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Abstract
Prior studies indicate more severe brainstem cholinergic deficits in Progressive Supranuclear Palsy (PSP) compared to Parkin-
son’s disease (PD), but the extent and topography of subcortical deficits remains poorly understood. The objective of this study 
is to investigate differential cholinergic systems changes in progressive supranuclear palsy (PSP, n = 8) versus Parkinson’s 
disease (PD, n = 107) and older controls (n = 19) using vesicular acetylcholine transporter [18F]-fluoroethoxybenzovesamicol 
(FEOBV) positron emission tomography (PET). A whole-brain voxel-based PET analysis using Statistical Parametric Map-
ping (SPM) software (SPM12) for inter-group comparisons using parametric [18F]-FEOBV DVR images. Voxel-based analy-
ses showed lower FEOBV binding in the tectum, metathalamus, epithalamus, pulvinar, bilateral frontal opercula, anterior 
insulae, superior temporal pole, anterior cingulum, some striatal subregions, lower brainstem, and cerebellum in PSP versus 
PD (p < 0.05; false discovery rate—corrected). More severe and diffuse reductions were present in PSP vs controls. Higher 
frequency of midbrain cholinergic losses was seen in PSP compared to the PD participants using 5th percentile normative 
cut-off values (χ2 = 4.12, p < 0.05). When compared to PD, these findings suggested disease-specific cholinergic vulnerabil-
ity in the tectum, striatal cholinergic interneurons, and projections from the pedunculopontine nucleus, medial vestibular 
nucleus, and the cholinergic forebrain in PSP.
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Abbreviations
AChE	� Acetylcholinesterase
BFCC	� Basal forebrain cholinergic corticopetal
FEOBV	� [18F]-fluoroethoxybenzovesamicol
LGN	� Lateral geniculate nucleus
MVN	� Medial vestibular nucleus
MGN	� Medial geniculate nucleus
PIGD	� Postural instability and gait difficulties

PPN–LDT	� Pedunculopontine nucleus-laterodorsal teg-
mental complex

SC	� Superior colliculus
VAChT	� Vesicular acetylcholine transporter

Introduction

PSP is an atypical Parkinsonian disorder characterized by 
more severe episodic (falls gait freezing) and non-episodic 
[postural instability and gait disorder (PIGD)] axial motor 
features experienced earlier in the disease than PD. Charac-
teristic neuropathologic changes in PSP include cytoplas-
mic 4R-tau protein deposits, astrocytic changes and neuronal 
loss in frontal lobes, globus pallidus, subthalamic nucleus, 
substantia nigra, and superior colliculi (Litvan et al. 1996; 
Dickson 1999; Kovacs 2015; Dickson et al. 2007). Superior 
cerebellar peduncles and dentate nuclei often exhibit axonal 
and neuronal losses (Dickson et al. 2007).

Post-mortem studies indicate multiple cholinergic sys-
tems’ deficits in PSP (Hirsch et al. 1987; Ruberg et al. 1985; 

 *	 Prabesh Kanel 
	 prabeshk@umich.edu

1	 Department of Radiology, University of Michigan, MI, 
Ann Arbor, USA

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

3	 Parkinson’s Foundation Research Center of Excellence, 
University of Michigan, Ann Arbor, MI, USA

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

5	 Neurology Service and GRECC, Veterans Administration 
Ann Arbor Healthcare System, Ann Arbor, MI, USA

http://orcid.org/0000-0003-1418-2960
http://crossmark.crossref.org/dialog/?doi=10.1007/s00702-022-02547-9&domain=pdf


1470	 P. Kanel et al.

1 3

Suzuki et al. 2002; Kasashima and Oda 2003; Juncos et al. 
1991; Whitehouse et al. 1988). Biochemical, vesicular ace-
tylcholine transporter (VAChT) ligand autoradiographic 
and immunohistochemical studies of cholinergic systems’ 
markers indicate significant deficits in the basal forebrain 
corticopetal cholinergic (BFCC), PPD–LDT cholinergic 
projection systems, and of striatal cholinergic interneurons 
(SChIs). While the magnitudes of cholinergic marker defi-
cits vary between studies, cholinergic marker deficits were 
reported for both nuclei containing cholinergic perikarya 
(BFCC, PPN–LDT, striatum) and regions receiving cholin-
ergic afferents (cortex, thalamus, and brainstem regions). 
The magnitudes of cortical cholinergic marker deficits are 
generally reported as lower than those described in subcorti-
cal structures (Ruberg et al. 1985; Whitehouse et al. 1988).

