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Cortical hypometabolism on FDG-PET is a well-established neuroimaging biomarker of cognitive impairment in Parkinson'’s disease
(PD), but its pathophysiologic origins are incompletely understood. Cholinergic basal forebrain (cBF) degeneration is a prominent
pathological feature of PD-related cognitive impairment and may contribute to cortical hypometabolism through cholinergic
denervation of cortical projection areas. Here, we investigated in-vivo associations between subregional cBF volumes on 3T-MRI,
cortical hypometabolism on ['®FIFDG-PET, and cognitive deficits in a cohort of 95 PD participants with varying degrees of cognitive
impairment. We further assessed the spatial correspondence of the cortical pattern of cBF-associated hypometabolism with the
pattern of cholinergic denervation in PD as assessed by ['®FIFEOBV-PET imaging of presynaptic cholinergic terminal density in a
second cohort. Lower volume of the cortically-projecting posterior cBF, but not of the anterior cBF, was significantly associated with
extensive neocortical hypometabolism [p(FDR) < 0.05], which mediated the association between cBF atrophy and cognitive
impairment (mediated proportion: 43%, p < 0.001). In combined models, posterior cBF atrophy explained more variance in cortical
hypometabolism (R* = 0.26, p < 0.001) than local atrophy in the cortical areas themselves (R*>=0.16, p = 0.01). Topographic
correspondence analysis with the ['®FIFEOBV-PET pattern revealed that cortical areas showing most pronounced cBF-associated
hypometabolism correspond to those showing most severe cholinergic denervation in PD (Spearman’s p = 0.57, p <0.001). In
conclusion, posterior cBF atrophy in PD is selectively associated with hypometabolism in denervated cortical target areas, which
mediates the effect of cBF atrophy on cognitive impairment. These data provide first-time in-vivo evidence that cholinergic
degeneration represents a principle pathological correlate of cortical hypometabolism underlying cognitive impairment in PD.
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INTRODUCTION

Cognitive impairment represents one of the most common and
incapacitating non-motor symptoms among the diverse range of
clinical manifestations in Parkinson’s disease (PD) [1]. Cortical
dysfunction as measured by hypometabolism on ['®F]fluorodeox-
yglucose (FDG) PET is a well-established neuroimaging correlate of
cognitive impairment in PD [2, 3]. Interestingly, cortical hypome-
tabolism in PD and related Lewy body disorders typically
drastically exceeds the degree of cortical neurodegeneration as
measured by structural MRI [3, 4], and it has been hypothesized
that cortical dysfunction in these disorders may be primarily
driven by the loss of subcortical input projections rather than by
local neurodegenerative processes [5 ~ 6]. Specifically,

degeneration of cholinergic basal forebrain (cBF) neurons is
known to be a major contributor to the cognitive impairments
associated with PD [7], and it may contribute to cortical
dysfunction through cholinergic denervation of the cBF's wide-
spread cortical projection areas [8, 9]. Supporting the hypothesis
of a cholinergic influence on cortical hypometabolism in PD-
related cognitive decline, animal experiments have shown that
selective ¢BF lesions can induce hypometabolism in the choli-
nergically denervated cortical regions, which mediates the effect
of cBF lesions on ensuing cognitive impairment [10, 11].

Using novel imaging biomarkers such as cBF volume derived
from magnetic resonance imaging (MRI), previous studies by us
and others have established robust in vivo associations between
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decreased cBF volume and cognitive impairments in patients with
early and advanced PD [12, 13]. In addition, atrophy of the cBF has
also been found to predict longitudinal cognitive decline in early-
stage PD [14-17]. However, to date, a potential link between cBF
degeneration and cortical hypometabolism in the context of PD-
related cognitive impairment is yet to be investigated.

In the present study, we used combined MRI and ['®FIFDG PET
imaging to investigate in vivo associations between cBF
degeneration and regional cortical hypometabolism in a large
sample of PD participants with varying degrees of cognitive
impairment, and we further assessed whether cBF-associated
cortical hypometabolism mediates the association of cBF atrophy
with cognitive deficits. Additionally, we studied whether the
regional pattern of cBF-associated cortical hypometabolism
corresponds to cortical areas of most pronounced cholinergic
denervation in PD as revealed by PET imaging of presynaptic
cholinergic terminal density using ['®Flfluoroethoxybenzovesami-
col (FEOBV), a novel radiotracer specific to the vesicular acetylcho-
line transporter (VAChT).

