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Abstract
Purpose of Review  Brain cholinergic denervation is a major feature of Alzheimer’s disease (AD) and dementia with Lewy 
bodies (DLB). We reviewed the topography assessed by a cholinergic molecular imaging study in these two major types 
of dementia. A small meta-analysis directly comparing vesicular acetylcholine transporter (VAChT) PET scans of AD vs. 
DLB patients is presented.
Recent Findings  VAChT PET studies showed evidence of extensive cortical cholinergic denervation in both forms of demen-
tia, while multiple subcortical structures were also in DLB. Novel analysis revealed evidence of metathalamic denervation 
in AD, and epithalamus, premotor/sensorimotor cortical, and striatal losses in DLB.
Summary  Topographically distinct cortical and subcortical cholinergic lesions can distinguish AD and DLB, and new struc-
tures have been highlighted here. Differential vulnerability of specific cholinergic projections is likely associated with specific 
clinical features of these disorders. Improved understanding of the mechanisms and roles of cholinergic neurotransmission 
in regions with cholinergic deficits may lead to symptomatic therapies.

Keywords  Alzheimer’s disease · Acetylcholine · Cholinergic imaging · Dementia with Lewy bodies · Metathalamus · 
Epithalamus

Abbreviations
AChE	� Acetylcholinesterase
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PDD	� Parkinson’s disease dementia
PET	� Positron emission tomography
VAChT	� Vesicular acetylcholine transporter
BF	� Basal forebrain
PPN-LDT	� Pedunculopontine-laterodorsal tegmental 

complex
MVN	� Medial vestibular nuclei
SChIs	� Striatal cholinergic interneurons
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This article is part of the Topical Collection on Dementia

 *	 Prabesh Kanel 
	 prabeshk@umich.edu

1	 Functional Neuroimaging, Cognitive and Mobility 
Laboratory, Departments of Radiology and Neurology, 
University of Michigan, 24 Frank Lloyd Wright Drive, 
Box 362, Ann Arbor, MI 48105‑9755, USA

2	 University of Michigan Morris K. Udall Center of Excellence 
for Parkinson’s Disease Research, Ann Arbor, MI, USA

3	 Cognitive,  Pharmacology Research Unit, UQAM, Montreal, 
Canada

4	 McConnell Brain Imaging Centre, Montreal Neurological 
Institute, Montreal, Canada

5	 McGill Centre for Studies in Aging, Douglas Mental Health 
University Institute, Verdun, Canada

6	 Department of Neurology, University of Michigan, 
Ann Arbor, MI, USA

7	 Neurology Service and GRECC, VAAAHS, Ann Arbor, MI, 
USA

/ Published online: 20 September 2021

Current Neurology and Neuroscience Reports (2021) 21: 52

http://orcid.org/0000-0003-1418-2960
http://crossmark.crossref.org/dialog/?doi=10.1007/s11910-021-01140-z&domain=pdf


1 3

Introduction

Degeneration of the cholinergic system is identified as a 
major component of the neurodegenerative dementia pro-
cesses involved in Alzheimer’s disease (AD), dementia 
with Lewy bodies (DLB), and Parkinson’s disease demen-
tia (PDD) (see [1] for review). The basal forebrain (BF) 
cholinergic system has been traditionally viewed as a dif-
fuse neuromodulator system. More recent evidence points 
to regionally specific deterministic functions [2, 3] that 
may correspond to specific topographic vulnerability of 
cholinergic system changes in neurodegeneration. Unlike 
post-mortem cholinergic morphometry, in vivo radioligand 
imaging studies offer a unique advantage to investigate 
regional cholinergic system integrity in patients with neu-
rodegenerative disorders. Recently developed PET radioli-
gands for the vesicular acetylcholine transporter (VAChT), 
such as [18F]-fluoroethoxybenzovesamicol (FEOBV) 
[4], are superior to previously used acetylcholinesterase 
(AChE) ligands. VAChT ligands provide more specific 
and accurate assessments of presynaptic cholinergic nerve 
terminals and demonstrate a unique and topographically 
distinctive biodistribution pattern of cholinergic terminals 
[5]. Currently, VAChT radioligand imaging is a research 
tool and not approved for routine clinical use. In this 
review, we discuss the most recent literature on VAChT 
radioligand imaging studies in patients with AD and DLB. 
As an extension of prior studies, we present findings of a 
direct AD vs. DLB comparison of FEOBV PET imaging 
that characterize each of these two types of dementia.

