
Ray Nicola J. (Orcid ID: 0000-0001-9645-0812) 
 
 

Atrophy of the cholinergic basal forebrain can detect presynaptic cholinergic loss in 
Parkinson’s disease. 

Nicola J. Ray1, Prabesh Kanel2,4-5 & Nicolaas I. Bohnen2-6 

 

1 Health, Psychology and Communities Research Centre, Department of Psychology, Manchester 
Metropolitan University, Manchester, UK 
2 Radiology, University of Michigan, Ann Arbor, MI, United States 
3 Neurology, University of Michigan, Ann Arbor, MI, United States 
4 Morris K. Udall Center of Excellence for Parkinson's Disease Research, University of Michigan, 
Ann Arbor, MI, United States 
5 Parkinson’s Foundation Center of Excellence, University of Michigan, Ann Arbor, MI, United 
States 
6 Neurology Service and GRECC, Veterans Administration Ann Arbor Healthcare System, Ann Ar-
bor, MI, United States  
 

Correspondence: Nicola J. Ray, PhD 

 

Keywords: Parkinson's disease, cholinergic forebrain, morphometry, MRI, PET, vesicular acetyl-
choline transporter 

  

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1002/ana.26596

This article is protected by copyright. All rights reserved.

http://orcid.org/0000-0001-9645-0812
http://dx.doi.org/10.1002/ana.26596
http://dx.doi.org/10.1002/ana.26596


2 

 

 

Summary for Social Media If Published 
 

1. If you and/or a co-author has a Twitter handle that you would like to be tagged, please enter it 
here.  
 
@Niki_J_Ray 
 
@fNiCoMoLab 
 
@NicoBohnen  
  
2. What is the current knowledge on the topic?  (one to two sentences) 
 
Cholinergic brain changes may be measured via volumetry of cholinergic nuclei using anatomical 
MRIs, or via assessment of pre and postsynaptic cholinergic activity using PET or SPECT. Both 
measures indicate that there are heterogeneous cholinergic changes in Parkinson’s disease, which 
may underpin clinical features. 
  
3. What question did this study address? (one to two sentences) 
 
This study aimed to determine the relationship between volumes of the cholinergic basal forebrain 
measures with MRI and presynaptic cholinergic terminal loss via PET in a large sample of people 
with Parkinson’s.   
  
4. What does this study add to our knowledge?  (one to two sentences) 
 
We revealed that atrophy in the cholinergic basal forebrain predicts regional cerebral vesicular ace-
tylcholine transporter binding especially in the anterior brain. Correlations between the two 
measures may reflect neural circuit and local transporter regulatory functions more than selective 
vulnerability of long axonal cholinergic projections. 
  
5. How might this potentially impact on the practice of neurology? (one to two sentences) 
 
Our study provides the context to understand the functional implications of cholinergic basal fore-
brain atrophy that is important for future clinical development of cholinergic biomarkers and inter-
ventions.   
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Abstract 

 

Objectives: Structural imaging of the cholinergic basal forebrain may provide a biomarker for 
cholinergic system integrity that can be used in motor and non-motor outcome studies in 
Parkinson’s disease. However, no prior studies have validated these structural metrics with 
cholinergic nerve terminal in vivo imaging in Parkinson’s disease. Here, we correlate cholinergic 
basal forebrain morphometry with the topography of vesicular acetylcholine transporter in a large 
Parkinson’s sample. 

Methods: [18F]-Fluoroethoxybenzovesamicol vesicular acetylcholine transporter positron emission 
tomography was carried out in 101 non-demented people with Parkinson’s (76.24% male, mean age 
67.6 ± 7.72 years, disease duration 5.7 ± 4.4 years). Subregional cholinergic basal forebrain 
volumes were measured using magnetic resonance imaging morphometry. Relationships were 
assessed via volume-of-interest based correlation analysis. 

Results: Subregional volumes of the cholinergic basal forebrain predicted cholinergic nerve 
terminal loss, with most robust correlations occurring between the posterior cholinergic basal 
forebrain and temporofrontal, insula, cingulum and hippocampal regions, and with modest 
correlations in parieto-occipital regions. Hippocampal correlations were not limited to the 
cholinergic basal forebrain subregion Ch1-2. Correlations were also observed in the striatum, 
thalamus and brainstem. 