MATERIALS AND METHODS

Participants

Our main cohort included ninety-five PD participants with varying degrees of
cognitive impairment, recruited by the Movement Disorders Clinic at the
University Hospital ‘Virgen del Rocio’ in Seville, Spain. PD was diagnosed
according to the clinical diagnostic criteria of the Movement Disorder Society
(MDS) [18]. Participants underwent comprehensive cognitive assessments in
the presence of dopamine replacement medication (‘on’ state) as well as
multimodal neuroimaging scans (MRl and ['®FIFDG PET). Participants
potentially subjected to factors (other than PD) that could contribute to
cognitive impairment (including other primary neurological diseases, major
psychiatry disorders, or major depression) or with contraindications to MRI or
PET were excluded.

Our study also included a second cohort consisting of 15 PD participants
and 15 cognitively intact healthy elderly controls who underwent ['®F]
FEOBV PET imaging at the Department of Nuclear Medicine and PET at
Aarhus University Hospital, Denmark. The detailed selection criteria for this
second cohort have been described in detail in a previous report [19] and
clinical descriptions are summarized in supplementary Table S1.

The study was approved by the Ethics Committee of the University
Hospital ‘Virgen del Rocio’ (approval number: 2158-N-20) according to the
guidelines of the Helsinki declaration, and written informed consent was
obtained from all study participants. Recruitment of both cohorts was
conducted between January 2019 and December 2022.

Clinical and neuropsychological assessment

Disease stage and motor symptom severity in ‘off’ state were assessed
using the Hoehn and Yahr (H&Y) scale and the Unified Parkinson’s Disease
Rating Scale - Part Ill (UPDRS III).

Cognitive performance was assessed using the Montreal Cognitive
Assessment (MoCA) and the Parkinson’s Disease-Cognitive Rating Scale
(PD-CRS) [20]. The total PD-CRS score (PD-CRStqta) Was used as our primary
outcome measure for cognitive impairment, but we also included additional
analyses of the ‘fronto-subcortical’ and ‘posterior-cortical’ PD-CRS summary
scores [21]. The fronto-subcortical subscore includes the sum of item scores
from tests of sustained attention, working memory, alternating and action
verbal fluency, immediate and delayed verbal memory, and clock drawing.
The posterior-cortical subscore includes the sum of item scores from tests of
naming and clock copying. Based on the PD-CRStqa score, PD participants
were classified into cognitive groups using previously established cut-offs
[20]. Participants with PD-CRStoa > 81 were categorized as having normal
cognition (PD-CN), participants with PD-CRStq < 81 but >64 were classified
as having mild cognitive impairment (PD-MCI), and individuals with PD-
CRStotal < 64 as well as evidence of functional impairment in activities of daily
living were classified as having dementia (PDD).

Alzheimer’s disease biomarkers

For a better characterization of our study sample in terms of Alzheimer’s
disease (AD) co-pathology, we determined plasma levels of tau phosphory-
lated at threonine 217 (P-tau217) [22] as well as the prevalence of the APOE-
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€4 genotype. These data were only measured in a subset of the analyzed
cohort (94% P-tau217; 82% APOE-€4). Briefly, plasma P-tau217 levels were
measured using the novel ALZpath single molecule array (SIMOA) assay, and
biomarker status (abnormal vs normal) was determined using a predefined
cutoff of 040 pg/mL as previously described [23]. APOE-€4 positivity was
determined using Tagman SNP Genotyping Assays (Applied Biosystems,
Foster City, CA) in a LightCycler480-Il (Roche Applied Science, Penzberg,
Germany) [24].

Multimodal neuroimaging acquisitions

For the main cohort, MRI acquisitions were performed on a 3T Philips
Ingenia scanner. A 3D T1-weighted turbo field echo (TFE SENSE) sequence
produced high-resolution structural images with the following parameters:
repetition time =8.2ms, echo time=3.75ms, flip angle=28° field of
view = 240 x 240 mm, acquisition matrix =256 x 256 x 180 slices, voxel
size = 0.94 x 0.94 x 1.00 mm>. The image plane was positioned sagittally
along the hemispheric fissure and axially along the anterior/posterior
commissure plane. Regarding ['®FIFDG PET, participants were scanned for
20 min starting 45 min after the injection of ~200 Mbq of ['®FIFDG. ['8F]
FDG PET acquisitions were performed on two different scanners, a Siemens
BioGraph HiRes (17 participants) and a GE Discovery Ml (78 participants). In
order to increase signal homogeneity across the different scanners a
differential smoothing approach was applied (Siemens: 4.5 mm, GE:
6.5 mm). Differential smoothing values were calculated using a previously
validated resolution estimation method [25, 26].

