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Progression of regional cortical cholinergic
denervation in Parkinson’s disease

®Nicolaas I. Bohnen,"z’:""'5 Stiven Roytman,I @®Prabesh Kanel,""’5 Martijn L. T. M. Mijller,"6
Peter ). H. Scott,' Kirk A. Frey,'” Roger L. Albin>*** and Robert A. Koeppe'*

Cortical cholinergic deficits contribute to cognitive decline and other deficits in Parkinson’s disease. Cross-sectional imaging studies suggest
a stereotyped pattern of posterior-to-anterior cortical cholinergic denervation accompanying disease progression in Parkinson’s disease.
We used serial acetylcholinesterase PET ligand imaging to characterize the trajectory of regional cholinergic synapse deficits in
Parkinson’s disease, testing the hypothesis of posterior-to-anterior progression of cortical cholinergic deficits. The 16 Parkinson’s disease
subjects (4 females/12 males; mean age: 64.4 + 6.7 years; disease duration: 5.5 +4.2 years; Hoehn & Yahr stage: 2.3 + 0.6 at entry) com-
pleted serial 1*C-methyl-4-piperidinyl propionate acetylcholinesterase PET scans over a 4-8 year period (median 5 years). Three-dimen-
sional stereotactic cortical surface projections and volume-of-interest analyses were performed. Cholinergic synapse integrity was assessed
by the magnitude, ks, of acetylcholinesterase hydrolysis of '' C-methyl-4-piperidinyl propionate. Based on normative data, we generated Z-
score maps for both the k3 and the k; parameters, the latter as a proxy for regional cerebral blood flow. Compared with control subjects,
baseline scans showed predominantly posterior cortical k3 deficits in Parkinson’s disease subjects. Interval change analyses showed evi-
dence of posterior-to-anterior progression of cholinergic cortical deficits in the posterior cortices. In frontal cortices, an opposite gradient
of anterior-to-posterior progression of cholinergic deficits was found. The topography of k3 changes exhibited regionally specific discon-
nection from k; changes. Interval-change analysis based on ks/k; ratio images (k3 adjustment for regional cerebral blood flow changes)
showed interval reductions (up to 20%) in ventral frontal, anterior cingulate and Brodmann area 6 cortices. In contrast, interval k3 reduc-
tions in the posterior cortices, especially Brodmann areas 17-19, were largely proportional to k; changes. Our results partially support the
hypothesis of progressive posterior-to-cortical cholinergic denervation in Parkinson’s disease. This pattern appears characteristic of pos-
terior cortices. In frontal cortices, an opposite pattern of anterior-to-posterior progression of cholinergic deficits was found. The progres-
sive decline of posterior cortical acetylcholinesterase activity was largely proportional to declining regional cerebral blood flow, suggesting
that posterior cortical cholinergic synapse deficits are part of a generalized loss of synapses. The disproportionate decline in regional frontal
cortical acetylcholinesterase activity relative to regional cerebral blood flow suggests preferential loss or dysregulation of cholinergic synap-
ses in these regions. Our observations suggest that cortical cholinergic synapse vulnerability in Parkinson’s disease is mediated by both
diffuse processes affecting cortical synapses and processes specific to subpopulations of cortical cholinergic afferents.
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Introduction

