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Abstract

Background: Cognitive dysfunction is one of the most debilitating non-motor symptoms of Parkinson’s disease (PD).
This study aimed to explore the interplay between altered neurotransmitter activities, including dopamine and acetylcho-
line, and brain metabolism in cognitive decline in PD.

Methods: We enrolled 172 PD patients (mean + SD age 69.8 + 8.6 years; 93 females) who underwent brain magnetic
resonance imaging, N-(3-['®F]fluoropropyl)-2B-carbomethoxy-3B-(4-iodophenyl) nortropane ('8F-FP-CIT) positron emis-
sion tomography (PET), '8F-fluorodeoxyglucose (FDG) PET, and neuropsychological testing. General linear models and
mediation analyses were used to investigate the association between striatal dopamine transporter (DAT) availability
or basal forebrain (BF) volume, brain metabolism, and domain-specific cognitive scores.

Results: A significant relationship between caudate dopamine depletion and posterior BF atrophy was found in PD
patients. Caudate and putaminal dopamine depletion were associated with altered brain metabolism in regions where
PD patients showed decreased metabolism compared with healthy controls, whereas atrophy in the posterior BF was
associated with hypometabolism in the lateral prefrontal, orbitofrontal, inferior parietal, and lateral temporal cortices
as well as in the precuneus, with a significant interaction between caudate DAT availability and posterior BF volume.
Caudate dopamine depletion was associated with visuospatial, memory, and executive dysfunction, whereas posterior
BF atrophy was additionally associated with attention. Mediation analyses revealed that visuospatial dysfunction was asso-
ciated with caudate dopamine depletion or posterior BF atrophy via altered brain metabolism, while executive dysfunc-
tion was linked to both directly and through metabolism changes.

Conclusions: Caudate dopaminergic and posterior BF cholinergic deficits are interrelated and affect cognition in a
domain-specific manner, either directly or through the mediation of altered brain metabolism.
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approximately 40% of PD patients present with mild cogni-
tive impairment at baseline,’ and up to 80% eventually
develop dementia.* Such cognitive deterioration is closely
associated with mortality.>°

Various mechanisms underlying cognitive dysfunction in
PD have been suggested, including misfolded proteins in
limbic and cortical structures, neuroinflammation, and
genetic contributions.” Another significant determinant is
the alteration of neurotransmitter systems, especially the
dopaminergic and cholinergic pathways. Studies have con-
sistently reported an association between striatal dopamine
depletion, especially in the caudate, and executive dysfunc-
tion in PD patients,*® which is believed to reflect frontostria-
tal dopaminergic deterioration in early PD. Meanwhile,
mounting evidence indicates that compromised cholinergic
neurons in the basal forebrain (BF) are responsible for cogni-
tive impairment in PD as well.”'° It has been postulated that
the disintegration and dysfunction of BF cholinergic neurons
that are particularly vulnerable to PD pathology'" alter cho-
linergic projections to the brain cortex and subsequently
manifest as cognitive decline in PD.'*'* Although the indi-
vidual roles of dopaminergic and cholinergic denervation
in cognition have been investigated, the interaction and inte-
grative effects of these two major neurotransmitter systems
and their clinical implications are yet to be determined.

Discrete changes in brain metabolism assessed by
"8F_fluorodeoxyglucose (FDG) positron emission tomog-
raphy (PET) are recognized as a biomarker for neurodegen-
eration'* and are closely associated with cognition in PD."”
Our group has previously demonstrated that such changes
in brain metabolism were linked to striatal dopamine deple-
tion, potentially mediating the relationship between dopa-
minergic dysfunction and cognitive decline.'® However,
PD patients with atrophy in the nucleus basalis of
Meynert also exhibited reduced metabolism in the parietal
and occipital cortices both at baseline and longitudinally.'”
Thus we found it necessary to consider dysfunctions of
dopaminergic and cholinergic systems together to under-
stand PD-specific metabolic changes and their role in PD.

Given that striatal dopamine depletion and BF choliner-
gic denervation are associated with brain metabolism and
cognition, respectively, in PD, we hypothesized that striatal
dopaminergic and BF cholinergic dysfunctions are closely
connected, driving changes in brain metabolism and subse-
quently leading to cognitive decline. Therefore, we
explored the relationship between striatal dopamine trans-
porter (DAT) availability, cholinergic BF volume, brain
metabolism, and cognitive impairment in patients with PD.

Methods

Study participants

172 patients from the “PD FDG cohort” at the Movement
Disorders Clinic of Gangnam Severance Hospital were

included. The “PD FDG cohort” had been enrolling patients
with PD who had undergone brain magnetic resonance
imaging (MRI), N-(3-['*F]fluoropropyl)-2p-carbomethoxy-
3p-(4-iodophenyl) nortropane ('*F-FP-CIT) positron emission
tomography (PET), '®F-FDG PET, and a detailed neuro-
psychological testing (described below) from May 2022. All
patients met the MDS clinical diagnostic criteria for clinically
probable PD.'"® As an absolute exclusion criterion, patients
who did not exhibit reduced DAT availability in the
putamen were excluded. Drug-naive PD patients were fol-
lowed up for at least 6 months to confirm that they showed
a clear response to dopaminergic treatment. All assessments
were conducted within 6 months. Patients with other causes
of cognitive impairment or motor deficits, such as epilepsy,
psychiatric disorders, normal pressure hydrocephalus, and
structural brain lesions (e.g., tumor, hemorrhage, severe
white matter hyperintensity,'® or multiple lacunes) observed
on brain MRI were excluded from this study.

