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Abstract

Purpose: The primary objective of this study was to investigate associations
between cerebral presynaptic vesicular monoamine transporter 2 (VMAT?2)
density and plasma lipid levels in Parkinson’s disease (PD) using quantitative
8F-9-fluoropropyl-(+)-dihydrotetrabenazine (*F-AV133) positron emission
tomography (PET).

Methods: Ten-min ®F-AV133 PET scans, acquired 80 min post tracer
injection, and structural MRI scans for 22 PD patients and four healthy controls
were collected from the Parkinson’s Progression Markers Initiative study (PPMI)
project. Serum lipid measurements were available for six of the 22 patients. The
BEF-AV133 cerebral standardized uptake value ratio (SUVR) relative to the
occipital cortex was calculated as an index of VMAT?2 density. SPSS and statistical
parametric mapping (SPM) software were used to analyze the relationships
between lipid indicators (including total cholesterol, high-density lipoprotein
(HDL), low density lipoprotein (LDL), and triglycerides), and SUVRs in both

regions of interest (ROI) and voxelwise levels.

Results: ROI based analysis revealed significant positive linear correlations
between serum LDL levels and SUVRs of the medial temporal lobe, amygdala,
left anterior putamen, substantia nigra, midbrain and serum LDL levels (r: 0.91 to
0.99, < 0.01, n = 6). Negative correlations were found between serum HDL and
the SUVRs of the caudate, left posterior putamen, and ventral striatum (r: -0.98
to -0.93, p < 0.01, n = 6). SPM analysis showed there were positive correlations
between LDL and SUVRs in the right amygdala and uncus. Prominent negative
correlations between HDL levels and SUVRs were found in the left caudate and
ventral striatum.

Conclusion: This pilot study provided evidence of a strong linear correlation
between cerebral VMAT?2, measured by ¥F-AV133 PET, and plasma LDL,
HDL levels in PD patients. This correlation indicates that cholesterol might play
an important role in the Parkinson’s disease progression.

Keywords
PET, ¥F-AV133, Parkinson’s disease, VMAT2, LDL, HDL

Introduction

Vesicular monoamine transporter 2 (VMAT?2) is the protein responsible
for transporting both dopamine and serotonin into synaptic vesicles [1].
1C-dihydrotetrabenazine ('C-DTBZ) PET has been used for i vivo imaging of
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cerebral VMAT?2, and has proved to be a potential quantitative
biomarker for monitoring dopaminergic degeneration in
Parkinson’s disease (PD) [2-4]. One major limitation of
the tracer preventing its wide use is its short physical half-
life (20 min). *F-9-fluoropropyl-(+)-dihydrotetrabenazine
(¥F-DTBZ, or ®F-AV133 hereafter) is a recently developed
PET tracer with a 110 min physical half-life for clinical
quantitative VMAT?2 imaging [5]. Previous studies show
that ¥F-AV133 is a promising PET tracer for detecting and
monitoring the VMAT? reduction in PD patients [6-11].

Dysregulation of lipid metabolism in the brain appears
to be linked to chronic neurodegenerative disorders, including
Alzheimer’s disease and PD [12-16]. Although the findings
are still controversial, the overall evidence favors an association
between higher total cholesterol and lower PD risk [13, 17].
Recent reports revealed a direct relationship between higher
cholesterol levels and a slowing in the rate of decline in
Parkinson’s disease patients [18].

Since cholesterol metabolism is associated with
Parkinson’s disease pathogenesis and progression [13, 18],
and VMAT?2 imaging has proven to be an objective marker
for monoaminergic neuron synaptic integrity [6, 9, 19],
it is plausible to predict a similar correlation between the
monoamine neuronal integrity marker and serum lipid levels.
To evaluate this hypothesis, we investigated the associations
between plasma lipid indicators (including total cholesterol,
high-density lipoprotein (HDL), low density lipoprotein
(LDL), and triglycerides) and cerebral VMAT?2 densities
assessed by ®F-AV133 PET in PD patients.

Materials and Methods

'The available online data from the Parkinson’s Progression
Markers initiative (PPMI) database (http://www.ppmi-info.
org/data) were downloaded in December 2014, which include
patient demographics, clinical assessment, plasma lipids
indicators, ®F-AV133 PET, and MRI images. As described
below in more detail, the downloaded F-AV133 PET images
were then processed and analyzed at both regions of interest
and voxelwise levels. The relationships between HDL, LDL,
and ®F-AV133 SUVRs in both region of interest (ROI) and

voxelwise levels were analyzed.