For the second cohort, ['®FIFEOBV PET images were acquired for 30 min
starting 180 min after injection of ~200 MBq of ['®FIFEOBV. Images were
acquired on a Siemens BioGraph Vision 600 PET/CT scanner. Image
reconstruction of all PET images was performed using the 3D iterative
reconstruction methods available for each scanner, including corrections
for attenuation, scatter, and random coincidences.

Neuroimaging data processing

A flowchart summarizing the neuroimaging processing pipeline used in
our study is provided in supplementary Fig. S1. Automated cBF volumetry
on T1-weighted structural MRI scans followed established processing
procedures using Statistical Parametric Mapping software (SPM12, Well-
come Trust Center for Neuroimaging) and the Computational Anatomy
Toolbox (CAT12 v12.8, Jena University Hospital) as previously described
[12, 14]. Briefly, T1-weighted MRI scans were segmented into grey matter
(GM), white matter, and cerebrospinal fluid partitions and GM segmenta-
tions were high-dimensional spatially normalized to Montreal Neurological
Institute (MNI) standard space, including modulation of voxel values to
account for the volumetric changes induced by the spatial transformation
[27]. GM volumes of the cBF were then automatically extracted by
summing up the modulated GM voxel values within distinct anterior and
posterior cBF regions of interest (ROls), as defined by a previous
methodological study characterizing functionally homogeneous subdivi-
sions within the human cBF [12, 28]. The posterior c¢BF subdivision
primarily corresponds to the cytoarchitectonic subregion of the nucleus
basalis of Meynert, which provides the principle of source of cholinergic
projections to the neocortex, while the anterior ¢BF subdivision
corresponds to the medial septum and diagonal band of Broca, which
send more selective cholinergic projections to the hippocampus and
related limbic structures [8, 9]. Total intracranial volume (TIV) was
calculated as the sum of the total volumes of the GM, white matter, and
cerebrospinal fluid partitions.

Processing of ['®FIFDG PET scans followed our established in-house
pipeline that have been described in detail previously [29, 30]. Each
subject’s ['8FIFDG PET scan was rigidly co-registered to the corresponding
structural MRI scan and corrected for partial volume effects (PVEs) using
the Miiller-Gértner method implemented in the PETPVE12 toolbox in
SPM12 [31]. PVE-corrected ['®FIFDG PET scans were warped to the MNI
reference space using the deformation fields derived from the normal-
ization of the corresponding MRI scans. Normalized ['®FIFDG PET scans
were intensity-scaled using a pons reference region to generate
standardized uptake value ratio (SUVR) maps. Finally, for voxel-wise
analyses normalized ['®FIFDG PET SUVR images were smoothed using an
8-mm isotropic smoothing kernel.

For the second cohort, ['®F]FEOBV PET images were processed using a
slightly different but analogous processing pipeline as previously
established for this novel tracer [19, 32]. Briefly, each subject’s ['®FIFEOBV
PET scan was co-registered with a corresponding structural MRI scan and
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Table 1. Demographic, clinical, and cognitive characteristics.
Variables Descriptive statistics
N 95
Gender, Female/Male (F%) 24/71 (25%)
Age, years 65.1 (9.4)
Higher education, Yes/No (Yes %) 35/60 (37%)
Age at onset, years 57.8 (8.7)
Disease duration, years 7.2 (4.3)
H&Y, stages 2(1-4)
UPDRS-III-Off, scores 249 (12.6)
MoCA, scores 21.1 (6)
PD-CRS, total scores 76.9 (24.9)
Fronto-subcortical subscore 50.3 (21.9)
Posterior-cortical subscore 26.6 (4)
Cognitive category, PD-CN/PD-MCI/PDD 41/27/27

The descriptive values presented are: counts (percentage) for categorical
variables; median (IQR) for Hoehn & Yahr stage; and mean (standard
deviation) for all other continuous variables. Higher education refers to
more than 12 years of formal education.

N number of PD participants, H&Y Hoehn & Yahr, UPDRS-lll-off Unified
Parkinson’s disease rating scale - Part Ill in “Off” state, PD-CRS Parkinson'’s
disease - cognitive rating scale, MoCA Montreal cognitive assessment, PD-
NC PD participants with normal cognition, PD-MCI PD participants with
mild cognitive impairment, PDD PD participants with dementia.

corrected for PVEs using the Mdller-Gartner method. Images were
transformed into the MNI standard space, intensity-scaled using the
centrum semiovale as the reference region and smoothed with a Gaussian
kernel of 10-mm.