We also enrolled 40 age- and sex-matched healthy con-
trols (HC) to compare regional brain metabolism with that
of the PD group. Healthy participants had no history of
neurological illness or abnormal signs on neurological
examination and had scores of 26 or more on the Korean
version of the Mini-Mental State Examination. Healthy
controls also underwent '*F-FP-CIT PET, '’F-FDG PET,
and brain MRI within 6 months.

Neuropsychological evaluation

All participants underwent a standardized neuropsycho-
logical battery called the Seoul Neuropsychological
Screening Battery,”® which assesses attention, language,
visuospatial, memory, and executive domain functions.
Standardized z-scores were computed for all relevant tests
using age- and education-matched norms. The following
tests were included in our analyses: digit span forward
and backward; the Korean version of the Boston Naming
Test (K-BNT); the copying item of the Rey-Osterrieth
Complex Figure Test (RCFT); immediate recall, 20-min
delayed recall, and recognition items of the RCFT and
Seoul Verbal Learning Test (SVLT); and the semantic
and phonemic Controlled Oral Word Association Test
(COWAT) and Stroop color reading test.

Acquisition and image processing of brain MRI and
PET

For the structural imaging in the PD patients, T1-weighted
sagittal MR images were acquired with a 3D magnetization
prepared-rapid gradient-echo sequence (TR/TE=2300/
2.98 ms, flip angle =9°, 248 X 256 X 176 matrix, 1 mm iso-
voxel) in a 3.0 Tesla MR scanner (MAGNETOM Vida,
Siemens Healthineers, Erlangen, Germany). For healthy
controls, T1-weighted axial MR images were acquired
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with 3D-spoiled gradient-recalled sequences (TR/TE = 6.8/
1.6-11.0 ms, flip angle=20° 512x512X 176 matrix,
voxel size =0.4688 X 0.4688 X 1 mm) in a 3.0 T GE Signa
EXCITE scanner (GE Medical Systems, Milwaukee, WI,
USA).

All "8F-FDG and "®F-FP-CIT PET images were acquired
in a Biograph 40 TruePoint PET/CT scanner (Siemens
Medical Solutions; Malvern, PA, USA). We first applied
a head holder to minimize head motion and then acquired
brain computed tomography (CT) for later attenuation cor-
rection. Subsequently, PET images were acquired for
10 min at 50 min after the injection of 'F-FDG and at
3 h after the injection of '®F-FP-CIT. Finally, PET images
were reconstructed with ordered-subsets expectation maxi-
mization algorithm (512 %512 X 110 matrix, voxel size =
0.668 x 0.668 X 2 mm).

Image processing steps for MR. We used the statistical par-
ameter mapping 12 (SPM12, Wellcome Centre for
Human Neuroimaging, London, UK) and in-house software
implemented in MATLAB 2021a (MathWorks, Natick,
MA, USA) for the preprocessing of images and the
FreeSurfer 7.2 (Massachusetts General Hospital, Harvard
Medical School; http:/surfer.nmr.mgh.harvard.edu) for the
cortical and subcortical segmentation and mapping of data
on cortical surface.

Inhomogeneity-corrected T1-weighted MR images were
first resliced to our in-house standard 1 mm isovoxel space
in 181 X217 x 181 matrix and then segmented into gray
matter (GM) and white matter (WM). Subsequently, the
segments were spatially normalized to our in-house diffeo-
morphic anatomical registration through exponentiated lie
algebra (DARTEL) template in 181 X217 x 181 matrix
with 1mm isovoxels. We wused a standard BF
volume-of-interest (VOI) based on post-mortem in cranio
MRI and histology.?' By overlaying the standard BF VOI
on the spatially normalized and modulated individual T1
images, we measured subregional BF volumes and
merged them into two distinct subdivisions with related
functions.?> As a result, we obtained anterior [Ch1/2
(medial septal nucleus and vertical limb of the diagonal
band of Broca) and Ch3 (horizontal limb of the diagonal
band of Broca)] and posterior [cholinergic component of
the nucleus basalis Meynert: Ch4ai (anterior intermediate),
Ch4al (anterior lateral) and Ch4p (posterior)] BF volumes.

Image processing steps for PET. For the processing of PET
images, all PET images were coregistered to the resliced
T1 images. By using the FreeSurfer-generated cortical
and subcortical segments transferred to our in-house stand-
ard space, regional PET uptake values were measured.
For '"®F-FP-CIT PET, striatal specific binding ratio (SBR;
target region / reference region - 1) values were calculated by
using the cerebellar GM as a reference. The target regions
included the caudate and putamen. For "*F-FDG PET, we

first obtained a reference region value to create standardized
uptake value ratio (SUVR) images. WM reference values
were obtained by overlaying the pure WM reference VOI,
which is a WM voxel theoretically least affected by spill-over
of "®F-FDG uptake from the surrounding GM. To create the
pure WM reference VOI, binarized GM segments were
smoothed with Gaussian kernel with 5 mm full width at
half maximum (FWHM), and then we selected the WM
voxels with less than 0.1% probability of contamination by
the spill-over from GM. The WM reference VOI were there-
fore almost invariably in the centrum semiovale. The SUVR
images were created using the pure WM reference uptake
value. We obtained the values of '*F-FP-CIT SBR-related
and BF volume-related brain 'SF-FDG SUVR to assess
brain metabolic changes related to dopaminergic and cholin-
ergic deficits. To acquire these values, brains were segmented
into 34 cortical regions using Desikan-Killiany atlas.* Areas
of which '®F-FDG SUVR correlated with '*F-FP-CIT SBR
or posterior BF volume were selected (Supplemental
Table S1), and their weight-average SUVR values were
designated as CAUDgggr-related FDG SUVR and
pBFyor-related FDG SUVR.

