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ABSTRACT: Background: Patients with Lewy body
diseases exhibit variable degrees of cortical and subcor-
tical hypometabolism. However, the underlying causes
behind this progressive hypometabolism remain unre-
solved. Generalized synaptic degeneration may be one
key contributor.
Objective: The objective of this study was to investigate
whether local cortical synaptic loss is proportionally
linked to the magnitude of hypometabolism in Lewy body
disease.
Method: Using in vivo positron emission tomography
(PET) we investigated cerebral glucose metabolism and
quantified the density of cerebral synapses, as measured
with [18F]fluorodeoxyglucose ([18F]FDG) PET and [11C]
UCB-J, respectively. Volumes-of-interest were defined
on magnetic resonance T1 scans and regional standard
uptake value ratios-1 values were obtained for 14 pre-
selected brain regions. Between-group comparisons
were conducted at voxel-level.
Results: We observed regional differences in both syn-
aptic density and cerebral glucose consumption in our
cohorts of non-demented and demented patients with

Parkinson’s disease or dementia with Lewy bodies com-
pared to healthy subjects. Additionally, voxel-wise com-
parisons showed a clear difference in cortical regions
between demented patients and controls for both
tracers. Importantly, our findings strongly suggested that
the magnitude of reduced glucose uptake exceeded the
magnitude of reduced cortical synaptic density.
Conclusion: Here, we investigated the relationship
between in vivo glucose uptake and the magnitude of
synaptic density as measured using [18F]FDG PET and
[11C]UCB-J PET in Lewy body patients. The magnitude
of reduced [18F]FDG uptake was greater than the
corresponding decline in [11C]UCB-J binding. There-
fore, the progressive hypometabolism seen in Lewy
body disorders cannot be fully explained by general-
ized synaptic degeneration. © 2023 The Authors.
Movement Disorders published by Wiley Periodicals
LLC on behalf of International Parkinson and Move-
ment Disorder Society.

Key Words: Parkinson’s disease; dementia; [18F]FDG
PET; [11C]UCB-J; synapse
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Introduction

The quantitative [18F]fluorodeoxyglucose ([18F]FDG)
positron emission tomography (PET) literature documents
that patients with Lewy body diseases (LBD) exhibit vari-
able degrees of hypometabolism in associative cortical
regions, primary visual cortex, and to some extent in sub-
cortical structures. The cortical hypometabolism is espe-
cially pronounced in occipital and parietal regions and
ultimately in frontal regions.1-4 In addition, it is well
documented in longitudinal studies that patients with
late-stage Parkinson’s disease (PD) or dementia with Lewy
bodies (DLB) show progressive hypometabolism,5 which
eventually becomes very pronounced. However, the
underlying causes behind this progressive hypometa-
bolism remain unresolved.
It has been hypothesized that the observed hypo-

metabolism is explained by local cortical changes, includ-
ing progressive Lewy pathology and generalized synaptic
restructuring or loss.6 Lewy pathology and synaptic loss
are interrelated with glucose and energy metabolism in sev-
eral ways, but the relationship needs to be further
investigated.
The novel PET tracer [11C]UCB-J binds to the presyn-

aptic vesicle protein SV2A and was in 2017 validated
as the first in vivo universal synaptic density marker
in humans, after confirmation of an excellent linear
correlation between SV2A and the “gold standard”
synaptic marker synaptophysin.7-9 SV2A is ubiqui-
tously expressed throughout the brain.10 [18F]FDG PET
provides a measure of cellular hexokinase activity, which
reflects glucose uptake. The demand for glucose in neurons
is in part driven by synaptic terminals generating ATP for
the synthesis, release and recycling of neurotransmitter
molecules. Therefore, [18F]FDG PET provides a validated
surrogate measure of neuronal function.11 In the present
study, [18F]FDG PET was used as a measure of brain neu-
ronal glucose uptake, to investigate the relationship
between synaptic density and glucose metabolism.
The aim of this study was to investigate whether local

cortical synaptic loss is proportionally linked to the
magnitude of hypometabolism in Lewy body disease.
Therefore, we included groups of LBD patients at dif-
ferent disease stages, including both non-demented
patients with Parkinson’s disease (nPD), and patients
suffering from PD dementia (PDD) or DLB. Next, we
investigated cerebral glucose metabolism and quantified
the density of cerebral synapses, as measured with [18F]
FDG PET and [11C]UCB-J, respectively. Previous stud-
ies have shown that patients with LBD show reduced
cortical synaptic density12 and changes in cortical meta-
bolic function. However, we are not aware of any
in vivo studies having investigated the relationship
between energy metabolism and synaptic loss in the
same Lewy body disease subjects.13