Post-mortem studies indicate that greater pedunculo-
pontine nucleus (PPN) cholinergic neuron may explain the 
greater fall frequency and more severe postural instabilities 
in PSP compared to PD. Post-mortem study also show evi-
dence of cholinergic vulnerability of nuclei in the midbrain, 
cholinergic forebrain, and hippocampus in PSP (Warren 
et al. 2005; Passamonti et al. 2017).

Furthermore, in vivo acetycholinesterase (AChE) PET 
imaging studies suggested more severe subcortical, includ-
ing cerebellar and brainstem, cholinergic deficits in PSP 
compared to PD (Shinotoh et al. 1999; Gilman et al. 2010; 
Hirano et al. 2010; Mazere et al. 2012). However, the precise 
topography and relative denervation levels of specific PSP 
cholinergic systems’ deficits remains unknown because of 
limitations of limited anatomic resolution of sampling of 
other subcortical regions in post-mortem studies and because 
of lower quality of previously used AChE PET and VAChT 
SPECT radiotracers in prior in vivo imaging studies (Boh-
nen et al. 2018, 2019, 2021a). In particular, the use of AChE 
PET limits accurate assessment of high binding subcortical 
regions, such as the striatum and cerebellum (Koeppe et al. 
1999). Therefore, the precise extent and topography of sub-
cortical cholinergic deficits in PSP and how this differs from 
PD remains poorly understood. Comparison of PSP to a PD 
group is of high clinical relevance to identify PSP-specific 
regional cholinergic vulnerability that may inform potential 
targets for future therapeutic interventions.

The goal of this exploratory study was to expand our 
understanding of the topography of differential cholin-
ergic systems changes in PSP compared to PD and neu-
rologically intact older adults using the spatially reso-
lute vesicular acetylcholine transporter (VAChT) PET 
ligand [18F]-fluoroethoxybenzovesamicol (FEOBV). We 
hypothesized cholinergic deficits in PSP across the whole 
spectrum of brainstem, cerebellum, thalamus, basal gan-
glia, and cortical neural circuitry but with the most sig-
nificant reductions in the tectum and projection targets of 

pedunculopontine–laterodorsal tegmental (PPN–PDT) cho-
linergic neurons.

Materials and methods

Study design and participants

This cross-sectional study involved 8 PSP subjects (4 
males; 4 females; mean age 70.63 ± 4.75 [SD] years; range 
63–76), 107 PD subjects (83 males; 24 females, mean 
age 68.05 ± 7.65 [SD] years; range 51–93), and 19 neuro-
logically intact adults (8 males and 11 females; mean age 
67.80 ± 7.81 years; range 51–82). PSP subjects were defined 
by the Movement Disorder Society clinical diagnostic cri-
teria for PSP (MDS-PSP) criteria (Höglinger et al. 2017): 4 
subjects meeting the symptoms for probable PSP Richardson 
syndrome (PSP-RS); 2 subjects with probable PSP predomi-
nant Parkinsonian criteria (PSP-P); 1 subject with probable 
PSP corticobasal syndrome criteria (PSP-CBS); 1 subject 
with probable PSP progressive gait freezing (PSP-PGF). 
Details on clinical characteristic of participants with PSP 
are presented in Table 1. PD subjects met the UK Parkin-
son’s Disease Society Brain Bank clinical diagnostic criteria 
(Hughes et al. 1992). Subjects completed the Montreal Cog-
nitive Assessment with a mean score of 21.75 ± 5.99 for PSP 
subjects and 26.16 ± 3.26 for PD subjects (Nasreddine et al. 
2005), where 20 of them had a score below 26. The mean 
duration of disease was 6.5 ± 4.31 years for PSP subjects and 
6.02 ± 4.41 years for PD subjects. All 8 PSP subjects expe-
rienced recurrent falls and no recovery on retropulsion test-
ing. Five PSP subjects experienced gait freezing. The mean 
MDS-UPDRSIII scores in the medication 'off' state were 
50.75 ± 6.14 for PSP subjects and 36.14 ± 13.41 for the PD 
subjects (Goetz et al. 2007). PD subjects had mean stage of 
2.6 ± 0.74 severity of disease according to modified Hoehn 
and Yahr classification (Stage 1: 6; Stage 1.5: 3; Stage 2: 22; 
Stage 2.5: 43; Stage 3: 27, Stage 4: 6), PSP subjects had a 
mean stage of 4.12 ± 0.64 (Stage 3: 1; Stage 4: 4; Stage 5: 
3). The normal control subjects had no history of neurologic 
or psychiatric disease, no history of medications that might 
affect their dopaminergic or cholinergic neurotransmission 
and had normal neurological examination at the time of this 
study. Recruitment of the PSP participants was based on a 
convenience sample. Inclusion of PD and NC participants 
was based on existing subject databases in our center.