The SUVR images were spatially normalized by using
the flow-field normalizing resliced T1 images and finally
smoothed with Gaussian kernel with 10 mm FWHM for
the voxel-based statistical analysis. For the visualization
of results, statistical significance values of the voxels corre-
sponding to the mid-point of the cortical GM were mapped
on the semi-inflated white matter surface.

Statistical analysis

Baseline demographic characteristics were compared using
an independent t-test and chi-square test. General linear
models were used in the following analyses: (1) comparison
of the regional brain '"®F-FDG SUVR between the PD and
HC groups; (2) the association between striatal '*F-FP-CIT
SBR ("®F-FP-CIT SBR in the caudate [CAUDsgr] and
"E_FP-CIT SBR in the putamen [PUTsgr]) and BF
volume (anterior BF volume [aBFyo;] and posterior BF
volume [pBFyor]) in the PD group; (3) the association
between striatal '*F-FP-CIT SBR or BF volume and brain
"ELFDG SUVR in the PD group; (4) the association
between striatal '*F-FP-CIT SBR or BF volume and cogni-
tive item z-score in the PD group; and (5) the association
between striatal '*F-FP-CIT SBR-related or BF
volume-related brain '®F-FDG SUVR and cognitive item
z-score. In particular, (6) the interaction effects of the
pBFyvoL and striatal BEFP-CIT SBR on the brain
"E_FDG SUVR and cognitive testing scores were assessed.
In the group comparison, age at MRI and sex were used as
covariates, while in the association analyses, age at MRI,
sex, and disease duration were used as covariates. The
false discovery rate (FDR) method was applied to correct
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voxel-wise multiple analyses for brain mapping and 13 cog-
nitive items. Examples for each analysis are as follows:

1. FDG SUVR =+ (B; X group) + (B, X age at MR)
+ (P53 X sex)

2. aBFyor, or pBFyoL=po+(p; xPUTsgr or
CAUDggg) + (B2 X age at MR) + (B3 X sex) + (s X
disease duration)

3. FDG SUVR =fy+ (; X PUTggr or CAUDggr or
aBFyoL or pBFyopL)+(p.Xxage at MR)+(f3X
sex) + (P4 X disease duration)

4. Cognitive item z-score =+ (f; X PUTsgr or
CAUDggr or aBFyop or pBFyor)+ (B2 Xxage at
MR) + (B5 X sex) + (B4 X disease duration)

5. Cognitive item z-score =Py + (B; X
CAUDggg-related FDG SUVR or pBFyo-related
FDG SUVR)+ (B, xage at MR)+ (B3 X sex) + (P4
X disease duration)

6. FDG SUVR = o+ (B; X CAUDggR) + (B2 X
pBFyorL) + (B3 xage at MR)+ (B4 X sex) + (s X
disease duration)

Path analyses were performed to explore the relationship
between striatal dopamine depletion or BF atrophy, altered
brain metabolism, and cognitive dysfunction. Because the
CAUDggr and pBFyor. showed correlation with both the
BE_FDG SUVR and cognitive function, the CAUDgggr or
pBFvoL was used as a predictor. The CAUDggg-related
"E.FDG SUVR or pBFyoy -related '*F-FDG SUVR was
set as a mediator. Since CAUDgggr, pBFvor, and their
related '®F-FDG SUVR were commonly correlated with
RCFT copy and Stroop color reading z-scores, RCFT
copy or Stroop color reading z-score was set as an
outcome variable. In addition to the common covariates,
the pBFyor, was further adjusted when the CAUDggr was
used as a predictor, while the CAUDggr was further
adjusted when the pBFy 1. was used as a predictor to inves-
tigate their independent effects on cognition. We used the
maximum likelihood method to estimate standardized
total, direct, and indirect effects and used a bootstrapping
method with 500 resamples to derive 95% confidence inter-
vals and standard errors. The threshold for the modification
indices was 4. Indices including the chi-square statistic ()2),
p-value, comparative fit index (CFI) and the root mean
square error of approximation (RMSEA) were used to
assess the goodness of fit. A non-significant y? value, CFI
value greater than 0.90, and an RMSEA value less than
0.05 were considered indicative of a good fit.

All statistical analyses were performed using SPSS 25
and AMOS 25 (IBM Corp., Armonk, NY) and R software,
v4.23 (R Foundation for Statistical Computing,
R-project.org). P-value or FDR-corrected P-value <0.05
were considered significant.

Table |I. Demographic and clinical characteristics of study
participants.

Healthy
controls PD patients P-value

Number 40 172
Basic demographics

Age at MRl scan, yr  66.76 + 6.62 69.75 +8.63 0.052

Sex, female, n (%) 19 (47.5) 93 (54.1) 0.486

Education, yr 13.04 +4.31
PD-related

demographics

Age at onset, yr 66.12+9.98

Disease duration, 3.63+4.07

yr
MDS-UPDRS part 25.59+11.53
Il total score

Imaging-related

parameters

Caudate SBR 582+ 1.53 384+129 <0.001

Putaminal SBR 8.12+1.46 3.10+1.03 <0.001

Anterior BF volume  0.24 +0.02 0.23+0.03 0.008

Posterior BF 0.43 +0.04 040+0.05 <0.001

volume

Values are expressed as mean + standard deviation or number
(percentage). Abbreviations = BF, basal forebrain; MDS-UPDRS, the
Movement Disorder Society-sponsored revision of the Unified Parkinson’s
Disease Rating Scale; PD, Parkinson’s disease; SBR, specific binding ratio

Standard protocol approval, registration, and patient
consent

This study was approved by the Institutional Review Board
of Gangnam Severance Hospital (No. 3-2024-0106 and
3-2020-0186). Written informed consent was obtained
from all patients and HCs. All procedures were performed
in accordance with the ethical standards of the 1964
Declaration of Helsinki and its later amendments.