Material and Methods
Study Design and Participants

The [11C]UCB-J PET data from a total of 49 subjects,
21 nPD patients, 13 DLB/PDD patients and 15 age-
matched healthy controls (HC) has been published pre-
viously.12 In the previous study, standard uptake value
ratios (SUVR)-1 values were obtained for 12 volumes-
of-interest (VOI) defined on magnetic resonance
imaging (MRI) T1 scans and at the voxel-level;
between-group comparisons of [11C]UCB-J SUVR-1
were performed, to localize significant [11C]UCB-J
binding reductions in the nPD and DLB/PDD groups
compared with the 15 HCs. Finally, correlations
between [11C]UCB-J PET and domain-specific cognitive
functioning were examined and reported. The present
study extends these analyses by the addition of [18F]
FDG PET, incorporating a measure of brain metabolism
and enabling investigation of the relationship between syn-
aptic density and glucose metabolism. The study was
approved by the Central Denmark Region Committees on
Biomedical Research Ethics (case number 1-10-72-160-18).
All 49 subjects provided informed written consent
according to the Declaration of Helsinki.
In total, 49 subjects were recruited between February

2019 and December 2020, counting 21 nPD patients
through the Danish PD patient society, 13 DLB/PDD
patients (DLB = 9, PDD = 4) from the Movement Dis-
orders and Memory Clinics at Aarhus University Hos-
pital, and 15 age-matched HC subjects through
advertisement in a local newspaper. All included PD
subjects were on medication during the assessments
(Supplementary Table S1). Table 1 presents demo-
graphic and clinical data.
The following inclusion criteria were applied as previ-

ously described12,14; age between 60to 85 years, at least
7 years of education and a diagnosis of either probable
DLB according to consensus criteria for DLB15 proba-
ble PDD,16,17 PD-mild cognitive impairment (MCI)
according to recently proposed diagnostic criteria,16,18

or nPD according to Movement Disorder Society
(MDS) 2015 criteria,16 pathological [18F]FDG PET
scan for DLB subjects (ie, showing occipital
hypometabolism and/or the cingulate island sign) and
ability to give informed consent according to the Decla-
ration of Helsinki.
The following exclusion criteria were applied as previ-

ously described12,14: Montreal Cognitive Assessment
(MoCA) score < 26 (for the HC group), clinical depres-
sion or clinically significant symptoms of depression
(Geriatric Depression Scale [GDS-15] score >6), schizo-
phrenia, bipolar disorder or any history of electro-
convulsive therapy (ECT), past concussive head injury,
stroke, major systemic diseases or medical conditions,
significantly impaired hearing or sight, significant
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white-matter lesions observed the MRI scan (Fazekas >1),
current or previous cancer, and medications affecting
SV2A binding (eg, levetiracetam).

[18F]FDG, [11C]UCB-J PET and MRI Image
Acquisition

All subjects (ie, 21 nPD patients, 13 DLB/PDD
patients, and 15 age-matched HC) had [11C]UCB-J PET
imaging and a structural MRI. In addition, all HC
(n = 15), 19 nPD, and 7 DLB/PDD had [18F]FDG PET.
The healthy subjects and nPD patients all had [18F]

FDG PET on the Siemens Biograph Vision PET/CT sys-
tem (Siemens/CTI, Knoxville, TN). Five DLB/PDD
patients underwent [18F]FDG PET on Siemens Biograph
Vision PET/CT system and two DLB patients had [18F]
FDG PET on a GE Discovery MI Digital Ready camera.
All participants received the three (or two) scans over a
time interval of 39 � 15 days.
All subjects received an intra-venous injection with

120 MBq (�10%) [18F]FDG. A 20-minute PET acquisi-
tion was started precisely 30 minutes post-injection.
Just before the [18F]FDG PET acquisition, we acquired
a low-dose computed tomography (CT) scan for tissue
attenuation correction. Subjects had been instructed to
fast for at least 4 hours before injection, and were then
positioned in a quiet, dimly lit room and instructed not
to speak, read, or be otherwise active after the adminis-
tration of [18F]FDG.
We performed tracer radiosynthesis of [11C]UCB-J as

described previously.9,12,19 All 49 subjects received an
intravenous bolus of 500 MBq (�10%) 60 minutes
before the scan. All subjects were imaged on the ECAT

Siemens High-Resolution Research Tomograph (HRRT)
(Siemens/CTI, Knoxville, TN). The scan protocol included
a 6-minute transmission scan followed by the 30-minute
dynamic PET scan. The PET scan was attenuation
corrected using the transmission scan.
All 49 subjects had MRI scans on the same 3 T Siemens

SKYRA magnetic resonance system. The MRI protocol
included T1- and T2-weighted MPRAGE sequences. T1
was used for co-registration with [11C]UCB-J and [18F]
FDG PET and for VOI definition in the analysis tool
PMOD 4.0. A T2 image was used to potentially exclude
cases with pathology, including excessive white matter
changes. No subjects were excluded.