Interpretation: Cholinergic basal forebrain morphometry is a robust predictor of regional cerebral 
vesicular acetylcholine transporter bindings, especially in the anterior brain. The relative lack of 
correlation between parieto-occipital binding and basal forebrain volumes may reflect the presence 
of more diffuse synaptopathy in the posterior cortex due to etiologies that extend well beyond the 
cholinergic system. 

 

Introduction 

 

Cholinergic degeneration is a major feature of Alzheimer’s disease (AD) and dementia with Lewy 
bodies, but each are associated with differential vulnerability of cholinergic projections1.  There is 
also significant, but variable, involvement of cholinergic decline in Parkinson’s disease (PD), which 
has been linked with heterogeneity of PD symptoms2-5. However, we do not have a clear 
understanding of the spatiotemporal patterns of cholinergic basal forebrain (cBF) nuclei 
degeneration in PD and resulting denervation of projection sites.   



4 

Several PET-radiotracers have been developed to assess the loss of cholinergic innervation, with 
18F-fluroethoxybenzovesamicol ([18F]-FEOBV) emerging recently. This tracer binds with high 
affinity and selectivity to the vesicular acetylcholine transporter (VAChT)6, a glycoprotein found 
essentially in cholinergic synapses, and can therefore index presynaptic cholinergic nerve terminal 
loss. Recent studies indicate that [18F]-FEOBV can distinguish controls from people with AD7 or 
dementia with Lewy bodies8, and is sensitive to cognitive2,9 and cardinal motor symptoms10, most 
notably balance and gait deficits3.  

The main source of cholinergic input to the cerebral cortex is the cBF which consists of the nucleus 
basalis Meynert (NBM), the horizontal and diagonal band of Broca, and the nucleus subputaminalis 
(a distinct cluster lateral to the anterior commissure and ventral to the putamen)11, 12. In Mesulam’s 
nomenculature, Ch1 corresponds to the medial septal nuclei, Ch2 to the vertical part of the diagonal 
band of Broca, Ch3 to the horizontal part of the diagonal band of Broca, and Ch4 to the NBM. Ch4 
is further divided into the posterior (Ch4p), intermediate (Ch4i), anterior-medial (Ch4am), and 
anterior-lateral parts (Ch4al). Primate histopathological analysis has revealed that Ch1 and Ch2 
mainly supply the hippocampus formation, Ch3 the olfactory bulb, while the anterior Ch4 regions 
project to widespread areas of cortex, and the posterior Ch4 region to superior temporal and 
midtemporal cortex11.  

In AD there is a concordance between the topography of cortical [18F]-FEOBV uptake and cBF 
neurodegeneration as estimated with MRI volumetry(1)7. Thus, atrophy of the anterior-intermediate 
and posterior subregions of Ch4 were correlated with reduced [18F]-FEOBV binding in their 
projection regions: the frontal/cingulate cortex and superior temporal cortex, respectively. On the 
other hand, there was no correlation between volumetry in the Ch1-2 region, which may not 
degenerate in early AD stages13, and [18F]-FEOBV uptake in hippocampal projection sites.  

In PD, cBF volumetry has revealed that the region degenerates early and is associated with more 
rapid progression of cognitive decline13-18. However, we do not know how this cBF degeneration is 
associated with regional loss of functional cholinergic integrity in the wider brain as measured with 
[18F]-FEOBV PET. Revealing the relationships between cBF atrophy and whole-brain cholinergic 
innervation would enable the characterisation of the regional functional implications that accom-
pany structural degeneration in the cBF.  
 
The purpose of the current study therefore was to examine the topographic relationship between de-
generation in sub-regions of the cBF and regional [18F]-FEOBV binding in nondemented people 
with PD. Since in-vivo VAChT binding studies have shown early vulnerability of posterior cortical 
regions in PD19,20, we expected to observe strong correlations between posterior cortical VAChT 
binding and regional volume loss (especially Ch4ai) compared to anterior cortical regions. 
 

Methods 

The protocol for this study received prior approval by the Institutional Review Boards of the Uni-
versity of Michigan and Ann Arbor VA Healthcare and completed in compliance with the Declara-
tion of Helsinki guideline. Informed consent was obtained from each subject prior to their participa-
tion. 
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Participants 
This study involved 112 participants with PD, with 101 having images suitable for analysis (77 
males; 24 females), mean age 67.6 ± 7.72 years. All met the UK Parkinson's Disease Society Brain 
Bank clinical diagnostic criteria21. Participants with evidence of large vessel stroke or other 
intracranial lesions on anatomic imaging were excluded. All participants had PET and T1-weighted 
images available.  