Overview of Brain Cholinergic Systems

The BF mainly comprised magnocellular hyperchromic 
neurons, and provides the cholinergic innervation of cor-
tical and some subcortical structures involved in a vari-
ety of cognitive processes and behavior. In humans, basal 
forebrain cholinergic neurons (BFCN) are grouped into 
four distinct nuclei projecting to different forebrain tar-
gets: Ch1 = medial septal (MS) nucleus (substantial pro-
jection to the hippocampus), Ch2 = vertical limb of the 
diagonal band of Broca (innervation to the hippocam-
pus, fornix, and hypothalamus), Ch3 = horizontal limb 
of the diagonal band of Broca (projection to the olfac-
tory bulb), Ch4 = nucleus basalis of Meynert (widespread 
projection to neocortical mantle and amygdala). Other 
cholinergic projection systems include Ch5-6 = peduncu-
lopontine and laterodorsal tegmental nucleus (choliner-
gic input to the thalamus, basal ganglia, basal forebrain, 
brainstem structures, and spinal cord) [6], Ch7 = medial 

habenula (innervation of the interpeduncular nucleus), and 
Ch8 = parabigeminal nucleus (innervation to the superior 
colliculus) [7]. Portions of the cerebellar cortex receive 
cholinergic afferents from additional brainstem sources 
[8]. Cerebellar cholinergic innervation is most prominent 
in the flocculus, nodulus, and uvula with the major source 
of cholinergic afferents derived from the medial vestibular 
nuclei. The sole cholinergic interneuron population of the 
human CNS is striatal cholinergic interneurons (SChIs) 
[9].

Degeneration of Cholinergic Systems 
Involved in AD and DLB: Recent VAChT 
Imaging Studies

AD Studies

Aghourian et al. published the first FEOBV PET study in 
patients with AD and reported widespread cortical reduc-
tions in VAChT binding [10•]. These deficits correlated well 
with cognitive performances. Greatest reductions of FEOBV 
uptake were seen in the superior and middle temporal cortex, 
extending into the inferior parietal lobule, posterior cingu-
lum, and precuneus. Frontal reductions were also observed 
in the medial and lateral frontal cortices. The topography of 
these neocortical binding reductions corresponds to the cau-
dal–rostral pattern of Ch4 nucleus degeneration in AD [11]. 
This has been reinforced by the good concordance between 
FEOBV uptake in these patients and MRI-defined longitudi-
nal gray matter loss in the basal forebrain cholinergic nuclei 
[12]. FEOBV uptake in these patients was overall preserved 
in the hippocampus, thalamus, basal ganglia, and cerebel-
lum. Preserved uptake in the hippocampus may correspond 
to the minimal cholinergic losses previously described in the 
septum (Ch2 cell group) of patients with AD [13]. Aghou-
rian et al. also observed FEOBV uptake topography to cor-
relate positively with glucose metabolism (18F-fluorodexog-
lucse, FDG) and negatively with ß-amyloid (18F-NAV4694, 
NAV) radiotracer distributions, although FEOBV was more 
sensitive than the other two tracers in distinguishing patients 
with AD from the healthy control subjects.

DLB Studies

A recent VAChT 123I-iodobenzovesamicol (IBVM) single 
photon emission tomography study comparing DLB sub-
jects with healthy controls reported diminished binding 
in the anterior cingulate, parietal cortex, thalamus, and 
striatum [14••]. Using PET imaging with 18F-FEOBV, we 
recently reported binding changes in a small group of DLB 
subjects and normal older adults [15••, 16•]. Volume of 
interest (VOI)–based analyses demonstrated VAChT binding 
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losses in these patients for the whole neocortex, hippocam-
pus, amygdala, thalamus, basal ganglia, vermis, and dorsal 
pontomesenchephalic region [15••]. A disadvantage of this 
method is that use of large VOIs may dilute significant dif-
ferences between small regions. We also reported results 
from a spatially unbiased whole brain voxel–based analysis 
in the same subjects. This analysis showed a more distinct 
topography of regionally more prominent VAChT binding 
losses in DLB. Those regions included bilateral opercula, 
anterior-to-mid cingulate cortices, bilateral insula, bilateral 
geniculate nuclei, pulvinar, right proximal optic radiation, 
bilateral anterior and superior thalami, and posterior hip-
pocampal fimbria and fornix [16•]. The topography of cho-
linergic deficits in DLB seems to affect key hubs involved in 
critical functions known to be affected in DLB. We specu-
lated that this distinctive denervation pattern may correlate 
with cholinergic system contributions to specific DLB clini-
cal disease-defining features, such as cognitive fluctuations, 
visual hallucinations, visuospatial deficits, and falls. Based 
on spatial overlap with hubs of large-scale neural networks, 
cognitive disturbances may be associated with cholinergic 
changes in specific network regions, such as altered tonic 
alertness (cingulo-opercular cortices), saliency (insula), 
visual attention (visual thalamus), and spatial navigation 
(fimbria/fornix neural networks). However, this will need 
to be tested in future studies.