Quantification of PET Data/Image Processing
Processing of PET images were performed using

PMOD 4.0 software (PMOD4.0, PMOD technologies,
Zurich, Switzerland). Pre-processing steps included
image smoothing using a Gaussian kernel with a full
width at half maximum of 8 mm to reduce noise at
voxel level. Motion correction and frame averaging
were additional steps in the pre-processing part. Other
relevant toolboxes included View and Neuro tool,
PMOD. Using these PMOD tools, we performed nor-
malization of PET and MRI to Montreal Neurological
Institute (MNI) space, rigid matching of each subject’s
PET to their representative anatomical T1 MRI, genera-
tion of uptake value ratio (SUVR) images by intensity
normalization using the centrum semiovale as a refer-
ence region, MRI segmentation and VOI-based
(Geometric Transfer Metrix) partial volume correction
(PVC).20,21 This PVC method was added on all our

TABLE 1 Demographic and clinical characteristics of study subjects

HC nPD DLB/PDD P

Sample size, n 15 21 13 (9/4)

(18F)FDG 15 19 7 (3/4)

Scanner for (18F)FDG Siemens Biograph Vision
PET/CT system

(HC = 15)

Siemens Biograph Vision
PET/CT system
(nPD = 19)

GE Discovery MI Digital Ready
(DLB = 2)/Siemens

Biograph Vision PET/CT
system (DLB = 1, PDD = 4)

Age 72.4 (�4.2) 71.7 (�6.4) 74.3 (�4.7) 0.35

Sex, male/female 8/7 12/9 12/1 0.06

Time since diagnosis 10.1 (�4.0) 3.8 (�5.1)

MDS-UPDRS-III – 26.6 26.2

Hoehn and Yahr
(1/2/3)

– 2/17/2 2/8/3

MoCA 28.4 (27–30) 26.7 (25–28) 21.6 (18–24) <0.001

Note: Data shown as mean � SD or median (25%–75% quartile). P value refers to the overall ANOVA for all three groups.
Abbreviations: HC, healthy controls, nPD, non-demented Parkinson’s disease; PDD MoCA, Parkinson’s disease with dementia; DLB, dementia with Lewy bodies; FDG,
fluorodeoxyglucose PET, positron emission tomography; CT, computed tomography; MDS-UPDRS-III, The Movement Disorder Society-Sponsored Revision of the Unified
Parkinson’s Disease Rating Scale part III; MoCA, Montreal Cognitive Assessment.
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presented VOI data. All steps, including the VOI-based
PVC were performed using the implemented toolboxes
in PMOD 4.0.
White matter in the centrum semiovale has previously

been validated as the preferred reference region for
[11C]UCB-J PET data, therefore, making it possible to
generate parametric [11C]UCB-J SUVR images.22-25 We
defined a restrictive centrum semiovale (CSO) region to
minimize partial volume effects by incorporating white
matter regions from Hammers atlas in PMOD using
isocontours, and we included only voxels with a high
probability of being part of the centrum semiovale. This
resulted in a restrictive oblong CSO reference region in
the center of the white matter region. Our final defined
CSO region was added to the standard built-in Ham-
mers atlas (N30R83) and applied to all 49 subjects.
The defined CSO region was correspondingly used to
generate comparable parametric [18F]FDG SUVR
images. Therefore, all data were intensity normalized to
an identical CSO reference region.
VOI regions were defined from the built-in Hammers

N30R83 atlas and confirmed anatomically by overlay
on the MRI scans in MNI atlas space. Some of the stan-
dard bilateral VOIs were merged to cover both left and
right hemispheres, and this resulted in 14 larger com-
posite regions including both left and right hemispheres
including: anterior cingulate cortex (ACCx); cerebellum
(CBL); frontal cortex (FCx); insular cortex (ICx); lateral
temporal cortex (LTCx); medial temporal cortex
(mTCx); occipital cortex (OCx); posterior cingulate
cortex (PCCx); parietal cortex (PCx); striatum (Str);
thalamus (Thal); substantia nigra (SN); amygdala
(Amg); and hippocampus (Hip). The [18F]FDG uptake
and [11C]UCB-J binding was then assessed in these
14 brain regions.