Results

Demographic, clinical, and imaging characteristics

We enrolled 172 patients with PD (mean + SD age 69.8 + 8.6
years; 93 females) and 40 healthy controls (mean + SD age
66.8 +6.6 years; 19 females; Table 1) in this study. In
patients with PD, the mean age at the onset of motor symp-
toms was 66.1 years, and the mean disease duration was 3.6
years. The mean total MDS-UPDRS Part III score was 25.6.
The PD group had significantly lower CAUDgggr, PUTggR,
aBFy o1, and pBFyo than those in the control group.

Association between the striatal '8F-FP-CIT SBR and
BF volume

The CAUDggr was associated with the aBFyop, (B=
0.187, P=0.015) and pBFyor (p=0.261, P=0.001;
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Figure 1. Correlation between the striatal |8F-FP-CIT SBR and the BF volume data are the results of general linear model
investigating the association between the caudate or putaminal |18F-FP-CIT SBR and the anterior or posterior BF volume, while
controlling for age at MRI scan, sex, and disease duration. Results which demonstrated significant correlation are presented in bold.

Figure 1). The PUTsgr was not associated with aBFy o
(p=0.133, P=0.085) but was associated with the
pBFvoL (B=0.200, P=0.009). Among the correlation
analyses between striatal and BF subregions, the
CAUDggr and pBFyor, demonstrated the most signifi-
cant association.

Altered brain metabolism in association with striatal
dopamine depletion and reduced BF volume
Compared with healthy controls, patients with PD showed

increased metabolism in the anterior cingulate cortex and
paracentral lobule, whereas decreased metabolism was

observed in the lateral and medial frontal, inferior parietal,
lateral and inferior temporal, and lateral and medial occipi-
tal cortices, as well as in the precuneus and posterior cin-
gulate cortex. (Figure 2(A)). The CAUDggr positively
correlated with the '®F-FDG SUVR in the lateral frontal,
inferior parietal, and medial and lateral occipital cortices,
as well as in the precuneus and posterior cingulate
cortex (Figure 2(B)). The PUTggr was positively corre-
lated with nearly identical areas of decreased metabolism
in the PD group. The pBFyoL was positively correlated
with the '®F-FDG SUVR in the lateral prefrontal, orbito-
frontal, inferior parietal, and lateral temporal cortices, as
well as in the precuneus, whereas the aBFyor was not
associated with the brain '®F-FDG SUVR. There was a
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Figure 2. PD-specific, striatal dopamine-related, and BF volume-related brain metabolism (A) group comparison of regional brain
I8F-FDG SUVR between healthy controls and patients with PD. (B) Correlation analyses of the striatal I18F-FP-CIT SBR and the BF
volume with regional brain I8F-FDG SUVR. (C) Interaction effects of the caudate and putaminal |8F-FP-CIT SBR with the posterior BF
volume on regional brain 18F-FDG SUVR. The results are based on a general linear model after controlling for age at 18F-FP-CIT PET,
sex, and disease duration. The blue colors in the group comparison represent brain regions with significantly lower |8F-FDG SUVR in
the PD group, while the red-to-yellow colors represent brain regions with significantly higher 18F-FDG SUVR in the PD group. The
red-to-yellow colors in the correlation analysis indicate brain regions in which the 18F-FDG SUVR positively correlate with the striatal
I8F-FP-CIT SBR or the BF volume, while the blue colors indicate brain regions in which the I8F-FDG SUVR negatively correlate with
the striatal |18F-FP-CIT SBR or the BF volume. The red colored regions in the interaction analysis of the caudate |8F-FP-CIT SBR are
those that demonstrate an interactive effect with the posterior BF volume on regional 18F-FDG SUVR. We presented cortical

structures using surface-based analysis.

significant interaction effect between CAUDggr and
pBFyor on "®F-FDG SUVR in the lateral and medial pre-
frontal cortices, as well as the insular, primary sensori-
motor, lateral parietal, lateral and anterior temporal,
medial and lateral occipital cortices and precuneus
(Figure 2(C)). In contrast, there were no significant inter-
action effects of the pBFyor and PUTggr on brain
'"®E_.FDG SUVR.

Association analyses of striatal dopamine depletion
and reduced BF volume with cognitive dysfunction

After correction for multiple comparisons, the CAUDggr
was positively correlated with RCFT copy (f=0.32, P=
0.010), SVLT immediate (f=0.28, P=0.001) and
delayed recall (f=0.25, P=0.003), RCFT delayed recall
(p=0.18, P=0.014), COWAT phonemic (p=0.27,
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Table 2. Association of striatal dopamine depletion and basal forebrain atrophy with cognitive dysfunction.