Statistical analysis

Associations between cBF atrophy and cortical hypometabolism were
assessed using voxel-wise regression analyses of anterior and posterior cBF
volumes on ['®FIFDG PET SUVR maps, controlling for volume of the other
cBF subregion (posterior or anterior, respectively), sex, education, TIV,
scanner model, and cognitive category. Analysis was restricted to a binary
mask of the cortical GM and results are presented as partial r maps,
thresholded at P<0.05 (FDR-corrected). To better understand the
differential contributions of cBF atrophy versus local cortical degeneration
to cortical hypometabolism in PD, we calculated an additional multivariate
regression model that incorporates both cBF volume and local cortical GM
volume as joint predictor variables for cortical hypometabolism. To this
end, we calculated individual GM volumes of the cortical regions that
showed a significant association between cBF volume and hypometabo-
lism. This measure was obtained by summing up the voxel-wise
(modulated) GM volumes within the mask of cortical regions where
regional metabolism was significantly correlated with posterior cBF
volume. Similarly, the mean cortical SUVR value of these cBF-related
regions was calculated for each individual. Differences in the explained
variance of c¢BF volume and local cortical GM volume on cortical
hypometabolism were then examined by decomposed R? indices for each
variable in the full model [33].

After establishing a specific link between cBF atrophy and cortical
hypometabolism, we used path analyses to further investigate whether the
association between cBF atrophy and cognitive impairment in PD is
mediated by cortical hypometabolism [29]. Mediation models were
calculated using cBF volume as the causal variable, cognitive performance
(PD-CRStota) as the outcome variable, and cBF-related cortical hypometa-
bolism as the mediator variable. In these models, cBF-related cortical
hypometabolism was calculated as the weighted average cortical SUVR
across voxels showing a significant association with cBF volume, using the
effect size of the association with cBF volume as the weights for each
voxel. Path analyses of the average direct effect (ADE, direct effect of cBF
atrophy on cognitive deficits), the average causal mediation effect (ACME,
indirect effect of ¢BF atrophy on cognitive deficits that is mediated by
cortical hypometabolism), and the mediated proportion were assessed
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using non-parametric bootstrap with 1000 resamples [34]. All association
analyses were performed using linear regression models adjusted for age,
sex, education, cognitive category (for the association between cBF
atrophy and cortical hypometabolism), TIV (when using MRI-based volume
variables), and PET scanner (when using PET-based variables). The PD-
CRStotal SCOre was used as the primary cognitive variable for all analyses,
but additional mediation models were calculated for the fronto-subcortical
and posterior-cortical subscores of the PD-CRS. Sensitivity analyses were
performed to evaluate the potential relation of the observed effects with
disease severity, using regression models additionally accounting for years
of disease duration and motor symptom severity as measured by UPDRS-
lll-off score, as well as using regression models that excluded PD
participants with dementia.

Finally, we assessed differences in regional ['®FIFEOBV PET SUVR values
between PD participants and healthy controls from the second cohort
using 2-sample t-tests across 100 distinct ROls covering the whole cortical
GM as defined in the functional parcellation atlas by Schaefer et al. [35]. In
order to formally quantify the topographic correspondence between the
cortical patterns of cBF-associated cortical hypometabolism and choliner-
gic denervation in PD, we then performed spatial (Spearman’s) correlation
analysis between the regional degree of cBF-associated hypometabolism
(partial r) and the regional degree of cholinergic denervation (t-values from
['®F]FEOBV PET analysis) across these 100 cortical ROIs.

All statistical analyses were performed using R software (R Foundation
for Statistical Computing, V4.1.0). Mediation models were conducted using
the mediation package v4.5.0. Voxel-wise analyses were performed using
SPM12 in Matlab R2018a.

RESULTS
Clinical characteristics
Demographic, clinical, and cognitive characteristics of the PD
participants are detailed in Table 1. PD participants had an
average age of 65+ 9 years, were predominantly male (75%), and
had a mean disease duration of 7.2 + 4.3 years. Cut-off criteria for
the PD-CRStota1 SCOre revealed a notable cognitive diversity within
the sample: 54 PD participants (57%) exhibited clinically relevant
cognitive impairment, with 27 PD participants being categorized
as PD-MCI and an equal number of 27 PD participants meeting
criteria for PDD.

Within the subsample of PD participants with available AD
biomarker data, 21% (19/89) had abnormal plasma P-tau217 levels
and 15% (12/78) were APOE-g4 positive.

Posterior cBF atrophy associates with cortical
hypometabolism in PD

In voxel-wise regression analyses adjusted for multiple compar-
isons, posterior cBF volume was significantly associated with
extensive cortical hypometabolism, covering lateral and medial
fronto-parietal regions, the lateral temporal lobe, inferior and
medial parietal areas, and occipital regions (Fig. 1). By contrast, the
anterior cBF volume was only associated with hypometabolism in
the anterior cBF itself and closely adjacent regions, and these
effects did not survive correction for multiple comparisons
(supplementary Fig. S2).