Statistics
We used the following statistical tools: STATA (v14.2),

R (v1.1.463, RStudio, Boston, MA) and Statistical Para-
metric Mapping 12 (SPM12) in MATLAB 2019a. Data
was assessed with Shapiro–Wilk tests, Q-Q plots, histo-
grams, and Grubbs’ test to investigate normality/normal
distribution and to identify statistical outliers. We consid-
ered P values significant at a threshold of P < 0.05 and
the Sidak-Holm method was used to correct for multiple
comparisons. Group comparisons (HC, nPD, and
DLB/PDD) of [11C]UCB-J SUVR-1 and [18F]FDG
SUVR-1 values were assessed with a repeated measure
analysis of variance (ANOVA). All three groups were
compared independently using pairwise comparisons of
means with equal variance (Tukey). At voxel level,
unpaired t tests were performed for between group com-
parisons in SPM12 (cluster extent threshold k = 300
voxels, voxel size 1 � 1 � 1 mm). The surviving voxels
were overlaid on a rendered brain from SPM12.

Results

The demographic and clinical characteristics of the
HC, nPD, and DLB/PDD groups are presented in
Table 1, in addition to an overview of scanner systems
used for the [18F]FDG PET scans. Significant between
group differences were observed in MoCA score
(P < 0.001). No overall (ANOVA) between group dif-
ference were detected in age (P = 0.36) and sex-
distribution (P = 0.06), although the DLB/PDD group
included a higher proportion of males.

VOI Analysis
A clear average group difference was seen with

respect to reduced overall [11C]UCB-J and [18F]FDG
uptake in the DLB/PDD group compared to the average
group image from the HC and nPD subjects (Fig. 1). A
reduction in [11C]UCB-J SUVR-1 values was observed
in nPD compared to HC in SN (18% loss, P = 0.02
uncorrected). This difference did not survive multiple
comparison correction. For the DLB/PDD subjects a
reduction was observed in SN (20% loss), CBL (26%
loss), FCX (21% loss), ICx (46% loss), OCx (28%
loss), and PCx (25% loss) when compared to the HC
group. A reduction in [18F]FDG SUVR-1 values were
observed in nPD compared to HC in ICx (20% loss),
OCx (18% loss), PCx (14% loss) and a universal
reduction in all 14 regions was observed when compar-
ing [18F]FDG SUVR-1 values from DLB/PDD to HC
(Table 2). The magnitude and spatial extent of
hypometabolism as measured with [18F]FDG PET
exceeded that of synaptic loss as measured by [11C]
UCB-J (Fig. 1, Tables 2 and Supplementary Table S2).

Voxel-Wise Comparison
Voxel-wise comparisons in SPM12 were made

between the groups for both tracers. In accordance with
the reductions observed in the VOI analyses (Fig. 1,
Table 2), the voxel-wise comparison showed clusters
with reduced voxel values when comparing to the HC
subjects (Fig. 2).
For [18F]FDG SUVR voxels, small clusters with

reduced uptake was seen in posterior regions when
comparing nPD and HC subjects (Fig. 2A). In contrast,
no significant differences were observed in the nPD ver-
sus HC subjects in [11C]UCB-J SUVR values (Fig. 2B).
In accordance with the VOI analyses, the voxel-wise

[18F]FDG SUVR comparison of DLB/PDD patients with
HC showed a classical pattern of hypometabolism
(Fig. 2C) including occipital, parietal, and to a lesser
extent frontal regions. For [11C]UCB-J SUVR values
(Fig. 2D) comparing DLB/PDD to HC subjects, consid-
erably less extensive voxel clusters were detected in sim-
ilar brain regions. The Supplementary Figure S3
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provides voxel-wise comparisons with the same voxel-
based uncorrected threshold (P = 0.001).