Parkinson’s disease is recognized as a multi-system neurode-
generative disorder with variations in clinical features that,
in part, are attributable to deficits of multiple neurotransmit-
ter systems." In addition to the defining degeneration of dopa-
minergic pathways, there is considerable evidence for
clinically impactful alterations of cholinergic pathways in
Parkinson’s disease.”>* There are two major brain cholinergic
projection systems. The first arises from the basal forebrain
complex, providing cholinergic innervation to the cortical
mantle and related structures such as the hippocampal
formation and the amygdala.” ® The second arises from the
mesopontine cholinergic neurons, the pedunculopontine—
laterodorsal tegmental complex, providing cholinergic inputs
to the thalamus, basal ganglia, superior colliculus, other
brainstem nuclei and the spinal cord.”” Both of these systems
degenerate in Parkinson’s disease, contributing to important
treatment refractory features of Parkinson’s disease, including
cognitive decline, postural instability and gait deficits.> *
Cortical cholinergic deficits may play a particularly important
role in cognitive decline in Parkinson’s disease. Early post-
mortem studies indicated that basal forebrain cholinergic system
degeneration is associated with dementia in Parkinson’s
disease.'”'? The development of molecular imaging methods
allowing i vivo assessments of regional brain cholinergic
synapse-terminal density verified the association between cor-
tical cholinergic deficits and Parkinson’s disease dementia. The
initially applied methods were acetylcholinesterase PET and ves-
icular acetylcholine transporter single-photon emission tomog-
raphy. Application of these methods showed that Parkinson’s
disease dementia is associated with more severe and widespread
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cholinergic denervation compared with Parkinson’s disease
without dementia.’>"® Acetylcholinesterase PET imaging as-
sesses cholinergic synapse integrity, with cortical uptake reflect-
ing largely basal forebrain integrity and thalamic uptake
principally reflecting mesopontine cholinergic neuron integrity.
A comparison of Parkinson’s disease and Parkinson’s disease de-
mentia subjects with acetylcholinesterase PET and vesicular
acetylcholine transporter single-photon emission computerized
tomography showed more prominent posterior cortical cholin-
ergic losses in Parkinson’s disease dementia. These results con-
tributed to the dual syndrome model of Kehagia et al.'” which
posits initial cognitive impairments secondary to frontostriatal
system dysfunction secondary to nigrostriatal dopaminergic
deficits with subsequent multi-domain cognitive deficits
secondary-to-posterior cortical dysfunctions, driven at least
partly by cholinergic denervation. These cross-sectional imaging
results also suggested a posterior-to-anterior progression of cor-
tical cholinergic denervation as Parkinson’s disease progresses to
Parkinson’s disease dementia.'® ' The connectional anatomy
of basal forebrain cholinergic projections indicates that most
posterior cortical regions are innervated by the longest basal
forebrain efferents.*>* Basal forebrain cholinergic corticopetal
axons have luxuriant terminal arbours, which are probably par-
ticularly extensive in the human cortex.”> A posterior-to-
anterior progression of cortical cholinergic denervation is con-
sistent with the hypothesized concept that cholinergic projection
system vulnerability is a function of the stresses of supporting
abundant terminals at the end of long, poorly myelinated ax-
ons.** Disruption in anterograde transport at any point along
the length of the axon would prevent the delivery of proteins
synthesized at the soma to the synaptic terminal, depriving it
of the materials necessary for the maintenance and plasticity
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of the presynaptic membrane. According to this hypothesis,
terminals at the end of the longest cholinergic axons that innerv-
ate the posterior cortices would have the greatest vulnerability
surface, making them most susceptible to loss of cholinergic in-
put. More prominent cortical cholinergic losses observed in
cross-sectional iz vivo imaging studies have been explained
using this argument.'® ' An alternative hypothesis for the vul-
nerability of these neurons to age-related neurodegeneration
may be their reliance on retrograde axonal transport for neuro-
trophic support.”> The basal forebrain cholinergic corticopetal
projection system was traditionally conceived as a diffuse, non-
specific neuromodulatory system.’ Recent studies, however, in-
dicate that the basal forebrain cholinergic corticopetal system is
organized as clusters of neurons innervating multiple cortical re-
gions, with the governing rule that interconnected cortical fields
receive cholinergic innervation from the same basal forebrain
neuron cluster.”® 2’ Functional studies suggest that basal fore-
brain clusters function independently and that basal forebrain
cholinergic neuron signalling has phasic and stimulus-specific
components.”® 2 The emerging data indicating anatomic and
functional heterogeneity of basal forebrain corticopetal cholin-
ergic projections suggests an alternative to the pathogenic model
of length-dependent degeneration—relatively selective degener-
ation of clusters of basal forebrain cholinergic corticopetal
projections.

The cross-sectional design of prior cholinergic synapse im-
aging studies largely precludes differentiation of these two hy-
potheses regarding the pattern of cortical cholinergic synapse
deficits in Parkinson’s disease. The length-dependent model
predicts a strictly posterior-to-anterior gradient. Relatively
early loss of cortical cholinergic synapses in more anterior re-
gions would be more consistent with a cluster-based model of
degeneration. To the best of our knowledge, there are no prior
longitudinal cholinergic synapse-terminal PET or single-photon
emission computerized tomography imaging studies examining
regional cortical interval changes in Parkinson’s disease. A prior
longitudinal acetylcholinesterase PET study in seven patients
with Alzheimer’s disease reported only global cortical losses
of about 3.8 +2.5% per year over a 2-year period but did
not comment on regional cortical interval changes.”® We set
out to examine the evolution of the topography of cortical cho-
linergic denervation in a longitudinal acetylcholinesterase PET
imaging analysis of Parkinson’s disease subjects, relative to a
normal control comparison group and over a 4-8-year period.
We hypothesized that the evolution of acetylcholinesterase def-
icits would follow a posterior-to-anterior progression.

Materials and methods

The 16 patients with Parkinson’s disease (4 females/
12 males; mean age: 64.4 + 6.7 years, duration of the disease:
5.5 +4.2 years and Hoehn & Yahr stage: 2.3 + 0.6 at entry)
completed  serial "' C-methyl-4-piperidinyl  propionate
[(**C)-PMP] acetylcholinesterase PET scans over a 4—8-year

BRAIN COMMUNICATIONS 2022: Page 3of 12 | 3

(median: 5 years) in a historical cohort study. The study popu-
lation was based on a convenience sample of study partici-
pants enrolled in various [''C]-PMP PET studies at our
centre during the period 2006-15 and having a repeat PET
scan available at least 4 years after the baseline scan.
Parkinson’s disease subjects met the UK Parkinson’s Disease
Society Brain Bank clinical diagnostic criteria.*' No subjects
were treated with anti-cholinergic or cholinesterase inhibitor
drugs. The study was approved, and the study procedures
were followed in accordance with the ethical standards of
the Institutional Review Boards of the University of
Michigan and Veterans Affairs Ann Arbor Health System
for studies involving human subjects. Written informed con-
sent was obtained from all subjects. Motor and non-motor
clinical correlates of acetylcholinesterase PET in this popula-
tion were described previously.>?

All subjects underwent brain magnetic resonance imaging and
["'C]-PMP acetylcholinesterase PET imaging. Magnetic reson-
ance imaging was performed on a 3T Philips Achieva system
(Philips, Best, The Netherlands) utilizing an eight-channel head
coil and the ISOVOX’ exam card protocol, primarily designed
to yield isotropic spatial resolution. A standard T;-weighted
series of a 3D inversion recovery-prepared turbo-field-echo
was performed in the sagittal plane using repetition time/time
to echofinversion time =9.8/4.6/1041 ms; turbo factor=200;
single average; field-of-view =240 %200 x 160 mm; acquired
matrix =240 x 200. One hundred and sixty slices were recon-
structed to 1 mm isotropic resolution. This sequence maximizes
contrast among grey matter, white matter and cerebrospinal
fluid and provides high-resolution delineation of cortical and
subcortical structures.