CAUDSBR PUTSBR aBFVOL PBFVOL CAUDSBR X PBFVOL
B (SE) P B(H P B(SH) P B(H P B(H P

Digit span 0.09 (0.08) 0.276 0.14 (0.10) 0.157 6.22 (3.50) 0.077 1.98 (2.13) 0.353 -0.09 (1.31) 0.947
forward

Digit span 0.15 (0.08) 0.068 0.15(0.10) 0.136 10.10 (3.55) 0.005* 6.30 (2.14) 0.004* 0.43 (1.31) 0.745
backward

K-BNT 0.08 (0.07) 0.294 0.01 (0.09) 0.890 298 (3.27) 0.364 1.60 (1.98) 0.418 1.46 (1.21) 0.231

RCFT copy 0.32 (0.12) o0.010%* 0.38 (0.15) o0.011 9.36 (5.49) 0.090 7.76 (3.28) 0.019* 2.14 (2.00) 0.285

SVLT 0.28 (0.08) 0.001* 0.19 (0.10) 0.057 9.73 (3.65) 0.008* 6.58 (2.19) 0.003* 0.23 (1.32) 0.862
immediate
recall

SVLT delayed 0.25 (0.08) 0.003* 0.17 (0.10) 0.106 8.09 (3.77) 0.033 5.99 (2.26) 0.009* 0.43 (1.37) 0.755
recall

SVLT 0.14 (0.09) O0.113 0.14 (0.11) 0.198 499 (3.98) 0.212 4.33 (2.39) 0.072 0.23 (1.47) 0.878
recognition

RCFT 0.16 (0.08) 0.035 0.09 (0.09) 0363 -0.13(3.45) 0.97I 1.98 (2.07) 0.341 -0.48 (1.27) 0.705
immediate
recall

RCFT delayed 0.18 (0.07) 0.014%* 0.12 (0.09) 0.170 0.09 (3.30) 0.977 2.51 (1.98) 0.206 0.42 (1.20) 0.728
recall

RCFT —-0.01 (0.07) 0959 001l (0.08) 0.944 —-1.92(297) 0.518 -0.31(1.79) 0862 —0.99 (1.10) 0.372
recognition

COWAT 0.12 (0.06) 0.041 0.08 (0.07) 0.266 4.44 (2.68) 0.099 3.55 (1.60) 0.028 —0.95 (0.98) 0.983
semantic

COWAT 0.27 (0.08) 0.001%* 0.24 (0.10) 0.019 545 (3.70) 0.142 3.53(2.23) 0.115 —1.06(1.34) 0.430
phonemic

Stroop color 0.29 (0.09) 0.001%* 0.23 (0.11) 0.035 10.62 (3.87) 0.007* 7.65 (2.31) 0.001* 0.17 (1.40) 0.903
reading

Data are the results of general linear model of the striatal '8F-FP-CIT SBR or the BF volume with each cognitive item z-score after controlling for age at
MR, sex, and disease duration. f is beta coefficient. False discovery rate correction was applied to correct for multiple comparisons. Asterisks indicate
significant associations between two variables after false discovery rate correction. Abbreviation =aBFyg|, anterior BF volume; CAUDsgg caudate

'8E_FP-CIT SBR; COWAT, Controlled Oral Word Association Test; K-BNT, Korean version of the Boston Naming Test; pBFyo, posterior BF volume;
PUTsggr, putaminal '8F_FP-CIT SBR; RCFT, Rey-Osterrieth Complex Figure Test; SBR, specific binding ratio; SE, standard error; SVLT, Seoul Verbal Learning

Test

P =0.001), and Stroop color reading z-scores (f =0.29, P=
0.001; Table 2). The PUTggr was not correlated with any
cognitive item z-scores. The aBFy o was positively corre-
lated with digit span backward (f=10.10, P=0.005),
SVLT immediate recall (§=9.73, P=0.008), and Stroop
color reading z-scores (f=10.62, P=0.007). The
pBFyoL was positively correlated with digit span backward
(p=6.30, P=0.004), RCFT copy (p=7.76, P=0.019),
SVLT immediate (f=6.58, P=0.003) and delayed recall
(B=5.99, P=0.009), and Stroop color reading z-scores (
=7.65, P=0.001). However, there was no interaction
effect of the CAUDggr and pBFyop on cognitive item
Z-SCOres.

Association of CAUDsggr- and pBFyq,-related brain
metabolism with cognitive dysfunction

After correction for multiple comparisons, both the
CAUDggg-related and pBFy o -related BE_FDG SUVR

showed significant associations with RCFT copy (for
CAUDggg-related '®F-FDG SUVR, p=1.48, P=0.002;
for pBFyoy -related 'SF-FDG SUVR, p=1.50, P=0.003)
and Stroop color reading z-scores (for CAUDggr-related
E.FDG SUVR, $=0.96, P=0.006; for pBFyo; -related
"E_.FDG SUVR, $=1.07, P=0.003; Table 3).

Path analyses of cognitive dysfunction

Path analyses revealed that the CAUDggg-related BE_FDG
SUVR fully mediated the association between the
CAUDgpr and RCFT copy z-score (standardized direct
effect, p=0.152, P=0.055; standardized indirect effect, 3
=0.044, P=0.028) and that the pBFyq, -related '*F-FDG
SUVR fully mediated the association between the
pBFyoL and RCFT copy z-score (standardized direct
effect, p=0.133, P=0.154; standardized indirect effect, 3
=0.032, P=0.026; Figure 3(A)). As for Stroop color
reading test, the CAUDggr was associated with Stroop
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Table 3. Association of the caudate dopamine-related and the
posterior BF volume-related brain metabolism with cognitive
dysfunction.