Comparison of Topographic FEOBV Binding 
in AD and DLB

FEOBV PET scans from AD and DLB patients were 
directly compared, using data from both the Ann Arbor 
(USA) and Montreal (Canada) centers. All the AD subjects 
had additional β-amyloid PET images and were β-amyloid 
positive. β-Amyloid PET was not available in the DLB. 
However, all of them met the probable DLB diagnosis 
and all but one had evidence of parkinsonism. We also 
combined the normal older adult control subject scans to 
increase statistical power and compared these healthy sub-
jects with each group of disease subjects. Cognitively nor-
mal control subjects with known positive β-amyloid PET 
were excluded from the analysis. We used the same whole 
brain voxel–based analysis as previously reported [16•]. 
Normal control subjects underwent cognitive testing to 

confirm normal cognitive status. Table 1 lists demographic 
and clinical information on subjects used in these analyses.

We initially repeated the AD versus an age-matched 
normal control subject group analysis (false discovery rate 
(FDR) corrected at P < 0.05; Fig. 1). Findings confirmed 
widespread and severe neocortical VAChT binding losses, 
as previously reported [10•], with the greatest reductions 
found in the superior and middle temporal cortex extend-
ing into the inferior parietal lobule, posterior cingulum, 
and precuneus. Within the frontal lobe, most significant 
losses were seen in the inferior anterior cingulum, medial 
orbitofrontal, and inferior opercular regions. The new 
analysis also showed uptake reductions in the inferior 
temporal gyrus, extending to the ventral area, encompass-
ing the entorhinal, parahippocampal, fusiform, and lin-
gual gyri. Reduced binding was also observed in the right 
amygdala and bilateral insula. Thalamic binding was pre-
served except for the postero-inferior area corresponding 
to the lateral and medial geniculate bodies (metathalamus).

The DLB vs. normal control group comparisons (FDR-
corrected at P < 0.05; Fig.  2) revealed severe VAChT 
binding losses in both cortical and subcortical areas as 
previously reported [13, 14••]. Those were observed in the 
forebrain, bilateral insular and temporal opercular, cingu-
lum, bilateral thalamus, striatum, metathalamus, epithala-
mus, and vermis. Bilateral piriform cortices losses were 
present. Prominent deficits were also seen in the left more 
than in the right pericentral, supplemental motor area, 
paracentral lobule, and superior frontal regions.

In a novel analysis, we compared for the first time AD 
vs. DLB on FEOBV binding, using a principal component 
analysis–based metabolic covariance analysis to maxi-
mize regional differences between groups (Fig. 3) [17]. 
This whole brain voxel–based group metabolic covari-
ance analysis revealed relatively increased VAChT bind-
ing losses in AD than in DLB, for the whole temporal 
neocortex, the parahippocampal gyrus, the gyrus rectus, 
and the metathalamus (see voxels in fire color, Fig. 3). In 
contrast, relatively greater losses in DLB compared to AD 
were observed in the mid cingulum and the sensorimo-
tor cortices, as well as many subcortical structures that 
included the thalamus proper, epithalamus, striatum, and 
cerebellar areas that comprise the vermis and deep nuclei 
(see voxels in blue-green color, Fig. 3).