Discussion

This present study explored regional and voxel level
between-group differences in [11C]UCB-J and [18F]FDG
uptake and therefore, whether synaptic loss is

proportionally coupled to cerebral hypometabolism in
LBD. We observed regional differences in both synaptic
density and cerebral glucose consumption in our
cohorts of nPD and DLB/PDD patients compared to
HC subjects (Fig. 1). Additionally, our voxel-wise com-
parison findings showed a clear difference in cortical
regions between DLB/PDD and HC for both tracers
(Fig. 2). The most important finding from this study
was that the magnitude and spatial extent of reduced

FIG. 1. (A) Average group [11C]UCB-J positron emission tomography (PET) image of the brain shown for visual comparison. Color scale is standard
uptake value ratios (SUVR) values. (B) Box-and-whisker plot of partial volume correction (PVC) regional [11C]UCB-J binding for the healthy controls
(HC) (Blue), non-demented Parkinson’s disease (nPD) (yellow), and Parkinson’s disease with dementia/dementia with Lewy bodies (PDD/DLB) (red).
(C) Average group [18F] fluorodeoxyglucose (FDG) PET image of the brain shown for visual comparison. Color scale is SUVR values. (D) Box-and-
whisker plot of PVC regional [18F]FDG binding for HC (blue), nPD (yellow) and PDD/DLB (red). ACCx, anterior cingulate cortex; Amg, amygdala; CBL,
cerebellum; FCx, frontal cortex; Hip, hippocampus; ICx, insular cortex; LTCx, lateral temporal cortex; mTCx, medial temporal cortex; OCx, occipital cor-
tex; PCCx, posterior cingulate cortex; PCx, parietal cortex; SN, substantia nigra; Str, striatum; Thal, thalamus. Box-and-whisker: Box contains lower
quartile, upper quartile and median. Whiskers depict minimum and maximum values. [Color figure can be viewed at wileyonlinelibrary.com]
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glucose uptake seems to exceed the measured reduction
in cortical synaptic density. Supplementary Table S2
provides more details about the statistically comparison
of the difference in mean change for [18F]FDG and
[11C]UCB-J SUVR-1 s between DLB/PDD and HC
subjects.
Our regional [11C]UCB-J PET findings revealed that

in nPD subjects, the largest reduction in synaptic den-
sity was in the SN (18% loss). However, no significant
reductions persisted after PVC and correction for multi-
ple comparisons in this group. In contrast, DLB/PDD
subjects showed significantly reduced synaptic density
in most cortical regions including FCX (21% loss), ICx
(46% loss), OCx (28% loss), PCx (25% loss), and CBL
(28% loss) when compared to the HC group (Table 2).
Our regional [18F]FDG findings showed significant

reductions in ICx, OCx, and PCx when comparing
nPD patients to the HC group. Additionally, a universal
[18F]FDG reduction of larger magnitude was seen
across all 14 regions when comparing the DLB/PDD
patients to the HC group. Together, these volume of
interest data show a larger percentage reduction in
[18F]FDG uptake compared to [11C]UCB-J PET (Fig. 1
and Table 2). Our voxel-wise comparison findings fur-
ther corroborated these findings, by showing clear dif-
ferences in cortical reduction of [18F]FDG uptake
compared to the minor reduction observed in [11C]
UCB-J binding (Fig. 2). Although the differences in
[18F]FDG SUVR values between nPD and HC subjects
were only small and sporadic, it still showed a greater
reduction of glucose metabolism compared to the
reduction in synaptic density. This difference was even
more pronounced in the PDD/DLB group (Fig. 2C).
To date, several studies have verified a disease-specific

hypometabolism pattern for PD and PDD/DLB
patients.26-29 Such studies have investigated subgroups
of cognitive impaired and demented PD patients and
reported extensive hypometabolism in cortical areas
including general parietooccipital and frontal areas.
Our [18F]FDG PET data (Fig. 2C) resembled the well-
known cortical pattern of hypometabolism seen in these
patients, supporting the validity of our findings.
Two recent studies have identified synaptic density

alterations in PDD/DLB patients with the use of [11C]
UCB-J PET,12,30 but no studies have investigated
whether synaptic density is related to cerebral glucose
metabolism measured with [18F]FDG PET within these
patients. One recently published study investigated
[11C]UCB-J binding and [18F]FDG PET uptake in
patients with Alzheimer’s disease (AD). They found
more pronounced hypometabolism measured with [18F]
FDG PET compared to synaptic loss within cortical
brain area and comparable [18F]FDG PET and [11C]
UCB-J reduction in medial temporal regions.31 Another
recent study investigated this relationship in the

TABLE 2 Region of interest analysis of [11C]UCB-J and [18F]FDG
data for HC, nPD, and DLB/PDD

Overall

P

% reduction

in nPD

vs. HC

(P-value)

% reduction in

DLB/PDD

vs. HC (P-value)