Clinical measures 

The Unified Parkinson’s Disease Rating scale (UPDRS) Part III and Montreal Cognitive 
Assessment (MoCA) are used as measures of motor symptom severity and cognitive health, 
respectively.  Participants with MoCA below 26 were defined as having evidence of Mild Cognitive 
Impairment (MCI).  

 

Imaging methods 

Imaging acquisition 
 
PET 
[18F]-FEOBV PET imaging was performed in 3D imaging mode with a Siemens ECAT Exact HR+ 
tomograph or Biograph 6 TruPoint PET/computed tomography scanner (Siemens Molecular 
Imaging, Inc., Knoxville, TN), which acquire 63 transaxial slices (slice thickness: 2.4 mm) over a 
15.2�cm axial FOV. Images were corrected for scatter and motion. Subjects were scanned in the 
dopaminergic medication “on” state. Data harmonization for the two scanners was performed as 
previously reported22. 

[18F]-FEOBV was prepared as described previously23. [18F]�FEOBV delayed dynamic imaging was 
performed over 30 minutes (in six 5�minute frames) starting 3 hours after an intravenous bolus 
dose injection of 8 mCi [18F]�FEOBV. PET imaging frames were spatially coregistered within 
subjects with a rigid�body transformation to reduce the effects of subject motion during the 
imaging session.  

A white matter reference tissue approach was used to determine VAChT binding as previously 
reported24. Distribution volume ratios (DVRs) were calculated from ratio of summed six delayed 
imaging frames (3 hours after injection) for grey matter target and white matter reference tissues25. 

Volumetric T1-weighted acquisition 
MRI was performed on a 3 Tesla Philips Achieva system (Philips, Best, The Netherlands). For 
volumetric T1-weighted images, a three�dimensional (3D) inversion recovery�prepared turbo 
field echo was performed in the sagittal plane using repetition time/echo time/inversion 
time = 9.8/4.6/1041 ms; turbo factor = 200; single average; field of view 
(FOV) = 240 × 200 × 160 mm; acquired matrix = 240 × 200 × 160 slices; and reconstructed to 1�
mm isotropic resolution. 

Image preprocessing 
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PET 
Statistical parametric mapping (SPM) software (SPM12; Wellcome Trust Centre for Neuroimaging, 
University College, London, England [https://www.fil.ion.ucl.ac.uk/spm/software/spm12/]) was 
used for PET�MRI registration using the cropped T1�weighted MR volumetric scan. Freesurfer 
software (http://surfer.nmr.mgh.harvard.edu) was used to define cortical and subcortical MR gray 
volumes of interest (VOIs). PET-MRI coregistration was performed as previously reported8,26. 
Partial volume corrections were performed using the Müller-Gärtner method25. The Müller-Gärtner 
method uses registered grey matter (GM) and white matter (WM) segmentation to label each PET 
voxel into GM and WM regions. Using these PET’s GM, WM, and resolution, the spill-out from the 
WM to GM regions is estimated and removed. Similarly, the method estimates GM spill-out to the 
surrounding areas and compensates. The Müller-Gärtner method produces a grey matter image with 
corrected GM values in all voxels. 

T1-weighted volumetric images 
T1 scans were automatically segmented into grey matter, white matter, and CSF partitions of 1.5-
mm isotropic voxel size using the segmentation routine of the CAT12 toolbox (https://neuro-
jena.github.io/cat/) running under SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). The 
resulting grey and white matter partitions of each subject in native space were then high-
dimensionally registered to Montreal Neurological Institute (MNI) space using DARTEL27. The 
grey matter segments were then warped using the individual flow fields resulting from the 
DARTEL registration, and voxel values were modulated for volumetric changes introduced by the 
high-dimensional normalization. Thus, the total amount of grey matter volume present before 
warping was preserved. All preprocessed grey matter maps were required to pass a visual inspection 
for overall segmentation and registration accuracy. This resulted in removal of 11 participant’s 
images. We believe poor quality of the raw image, potentially due to movements in our population 
of participants, is the reason for the excluded images. Extractions of volumetric data from regions 
of interest (ROIs, see below) were performed in MNI space. Mean volumes were calculated for 
ROIs across both hemispheres, and normalised via ANCOVA by total intracranial volume (TIV, 
calculated as the sum of grey matter, white matter and CSF).    