Table 1   Demographic and 
clinical information of AD 
and DLB subjects, and control 
subjects used for pooled 
analyses

AD (n = 6) DLB (n = 5) Normal controls (n = 20)

Age (years, mean, range) 67.3 (67–86) 77.8 (75–85) 62.95 (53–77)
Gender 3F/3 M 3F/2 M 8F/11 M
MMSE (mean, range) 18.3 (7–26) 18.6 (12–24) 28.65 (26–30)
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Discussion on the Cholinergic System 
Changes in AD Versus DLB: Expanding Views

Although previous brain imaging studies have shown cho-
linergic denervations in both AD and DLB, we compared 
these two forms of dementia here for the first time using 
PET imaging with the FEOBV VAChT ligand. We were 
able to confirm previous studies showing extensive cho-
linergic denervations affecting the whole cortical areas 
in AD, and both the cortical and subcortical structures in 
DLB. PET imaging with FEOBV is more sensitive than 
either glucose metabolic FDG or β-amyloid PET imaging 
to distinguish AD patients from control subjects, and also 
may be useful to quantify disease severity [10•]. Findings 
from our direct AD vs. DLB VAChT PET analysis also 
suggest that FEOBV PET may aid in the differentiation 
between prototypical AD and DLB. Therefore, VAChT 
PET has potential for routine clinical diagnostic use. 

VAChT PET may also have therapeutic implications by 
using the topography of cholinergic losses to inform mon-
tage frames for therapeutic non-invasive neurostimulation 
as currently performed for research purposes at our center 
(e.g., ClinicalTrials.gov Identifier: NCT04817891). Prior 
studies have shown that about a half of DLB patients have 
concomitant Alzheimer pathology (β-amyloid plaques or 
neurofibrillary tangles) [18]. This may explain areas of 
overlap of cholinergic denervation in our study. However, 
our analyses also yielded novel observations of topograph-
ically distinct cholinergic system changes in both AD and 
DLB. For example, the cholinergic integrity of the lateral 
and medial geniculate bodies (metathalamus), as well as 
the ventral occipital cortex, was found to be more affected 
in AD than in DLB. Conversely, DLB showed lower bind-
ing than AD in a very specific posterior diencephalon area 
(epithalamus). Novel observations and discrepancies from 
the prior literature are discussed below.

Fig. 1   Findings confirmed the 
widespread neocortical VAChT 
binding losses as previously 
reported with greatest reduc-
tions in the superior and middle 
temporal cortex extending into 
the inferior parietal lobule, pos-
terior cingulum, and precuneus 
[10•]. The new analysis also 
showed evidence of inferior 
temporal cortical reductions, 
including the entorhinal and 
parahippocampal cortex and 
fusiform gyrus but with mini-
mal involvement of the bilateral 
hippocampi and right amygdala. 
Within the frontal lobe, most 
significant losses were seen in 
the inferior anterior cingulum, 
medial orbitofrontal, and infe-
rior opercular regions. Bilateral 
insular losses were also present. 
Within the occipital lobe, most 
significant losses were seen in 
the lingual gyri, and thalamic 
binding was relatively preserved 
except the metathalamus. Inci-
dent note of relatively decreased 
binding in the lower brainstem. 
Reduced binding in the cholin-
ergic forebrain was present
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Metathalamic Cholinergic Losses in AD

The new results presented here undermine the usual assump-
tion that thalamic cholinergic terminals are preserved in AD, 
given the reduced FEOBV binding we were able to show 
in the metathalamus (LGN, MGN). This may suggest that 
cholinergic lesions in AD are not limited to the basal fore-
brain (Ch4), but may also involve the pontomesencephalic 
cholinergic (Ch5 and Ch6) nuclei known to innervate these 
thalamic nuclei. Alternatively, the Ch5 and Ch6 system may 
remain unaffected in AD, but FEOBV was sensitive enough 
to detect a lesion in the very small contingent of cholinergic 
fibers from Ch4 to the thalamus.

Although LGN and MGN have not been traditionally 
recognized as being involved in AD symptoms, some evi-
dence suggest a role in cognitive processing. Indeed, there 
is increasing recognition that the LGN is not just a passive 
relay station of visual information to the visual cortex, but it 
also plays an active role in coordination of cortical regions 

for attending to relevant visual stimuli and tasks [19]. The 
MGN can also be conceived as being involved in cogni-
tion, and not just as an auditory system relay station, since 
new evidence suggest a role in complex tone processing and 
speech recognition [20]. Cholinergic denervation to both 
LGN and MGN might therefore be involved in the AD visual 
and auditory recognition deficits. However, further research 
is needed to elucidate clinical sequelae of metathalamic cho-
linergic changes in AD.