In additional analyses assessing the influence of local cortical
atrophy, local cortical GM volume was calculated by the sum of
voxel-wise GM volumes in the cortical regions where regional
metabolism was significantly associated with posterior ¢cBF volume
(see supplementary Fig. S3 and supplementary Table S2).
Combining both posterior ¢cBF volume and local cortical GM
volume into a multimodal regression model for cortical hypome-
tabolism slightly increased the fit compared to the model based
on cBF volume alone (Global R* 0468 vs. 0.503, AR*=0.035
(7.5%), p = 0.01). However, although local cortical GM volume was
also a significant predictor of cortical hypometabolism in this
model (t=2.51, p=0.01, decomposed R*=0.16, 31% of total
explained variance), posterior cBF volume showed a considerably
stronger influence (t = 4.42, p < 0.001, decomposed R* = 0.26, 52%
of total explained variance).

SPRINGER NATURE



M.A. Labrador-Espinosa et al.

Cortical surface

Partial r
0.00 005 010 015 020 025 030 035 040 0.45

p(FDR)<0.05

Coronal slices

Fig. 1 Associations between posterior cBF atrophy and cortical hypometabolism in PD. The figure shows regional effects of voxel-wise
regression analyses of posterior cBF volume on cortical hypometabolism in PD participants, controlled for anterior cBF volume, sex, age,
education, TIV, PET scanner, and cognitive category. Effects are depicted on cortical surfaces showing medial, lateral, superior, and inferior
brain renderings; coronal slices from posterior to anterior; sagittal slices from left to right; and axial slices from inferior to superior. The black
vertical bar in the color scale of partial r values denotes the effect size corresponding to a statistical threshold of p(FDR) < 0.05.

SPRINGER NATURE Molecular Psychiatry



b) X: r=0.65 (P<0.001) )

PD-CRSyy, SCOTE
S
o
.
.
PD-CRSy,, score

M.A. Labrador-Espinosa et al.

Y: r=0.63 (P<0.001) d)

Mean cortical
metabolism within
cBF-related regions

B=0.55[0.35,0.74] B=0.64 [0.47,0.80]
T value = 5.62 (P<0.001) T value = 7.71 (P<0.001)
X ZACME=X.Y v

- ~<
e ~
Y

ZADE

cBF volume PD-CRS,, score

Z = ZADELZACME

=0.53[0.37,0.68]
T value = 5.46 (P<0.001)

Residualized posterior cBF volume
(accounted for TIV)

Residualized posterior cBF volume
(accounted for TIV)

0.20 0.25 0.30 0.35

[ 220 B=0. 30 [0.08,0.50] (P=0.016) |
[zAcMe: B=0.23[0.11,0.37] (P<0.001) |

Mean cortical metabolism
within cBF-related regions

Fig. 2 Mediation analysis of associations between cBF atrophy, cortical hypometabolism, and cognitive impairment. a Residualized
posterior cBF volume (x-axis) plotted against PD-CRSt. Score (y-axis). Blue line represents linear trend; (b) Residualized posterior cBF volumes
(x-axis) plotted against average cortical hypometabolism in cBF-related cortical areas (y-axis). Orange line represents linear trend; (c) Average
cortical hypometabolism in cBF-related cortical areas (y-axis) plotted against PD-CRStoia Score (x-axis). Red line represents linear trend;
Pearson’s r values obtained from the direct correlation between variables are displayed. d Path diagram of the causal mediation model where
the effect of cBF atrophy on cognitive impairment is plotted in path Z (blue arrow), the effect of ¢BF atrophy on cortical hypometabolism is
plotted in path X (orange arrow), and the effect of cortical hypometabolism on cognitive impairment is plotted in path Y (red arrow).
Standardized betas [95% confidence intervals], T values and P values of the regression analyses are indicated separately for each association.