Regions of interest 
A map of the cBF was created as described in Kilimann et al.13. In brief, the map was derived from 
combined post-mortem MRI and subsequent histological preparation of a brain specimen of a 56-
year-old male who had died without any evidence of cognitive decline or psychiatric illnesses. 
Cerebral MRI scans were performed in situ. Cholinergic nuclei were identified and delineated on 
digital pictures of the stained brain slices, then manually transferred from the digital pictures into 
the corresponding magnetic resonance slices before final transformation into MNI space using 
DARTEL. The stereotactic cBF map distinguishes different cholinergic subdivisions, including 
regions that correspond to medial septum and vertical limb of the diagonal band (Ch1-2 in 
Mesulam’s nomenclature11), horizontal limb of the diagonal band (Ch3), anterior and intermediate 
NBM (Ch4a-i), the anterolateral NBM/nucleus subputaminalis (Ch4al/NSP) and posterior parts of 
the NbM (Ch4p).  

Statistical analysis 
Statistical analyses were conducted in SPM12 and SPSS 27. 

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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Relationships between [18F]�FEOBV in VOIs and sub-regional cBF volumes were assessed with 
two-tailed bivariate Pearson’s correlations, with family-wise error (FWE) correction for multiple 
comparisons across all cortical and subcortical VOIs. Significant outcomes were further assessed 
with control for age, and surviving outcomes were further controlled for age and disease duration 
using partial correlations.   

We repeated the analysis above for participants with MCI as defined above. These outcomes were 
qualitatively compared with those from a similarly sized (N=38) group of participants without any 
evidence of MCI (i.e. with MoCA ⩾ 26). Please note that these results have not been corrected for 
multiple comparisons as they are presented for comparison with the full dataset only, and not 
findings in their own right.  

 

 

Results.  

Brief clinical and demographic characteristics can be seen in Table 1. There were 38 participants 
with evidence of MCI according to the MoCA.  

 

Supplemental Table 1 and Figure 1 reports correlations between sub-regional cBF volumes and 
[18F]-FEOBV uptake, with and without control for age and disease duration. In brief, the region 
corresponding to the posterior NBM was significantly correlated with widespread VOIs in both 
hemispheres after FWE correction for multiple comparisons, and after further correction for both 
age and disease duration. Anterior NBM regions showed correlations with VOIs primarily in 
temporal and hippocampal regions.   

For qualitative comparison, Supplemental Table 2 and 3 report the same correlations performed 
separately in the group with/without evidence of cognitive impairment, as defined above.  

Volumes in the Ch3 region showed similar relationships to those observed between posterior NBM 
and [18F]-FEOBV uptake. In Ch1-2, the strongest correlations were seen for hippocampal, temporal 
and cingulate regions (FWE corrected statistics are reported in Supplemental Table 1). All regions 
of the cBF were correlated with [18F]-FEOBV in the hippocampus (Supplemental Table 1 and 
Figure 1) 

 

 

Discussion 

Overall, we found robust correlations between regional cBF morphometry and regional cortical 
VAChT binding, except for in the posterior cortices. In general, these outcomes survived control for 
age and disease duration in a pattern that largely depended on the strength of the zero-order 
correlations. Prior VAChT FEOBV brain PET imaging studies have shown evidence of early 
vulnerability of occipital and parietal cortices in PD19,20. This observation is consistent with (cross-
sectional) findings of a suggested posterior-to-anterior cortical denervation gradient from PD to PD 
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with dementia in VAChT SPECT and AChE PET studies28,29.  In contrast, preserved to even 
upregulated cholinergic VAChT binding has been observed in the anterior (frontal, anterior 
temporal) cortices, amygdala, hippocampus, basal ganglia, thalamus with relative sparing of the 
posterior cingulum in a recent [18F]-FEOBV PET study19.  
 
These regional cerebral cholinergic nerve terminal changes seen in in-vivo imaging studies suggest 
that cBF cortical projections of the NBM would primarily correlate with VAChT losses in parieto-
occipital cortices compared to anterior brain regions in the PD population. However, in our analysis, 
we showed no significant corelations between the anterior regions of the NBM and the cuneus 
regions or lateral occipital regions, and only weak to modest correlations with the lingual and 
pericalcarine regions. Correlations were also absent for anterior Ch4 morphometry and the inferior 
parietal, superior parietal and only weak to modest correlations with the supramarginal parietal 
cortices.  
 