Epithalamic Cholinergic Losses in DLB

Another novel finding from our analyses was the very low 
FEOBV binding observed in the epithalamus of patients 
with DLB compared with either healthy participants or AD 
patients. The epithalamus is a small and posterior region of 
the diencephalon consisting of the pineal gland, habenu-
lar nuclei, and stria medullaris thalami. Cholinergic losses 
observed here might result from degeneration in any of these 

Fig. 2   DLB vs. normal control 
group whole voxel–based group 
comparison (FDR-corrected 
at P < 0.05) demonstrated 
most severe VAChT binding 
losses in the forebrain, bilateral 
insular and temporal opercular, 
cingulum, bilateral thalamus, 
left caudate nucleus, metathala-
mus, epithalamus, and vermis. 
Bilateral piriform cortex losses 
were present. Prominent losses 
were also seen in the left more 
than in the right pericentral, 
supplemental motor area, 
paracentral lobule, and superior 
frontal regions
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three structures. The pineal gland contains cholinergic cells 
regulating pineal melatonin production [21]. The medial 
habenula contains the Ch7 cholinergic cell group project-
ing to the interpeduncular nucleus [22], which plays a role 
in the regulation of REM sleep. Although the specific impact 
of a cholinergic denervation of these two centers is not well 
known, it might be involved in the prominent sleep/wake 
abnormality characteristics for DLB.

Motor Cortical Network and Cerebellar Cholinergic 
Losses in DLB

Our direct AD vs. DLB comparison indicated evidence of 
sensorimotor and premotor cortical, and anterior putami-
nal, cholinergic deficits specific to DLB. These cholinergic 
deficits might contribute to some of the motor abnormali-
ties seen in DLB. A recent phospho-tau (18F-AV-1451) PET 
study showed evidence of increased tau proteinopathy in the 
primary sensorimotor cortex in patients with DLB, espe-
cially in those also positive on ß-amyloid PET [23], raising 

the possibility that these cholinergic lesions may reflect a 
distinct pattern of proteinopathy in a subset of DLB sub-
jects. The metabolic covariance analysis also demonstrated 
relatively reduced cerebellar, especially vermis and deep 
cerebellar nuclei, cholinergic binding in the DLB compared 
to the AD group. This could be related to the post-mortem 
evidence in DLB showing aggregation of α-synuclein in 
these cerebellar structures [24].

Are Cortical Cholinergic Losses More Widespread 
and Severe in DLB or AD?

Cortical cholinergic losses as determined by AChE PET 
imaging have been reported as more severe and more 
extensive in Lewy body dementias compared to AD 
when matched for severity of dementia and in late-onset 
patient populations [25]. This may differ from our cur-
rent findings suggesting more extensive cortical losses 
in AD, including the occipital cortex. A likely explana-
tion for this apparent discrepancy is the predominantly 

Fig. 3   AD vs. DLB whole voxel–based group metabolic covari-
ance analysis: More prominent losses in VAChT binding in the AD 
compared to the DLB group included the inferior, mid, and supe-
rior temporal neocortex, parahippocampal gyrus, gyrus rectus, and 
the metathalamus (shown as voxels in fire color schema). In con-

trast, more prominent losses in the DLB compared to the AD group 
included the mid cingulum, thalamus proper, epithalamus, striatum, 
sensorimotor cortices, and the cerebellum (vermis, deep cerebellar 
nuclei)
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young-onset age of our AD patient population. With an 
onset age of less than 65 years, VAChT SPECT binding 
was previously found to be severely reduced through-
out the entire cerebral cortex, but with an onset age of 
65 years or more, binding reductions were restricted to 
temporal cortex and hippocampal area in AD [26]. Simi-
lar findings of more severe cortical losses in young- vs. 
late-onset AD were reported in an AChE PET study [27]. 
A recent post-mortem study showed more severe neurofi-
brillary tangle pathology in the nbM, a likely substrate 
of more widespread and severe cholinergic deficits in 
young-onset AD [28]. Direct comparison of older age-
onset AD vs. DLB patient populations is needed to assess 
differences in the extent of cortical cholinergic losses 
between these two dementing disorders.