The total effect of path Z is composed by the sum of the average direct effect (Z*PF) and the average causal mediation effect (

arrows).

cBF-associated cortical hypometabolism mediates the
association between cBF atrophy and cognitive impairment in
PD

In covariate-controlled regression models, lower posterior cBF
volume was significantly associated with worse PD-CRStqq SCOTes
(Fpartial = 0.36, p =0.001). By design, lower posterior cBF volume
was also significantly associated with average cortical hypometa-
bolism in cBF-associated areas (rpartiai = 0.40, p < 0.001) (Fig. 2a, b).
In addition, cBF-associated cortical hypometabolism was also
significantly associated with worse PD-CRSto SCOres (fpartial =
0.40, p < 0.001). Interestingly, path analyses showed that 43% of
the total effect of posterior cBF atrophy on cognitive impairment
(total effect: §=0.53 [0.37,0.68], p < 0.001) was mediated by cBF-
associated cortical hypometabolism (ADE: f3=0.30 [0.08,0.50],
p=0016; ACME: B=0. 23 [0.11,037], p<0.001; mediated
proportion: 43%, p < 0.001) (Fig. 2¢, d). Significant mediator effects
of cBF-associated cortical hypometabolism were also observed for
associations between posterior cBF atrophy and cognitive deficits
in the fronto-subcortical and the posterior-cortical subscores of
the PD-CRS (supplementary data S1).

In further sensitivity analyses evaluating the potential relation of
the observed effects with disease severity, similar associations
were observed using regression models that additionally con-
trolled for years of disease progression and motor symptom
severity. Moreover, all the observed associations remained
significant when using regression models restricted to PD
participants without dementia (supplementary data S2).

cBF-associated cortical hypometabolism corresponds to areas
of pronounced cholinergic denervation in PD

Regional differences in ['®FIFEOBV uptake between PD partici-
pants and healthy controls in cohort 2 are illustrated in Fig. 3a.
Differences were particularly notable in lateral and medial
posterior parieto-temporo-occipital areas and in the lateral super-
ior frontal lobe. Visual comparison revealed a regional pattern
remarkably similar to the pattern of cBF-associated cortical
hypometabolism in our main cohort (Fig. 3b). Formal topographic
correspondence analysis revealed a strong spatial correlation
between both patterns (Spearman’s p =0.57, p <0.001) (Fig. 3c).

DISCUSSION

In the present multimodal MRI-PET imaging study, we investigated
in vivo associations between cBF atrophy, cortical hypometabo-
lism, and cognitive impairment in a large sample of PD

Molecular Psychiatry

ZAME) (purple

participants. We also examined the spatial correspondence of
the observed pattern of cBF-associated cortical hypometabolism
with areas of most pronounced cortical cholinergic denervation in
PD as measured by ['®FIFEOBV PET. We found that posterior cBF
atrophy was closely associated with extensive cortical hypometa-
bolism in fronto-parietal, lateral temporal, and occipital regions,
which partially mediated the association between ¢BF and
cognitive impairment. Interestingly, these anatomically remote
associations were specific for the cortically-projecting posterior
¢BF as no comparable associations were observed for the anterior
cBF. Moreover, cortical areas showing hypometabolism associated
with posterior cBF atrophy overlapped with those areas estimated
to undergo most pronounced cholinergic denervation in PD.

Recent in vivo MRI studies have revealed robust associations
between cBF degeneration and cognitive decline in PD patients
[12-16]. In another line of research, cortical hypometabolism as
measured by ['8FIFDG PET has long been known to closely track
with cognitive impairment in PD [2, 3, 36]. Taken together with the
strong influence of cholinergic innervation on cortical synaptic
function and cognition [8, 37], these findings suggest that cBF
atrophy and cortical hypometabolism may be interrelated
phenomena in PD that are pathophysiologically linked to
cognitive impairment. Research in experimental animal models
has demonstrated that selective cholinergic lesions in the basal
forebrain can induce hypometabolism in denervated cortical areas
that correlates with cognitive deficits [10, 11]. In humans,
neuropathologic studies of patients with Parkinson’s or Alzhei-
mer’s disease have described strong relationships between the
loss of cholinergic ¢BF neurons and degenerative changes in
cortical target areas [38, 39]. Moreover, more recent neuroimaging
studies of patients with AD could demonstrate in vivo associations
between cBF degeneration and hypometabolism in highly
innervated cortical target areas of the cBF projections [29]. Here,
we demonstrate that a similar in vivo association between cBF
atrophy and cortical hypometabolism is also present in PD
patients and that these processes are interrelated in their
contribution to cognitive impairment.