["'C]-PMP PET imaging was performed in 3D imaging
mode using an ECAT HR + tomograph (Siemens Molecular
Imaging, Inc., Knoxville, TN), which acquired 63 trans-axial
slices (slice thickness: 2.4 mm; intrinsic in-plane resolution:
4.1 mm full-width at half maximum over a 15.2 cm axial
field-of-view). A NeuroShield (Scanwell Systems, Montreal,
Canada) head-holder/shielding unit was applied to the pa-
tient bed to reduce the contribution of detected photon
events originating from the body outside the scanner
field-of-view.?? Prior to the PMP injections, a 5 min trans-
mission scan was acquired using rotating °®Ge rods for at-
tenuation correction of emission data using the standard
vendor-supplied segmentation and re-projection routines.

[''C]-PMP was prepared in high radiochemical purity
(>95%) by N-["'C]-methylation of piperidine-4-yl propion-
ate using a previously described method.>* Dynamic PET
scanning was performed for 70-80 min following a bolus in-
jection of 15 mild cognitive impairment (MCI) [''C]-PMP.**

All image frames were spatially coregistered within subjects
with a rigid-body transformation to reduce the effects of
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subject motion during the imaging session.>® Interactive data
language image analysis software (Research Systems, Inc.,
Boulder, CO) was used to manually trace volumes-of-interest
on MRI images to include the thalamus, caudate nucleus and
putamen of each hemisphere. Acetylcholinesterase [''C]-
PMP hydrolysis rates (k3) were estimated using the striatal
volume-of-interest (defined by manual tracing on the magnetic
resonance imaging scan of the putamen and caudate nucleus)
as the tissue reference for the integral of the precursor delivery
reference tissue-based linear least squares analysis.’”> *® The
quantitative parametric images were transformed into the bi-
commissural stereotactic coordinate system using a method
described previously.*” *° Differences in individual brain sizes
were removed by linear scaling and regional anatomic differ-
ences were minimized by a non-linear warping technique*’
(mean age: 66.7+7.3 years). Cortical grey matter activities
were extracted to a standard set of voxels covering the entire
brain surface using 3D stereotactic surface projections
(3D-SSPs).*! This cortical data extraction technique compen-
sates for small anatomical differences in grey matter structures
(such as variable depth of gyri) across subjects and minimizes
partial volume artefacts and the effects of atrophy. Voxel-based
Z-score cortical maps were generated based on normative data
from 61 normal older controls (mean age: 66.7 + 7.3 years) for
Parkinson’s disease versus control group comparison and for
within-Parkinson’s disease group longitudinal analysis.

A limitation of [*!C]-PMP PET is that it does not allow ac-
curate assessment of the high acetylcholinesterase activity
levels within the striatum and cerebellar cortex but has rea-
sonable estimation in the thalamus and limbic structures
(amygdala, hippocampal formation, insular cortex).*®
Striatum and cerebellum were excluded from analysis, with
thalamus and limbic structures analysed separately with an
exploratory post hoc linear mixed model.

We complemented this analysis by comparing bilaterally aver-
aged volume-of-interest-based percentage differences between
Visits 1 and 2 using a Brodmann area (BA) atlas.**Per cent
change in hydrolysis rates (%Aks) and a regional cerebral blood
flow proxy (%Ak;) was mapped onto BA volume-of-
interests and visualized on a high-resolution cortical surface
mesh. The ratio of %Ak; over %Ak, was visualized to highlight
changes in acetylcholinesterase hydrolysis rates relative to
changes in regional blood flow across volume-of-interests. As re-
gional cerebral blood flow is proportional to regional synaptic
density, the %Ak3/%Ak, ratio normalizes cholinergic synapse
changes to diffuse changes in cortical synaptic density. As cortical
cholinergic synapses are only a small fraction of cortical synap-
ses, cortical cholinergic synaptic deficits, by themselves, would
not be expected to markedly influence total regional synaptic
density. The volume-of-interest-based cortical surface plots
were generated using Nilearn, an open-source neuroimaging
Python module based upon many machine learning algorithms
provided by Scikit learn.*?

Performing statistical inference on all the regions would
have been infeasible since the need to control for Type I stat-
istical error would lead to overcorrection with this many model
comparisons and consequently inflate our Type II statistical
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error. Since we had no specific a-priori hypothesis about which
regions were most likely to yield an effect, we used a pre-
inference outcome variable selection approach to reduce Type
IT statistical error. A volume-of-interest-based BA analysis
was performed on a subset of regions with the highest %Aks/
%Ak, ratio values, determined heuristically using an elbow
plot since we believed that regions with the highest normalized
cholinergic synapse change were most likely to yield an effect in
a model that accounts for changes in cerebral blood flow. For
each region in this subset of regions, a pair of random intercept
mixed linear models predicting scaled and centred hydrolysis
rates (k3) was estimated. The confounder model served as a
null hypothesis and contained only a random intercept for
each participant and a fixed effect of scaled and centred proxy
flow (k1). The visit model served as an alternate hypothesis and
incorporated a fixed effect of binary-coded visits (baseline ver-
sus the last visit) in addition to confounding model predictors.
The goodness of fit was compared between these two models
using a likelihood ratio test. The set of resulting P-values was
corrected for family-wise error rate using Holm’s method.**
A significant predictor effect of k3 independent of k; and indi-
vidual differences in baseline k3 for any region was present
when the comparison between the blood flow confounder
and visit model yielded a corrected P value <0.05. A separate
post boc analysis of cholinergic denervation was conducted in
four subcortical-limbic structures not assessed by the cortical
3D-SSP analysis (amygdala, insula, thalamus and hippocam-
pus) using a similar statistical procedure as described above.
Volume-of-interest-based statistical analyses were conducted
using Statsmodels, an open-source Python module.*