This study (ClinicalTrials.gov Identifier: NCT02458430 
& NCT01754168) was approved by the Institutional Review 
Boards of the University and VAMC and completed in com-
pliance with the Declaration of Helsinki guidelines. Written 
informed consent was obtained from all subjects.
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Imaging

MRI was performed on a 3 Tesla Philips Achieva system 
(Philips, Best, The Netherlands) as previously described 
(Bohnen et al. 2021b). PET imaging was performed in 3D 
imaging mode with a Siemens ECAT Exact HR + tomograph 
(18 controls and 49 PD) or Biograph 6 TruPoint PET/CT 
scanner (Siemens Molecular Imaging, Inc., Knoxville, TN) 
(8 PSP, 1 control and 58 PD) with inter-camera harmoniza-
tion using voxel-by-voxel scaling based on “ratio images”, 
as previously described (Kanel et al. 2022; Thiele et al. 
2013). We constructed TruePoint images with a 3 mm filters 
to match the resolution and to account for the differences 
between the scanners. [18F]-FEOBV delayed dynamic imag-
ing was performed over 30 min (in six 5-min frames) start-
ing at 3 h after intravenous bolus dose injections of 8 mCi 
[18F]-FEOBV (Petrou et  al. 2014). Distribution volume 
ratios (DVR) were calculated using white matter reference 
tissue (Nejad-Davarani et al. 2018; Aghourian et al. 2017). 
We normalize the average image from the six delayed-image 
frames using the reference region to create a parametric 
image that reflects the distribution volume ratios like those 
previously reported (Bohnen et al. 2021b; Kanel et al. 2020). 
The parametric PET images were registered with the struc-
tural MR images that went through high-dimensional DAR-
TEL registration and spatial normalization to a template in 
Montreal Neurological Institute (MNI) space. We used the 
Müller–Gartner method (Muller-Gartner et al. 1992) for the 
parametric PET images to correct for partial volume effects 
before standardizing into MNI space. We applied a smooth-
ing of 8 mm full width at half maximum = 8 mm to remove 
the random noise.

Whole-brain voxel-based [18F]-FEOBV PET analyses 
were conducted using Statistical Parametric Mapping (SPM) 
software (SPM12; Wellcome Trust Centre for Neuroimag-
ing, University College, London, England [https://​www.​fil.​
ion.​ucl.​ac.​uk/​spm/​softw​are/​spm12/]) for inter-group com-
parisons using parametric [18F] -FEOBV DVR images. The 
false discovery rate (FDR) to correct for multiple testing 
effects was employed. As a post hoc analysis, we performed 
a volume-of-interest (VOI) group analysis using Freesurfer 
(http://​surfer.​nmr.​mgh.​harva​rd.​edu) Mindboggle-101 atlas. 
Group comparison t tests were performed to determine 
the percentage differences of group means for the VOIs in 
python using the statsmodels module.