Although not directly assessed in our study, an underlying
assumption of our analyses is that the associations between cBF
atrophy and cortical hypometabolism may represent a functional
consequence of cortical cholinergic denervation. In support of this
hypothesis, we observed that cortical hypometabolism was
specifically associated with atrophy in the posterior ¢BF ROI,
which largely corresponds to the nucleus basalis of Meynert
representing the main source of cholinergic projections to the
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Fig.3 Topographic correspondence between patterns of cBF-associated cortical hypometabolism and cholinergic denervation in PD. The
figure shows the formal topographic correspondence between patterns of Posterior cBF-associated cortical hypometabolism and cholinergic
denervation in PD participants. a T values reflecting the difference in ['®FIFEOBV uptake between groups of healthy controls and PD
participants and (b) mean partial r values of the association between cBF atrophy and cortical hypometabolism are depicted on cortical
surfaces displaying medial and lateral brain renderings. Regional mean values were calculated across 100 ROls covering the entire cortical gray
matter [35]. ¢ An accompanying scatter plot illustrates the correlation between both measures across all cortical ROIs, demonstrating more
pronounced cBF-associated hypometabolism (partial r values, x-axis) in regions with more severe cholinergic denervation (T value of ['8F]
FEOBV uptake differences, y-axis). Note that the ['®FIFDG and ['®F]FEOVB PET patterns used here were derived from two separate cohorts of
PD participants.

neocortex [28, 37]. By contrast, atrophy of the anterior cBF ROI, neurodegenerative processes in the cortex itself [5, 6, 43-45]. In
corresponding to the medial septum and diagonal band of Broca, this line, a recent multi-tracer PET study found that cortical
did not show significant associations with widespread neocortical hypometabolism in Lewy body disorders by far exceeds the
hypometabolism, but rather selective association with hypometa- degree of cortical synaptic loss as estimated by PET imaging with
bolism in the anterior cBF itself and closely adjacent regions. the synaptic vesicle glycoprotein 2A (SV2A) radiotracer [11CJUCB-J,

Interestingly, recent studies combining the same MRI-based cBF reinforcing that cortical hypometabolism is at least partly driven
volume measurements used here with PET-based imaging of by remote processes rather than by local synaptic degeneration
cholinergic neurotransmission in PD demonstrated that degen- [46]. This also likely explains the typical dissociation between
eration of the ¢BF, and particularly its posterior subregion, is marked cortical hypometabolism and comparably preserved
indeed closely linked to a depletion of cholinergic activity in cortical GM structure in PD patients with cognitive impairment
parieto-temporo-occipital areas [40-42]. Here, we add to this that is observed across neuroimaging studies [47] and may have
literature by demonstrating in a spatial correlation analysis that critical implications for the development of clinically useful
cBF-associated cortical hypometabolism is predominantly neuroimaging biomarkers for predicting cognitive decline in PD
observed in those cortical areas that undergo most pronounced [48].
cholinergic denervation in PD, as assessed by using novel ['®F] In our study, both cBF atrophy and cortical hypometabolism
FEOBV PET imaging [5]. However, it is important to note that the were found to be associated with cognitive impairment in PD
['®FIFDG and ['®FIFEOVB PET patterns used here were derived participants, and further path analyses could demonstrate that the

from two different cohorts, and combined multi-tracer ['®FIFDG link between cBF atrophy and cognitive impairment was mediated
and ['®FIFEOVB PET studies are needed to substantiate these data by cortical hypometabolism. These findings support previous
using individual-level analyses of the relation between cortical evidence linking both cortical hypometabolism and cholinergic
cholinergic denervation and hypometabolism. degeneration with cognitive impairment in PD [2, 12, 40]. In

While our analysis shows that cBF atrophy is strongly associated additional analyses, we found similar associations of cBF atrophy
with cortical hypometabolism, this does of course not imply that and mediating effects of cortical hypometabolism with both the
cortical hypometabolism in PD is exclusively related to cholinergic fronto-subcortical and posterior-cortical PD-CRS summary mea-
degeneration. Particularly, cortical hypometabolism may also sures. This contrasts with predictions of the dual syndrome

reflect local neurodegenerative processes in the cortex itself, hypothesis, which suggests that cholinergic deficits in PD may be
and previous studies have suggested that cortical hypometabo- more closely associated with deficits in posterior-cortical cognitive
lism in PD is closely followed by macrostructural cortical atrophy domains than with fronto-subcortical cognitive domains, which

as measured by reduced GM volumes on MRI [3]. However, in our are supposed to be more dependent on dopamine levels [1, 49].
additional analyses assessing the relative contributions of cBF However, consistent with our current findings, previous PET-based

degeneration and local cortical atrophy on cortical hypometabo- studies of cholinergic degeneration in non-demented PD patients
lism, we observed that remote cBF atrophy had a much stronger have also shown a link between cortical cholinergic loss and
influence on cortical hypometabolism compared to co-localized impaired cognitive function across multiple cognitive domains,
cortical GM atrophy. This finding aligns with a growing body of including classic fronto-subcortical domains such as attention and

evidence suggesting that cortical dysfunction in Lewy body executive function [40, 50, 51]. A possible explanation for these
disorders may be influenced more by the loss of cholinergic discrepancies could be that the relative impact of cholinergic
innervation and other neurochemical disturbances than by local degeneration on cognitive functions may change during disease
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progression. Thus, more subtle cholinergic dysfunction may affect
executive and attentional functions in early disease stages,
whereas effects on more posterior cortical functions such as
visuospatial abilities may only become apparent with more
pronounced cholinergic degeneration as the disease progresses
towards dementia.