To elucidate the effect of longitudinal cholinergic system
changes on clinical manifestations of Parkinson’s disease, a ser-
ies of post hoc linear mixed models were estimated. Given prior
literature that showed more robust posterior, rather than anter-
ior, cerebral cholinergic losses related to cognitive function in
Parkinson’s disease, the regressand in all the models was the
occipital-parietal k3 cortical hydrolysis rate, which was calcu-
lated by taking the average of k3 from BA2, 5,7, 17, 18, 19,
23, 39, 40, 43 and 51. Examined clinical variables included
the presence of visual and auditory hallucinations, MCI, execu-
tive function and the presence of rapid eye movement sleep be-
haviour disorder (RBD) at baseline. Executive function was
operationalized as the time in seconds to complete the Delis—
Kaplan Executive Function System Stroop III, which is the clas-
sic Stroop cognitive interference condition and Stroop IV, a
modified version of the Stroop test that includes a rule-switching
component.*® MCI was operationalized as a score below a cut-
off of 26 on the Mini-Mental State Examination. All variables
included in the analysis were transformed to Z-scores to yield
standardized S coefficients in the resulting mixed linear models.

For each clinical regressor, four hierarchical mixed linear
models were fitted: a random intercept model, a visit model,
an independent effect model and a visit by clinical regressor inter-
action model. The random intercept model included only a ran-
dom intercept for each participant to account for baseline
differences in occipital—parietal k3. The visit model added a fixed
effect of visit on occipital-parietal k3. The independent effect
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model added a fixed effect of a clinical regressor on top of the
visit model. Finally, the interaction model added an interaction
between the visit and the clinical regressor. The Akaike informa-
tion criterion (AIC) was computed for all four models and the
AIC minimizing model was selected for this exploratory analysis.

Results

Figure 1 displays 3D-SSP images representing absolute acet-
ylcholinesterase k3 in the Parkinson’s disease group at base-
line and follow-up visits. Difficult to quantify high hydrolysis
rate regions, including the cerebellum and striatum, are
whited-out. Baseline images show lower k3 in the lateral pos-
terior and inferior temporal, superior parietal and occipital
association cortices. There is a relative sparing of primary
visual cortices. Higher tracer retention is seen in the primary
sensorimotor and precentral cortices, with lower k3 in pre-
frontal areas. Subsequent changes include more severe pos-
terior cortical deficits and a mid-prefrontal progression of
deficits. The latter appears to progress in an anterior-to-
posterior (both superior and orbitofrontal directions) pat-
tern of progression. There is the preservation of primary
and secondary sensorimotor cortex tracer retention.

Figure 2 represents 3D-SSP Z-score image analysis (compari-
son with normative control data). Z-score analysis confirms
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the analysis of absolute k3 changes. At baseline, pronounced
reductions (Z-scores <—2) were found in occipital associ-
ation cortices, posterolateral and inferior temporal regions,
precuneus, posterior cingulum and to a lesser degree, in me-
sofrontal regions of Parkinson’s disease subjects. Progression
of deficits was found in posterior cortical and frontal cortical
regions, with evidence of a posterior cortical posterior-to-
anterior pattern of progression and an anterior cortical
anterior-to-posterior pattern of progression.

As cortical cholinergic deficits may, in part, reflect diffuse
changes in regional synaptic density, we performed a post
hoc analysis comparing the relative cortical topography of
acetylcholinesterase k3 versus k; regional cerebral blood
flow proxy changes in Parkinson’s disease subjects at base-
line. Z-scores based on comparison with normative data
are presented in Fig. 3. Relative comparison of Z(k3) with
Z(k1) scores show topographic dissociation between cortical
cholinergic deficits described above compared with more
prominent kq regional cerebral blood flow proxy reductions,
particularly in the superior and posterior parietal cortices
and anterior and inferior prefrontal cortices with opposite
findings of relatively more prominent k3 reductions in the
primary sensorimotor strip (Fig. 3).

Based on the previously described heuristic elbow plot ap-
proach, seven cortical Brodmann areas were chosen for the
volume-of-interest-based percentage difference analysis and
subsequent mixed linear models (Table 1). Among them,

N N e‘@@‘:ﬁ:
eeoe@ﬁ'

Figure | Longitudinal regional cortical acetylcholinesterase hydrolysis reduction in Parkinson’s disease. 3D-SSP images showing
absolute acetylcholinesterase ks hydrolysis in the Parkinson’s disease group at baseline (Scan 1) and follow-up (Scan 2). High-intensity-binding
areas, including the cerebellum and striatum, are whited-out as these cannot be estimated reliably. Findings show a lower hydrolysis rate in the

lateral posterior and inferior temporal, superior parietal and occipital association cortices. There is relative sparing of the primary visual cortices.
Most intense cortical binding is seen in the primary sensorimotor and precentral cortices with lower hydrolysis rates in the anterior prefrontal
areas. Interval changes include more severe posterior cortical losses and mid anterior-to-posterior prefrontal degeneration gradient (in both
superior and orbitofrontal directions) and preservation of primary and secondary sensorimotor and peri-Sylvian cortices.
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Figure 2 Longitudinal regional cortical acetylcholinesterase hydrolysis reductions compared with normal controls. Serial PMP k3

Z-score maps over two-time points in Parkinson’s disease compared with normal older control persons. Pronounced interval reductions (Z-scores

< —2) were found in the occipital association cortices, posterolateral and inferior temporal regions, precuneus, posterior cingulum and to a lesser
degree in the anterior mesofrontal regions were seen in the Parkinson’s disease group.