CAUDgpg-related pBFyoL-related

FDG SUVR FDG SUVR
B (SE) P B (SE) P
Digit span forward ~ 0.58 (0.31) 0.067 0.57 (0.32) 0.08I
Digit span backward 0.69 (0.32) 0.033 0.70 (0.33) 0.035
K-BNT 0.14 (0.29) 0.632 0.21 (0.30) 0.486
RCFT copy 1.48 (0.48) 0.002* 1.50 (0.50) 0.003*
SVLT immediate 0.31 (0.33) 0.358 0.34 (0.34) 0.327
recall
SVLT delayed recall  0.07 (0.34) 0.844 0.09 (0.35) 0.792
SVLT recognition 0.67 (0.35) 0.059 0.67 (0.37) 0.069
RCFT immediate 0.46 (0.31) 0.139 0.41 (0.32) 0.195
recall
RCFT delayed recall 0.51 (0.29) 0.083 0.45 (0.30) 0.140
RCFT recognition 0.29 (0.26) 0.271  0.30 (0.27) 0.273
COWAT semantic 0.17 (0.24) 0.487 0.22 (0.25) 0.378
COWAT phonemic  0.53 (0.33) 0.109 0.56 (0.34) 0.101
Stroop color 0.96 (0.35) 0.006* 1.07 (0.36) 0.003*

reading

Data are the results of general linear model of the '®F-FDG SUVR in the
caudate '8F-FP-CIT SBR-related or the BF volume-related brain regions
with each cognitive item z-score after controlling for age at MR, sex, and
disease duration. B is beta coefficient. False discovery rate correction was
applied to correct for multiple comparisons. Asterisks indicate significant
associations between two variables after false discovery rate correction.
Abbreviation = CAUDsgr, caudate '8E_FP-CIT SBR; COWAT, Controlled
Oral Word Association Test; DR, delayed recall; IR, immediate recall;
K-BNT, Korean version of the Boston Naming Test; pBFyo, posterior BF
volume; PUTggg putamen '8F-FP-CIT SBR; RCFT, Rey-Osterrieth
Complex Figure Test; SBR, specific binding ratio; SE, standard error; SUVR,
standardized uptake value ratio; SVLT, Seoul Verbal Learning Test.

color reading z-score both directly and by the mediation of
CAUDggr-related '®F-FDG SUVR (standardized direct
effect, p=0.278, P=0.007; standardized indirect effect,
=0.041, P=0.026; Figure 3(B)). The pBFyop was also
associated with Stroop color reading z-score both directly
and by the mediation of pBFyy -related '*F-FDG SUVR
(standardized direct effect, p=0.248, P=0.005; standar-
dized indirect effect,  =0.032, P=0.041).

Discussion

In this study, we investigated the relationship between striatal
dopamine depletion, cholinergic BF volume atrophy, altered
brain metabolism, and cognitive dysfunction in patients with
PD. The major findings were as follows. First, caudate dopa-
mine depletion was associated with posterior BF atrophy.
Second, both caudate and putaminal dopamine depletion
were associated with altered brain metabolism in regions
where PD patients showed decreased metabolism compared
with healthy controls, whereas atrophy in the posterior BF
was associated with reduced brain metabolism in the lateral

prefrontal, orbitofrontal, inferior parietal, and lateral temporal
cortices, as well as in the precuneus, with a significant inter-
action between caudate DAT availability and the pBFyop.
Third, caudate dopamine depletion was associated with
visuospatial, memory, and executive dysfunction, while BF
atrophy, especially in the posterior region, was associated
with attention, visuospatial, memory, and executive dysfunc-
tion. Fourth, visuospatial dysfunction was associated with
caudate dopamine depletion and posterior BF atrophy
through the mediation of altered brain metabolism, whereas
executive dysfunction was associated with caudate dopamine
depletion and posterior BF atrophy both directly and by the
mediation of altered brain metabolism. Taken together, in
PD, dopamine depletion in the caudate and BF atrophy in
the posterior part were closely related and affected item-
specific cognitive dysfunction, either directly or through
the mediation of altered brain metabolism.

Based on the volumetric analysis of BF subregions using
the cytoarchitectonic atlas of BF cholinergic nuclei, we dis-
covered a significant correlation between striatal dopamine
uptake and the pBFyor. Our results may reflect the simultan-
eous invasion of PD-related pathology into the magnocellular
cholinergic neurons of the BF and dopaminergic neurons of
the midbrain,>* and they support prior research showing that
dopaminergic and cholinergic deficits progress in tandem in
PD.?*%° Furthermore, significant relationships found in com-
promised midbrain dopaminergic and BF cholinergic
neurons may even suggest direct monoaminergic-cholinergic
interactions between them. It has already been discovered
that brainstem cholinergic neurons regulate the firing rate
of midbrain dopaminergic neurons”’ and that BF cholinergic
neurons are targeted by dopaminergic neurons in the mid-
brain.® Our results may be the in vivo evidence of a close
interplay between midbrain dopaminergic and BF choliner-
gic neurons. Additional studies are required to elucidate the
mechanisms by which both neurotransmitter systems deteri-
orate in patients with PD.

Previous studies exploring the relationship between
brain metabolism and nigrostriatal degeneration have
reported heterogeneous results. In one study, striatal dopa-
mine depletion was associated with more pronounced
PD-related patterns (PDRP),29 while others reported
altered metabolism in more circumscribed regions, such
as the bilateral medial frontal cortices,>° right cerebellum,
and fusiform gyrus.>' The current study demonstrated that
regions of hypometabolism associated with striatal dopa-
mine depletion resembled PD-related patterns topography,
similar to previous studies.'®* Our results suggest that
dopaminergic alterations may be primarily responsible for
most of the cortical metabolic changes characteristic of PD.