[11C]UCB-J CSO

norm PVC

FCX 0.022 �3 (0.47) 21 (0.04)

Hip 0.168 �1 (0.47) 18 (0.06)

Amg 0.097 �4 (0.46) 17 (0.06)

MTCx 0.051 �2 (0.47) 20 (0.05)

LTCx 0.032 �3 (0.46) 21 (0.05)

PCX 0.019 0 (0.47) 25 (0.02)

OCX 0.015 2 (0.47) 28 (0.02)

STR 0.154 0 (0.47) 17 (0.06)

SN 0.115 18 (0.09) 20 (0.06)

ICX 0.044 3 (0.46) 46 (0.03)

ACC 0.029 �4 (0.41) 20 (0.06)

PCCx 0.038 �4 (0.46) 18 (0.06)

CBL 0.014 1 (0.47) 26 (0.02)

Thal 0.080 �1 (0.47) 22 (0.06)

[18F]FDG CSO
norm PVC

FCX 0.000 7 (0.23) 38 (0.000)

Hip 0.003 4 (0.24) 24 (0.001)

Amg 0.001 �1 (0.24) 26 (0.001)

MTCx 0.000 8 (0.24) 38 (0.000)

LTCx 0.000 5 (0.23) 38 (0.000)

PCX 0.000 14 (0.07) 46 (0.000)

OCX 0.000 18 (0.02) 48 (0.000)

STR 0.003 5 (0.24) 29 (0.001)

SN 0.030 5 (0.24) 23 (0.002)

ICX 0.000 20 (0.01) 44 (0.000)

ACC 0.001 2 (0.24) 32 (0.001)

PCCx 0.001 1 (0.24) 30 (0.000)

CBL 0.000 8 (0.23) 39 (0.000)

Thal 0.001 7 (0.22) 26 (0.000)

Note: Region of interest analysis of SUVR-1 values for HC, nPD and DLB/PDD.
P designates the overall group test P-value (one-way ANOVA), followed by
group post-test P-values (pairwise comparisons of mean with equal variance).
Sidak-Holm corrected values.
Abbreviations: ACCx, anterior cingulate cortex; CBL, cerebellum; CSO, centrum
semiovale normalized; DLB, dementia with Lewy bodies; FCx, frontal cortex;
FDG, fluorodeoxyglucose HC, healthy control; ICx, insular cortex; LTCx, lateral
temporal cortex; mTCx, medial temporal cortex; nPD, non-demented
Parkinson’s disease; OCx, occipital cortex; PCCx, posterior cingulate cortex;
PCx, parietal cortex; PVC, partial volume correction; SN, substantia nigra; Str,
striatum; Thal, thalamus.
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cortico–striato–thalamo–cortical circuit following a uni-
lateral dopaminergic lesion in rats and compared to
sham lesioned rats.13 They reported hypometabolism in
motor and orbitofrontal cortex measured with [18F]
FDG PET,13 but synaptic loss measured with [11C]
UCB-J PET was not demonstrated in these regions.
Accordingly, these findings also suggest a greater degree
of hypometabolism compared to synaptic loss in these
patients and experimental animals, but also that alter-
ations in synaptic density and metabolism can be
regionally divergent within the brain. Of interest, a
recent study of patients with Huntington’s disease rev-
ealed spatially more extensive reductions in [11C]UCB-J
PET uptake compared to [18F]FDG uptake.32 Whereas the
above mentioned study in AD reported similar findings to
our results in DLB31 (ie, more widespread [18F]FDG reduc-
tions compared to UCB-J.) These discrepancies are interest-
ing and suggest that the degree of hypometabolism does
not exceed synaptic loss in all neurodegenerative diseases.
Perhaps the preferential loss of inhibitory medium spiny
neurons in Huntington’s disease could lead to a

disinhibitory state, which would not be followed by down-
stream hypometabolism. The availability of synaptic PET
tracers now allows such hypotheses to be explored.
Our findings were in line with the previously publi-

shed study in AD31 and in rodents.13 When testing if
the observed percentage reduction in our DLB/PDD
patients was significantly larger in [18F]FDG uptake
compared to the reduction in [11C]UCB-J binding, we rev-
ealed that the magnitude of hypometabolism was signifi-
cantly greater within all cortical brain areas (except for
the ICx), whereas similar reductions were observed in
medial temporal regions including HIP, Amg, Thal, and
additionally SN (Table S2). In brief, this finding suggested
a regional decoupling of synaptic density and metabolism
in the DLB/PDD patients. This regional divergence could
be explained by several factors, including alterations in
local perfusion and metabolism in response to changes in
neuronal/synaptic activity, regionally abnormal protein
aggregation, regionally altered synaptic plasticity, and
degradation of important subcortical neuromodulatory
systems in LBDs.