A 2 × 2 contingency table of abnormally low midbrain 
cholinergic nerve terminal by group (PD or PSP) was con-
structed based on the lower cutoff of midbrain cholinergic 
nerve terminal density using 5th percentile of normative 
FEOBV DVR data in 19 age- and gender-matched controls. 
Age and gender matching was achieved by dropping male 
PD participants on the extreme ends of combined PSP 
and NC participant age distribution. All PD participants Ta
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that showed abnormally low midbrain FEOBV DVR were 
retained, and only those without abnormally low midbrain 
FEOBV DVR were subject to exclusion for matching pur-
poses. Chi-square test of independence was applied to 
the contingency table to determine whether there was an 
association between abnormally low midbrain cholinergic 
nerve terminal densities in PSP relative to PD.

We calculated the Magnetic Resonance Parkinsonism 
Index (MRPI) 2.0 scores using T1-weighted structural 
images of our PSP participants as previously described 
(Quattrone et al. 2018).

Results

Clinical and MRPI information of the PSP 
participants

The table lists clinical information and MRPI 2.0 scores 
for each of the (variant) PSP patients. Using the MRPI 2.0 
cutoff of 2.18—the optimal cut-off score for the PSP-P 
subtype—7 out of 8 participants in our group meet this cri-
terion, but use a cut-off of 2.5—the optimal cut-off score 
for the PSP-RS subtype—6 out of 8 participants met the 
cut-off scores.

PSP vs. PD voxel‑based group comparison

Significantly lower FEOBV bindings in the PSP subjects 
compared to the PD subjects were found in multiple cortical 
and subcortical regions (p < 0.05, FDR-corrected; Fig. 1). 
Neocortical regions with significant reductions in the PSP 
participants included bilateral frontal opercula and prefrontal 
cortex. Significant paralimbic cortex PSP group reductions 
were present in bilateral superior temporal poles, bilateral 
insula, left more than right parahippocampal gyrus, bilateral 
fusiform gyrus, bilateral orbitofrontal cortices, and anterior 
cingulum. Limbic structures with reductions found include 
left more than right nucleus accumbens (limbic striatum), 
left posterior hippocampus, and left more than right septal 
nuclei. Reductions were also seen in the caudate nucleus, 
putamen, and anterior external globus pallidus. Other sub-
cortical regions with reduced FEOBV binding included the 
metathalamus (lateral and medial geniculate nucleus), pulvi-
nar, and the epithalamus. Brainstem regions with reduced 
FEOBV binding included the superior colliculus, inferior 
colliculus and inferior olivary nuclei. Cerebellar FEOBV-
binding reductions were also seen, including the bilateral 
tonsils, bilateral crus I, II and bilateral cerebellar lobules III, 
IV, V, VI, VIIB, VIII, & IX. Similar topography was seen in 
analysis corrected for MDS-UPDRSIII scores.

PSP vs NC voxel‑based group comparison

When compared to control adults, PSP subjects exhibited 
diffuse reductions in FEOBV binding in the cortical mantle, 
with the left hemisphere more decreased compared to the 
right hemisphere (p < 0.05, FDR-corrected; Fig. 2). Rela-
tively more prominent reductions were found in the left more 
than right inferior temporal lobe. Relatively spared cortical 
regions included the right more than left superior frontal 
cortices and bilateral visual cortical association areas. Mid-
cingulum FEOBV binding was preserved. Reduced FEOBV 
binding was found in the bilateral hippocampi and the left 
amygdala. Prominent FEOBV-binding reductions were pre-
sent in the tectum, including the inferior and superior col-
liculi, bilateral metathalamus, epithalamus, and thalamus. 
Subcortical reductions greater in PSP participants were also 
seen in the caudate nuclei, bilateral anterior putamina, and 
left anterior external globus pallidus. Reduced FEOBV bind-
ings were present in the inferior olivary nuclei and in the 
dorsal medulla oblongata in the PSP participants. Cerebellar 
hemispheric-binding reductions were also greater on the left 
compared to the right side, including crus I and crus VIIB 
in the PSP participants.