Interestingly, we observed similar associations between cBF
atrophy, cortical hypometabolism, and cognitive impairment
when limiting our sample to PD participants without dementia,
indicating that these processes are already relevant for early
cognitive disturbances in PD. Together with other recent clinical
research on cholinergic system degeneration in non-demented PD
patients [12, 14, 17, 40, 41], these findings may warrant a re-
evaluation of the role of cholinergic treatment in predementia
stages of PD [7]. Treatment with acetylcholinesterase inhibitors is
well known to improve cognitive symptoms in patients with PDD
and related Lewy body dementias, and this improvement has also
been found to be linked to restoration of cortical metabolism
[52-54]. However, clinical trials assessing the efficacy of choliner-
gic treatments for cognitive impairments in the pre-dementia
stage of PD have presented inconsistent results [55], which could
be related to the high variability in the degree of cholinergic
degeneration in this population [56]. Consequently, neuroimaging
markers of cholinergic system degeneration and associated
cortical hypometabolism may help to select participants for
clinical trials in PD, focusing on those patients at greatest risk for
cognitive decline and most likely to benefit from cholinergic
therapy.

The pattern of cBF-associated cortical hypometabolism in our
PD sample shows some overlap with cortical areas that are
typically affected in AD, particularly considering parietal areas,
although the overall correspondence is rather limited, as an AD
characteristic pattern typically shows a stronger involvement of
medial parietal and medial temporal areas and less involvement of
occipital and frontal areas compared to the pattern of cBF-
associated hypometabolism detected in our study [57-59]. In our
previous study using CSF biomarker data from the PPMI cohort,
we found that both longitudinal cBF degeneration and its
association with cortical atrophy in PD were largely independent
of amyloid-f status, indicating that these processes are proper
features of PD pathophysiology [17]. In our current study,
positivity for both plasma P-tau217 levels and APOE-g4 genotype
were within the reported range for healthy elderly controls
[60-62], indicating that our analyzed PD cohort is not particularly
enriched for AD co-pathology. Together, this argues against the
possibility that comorbid AD pathology may have a major
influence on the findings in our current study. Accordingly, in a
complementary analysis excluding the P-tau217 positive partici-
pants, lower posterior ¢cBF volume remained significantly asso-
ciated with cortical hypometabolism in this subsample
(Fpartial = 0.36, p = 0.004). While out of the scope of the present
study, future research studying in more detail the effect of AD
biomarkers and risk genotypes on neuroimaging findings in PD
may provide critical insights into the diverse pathological
influences on regional neurodegeneration patterns and cognitive
phenotypes in PD and other Lewy body diseases [63].

Our study also presents some limitations that should be
considered. First, the lack of multimodal MRI-PET neuroimaging
data of a healthy control group restricts the specificity of the
observed effects to patients in the PD continuum. However,
previous research had already demonstrated that variation in cBF
volume due to the normal aging process is not associated with
comparable effects on cortical hypometabolism or cognitive
function [29]. Second, assumptions about the chain of events
between cBF atrophy, cortical hypometabolism, and cognitive
impairment are based on cross-sectional correlations from which
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causality cannot be inferred. Third, cortical cholinergic signaling
has not been directly assessed in this study and its role in the
observed associations remains to be investigated in more detail.
cBF volume on MRI is only an indirect structural marker of
cholinergic system degeneration, although accumulating evi-
dence from multimodal biomarker studies indicates that it is
indeed closely related to cholinergic system function as assessed
by neurophysiologic [64] or molecular imaging markers of
cholinergic system integrity [40-42]. Finally, cholinergic system
degeneration in PD does not occur in isolation but together with
degenerative changes in the dopaminergic and other ascending
neurotransmitter systems, which may also affect cortical hypo-
metabolism but were not specifically assessed in our study
[6, 65-67]. Multi-tracer PET studies are needed to better under-
stand the unique and interactive contributions of neurotransmit-
ter disturbances to cortical dysfunction and cognitive
impairment in PD.

In conclusion, in this multimodal imaging study, we provide
evidence for a close link between in vivo cBF degeneration and
cortical hypometabolism in PD-related cognitive decline. The
detected associations may have important implications for the
design of clinically useful imaging biomarkers for disease
prognosis and clinical trial stratification.
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