These observations do not support our a priori hypothesis, and our findings do not appear to 
support the long-held understanding that longer axonal projections are more vulnerable to 
degeneration to explain to more prominent posterior cortical cholinergic nerve terminal losses30. It 
is possible that the absence of such relationship may relate to statistical ‘floor’ denervation effects in 
posterior cortical regions, as has been shown for posterior putaminal presynaptic dopaminergic 
nerve terminal losses in PD31. Indeed, we observed particularly weak relationships between 
posterior [18F]-FEOBV uptake and cBF morphometry in a sub-group of participants with evidence 
of cognitive impairment, who would be expected to have both higher levels of atrophy and more 
extensive cholinergic terminal loss. It should be noted here that denervation floor effects could 
occur for the measurement of atrophy with morphometry as well as for cholinergic terminal loss 
measured with PET.   
 
 
Similarly, robust correlations were seen for para, pre- and post-central cortical VAChT binding with 
most of the cBF regions. The correlations between para- and pre-central regions are also observed 
in the surrounding frontal regions. However, the strong correlation seen for the post-central region 
is not observed in the surrounding parietal cortical regions, where only modest correlations with 
cBF regions exist. Given that AChE (and also glucose metabolic fluorodexoglucose (FDG)) is 
preserved in the pericentral cortex in PD compared to the posterior parietal and occipital 
cortices29,31-32 this may suggest that additional, non-cholinergic neurodegenerative processes such as 
more prominent posterior cortical glucose hypometabolism and resulting in more diffuse cortical 
synaptic losses may be obscuring relationships between VAChT binding in the parieto-occipital 
cortices and the cBF regions. The relative prominence of correlations between post-central 
(somatosensory) cortical VAChT binding and Ch3 and Ch4 may also reflect known anatomic 
projections33. 

 
We observed highly robust correlations between posterior NBM volumes and transverse, middle 
and superior temporal gyri and temporal pole regions bilaterally. These findings are unlikely to be 
explained by concomitant cBF atrophy and lateral temporal cholinergic denervation because 
previous data suggests there is preserved to upregulated VAChT binding in the mid to upper 
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temporal cortical regions in PD observed with VAChT [18F]-FEOBV PET19. It is possible that 
preserved to upregulated lateral temporal cholinergic transporter may potentially correspond to 
upregulated choline acetyltransferase enzyme activity, as has been shown in a post-mortem study of 
mild cognitive impairment in older adults34. Yet, robust correlations were seen with all studied cBF 
subregions (Ch4p, Ch4a-i, Ch4al NSP, Ch1-2 and Ch3) and cholinergic transporter binding in the 
transverse temporal and superior (including Wernicke’s area, Brodmann area 22) temporal, but not 
in the inferior temporal gyri. These findings suggest that the mid to upper lateral temporal neocortex 
may receive wide input from across the different cBF regions. Relatedly, VAChT binding in most of 
the prefrontal cortex – including Broca’s area (Brodmann areas 44: parts opercularis and 45: pars 
triangularis) showed robust correlations with all study cBF regions. These correlations may reflect 
either multi-functional connectivities between these anterior cortical regions and different cBF 
nuclei or a biological reserve capacity for innervating key cholinergic brain regions. The 
implication of the latter might indicate therefore that preserved cBF structure, rather than cBF 
atrophy, underpins both the cBF-temporal and cBF-prefrontal correlations just described.  
  
We also saw strong correlations across cBF subregions and VAChT biding in the hippocampus, 
parahippocampal, entorhinal and cingulate cortices and insula. This may reflect that limbic and 
paralimbic cortices of the brain receive the heaviest cholinergic input from Ch4 and are also the 
principal sources of reciprocal cortical projections back to the nucleus basalis35. Unlike the 
hippocampus, few correlations were seen with the amygdala, but this was not with the anterior 
regions of the cBF as anatomically predicted. This may reflect different (at least in terms of 
cholinergic neurotransmission) neural circuitry connectivity of the amygdala compared to the 
hippocampal regions.  
 
Our previous in vivo VAChT [18F]-FEOBV biodistribution study shows several cortical areas (the 
caudal anterior cingulum (Brodmann area 24) and the pericentral cortices (Brodmann areas 1-5) 
with higher binding intensities compared to the remainder of the cortex36. However, all regions in 
the cingulate cortex demonstrated robust correlations with the cBF region, suggesting that relative 
VAChT binding intensities are not influencing the cBF-cingulate correlations observed.  
 