Post hoc analysis 1: quantitative differences 
in the PSP versus PD VOI‑based analyses

VOI-based group comparisons were carried out using 
bilaterally averaged Freesurfer VOIs that corresponded to 
regions of the voxel-based findings above. Subjects with 
PSP had lower FEOBV bindings in the bilateral thalamus-
proper (12.06%), bilateral caudate (16.50%), bilateral puta-
men (13.83%), bilateral pars opercularis (8.34%), bilateral 
rostral anterior cingulate (11.15%), midbrain  (12.34%), 
pons (17.93%), and medulla (19.20%) compared to PD (all 
p < 0.01).

Post hoc analysis 2: PSP versus PD midbrain VOI 
diagnostic comparison

Age and gender matching was confirmed by performing 
a one-way ANOVA and Chi-square test of independence, 
respectively, neither of which showed significant difference 
in age (F = 0.96, p = 0.38) or gender (χ2 = 3.59, p = 0.17) 
distribution across the three groups. After age and gender 
matching, 53 PD participants (male: 35, age: 68.86 ± 5.30) 
and 8 PSP participants (male: 4, age: 70.62 ± 4.75) were 
retained for this post hoc analysis. The FEOBV DVR lower 
cutoff based on 5th percentile of NC participants (male: 8, 
age: 69.89 ± 7.40) was set at 1.3033. Chi-square test of inde-
pendence demonstrated a significant association between 
PSP group versus PD group for abnormally low midbrain 
FEOBV DVR (χ2 = 4.12, p = 0.042). In total, 50% of PSP 
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participants and only 13.2% of PD participants demonstrated 
abnormally low midbrain cholinergic nerve terminal density 
using this cut-off level. In contrast, analysis based on the 
MRI atrophy measures (Table 1) failed to achieve statistical 
significance.

Post hoc analysis 3: effects of partial volume 
correction in the PSP vs. PD voxel‑based 
comparison.

To assess the performance of PVC methods in our analy-
sis, we performed a voxel-based analysis without PVC. In 
PVC-corrected analysis using SPM-based VBM, we found 
the number of voxels with statistically significant PSP vs 
PD differences within the cortical gray matter decreased 
(Fig. 3). This reduction in the cluster size might be due 

to PVC's ability to correct spill‐over or the tissue fraction 
effects within the analysis focusing only on the gray matter. 
Although the number of voxels in each cluster increased 
in the non-PVC method, the confidence in those voxels 
decreased (given by their t value). We believe that applying 
PVC may enable the discovery of effects specific for PSP 
that would not be considered statistically significant without 
PVC method when corrected for multiple comparison.

Post hoc analysis 4: PD vs NC voxel‑based group 
comparison

Results of a voxel-based PD patient versus NC group com-
parison are shown in Fig.  4 (p < 0.05, FDR-corrected). 
Findings show relative preservation of VAChT binding in 
the brainstem in PD. Cortical VAChT-binding losses in PD 

Fig. 1   FEOBV PET-binding differences between the PSP versus 
the PD patients in MNI space. Relative to PD, voxel-based analyses 
showed lower FEOBV binding in the tectum, metathalamus, epithala-
mus, pulvinar, bilateral frontal opercula, anterior insulae, superior 

temporal pole, anterior cingulum, some striatal subregions, lower 
brainstem, and cerebellum in patients with PSP (p < 0.05; FDR-cor-
rected)
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predominantly affect posterior cortical regions, including the 
occipital and parietal and posterior superior temporal cor-
tices. When compared to the PSP vs. PD comparison from 
Fig. 2, there is relative sparing of the prefrontal and inferior 
temporal cortices in PD contrast with prominent denervation 
findings seen in these regions with PSP. Unlike our findings 
seen in PSP, there is no apparent hemispheric asymmetry 
in PD-binding losses compared to NC. Striatal losses are 
relatively more prominent in PD compared to PSP.