As for altered metabolism in dopamine-unrelated regions,
such as the anterior and medial temporal, insular, and cingu-
late cortices, we examined whether BF cholinergic deficits
could be responsible for hypometabolism in these regions.
Previous studies exploring the role of BF atrophy in altered
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A. Visuospatial function-related
0.044 (0.025)
P=0.028
0250 (0.064) | CAUDsgrrelated | g 176 (0 073)
P= 0_002/ Metabolism \: =0.029
CAU DSBR ________________ RCFT Copy
0.152 (0.087) Z-score
P=0.055
X2 dF P CFI RMSEA
6.437 6 0.357 0.996 0.045
0.032 (0.021)
P=0.026
0.182(0.087) | PBFyorelated | o479 (0.076)
P=0.034 Metabolism P =0.045
RCFT co
pPBFyo. [ z i
0.133 (0.092) -Score
P=0.154
X2 dF P CFI RMSEA
8.529 7 0.422 0.999 0.001

B. Executive function-related
0.041 (0.025)
P=0.026
0.250 (0.064) | CAUDsererelated | ¢ 459 0 o79)
P =0.002 Metabolism P =0.047
CAUDgaq Str‘oop color
0.278 (0.084) reading Z-score
P=0.007
X2 dF P CFI RMSEA
6.321 6 0.388 0.997 0.018
0.032 (0.022)
P=0.041
0.182 (0.087) PBFy o -related 0.177 (0.078)
P=0.034 Metabolism P =0.039
BF Stroop color
PEFvoL 0.248 (0.077) reading Z-score
P =0.005
X2 dF P CFI RMSEA
3.925 4 0.416 0.999 0.001

Figure 3. Path analyses of the association of the posterior BF volume or caudate |18F-FP-CIT SBR with brain 18F-FDG SUVR and

cognitive dysfunction in PD. Schematic diagram of the path analysis for (A) the RCFT copy z-score and (B) the Stroop color Reading
z-score. Age at |8F-FP-CIT PET, sex, and disease duration were used as common covariates. The pBFVOL was used as an additional
covariate when CAUDSBR was a predictor, while the CAUDSBR was used as an additional covariate when pBFVOL was a predictor.
Values above or below lines are standardized regression coefficient, standard error, and significance probability of direct effects. Values
above boxes are standardized regression coefficient, standard error, and significance probability of indirect effects. Solid lines indicate
significant path, while dashed lines indicate insignificant path. Abbreviations = CFl, comparative fit index; dF, degree of freedom; RMSEA,

root mean square error of approximation.

brain metabolism exhibited heterogeneous results. One study
that included MCI patients reported the association of wide-
spread hypometabolism in the bilateral limbic, paralimbic,
and heteromodal association cortices with lower total BF
volume.*> When the nucleus basalis of Meynert volume
was used instead of total BF volume in another study on
PD patients, however, hypometabolism was demonstrated
only in the parietal and occipital cortices.'"” We further
divided the BF into anterior and posterior parts, unlike the
aforementioned studies, and examined their relationship
with altered brain metabolism. Our study revealed that hypo-
metabolism in the lateral prefrontal, orbitofrontal, inferior
parietal, and lateral temporal cortices and the precuneus
was specifically associated with atrophy in the posterior
BF, and the aBFyor demonstrated no correlation with
brain metabolism. Our results suggest that hypometabolism
in these regions may be attributed to the degeneration of
the posterior BF followed by cortical cholinergic denerv-
ation. Furthermore, it is of note that the lateral prefrontal
and parietal regions comprise the central executive
network.”® As the central executive network plays a critical
role in sustained attention and executive function,** our find-
ings suggest a potential link between BF cholinergic degen-
eration and central executive network dysfunction, thereby
contributing to attentional and executive deficits in PD.

We additionally investigated whether there was an inter-
action effect between striatal dopamine uptake and the pos-
terior BF volume on brain metabolism, as we have
previously discovered a significant relationship between
the two. Interestingly, our analyses showed that caudate,
but not putaminal, dopamine depletion had an interactive
effect with posterior BF atrophy on reduced metabolism
in widespread brain regions, especially in the prefrontal
region. This result is significant because it suggests an inter-
play between the caudate and BF in disease progression and
clinical worsening. A previous study investigating clinical
heterogeneity in early PD patients based on the level of
caudate dysfunction revealed that more reduced caudate
dopamine uptake was associated with lower MoCA scores
at the 4-year follow-up while no difference was found
between each group at baseline.® It proposed that caudate
dopaminergic deficits that were not severe enough at base-
line later predisposed to clinical symptoms in combination
with degeneration in other neurotransmitter systems. In
line with this hypothesis, our results may demonstrate
how the interaction between dopamine and acetylcholine
contributes to heterogeneous progression patterns observed
in PD. Interestingly, no interaction effects of these neuro-
transmitters on cognition were found in this cross-sectional
study. It is possible that while they may interact in
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influencing brain metabolism, such an interaction may not
extend directly to cognitive impairment. Further studies
are needed to examine whether mitigating the deterioration
of either neurotransmitter system improves overall brain
metabolism and ultimately affects clinical prognosis.