Significant correlations were also seen for the VAChT binding in striatal (both putamen and cau-
date) nucleus and the cBF. This may reflect the presence of a subset of Ch1-Ch4 projections to the 
striatum35. Robust correlations were also seen between thalamic VAChT binding and Ch4p, Ch4ai 
and Ch3. While most of the thalamic cholinergic input comes from the upper brainstem (Ch5 and 
Ch6), the intralaminar and reticular nuclei, and especially medially situated patches within the me-
diodorsal nucleus also appear to receive substantial cholinergic innervation from the cBF37. Moder-
ately robust correlations were seen between brainstem VAChT binding and Ch4 and Ch1-2. This 
may reflect known connections between the substantia innominata and the lateral preoptic area38. 
No significant correlations were seen between the cBF and the pallidum and nucleus accumbens. 
 
Post-mortem data have shown evidence of Ch4al connections to the amygdala, frontoparietal and 
opercular regions39. We observed robust correlations between Ch4al/NSP and VAChT binding in 
the pars opercularis but not in other frontal or parietal regions. However, robust correlations were 
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seen with VAChT binding in the cingulate cortex, insula, transverse temporal gyrus, hippocampus, 
parahippocampal gyri and pericentral regions. 
 
In AD, atrophy of the Ch4a-i and posterior subregions of Ch4 were correlated with reduced [18F]-
FEOBV binding in their projection regions: the frontal/cingulate cortex and superior temporal 
cortex, respectively. However, there was no correlation between volumetry in the Ch1-2 region and 
VAChT binding in hippocampus. These findings differ from our present findings in a (non-
demented) PD population. While this could reflect intrinsic differences in AD vs PD pathology in 
the cBF, the differences in sample sizes between the current study and the previous AD study 
preclude any direct comparisons. 
 
A limitation of this study is that unlike post-mortem tracings studies, assumptions about cBF 
projections and connectivities are solely based on correlations for which causality cannot be 
inferred. In addition, there will be a high degree of correlation between volumes that are spatially 
close together, as in the cBF. It is not possible to control for this shared variance without also 
removing the variability in atrophy that we are interested in, and as such, there is likely to more 
specificity between cholinergic synaptic terminal loss and sub-regional cBF atrophy than we have 
reported here.  Despite these limitations our findings show relative specificity of selective cBF and 
regional brain VAChT binding.  
 
In summary, given that we did not see evidence of expected correlations between cBF atrophy and 
known vulnerability of parieto-occipital cholinergic nerve terminals, we conclude that the 
correlations between regional cBF atrophy measures and topography of nerve terminal losses 
reported here appear to be driven more by neural circuit or VAChT regulatory function than 
vulnerability of long cholinergic axonal projections. This conclusion is consistent with our recently 
published work showing proportional relationships between posterior cortical acetylcholinesterase 
activity (measured with [11C]-methyl-4-piperidinyl propionate) and changes in regional cerebral 
blood flow, while in frontal regions there was proportionally greater loss of acetylcholinesterase 
activity relative to changes in blood flow40. Together with the current paper, this might indicate that 
posterior cortical cholinergic synapse deficits reflect a more generalised loss of synapses that do not 
fully associate with cBF atrophy. On the other hand, there may be a preferential loss or 
dysregulation of cholinergic synapses in frontal cortical regions that more closely reflects atrophy in 
the nuclei where these neurons originate.   
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Figure legends 
 
Figure 1: Illustrates the Pearson’s correlation (r) values between [18F]-FEOBV in cortical, subcorti-
cal and brainstem volumes of interest and TIV-normalized sub-regional cholinergic basal forebrain 
volumes. Brain regions in (A) represents significant correlation values between [18F]-FEOBV in 
cortical, subcortical and brainstem volumes of interest and Ch1-2 volume. Similarly, Brain region in 
(B), (C), (D) and (E) illustrate the significant Pearson correlation values between [18F]-FEOBV in 
cortical, subcortical and brainstem volumes of interest and Ch3, Ch4a-i, Ch4al/NSP and Ch4p re-
spectively. Significant Pearson’s r values are illustrated in white to red color. 
 
 
 
Table 1. Demographics of 101 participants with Parkinson’s disease (76.24% = male, 
37.6% with MoCA ≤ 25) 
 

 Mean 
Standard 
Deviation 

Min Max 

Age (years) 67.6 7.73 50 93 
Duration (Months) 5.8 4.39 1 30 
MDS-UPDRS-III 34.2 12.51 9 73 
Hoehn and Yahr 2.4 0.63 1 4 
MoCA 26.1 3.15 10 30 
MDS-UPDRS-III; Part III of the Unified Parkinson’s Disease Rating Scale. MoCA; Montreal Cognitive As-
sessment 
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