Figure 3 Relative comparison of normative reductions of acetylcholinesterase hydrolysis rate versus proxy blood flow changes
in the baseline Parkinson’s disease group. Z-scores based on comparison with normative data are presented. Relative comparison of Z(ks) to
Z(k,) scores show striking topographic dissociation between vulnerability of cholinergic losses in Parkinson’s disease compared with more
prominent k; proxy blood flow reductions, in particular the superior and posterior parietal and anterior and inferior prefrontal cortices and
reverse findings of relatively more prominent cholinergic reductions in the primary sensorimotor strip.

BA 25 (subgenual cortex) showed the greatest average per
cent change in both k3 [mean = —16.47%, standard deviation
(SD)=22.25%] and k; (mean=-5.1%, SD=13.11%),
along with greatest inter-subject variability. In terms of
both average per cent change and per cent change variability
of k3, subgenual cortex was followed closely by BA 11 (orbi-
tofrontal cortex; mean =—15.81%, SD = 14.19%), although
the same does not hold for either average per cent change or
per cent change variability in k; (mean=-2.59%, SD=
10.79%), both of which were lower. The orbitofrontal cortex
shows the second highest %Ak; over %Ak, ratio value
(6.12), indicating that the average per cent change in acetyl-
cholinesterase k3 of that region is greater relative to average
per cent change in regional cerebral blood flow as compared
with most other regions. The orbitofrontal cortex is only ex-
ceeded in that respect by BA 10, or the frontal pole, which shows
the greatest ratio value (8.58), with an intermediate per cent
change in k3 (mean=-9.97%, SD =9.09%) coupled with the
lowest per cent change in ky (mean=-1.16%, SD =10.63%)
as compared with other regions included in our volume-
of-interest-based BA analysis.

Examining the cortical surface plot of the %Ak; over %Ak
ratio (Fig. 4), a distinctive pattern is observed. The highest gra-
dient of increasing ratio values occurs in the anterior cortices,
from the subgenual cortex (3.23) to orbitofrontal cortex

(6.12) to the frontal pole (8.59). More dorsal regions show a
more modest increase in %Ak; over %Ak, ratio values from
BA25 (3.23) to BA24 (3.46), or ventral anterior cingulate.

Most of the regions selected based on the %Ak3 over %Ak, ra-
tio showed a significant effect of visit on k3 while accounting for
the k; regional cerebral blood flow proxy and individual differ-
ences in baseline k3 (Table 2). The three regions for which visit
had the strongest association with cholinergic nerve terminal in-
tegrity were subgenual cortex (8= —0.94, P =0.03), orbitofron-
tal cortex (8=-1.02, P=0.01) and frontal pole (8=-0.88,
P=0.01). The next strongest effect of the visit was observed
in the ventral anterior cingulate (8=-0.81, P=0.01). The re-
maining two significant effects of the visit were observed in
BA 9 (dorsolateral/medial prefrontal cortex; f=-0.81, P=
0.01) and BA 6 (premotor cortex/supplementary motor area;
B=-0.72, P = 0.01). The only region examined without a sig-
nificant effect of the visit was BA 12 (=-0.39, P=0.14),
which also showed the lowest per cent change in k3 (mean=
—5.52%,SD = 12.36%) and the second lowest per cent change
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in ky (mean=-1.17%, SD=13.09%) among the regions in-
cluded in the cortical volume-of-interest analysis.

Of note is the fact that the adjusted R* for the non-
significant BA12 model was 0.82, suggesting that k; proxy
flow and baseline differences in k3 robustly account for vari-
ability in acetylcholinesterase hydrolysis rates without taking
visits into account. Most other regions showing a significant
effect of the visit had a comparable adjusted R, ranging be-
tween 0.77 and 0.88, except for the subgenual cortex (adj.
R?=0.39) and the immediately anterior orbitofrontal cortex
(adj. R*=0.65). These were also the two regions with the
strongest associations between acetylcholinesterase hydroly-
sis rates and visits. Lower adjusted R? values for those regions
suggest that other factors may be at play when it comes to
their change in k3 hydrolysis rate.

Among the four subcortical-limbic regions analysed
(Table 3), the amygdala showed the greatest average per
cent change and inter-individual variability in per cent change
of k3 (mean=—-14.42%, SD =18.76 %) and the greatest aver-
age per cent change in k; proxy flow (mean=-7.41%, SD =
11.10%). The hippocampus shows the lowest average per
cent change in k3 (mean=-3.99%, SD=14.72%) and the
greatest variability in &y (mean=-5.56%, SD=11.92%). It
was the only region in either volume-of-interest-based analysis
to show a %Ak; over %Ak, ratio <1.

Among the four exploratory models of regional k3 (Table 4),
amygdala (=-0.70, P=0.02) and insula (8=-0.82,
P = 0.01) were the only ones to show a significant effect of
visit. Adjusted R for the four models ranged between 0.74
and 0.78, which means a comparable amount of variance

Table | Mean and standard deviation of percentage
change in PMP acetylcholinesterase k3 and k,
coefficients of cortical regions in volume-of-interests-
based BA analysis, sorted in descending order based on
ks/k, ratio per cent changes

%Ak3l% Mean % SD % Mean % SD %
Region Ak| Ak3 Akg Ak| Ak|
BAI0O 8.58 -9.97 9.09 —1.16 10.63
BAI I 6.12 —15.8I 14.19 -2.59 10.79
BAI2 4.70 —5.52 12.36 —1.17 13.09
BA24 3.46 —9.68 8.96 -2.80 10.18
BA25 3.23 —16.47 22.25 -5.10 13.11
BA9 2.92 —8.46 9.39 -2.89 11.24
BA6 2.80 -832 7.26 -2.98 12.08
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in k3 of subcortical regions is accounted for by their k; and
individual differences in baseline k3, with the visit making
a significant contribution to the model’s predictive capacity.