FIG. 2. (A) Comparison of healthy controls (HC) (n = 15) and non-demented Parkinson’s disease (nPD) (n = 19) [18F] fluorodeoxyglucose (FDG) standard
uptake value ratios (SUVR) (voxel: P = 0.01 unc with cluster thresholding, k = 300 voxels). (B) Comparison of HC (n = 15) and nPD (n = 21) [11C]UCB-J
SUVR (voxel: P = 0.01 unc with cluster thresholding, k = 300 voxels). (C) Comparison of HC (n = 15) and Parkinson’s disease with dementia/dementia
with Lewy bodies (PDD/DLB) (n = 7) [18F]FDG SUVR (voxel: P = 0.0001 unc with cluster thresholding, k = 300 voxels). (D) Comparison of HC (n = 15)
and PDD/DLB (n = 13) [11C]UCB-J SUVR (voxel: P = 0.0001 unc with cluster thresholding, k = 300 voxels). [Color figure can be viewed at
wileyonlinelibrary.com]
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Therefore, our present study demonstrates that the
percentage decrease in [18F]FDG uptake significantly
exceeded that of the percentage loss of synaptic density
in Lewy body patients in most regions except SN, Thal,
HIP, Amg, and ICx (Tables 2 and S2). This supports
the idea that synaptic dysfunction precedes synaptic
loss. There may be several possible explanations for this
disproportionally larger magnitude of hypometabolism.
First, LBD are neurodegenerative disorders involving

degenerative alterations in numerous neurobiological pro-
cesses, including synaptic changes and perturbed metabo-
lism.33-35 Therefore, the reduced glucose hypometabolism
observed in these patients may to some extent be
explained by general neurodegeneration.
Second, it is possible that cortical hypometabolism

observed in these patients may in part be caused by
degeneration of important subcortical neuromodulatory
systems. PD is a multi-system disorder, which in addi-
tion to the well-known degeneration of dopaminergic
neurons in the SN is also characterized by degeneration
of several other subcortical systems, including norad-
renergic neuronal loss in the locus coeruleus,36-39

degeneration of serotonergic neurons of the dorsal
raphe nuclei40-43 and of cholinergic neurons of the
nucleus basalis of Meynert,39,44-47 as well as other
nuclei including the ventral tegmental area48 and
pedunculopontine nucleus.49,50 Several studies have
investigated these subcortical systems and have gener-
ally reported an activating (excitatory) effect of these
systems on the cerebral cortex.51-54 Therefore, neuron
loss and dysfunction in these subcortical systems could
very plausibly result in widespread hypometabolism
across the cortex.55 Interestingly, one study reported
cholinergic loss to start posteriorly in PD cases and
spread anteriorly in PDD, corresponding to the docu-
mented patterns of progressive reductions in [18F]FDG
uptake.56

Finally, it is interesting to note that whereas some
colocalization between cortical hypometabolism and
Lewy body pathology exists,57,58 the patterns are far
from identical. In particular, hypometabolism is very
pronounced in occipital cortex, which generally shows
relatively sparse Lewy pathology in postmortem stud-
ies.55,58 This further supports the proposal that cortical
hypometabolism may be caused by a combination of
cortical and subcortical pathologies in Lewy body
disorders.
Our findings should be interpreted with caution and

the study had several limitations. First, the sample size
was very modest. Particularly the sample size of our
DLB/PDD group was limited with only seven patients
with [18F]FDG PET. Consequently, we controlled for
multiple comparisons and limited the number of ana-
lyses, to deal with our limited statistic power.
Second, several studies have confirmed that the CSO