Discussion

Prior molecular imaging studies confirmed the presence 
of significant cholinergic systems’ deficits in living PSP 
subjects, also suggesting greater subcortical than cortical 
deficits. A [123I]-iodobenzovesamicol VAChT single-pho-
ton emission computerized tomography (SPECT) imaging 
study comparing PSP subjects (N = 10) to controls found 
non-significant differences in ligand binding in striatum, 

Fig. 2   FEOBV PET-binding differences between the PSP patients 
and neurologically intact adults in MNI space. When compared to 
the PSP versus PD group comparison, more severe and more diffuse 
cortical and subcortical VAChT-binding reductions were present in 
the PSP patients compared to healthy control persons (p < 0.05, FDR-
corrected). When compared to control adults, PSP subjects exhibited 
diffuse reductions in FEOBV binding in the cortical mantle, with the 
left hemisphere more decreased compared to the right hemisphere 
(p < 0.05, FDR-corrected; Fig. 2). Relatively more prominent reduc-
tions were found in the left more than right inferior temporal lobe. 
Relatively spared cortical regions included the right more than left 
superior frontal cortices and bilateral visual cortical association areas. 

Mid-cingulum FEOBV binding was preserved. Reduced FEOBV 
binding was found in the bilateral hippocampi and the left amygdala. 
Prominent FEOBV-binding reductions were present in the tectum, 
including the inferior and superior colliculi, bilateral metathalamus, 
epithalamus, and thalamus. Subcortical reductions greater in PSP 
participants were also seen in the caudate nuclei, bilateral anterior 
putamina, and left anterior external globus pallidus. Reduced FEOBV 
bindings were present in the inferior olivary nuclei and in the dorsal 
medulla oblongata in the PSP participants. Cerebellar hemispheric-
binding reductions were also greater on the left compared to the right 
side, including crus I and crus VIIB in the PSP participants
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hippocampus, and most cortical regions (Mazere et  al. 
2012). Thalamic ligand binding was reduced by approxi-
mately 50% (Mazere et al. 2012). AChE PET studies also 
found evidence of greater cholinergic denervation of sub-
cortical structures than cortex in PSP (Shinotoh et al. 1999; 
Gilman et al. 2010; Hirano et al. 2010). Shinotoh and col-
leagues compared regional AChE activity between PSP, PD, 
and control subjects, and found significant deficits in both 
disease groups but greater cortical deficits in PD (− 17%, 
significant) than in PSP (− 10%; not significant) subjects 
(Shinotoh et al. 1999). Thalamic AChE deficits, in contrast, 
were significantly greater in PSP (− 38%) than PD (− 13%) 
subjects. Gilman et al. found significant percentage reduc-
tions in AChE hydrolysis rates in several subcortical regions 
(striatum 41.3%; cerebellum 21.1%; thalamus 20%; midbrain 
17.6% and pons 22.9%) in 4 PSP subjects compared to 

control subjects (Gilman et al. 2010). Hirano and colleagues 
described cortical AChE activity reductions (− 9.4%; sig-
nificant) with more severe thalamic deficits (− 24%; sig-
nificant) in 12 PSP subjects compared to controls (Hirano 
et al. 2010). Voxel-based analysis of this dataset suggested a 
regional topography of significant losses in the left thalamus, 
left peri-central cortex, insula, and temporal lobe with right 
hemisphere precentral losses (Hirano et al. 2010).

The limited resolution of VAChT SPECT and AChE PET 
precluded detailed evaluation of cholinergic deficit topog-
raphy. Our in vivo VAChT PET study also found distinct 
topographies of cholinergic deficits in PSP and PD, with 
greater subcortical deficits in PSP and added considerable 
anatomic detail. Novel observations include severe losses in 
the tectum, in particular the superior colliculus, in the epi-
thalamus, relatively more severe losses in the metathalamus 

Fig. 3   FEOBV PET-binding differences between the PSP versus the 
PD patients in MNI space using partial volume uncorrected paramet-
ric images. More severe and diffuse brainstem VAChT-binding reduc-

tions were present in the PSP patients compared to more localized 
tectum/superior colliculus deficits seen with PVC-corrected analysis 
(p < 0.05, FDR-corrected)
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(lateral and medial geniculate nuclei), pulvinar, superior 
temporal poles, parahippocampal gyrus, inferior olivary 
nuclei, several cerebellar regions (including the flocculo-
nodular lobules and tonsils), anterior cingulum, and left 
septal nuclei. Similar as reported by Hirano et al., excepting 
symmetric inferior temporal and cuneus reductions, corti-
cal reductions were more prominent in the left hemisphere 
(Hirano et al. 2010). We also found that single brain region 
analysis of midbrain VACHT binding may aid the distinction 
between PSP versus PD suggesting possible clinical utility 
of this ligand. However, analysis of the MRI atrophy meas-
ures failed to achieve statistical significance in this sample.