None of our participants had auditory hallucinations or
MCI and only one participant had visual hallucinations at
follow-up. For that reason, MCI and hallucinations were ex-
cluded from this exploratory analysis. Eleven of 16 partici-
pants had RBD at baseline and the independent effect
model was selected (AIC = 84.66, adj. R*=0.62). The pres-
ence of RBD at baseline predicted significantly lower occipi-
tal-parietal k3 (=-0.89, P=0.027) independent of visit
(8 =-0.69, P=0.003). The interaction model was selected
for both Stroop III (AIC=83.17, adj. R*=0.68) and
Stroop IV (AIC =82.76, adj. R*=0.70). The marginal effect
of the visit was negative and significant for both Stroop III
(8 =—0.70, P=0.008) and Stroop IV (8=—0.59, P=0.022),
suggesting that occipital-parietal k3 showed a significant de-
crease from baseline to the follow-up visit while holding
Stroop performance at our sample’s average. The interaction
effect between visit and executive function trended in the ex-
pected positive direction for both Stroop III (8=0.39, P=
0.106) and IV (8=0.49, P=0.061) tests, but neither effect
reached significance. Descriptive statistics for examined clinic-
al variables and all the relevant model coefficients are pre-
sented in Table 5.

Discussion

Acetylcholinesterase activity has been long recognized as a mark-
er for brain cholinergic synapses.”” *” Acetylcholinesterase is
localized predominantly in cholinergic neuron perikarya, axons
and synapses. Brain cholinergic systems are traditionally
viewed as diffuse neuromodulator systems, but emerging evi-
dence points to basal forebrain cholinergic projections exhi-
biting specific patterns of connectivity.*® Basal forebrain
neuron clusters give rise to extensive, multi-branch projec-
tions, with many neurons innervating a limited number of
specific cortical fields® 2® 2”7 and an apparent organizing
rule that clusters, at least partly, innervate interconnected
cortical regions. Basal forebrain cholinergic system clusters
may act independently with both relatively low temporal
resolution (tonic) and fast (phasic) signalling.*® 2%> +*

Our baseline findings indicate early vulnerability of the pos-
terior, esp. lateral inferior temporal gyrus and angular gyrus
cholinergic synapses, with slightly less affected medial occipital
cortices and preservation of prefrontal and pericentral cortical
areas when compared with normative Z-score mapping data of
61 older normal control individuals. Interval changes include
more severe posterior cortical losses that follow a posterior-
to-anterior progression of denervation as previously suggested
by cross-sectional studies comparing Parkinson’s disease de-
mentia to Parkinson’s disease.'® '? Contradicting a simple
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Figure 4 Dissociation of k3 acetylcholinesterase hydrolysis versus k, proxy flow changes in the anterior versus the posterior
brain in the baseline Parkinson’s disease group. The percentage decrease in PMP k3 and k, coefficients and the ratio of their percentage
decrease from baseline visit to follow-up visit were mapped to BA volume-of-interests*? and projected to a high-resolution cortical surface mesh.
Regions for which the visit model fitted kj values significantly better than the confounding model are outlined and numbered based on their BA

designation.

Table 2 Summary table of BA volume-of-interest-based random intercept mixed linear models of regional ks

Region Buisit Std. error Cl 2.5% Cl197.5% R? R? Adjusted Va P-Holm
BAIO -0.88 0.20 ~1.26 —0.49 08l 0.78 12.92 0.01*
BAII -1.02 0.24 —1.48 —0.55 0.69 0.65 12.46 0.01*
BAI2 -0.39 0.19 -0.76 -0.03 0.84 0.82 3.97 0.14
BA24 -08l 0.19 —1.18 —0.43 0.83 0.8l 12.06 0.01*
BA25 —-0.94 0.29 ~1.50 -0.37 0.47 0.39 8.11 0.03*
BA9 —-0.74 0.2l —1.15 -0.34 0.80 0.77 951 0.03*
BA6 -0.72 0.16 ~1.03 —0.41 0.89 0.88 13.30 0.01*

f coefficients are presented for the fixed effect of visit, with standard error of the coefficient and 95% confidence interval (Cl) included. %* values obtained with likelihood ratio test
were used to derive P-values for the visit models. Holm’s method was used for family-wise error rate correction.**

*P < 0.05 family-wise error.

model of posterior-to-anterior progression of cortical choliner-
gic deficits, we also found evidence of a mid-frontal
anterior-to-posterior cholinergic deficit progression (in both
superior and orbitofrontal directions) with preservation of
pericentral cortex cholinergic synapses. In concert with the pos-
terior cortical brain posterior-to-anterior and anterior cortical
brain anterior-to-posterior denervation gradients of interval
progression we document, voxel-based percentage differences
between Visits 1 and 2 demonstrated the greatest deficit pro-
gression in the subgenual cortex (up to 20% loss), followed
by the mesial orbitofrontal cortex and gyrus rectus, followed
by lateral occipital and lateral temporal cortices with lesser re-
ductions in the anterior, inferior and mesial prefrontal cortex,
posterior cingulum/precuneus and primary visual cortex.