The association between dopamine depletion in the
caudate and cognitive decline has been discussed in mul-
tiple studies, all reporting heterogeneous results.**3>-° A
multicenter cohort study revealed that nigrostriatal dopa-
minergic activity was related to executive function but not
to memory or visuospatial function.*® These results align
with a previous theory that frontostriatal dopaminergic def-
icits contribute to executive dysfunction, while visuospatial
function and memory are more likely to be affected by cho-
linergic deficits. However, more recent research has demon-
strated that decreased DAT availability in the caudate is
associated with memory and visuospatial impairment in
addition to executive dysfunction.* The effects of BF
atrophy on cognitive dysfunction also varied between
studies depending on the specific BF subregion analyzed.
Reduced volume of the nucleus basalis of Meynert was
associated with worse executive and visuospatial func-
tions,'” while loss of structural integrity in Ch 1-2 was cor-
related with memory test scores, and changes in Ch 3-4
were associated with global cognition and executive func-
tion scores.'® Our findings were consistent with those of
previous studies in which smaller BF volumes, either Ch4
or total, correlated with worse memory, attention/executive,
and visuospatial function.”>* Together with our results, we
can infer from these findings that cognitive impairments in
PD should not be considered as a consequence of single
neurotransmitter dysfunction but should be explained as
the sum of multiple neurotransmitter deficits and their
related brain dysfunction. Intriguingly, we found no inter-
action effects between caudate dopamine deficits and pos-
terior BF atrophy on cognition. This contrasts with the
previous finding that showed significant interactive effects
of caudate dopaminergic and cortical cholinergic deficits.’
A possible explanation for this discrepancy could be that
carbon 11-labeled methyl-4-piperidinyl propionate acetyl-
cholinesterase PET was used in the previous study, which
is more sensitive than BF volume in detecting cholinergic
deficits. This methodological distinction may account for
the observed differences in the interaction analysis.
Furthermore, the disease duration in our cohort of patients
was shorter (mean+SD disease duration 3.63 +4.07
years) than that in the previous study (mean + SD disease
duration 6.0 +4.3 years). It has been observed that cortical
cholinergic denervation occurs mainly in patients with sig-
nificant caudate nucleus dopaminergic denervation, and that
dopaminergic denervation induces compensatory overactiv-
ity of cortical cholinergic afferents.’’*®* Because patients
with advanced PD or PD dementia were likely underrepre-
sented in this study, drawing conclusive results regarding
interactive effects of dopamine and acetylcholine on

cognition may have been limited. Future studies should
be conducted with a larger sample size and wider spectrum
of cognitive dysfunction.

Our path analyses revealed that brain hypometabolism
mediates the relationship between caudate dopamine deple-
tion or posterior BF cholinergic deficits and specific cogni-
tive dysfunction. While it has been established that brain
hypometabolism mediates the effects of AD-related path-
ology on cognition and is regarded as a marker of neurode-
generation,**" the temporal framework of the progression
of Lewy body pathologies into overt cognitive decline is
still not well defined. Our group has previously highlighted
the possible role of brain metabolism in mediating dopa-
mine depletion and specific cognitive domains in PD'®
and dementia with Lewy bodies.*' In the current study,
we demonstrated that visuospatial function in PD was not
directly affected by striatal dopaminergic or BF cholinergic
deficits but was fully mediated by brain hypometabolism.
Executive dysfunction was partly directly associated with
striatal dopaminergic or BF cholinergic deficits but was
also mediated by brain hypometabolism. These results
suggest that changes in brain metabolism in relation to
caudate dopamine depletion and posterior BF atrophy
should be incorporated when evaluating PD-specific cogni-
tive impairments. Moreover, our path analyses may explain
why dopamine and acetylcholine did not demonstrate syner-
gistic effects on cognition in the current study. It is possible
that altered brain metabolism is the direct determinant of cog-
nitive dysfunction, rather than the neurotransmitter deficits
themselves, which primarily influence cognition through
metabolic changes. Their deterioration may synergistically
result in significant metabolic decline, which in turn ultim-
ately manifests as cognitive impairment. Analyses with
larger samples and external validation will be required to
enhance the reliability and generalizability of these findings.

The present study had several limitations. First, it
included only cross-sectional data and lacked longitudinal
observations to confirm the sequential relationship
between caudate dopamine depletion or posterior BF
atrophy, altered brain metabolism, and cognitive impair-
ments. Detailed longitudinal neuropsychological tests and
imaging studies may validate the temporal framework pro-
posed in this study. Second, co-pathologies, such as
Alzheimer’s disease pathology, were not considered.
Third, while dopamine depletion was assessed as a func-
tional deficit using PET, cholinergic deficits were evaluated
only structurally based on BF atrophy. Future studies using
PET or other imaging modalities to assess cholinergic def-
icits are required, as they may further reveal underlying
interaction effect between caudate dopamine and BF cho-
linergic depletion on cognition. Fourth, the study group
consisted of patients with relatively shorter disease dura-
tions, and they were also not genetically screened for mono-
genic mutations, although certain genetic mutations have
been reported to exert distinct effects on brain metabolism.*?
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Future studies incorporating wider spectrum of cognitive dys-
function and genetic influences will be necessary. Fifth, this
study was conducted only in a single center and exclusively
in the Korean population; therefore, there is an inherent limi-
tation regarding the generalizability of the findings.
Multi-center study or cross-ethnic validation may strengthen
the external validity of the finding. Sixth, different MRI scan-
ners and protocols were used for healthy controls while com-
paring metabolic changes with the PD group.

In summary, our study demonstrated that dopamine
depletion in the caudate and atrophy in the posterior BF
affect brain metabolism and cognition, with or without
interaction effects, and that alterations in cortical metabolic
activities mediate the impact of dopaminergic and choliner-
gic denervation on cognitive dysfunction in a domain-
specific manner. This highlights the importance of consider-
ing the dysfunction of multiple neurotransmitter systems, as
well as decreased brain metabolism, to understand cognitive
dysfunction in patients with PD.
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