13.80 (4.18) 0.225

Digit span 11.13 (2.39) 11.06 (2.31) 0.911

Digit symbol 11.65 (2.41) 10.17 (2.62) 0.003*

Logical memory 5.38 (2.64) 3.57 (1.34) 0.003*

Immediate memory 7.71 (2.85) 3.40 (3.56) <0.001*

Vocabulary 10.48 (2.38) 9.94 (2.92) 0.16

Similarities 11.10 (2.52) 10.0 (2.76) 0.062

Block design 9.90 (2.21) 9.2 (2.84) 0.11

Object assembly 8.71 (1.94) 6.51 (1.96) <0.001*

Data are mean (standard deviation). Mann–Whitney U test was used to determine significant difference.

Table S2 Region with correlation between the volume of NBM/Ch4 and cortical thickness in PD-MCI 

Cluster no. p-Max (-log10) Size (mm2)
MNI coordinates

NVtxs Annotation of peak region
X Y Z

1 3.624 1,391.97 −4 −16 39 3,784 Left posterior cingulate, 

2 3.097 1,406.28 −33 17 13 3,880 Left pars opercularis

3 2.908 1,682.5 −18 −74 30 3,023 Left precuneus

4 2.798 1,434.32 −14 42 11 2,449 Left superior frontal

5 4.256 3,151.13 20 −77 35 7,203 Right superior parietal

6 2.908 1,561.18 15 35 18 2,956 Right superior frontal

p-Max, max indicates the maximum -log10 (P value) in the cluster; NVtxs, number of vertices in cluster.
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