Are Occipital Losses More Severe Than Non‑occipital 
Neocortical Cholinergic Changes in DLB?

An earlier observation is that regional distribution of cho-
linergic deficits seen with AChE PET scans showed early 
and most severe losses in the occipital cortex and subse-
quent posterior-to-anterior denervation gradient during 
the progression from PD without dementia to PDD [29]. 
A recent FEOBV PET study in patients with early PD 
showed relative isolated occipital VAChT losses [30]. A 
posterior to anterior progression of cholinergic deficits is 
consistent with our VOI-based DLB FEOBV PET analysis 
showing more diffuse cholinergic terminal deficits across 
all four major lobes, including the occipital cortex [15••]. 
Our whole brain voxel–based analysis, however, in the 
same group did not identify significant primary occipital 
losses except for the proximal optic radiations and lingual 
gyri/temporo-occipital transition areas (see Fig. 2). Dis-
crepant results may be due to increased statistical power 
when using the average of multiple voxels within a larger 
VOI compared to directly comparing tiny individual vox-
els between groups. In addition, the discrepancy may also 
reflect the fact that large VOI areas, such as the whole 
temporal lobe, may result in dilution of temporal lobe 
results given the presence of intra-lobar binding differ-
ences. Despite the relatively decreased statistical power 
of our whole brain voxel–based analysis, our analysis of 
DLB subjects suggests that more significant deficits are 
found in the insular and temporal opercular regions than 
in the visual cortex. These observations in DLB may dif-
fer from PD where at least in early stage disease there 
is vulnerability of cholinergic transporter losses in the 
visual cortex [30, 31]. If true, this may suggest that DLB 
and the PD-PDD spectrum actually differ in terms of pat-
terns of BFCN degeneration.

Differences in Topography of regional Cerebral 
Cholinergic Losses Implies Regional Varying 
Vulnerability of Cholinergic System Deficits in AD 
and DLB

The results presented here indicate that DLB and AD exhibit 
different patterns of cholinergic system deficits. In particu-
lar, in vivo molecular cholinergic imaging studies confirm 
that cholinergic system deficits of DLB are more diffuse than 
those of AD. While the latter primarily involve the basal 
forebrain (Ch4) cholinergic neurons projecting to the whole 
cortex, DLB is characterized by lesion in multiple cholin-
ergic centers including the basal forebrain (Ch4), the meso-
pontine (Ch5, Ch6), the habenular (Ch7), and the medial 
vestibular nuclei. It seems therefore that tauopathies and 
synucleinopathies are associated with different mechanisms 
underlying differential vulnerability of the cholinergic cell 
groups. The relative difference in cortical topographies of 
cholinergic deficits between AD and DLB may reflect differ-
ences in relative deposition of ß-amyloidopathy, tauopathy, 
and α-synucleinopathy within the Ch4 neuron group [28]. 
Another possibility is that regional differences in topogra-
phies of cortical cholinergic deficits may reflect vulnerability 
of longer axons [32]. A third and intriguing possible expla-
nation for the differing topographies of cortical cholinergic 
system deficits between AD and DLB is the effects of dif-
fering neural network connectivity functions secondary to 
cholinergic denervation. Schmitz et al. suggested that these 
functional changes could influence trans-synaptic spreading 
of misfolded proteins [12]. This intriguing hypothesis might 
apply to differential vulnerability of cholinergic terminal in 
several regions.

Conclusions

Topographically distinct cholinergic changes in AD and 
DLB seem to reflect the differential vulnerability of these 
systems, which in turn are likely associated with specific 
clinical manifestations in these disorders. However, these 
distinctions are not necessarily those that were previously 
defined. For example, according to our findings, the assump-
tion that a thalamic cholinergic denervations occurs in DLB 
but not in AD seems to be wrong and warrants further 
investigations that may better explain symptomatology in 
dementia. Our findings may inform two important aspects of 
dementia research. First, these results may contribute to bet-
ter understanding of regional vulnerability in these different 
neurodegenerations, perhaps assisting mechanistic insights. 
Second, this work generates some novel hypothesis about 
possible substrates of important clinical features of these 
disorders, potentially identifying targets for symptomatic 
therapy interventions.
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