is a valid reference region for [11C]UCB-J PET intensity

normalization and that grey matter/white matter ratios
are proportional to volume-of-distribution parame-
ters.22-25 Of note, one previous study did report 10%
to 20% SV2A specific binding of [11C]UCB-J in CSO7.
Furthermore, several studies have shown that glucose
uptake as measured with [18F]FDG PET is stable in
white matter55,59 and well preserved in PD,60 if care is
taken to only include the centermost part of white mat-
ter and therefore, avoiding partial volume effects. Nev-
ertheless, white matter is a different tissue class
compared to gray matter, and may therefore, not be
optimal as a reference region for either [11C]UCB-J PET
or [18F]FDG PET. Therefore, the definition of the refer-
ence region CSO and its proximity to other tissue clas-
ses (ie, grey matter and cerebrospinal fluid) could
influence and potentially bias our SUVR data. In addi-
tion, we calculated SUVR-1 values for both [18F]FDG
and [11C]UCB-J, but these may not be directly compa-
rable. For [11C]UCB-J, SUVR-1 approximates the ratio
between specific and non-specific binding such that an
SUVR-1 of zero suggests a complete absence of SV2A
and hence, of synapses. For [18F]FDG, SUVR-1 desig-
nates how much grey matter metabolism exceeds white
matter metabolism in a relative sense, so here, an
SUVR-1 of zero does not mean the absence of metabo-
lism, but rather that grey matter metabolism is equal to
white matter metabolism. Therefore, the present results
should preferably be reproduced with full kinetic
modeling of [18F]FDG PET data.
Third, it cannot be excluded that atrophy may have

affected our results, even after PVC. Therefore, a possi-
ble partial volume effect must be mentioned as a limita-
tion, although our results suggest that any effects of
atrophy were probably minor. Moreover, any such
effect would probably affect both the [18F]FDG and
[11C]UCB-J data to a similar degree and therefore, be
less of a problem when comparing the relationship
between these tracers.
Fourth, all our included patients, except two of our

DLB patients, were on medication including levodopa,
Ma-B inhibitors, dopamine agonist or AchE inhibitors
(Supplementary Table S1). None of our DLB patients
were on Parkinson specific medication such as levo-
dopa. Some studies have suggested a promoting effect
of levodopa on synaptic plasticity and transmission,
which would hypothetically trigger an increase of SV2A
expression levels and therefore, [11C]UCB-J binding in
our levodopa treated nPD patients. Accordingly, this
may have caused an underestimation of the observed
difference between nPD and HC. In addition, 11/13 of
our DLB/PDD patients were on AChE inhibitors. It
seems unlikely that AChE inhibitors would have any
major effects on the overall density of synapses, which
could alter findings on [11C]UCB-J PET, but to our
knowledge, this has not been studied. Regarding [18F]
FDG PET, 5/7 of our DLB/PDD patients were on AChE
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inhibitors. Some studies have suggested a minor excit-
atory effect of AChE inhibitors on brain metabolism,
which would in theory result in higher [18F]FDG
uptake in our DLB/PDD group.61 Accordingly, the
magnitude of hypometabolism seen in our DLB/PDD
group could have been underestimated.
Finally, two different PET systems were used during

[18F]FDG PET to image the DLB/PDD groups, which
may have contributed to some dissimilarities during
analysis in PMOD. However, no apparent differences
in the pattern or magnitude of [18F]FDG uptake were
detected manually between the two PET cameras dur-
ing the analyses in PMOD. In addition, all UCB-J PET
scans were performed on the ECAT Siemens High-
Resolution Research Tomograph (HRRT) (Siemens/CTI,
Knoxville, TN, USA), whereas 39/41 (95%) of FDG
scans were done on a Siemens biograph Vision PET/CT
system. The HRRT has slightly better spatial resolution
compared to the Vision, whereas the Vision uses more
modern reconstruction algorithms and excellent time-
of-flight methodology. The end result is remarkably
similar image quality in PET images from the HRRT
and Vision cameras. Additionally, all image volumes
were filtered with an 8 mm Gaussian filter. Any differ-
ences in quantitative values of the two images were
most likely relatively minor.
In conclusion, our study investigated the relationship

between in vivo glucose uptake and the magnitude of
synaptic density as measured using [18F]FDG PET and
[11C]UCB-J PET for the first time in Lewy body
patients (PD and DLB/PDD). The magnitude of reduced
[18F]FDG uptake was greater than the corresponding
decline in [11C]UCB-J binding, which was seen in both
VOI and voxel-based analysis. Therefore, the magni-
tude of reduced [18F]FDG uptake seen in Lewy
body disorders probably cannot be fully explained
by local synaptic loss. We hypothesize that cortical
hypometabolism in Lewy body disorders could in part
be caused by neurodegeneration of subcortical modula-
tory, ascending neurotransmitter systems, which could
result in the loss of a generally excitatory drive on the
cortex. This theory could be explored in animal studies
by quantifying the relative loss of [11C]UCB-J and [18F]
FDG signal after standardized lesioning of different
neurotransmitter systems or by using transgene animal
models overexpressing a-synuclein.
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