Our prior work described distinct cholinergic systems’ 
deficit patterns associated with episodic (falls and gait freez-
ing) and non-episodic (PIGD) axial motor features of PD 

(Bohnen et al. 2021b, 2019). All PSP subjects studied had a 
history of falls and cholinergic deficits in the visual thalamus 
and caudate nucleus suggesting shared fall pathophysiology 
in PD and PSP (Bohnen et al. 2019). We discovered limited 
overlaps with the cholinergic deficit pattern associated with 
PD gait freezing (bilateral striatum, hippocampus, amygdala, 
and prefrontal cortex). Our PSP findings show significant 
overlaps with the cholinergic deficit patterns associated with 
non-episodic PIGD in PD (metathalamus and mesiotempo-
ral lobe) (Bohnen et al. 2021b). An intriguing, distinctive, 
regional cholinergic deficit in our PSP subjects was reduced 
tectal (superior and inferior colliculus) FEOBV binding. The 
superior colliculus is important for initiation and execution 
of orienting movements toward salient objects in space 
(Myoga 2021; Sparks 1986). While saccade control is the 

Fig. 4   FEOBV PET-binding differences between the PD patients 
and neurologically intact adults in MNI space using partial volume 
corrected parametric images. Relative to NC, voxel-based analyses 

showed lower FEOBV binding predominantly in the posterior cortical 
regions, including the occipital, parietal, and posterior superior tem-
poral cortices in patients with PD (p < 0.05; FDR-corrected)
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best-characterized aspect of superior collicular function, 
tectal dysfunction could underlie multiple aspects of visuo-
motor integration deficits in PSP (Pretegiani et al. 2019).

While our results confirm greater deficits of PPN–LDT 
cholinergic projection systems than BFCC projection cho-
linergic systems in PSP compared to PD, our PSP to con-
trol comparisons shows that all major CNS cholinergic 
systems were affected in PSP. These include the BFCC 
and PPN–LDT cholinergic projection systems and SChIs. 
Cerebellar cholinergic deficits likely implicate cholinergic 
medial vestibular neurons innervating the cerebellum. The 
superior colliculus received cholinergic afferents from both 
PPN–LDT cholinergic neurons and cholinergic parabigemi-
nal nucleus neurons, suggesting that both these neuron popu-
lations are affected in PSP.

Limitations of our study include the small sample size of 
the PSP group based on a convenience sample, the use of a 
single presynaptic cholinergic marker, and the lack of avail-
able neuropathological correlate available at the time of this 
study making this an exploratory study. Another limitation 
is that not all of our PSP participants were of the classical 
Richardson’s subtype but included variant PSP syndromes 
that are now recognized by the Movement Disorder Soci-
ety-revised diagnostic criteria (Hoglinger et al. 2017). This 
resulted in a range of clinical PSP-related spectra at various 
levels of diagnostic sensitivity and specificity. We believe 
that using individualized cut-off scores for each subtype of 
PSP, as shown in (Quattrone et al. 2018), would yield better 
accuracy in recognizing PSP subtypes. A further limitation 
might be the use white matter as a reference region, since 
oligodendroglial tau pathology may be present in the white 
matter of the PSP patients. However, FEOBV binding is spe-
cific to the vesicular acetylcholine transporter and does not 
bind to tau. The more diffuse-binding differences between 
PSP and the normal control may possibly be influenced by 
a systemic factor. However, no global topographic-binding 
differences were seen between the PSP and PD groups. The 
presence of group differences’ localization to specific and 
limited topographic patterns confirms that the group dif-
ferences cannot be explained by differences in non-specific 
white matter binding of the radioligand.

We conclude that there is disease-specific cholinergic vul-
nerability of the tectum, metathalamus, epithalamus, and 
paralimbic and frontal opercular regions with additional but 
more limited involvement of the striatum in PSP in compari-
son with PD. These cholinergic deficits may contribute to 
some of the prominent axial motor deficits of PSP.
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