The simultaneous presence of posterior-to-anterior gradi-
ent progressive denervation changes in the posterior brain
and the anterior-to-posterior gradient in the anterior brain
cannot be explained by a model of anatomically diffuse basal
forebrain cholinergic projections succumbing to length-
dependent stresses. Even within posterior cortices, we found
evidence of relatively preserved primary occipital cortex

tracer retention, immediately adjacent to cortical regions,
lateral occipital, superior parietal, posterior and inferior lat-
eral temporal cortices, with greater reductions in tracer re-
tention. These results argue against the length-dependent
vulnerability of basal forebrain cholinergic projections, as
the primary visual cortex likely receives some of the longest
basal forebrain cholinergic afferents.**>*

The pattern of posterior cortical cholinergic deficits points
to significant cholinergic denervation of the so-called ventral
visual stream.>” °! The ventral stream, passing from the pri-
mary visual cortex (V1) to the inferior parts of the temporal
lobe, mediates the transformation of visual signals into men-
tal constructs guiding memory, recognition and conscious
perception. Our results are consistent with those of Luo
et al., who documented declines in temporo-occipital func-
tional node connectivity, correlated with measures of visuo-
perceptual functions, in drug-naive Parkinson’s disease
subjects. These observations imply that cholinergic changes
in the inferior-occipital gyrus, fusiform gyrus and inferotem-
poral cortex may play an important role in the cognitive im-
pairment syndrome of Parkinson’s disease. This conclusion
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is supported by a prior acetylcholinesterase PET study of
MCI subjects: Haense et al. demonstrated that acetylcholi-
nesterase reductions were most prominent in a lateral tem-
poral cluster and correlated significantly with learning,
executive and language comprehension functions. More
speculatively, cholinergic denervation of the ventral stream
might contribute to the common phenomenon of visual hal-
lucinations in Parkinson’s disease.’” Our findings suggest an
interplay of cholinergic deficits in the frontal and parietal re-
gions that might distort the function of specific brain func-
tional networks. We found that the interval progression of
cortical cholinergic deficits includes key nodes of the default
mode network, salience and (visual) attention networks. The
default mode network is crucial for memory consolidation.
The salience network triggers quick shifts from the default
mode network’s internal processing modes to external visual
attentional processing via activation of the visual attention
network. Loss of cholinergic synapses in these networks
may contribute to Parkinson’s disease cognitive deficits, in-
cluding memory and attention deficits. Loss of salience func-
tions, in conjunction with impaired ventral and dorsal visual
stream functions, may degrade Parkinson’s disease patients’
ability to effectively detect and interpret visual cues, impair-
ing safe ambulation in complex visual environments and
contributing to characteristic illusions/hallucinations.

As previously reported, acetylcholinesterase k3 was partially
dissociated from k; regional cerebral blood flow proxy and re-
gional glucose uptake.'® %3 Relative comparison of the normal-
ized regional k3 to the k; Z-scores shows topographic
dissociation between cholinergic synapse deficits and regional
cerebral blood flow in Parkinson’s disease. In the present study,

Table 3 Mean and standard deviation of percentage
changes in PMP acetylcholinesterase ks/k; ratio
coefficients of subcortical regions chosen for the
volume-of-interest-based analysis not captured by the
cortical 3D-SSP analysis, sorted in descending order
based on the ratio of k; over k,per cent change

%Ak3l% Mean % SD % Mean % SD %
Region Ak| Ak3 Ak; Ak| Ak|
Amygdala 1.95 —14.42 18.76 —7.41 11.10
Insula 1.38 —9.18 11.22 —6.63 11.78
Thalamus 1.37 —6.09 11.29 —4.46 9.07
Hippocampus 0.71 -3.99 14.72 —5.65 11.92
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the most prominent reductions in k; regional cerebral blood
flow proxy were seen in superior and posterior parietal cortices.
In contrast, we found evidence of reverse findings of relatively
more prominent acetylcholinesterase k3 deficits in the primary
sensorimotor strip compared with corresponding minimal &4
regional cerebral blood flow proxy changes. These results are
consistent with a previous ['*F]-fluorodeoxyglucose glucose
metabolic and [''C]-PMP PET imaging study showing discord-
ance between glucose metabolic and cholinergic synapse
changes in Alzheimer’s disease.’” In that study, cholinergic syn-
apse deficits involved the entire cerebral cortex, including the
primary sensorimotor cortex. In contrast, glucose metabolic re-
ductions primarily involved association cortices but sparing the
primary sensorimotor cortices. We studied the relationship be-
tween cholinergic synapse deficit progression and regional cere-
bral blood flow more specifically by assessing interval changes
based on k3/k; ratio images (k3 correction for regional cerebral
blood flow proxy changes). This analysis showed dispropor-
tionate interval changes (up to 20%) in the ventral frontal, an-
terior cingulum and BA 6. In contrast, apparent k3 interval
reductions in posterior cortices, especially BA 17-19, were
largely commensurate with k; changes. Regional cerebral blood
flow, as assessed by k1, correlates strongly with regional glucose
uptake®* and is conventionally interpreted as a measure of re-
gional synaptic density. Cholinergic synapses are only a small
fraction of cortical synapses, which are dominated by intracor-
tical connections and thalamic afferents. The ks/k; ratio is an
index of changes in regional cholinergic synapse density relative
to changes in total regional synaptic density. These observa-
tions suggest that the progression of cortical cholinergic deficits
in Parkinson’s disease may be mediated not only by general
neurodegenerative processes affecting cortical synapses (esp.
posterior cortex) but also by processes specific to basal fore-
brain cholinergic neurons (esp. anterior forebrain). Our cumu-
lative results are consistent with the relative vulnerability of
some clusters of basal forebrain cholinergic neurons.
Potential clinical ramifications may include differential pre-
diction of clinical responsiveness to cholinergic drugs or
neurostimulation treatments with hypothesized prediction
that clinical response to symptoms localizing in the poster-
ior cortex or application of neurostimulation targeting the
posterior brain may be less effective compared with similar
applications of the anterior brain.

The dual syndrome hypothesis of cognitive impairment po-
sits vulnerability of the posterior cortex due to cholinergic and
other non-dopaminergic changes, whereas anterior changes

Table 4 Summary table of subcortical volume-of-interest-based random intercept mixed linear models of regional k3

Region Puisit Std. error Cl 2.5% Cl197.5% R? R? adjusted Ve P

Amygdala -0.70 0.23 —1.15 —0.26 0.80 0.77 751 0.02
Insula —0.82 0.22 —1.26 —0.38 0.80 0.77 9.76 0.01
Thalamus -0.29 0.21 —0.71 0.13 0.8l 0.78 1.67 0.43
Hippocampus -0.17 0.23 —0.61 0.28 0.77 0.74 0.53 0.77

/3 coefficients are presented for the fixed effect of visit, with standard error of the coefficient and 95% confidence interval (Cl) included. y* values obtained with likelihood ratio test
were used to derive P-values for the visit models. No family-wise error rate correction was employed due to the exploratory nature of this post hoc analysis.
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Table 5 Summary table of post hoc clinical regressor effect of occipital-parietal k; analysis

Regressor Baseline Follow-up
DKEFS Stroop I 122.20 +29.92 140.69 +39.79
DKEFS Stroop IV 137.28 +29.77 159.33 +45.59
RBD /16

ﬁvisit ﬂclinical ﬂvisit*clinical
—0.70 —0.12 0.39
—0.59 —-0.38 0.49
—0.69 —-0.89

J coefficients are presented for selected AIC minimizing model. If the independent effect model was selected, f coefficients for independent effect of visit (f,isic) and clinical regressor
(Belinicar) are presented. If the interaction model was selected, / coefficients for the marginal effect of visit (fisi.), marginal effect of clinical regressor (Bciinical) and visit by clinical regressor
interaction term (Byisicrclinicat) are presented. Statistically significant model effects (P < 0.05) are bolded. Descriptive statistics for the clinical regressors are presented for baseline and
follow-up visit as mean + SD for Stroop measures and as ratio of participants for RBD. DKEFS = Delis—Kaplan Executive Function System; RBD = rapid eye movement sleep behaviour

disorder.

are attributed to frontostriatal dopaminergic system dysfunc-
tions.'”> *> Although our observation of more prominent cho-
linergic losses in the posterior brain provides partial support
for this model of cognitive impairment in Parkinson’s disease,
findings of a reverse (i.e. posterior-to-anterior) progressive
cholinergic denervation gradient in the prefrontal brain imply
that this model is too simplistic and ignores a potential contri-
bution of frontal cholinergic deficits to progressive cognitive
decline in Parkinson’s disease.®

Our supplemental analysis of subcortical-limbic struc-
tures—not captured by the cortical 3D-SSP analysis—is con-
sistent with the relatively selective involvement of different
cholinergic projection system components. The insula and
amygdala, which receive cholinergic innervation from the
posterior basal forebrain, also demonstrated interval cholin-
ergic synapse losses, but not the hippocampus, which re-
ceives cholinergic afferents from the more anterior basal
forebrain, or the thalamus, which receives cholinergic in-
nervation from mesopontine neurons.

Although our post hoc analysis of RBD and Stroop mea-
sures of executive function in relation to occipital-parietal
k; failed to yield a model with a significant visit by clinical
regressor interaction term, the interaction models demon-
strated the lowest AIC for Stroop measures of executive
function as compared with random intercept, visit-only
and independent effect models. Furthermore, the interaction
term in the Stroop regressor models trended in the expected
positive direction, which suggests that greater time to com-
plete tasks that require top-down inhibitory control of atten-
tion and task switching may be associated with a stronger
effect of visit on longitudinal cholinergic losses in the
occipital-parietal cortices.

A limitation of the PMP radioligand is that it does not allow
accurate assessment of the high acetylcholinesterase activity
levels in the striatum and cerebellum. Longitudinal changes
in these subcortical areas could not be assessed in this study.
Another potential limitation is the possibility that acetylcholi-
nesterase expression or activity is regulated, potentially de-
grading the relationship between k3 and cholinergic synaptic
density.>” Our k3/k; ratio analysis also presupposes that there
is no independent effect of basal forebrain cholinergic affer-
ents on the regulation of regional cerebral blood flow, which
may be an over-simplification.”® *” Our study was based on a
convenience predominant male study sample, limiting gener-
alization for the female gender. Lastly, due to the relatively

small sample size, the possibility of Type II statistical error
on non-significant and marginally significant findings in this
study cannot be ruled out.

We conclude that our findings only partially support a
posterior-to-anterior progression of cortical cholinergic def-
icits in Parkinson’s disease. We found a reverse frontal lobe
pattern of more intrinsic progressive cholinergic deficits.
All in total, our results are consistent with differential ana-
tomic and temporal degeneration of clusters of basal fore-
brain cholinergic projections. Our observations suggest
that cortical cholinergic deficits in Parkinson’s disease are
mediated by processes specific to cholinergic basal forebrain
neurons and a general loss of cortical synapses.
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