¥F-AV133 PET and MRI acquisition and image processing

BEF-AV133 PET scans (http://www.ppmi-info.org/: AV-
133 PET Imaging Technical Operations Manual, Version
1.2 Final, July 2012) and T1 weighted structural MRI scans
using magnetization prepared rapid acquisition gradient echo
sequence, or fast spoiled gradient-recalled-echo sequence,
(http://www.ppmi-info.org/: MRI Technical Operations
Manual, Version 4, 2012) were collected from the PPMI
project by December 2014 for 22 patients with Parkinson’s
disease and four controls. The PET and MRI scans at the
screening or first visit were included in the study. All subjects
were drug naive for Parkinson’s disease medication. 10 min
(2 x 5 min) ®F-AV133 images acquired at 80.8 (+ 2.8 SD)

min post tracer injection was used in the study.

AIlPET and MRI images were processed using Statistical

Parametric Mapping software (Wellcome Department of
Imaging Neuroscience, London, United Kingdom) SPMS8
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) and
MATLAB (The MathWorks Inc.). To study the spatial and
temporal changes of F-AV133 VMAT2 binding in PD
progression, the PET and MRI images of the PD patients
were reoriented so that the striatum contralateral to the
symptomatic side was always on the left of the brain [20]. To
minimize motion effects during PET scans, the ®F-AV133
images with two frames were first aligned to generate mean
images. The aligned 10 min ®F-AV133 PET mean images
were then coregistered to MRI images. The MRI images
were normalized to standard Montreal Neurologic Institute
(MNI) space using SPM8 [21] with a high resolution MRI
template provided by VBMS toolbox [22]. The transformation
parameters determined by MRI spatial normalization were
then applied to the coregistered PET images for PET spatial
normalization. A total of 34 regions of interest (ROIs),
including the cortex, striatum, and sub-striatum regions, were
manually drawn on the MRI template using PMOD software
(PMOD Technologies Ltd., Ziirich, Switzerland) in standard
MNI space. The sub-striatum regions used in the study
were the ventral striatum, caudate, anterior putamen (pre-
commissural dorsal putamen), and posterior putamen (post-
commissural putamen) [23, 24]. The occipital cortex was used
as reference tissue to calculate the standardized uptake value
ratio (SUVR) of ®F-AV133 binding (http://www.ppmi-info.
org/: AV-133 PET Image Processing Methods for Calculation
of Striatal Binding Ratio), where the SUVR is a quantitative
measurement of VMAT?2 density in brain tissues. SUVR
images were calculated as PET (images)/PET (occipital) in
the standard space (image volume: 121 x 145 x 121, voxel size:
1.5 x 1.5 x 15 mm in x, y, z). ROI SUVRs were then obtained
by applying ROIs to SUVR images. A 3D spatial Gaussian
filter of 8 mm full width at half maximum in x, y, z direction
was applied to SUVR images for voxelwise statistical analysis
using SPMS8.

Plasma lipid indicator evaluation

Among the 22 PD patients with F-AV133 PET
images, serum lipid measurements were available for six
of them. All subjects were comprehensively assessed at the
screening and baseline visits for clinical characteristics (motor,
neuropsychological, and cognitive) and plasma indicators as
described in the PPMI biologics manual (http://www.ppmi-
info.org/). Details of this study have previously been reported
[25], and up-to-date information on the study can be obtained
from the project webpage.

Statistical analysis

Analyses were performed with Statistical Package for
the Social Sciences (SPSS) statistics (version 21; SPSS, Inc.,
Chicago, 1L, USA). PD patients were sub-grouped into
severely disabled (SD - PD, Motor Scale > 32) and mild-to-
moderately disabled (MD - PD, Motor Scale < 32) based on
their evaluations with the unified Parkinson disease rating
scale (UPDRS) Part III (Motor scale) [26]. Comparisons of
baseline serum lipids concentrations, ROI SUVRs between
Parkinson’s disease, sub-groups, and controls were tested with
independent t-tests. The Mann-Whitney’s U test was used in
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case of non-normally distributed variables, and the chi-square
test was used for categorical data. The relationships between
the baseline plasma indicators and ROI SUVRs were explored
by Pearson’s correlations and p < 0.01 was set as a significant
level. Voxelwise statistical analysis was performed using SPM8
in the study. Statistical parametric maps were obtained for
each serum lipid indicator by linear regression between SUVR
images and serum lipid concentrations. For the relatively
higher noise levels of voxelwise SUVR measurements, results
of linear regressions were reported at a p-value < 0.001 for
clusters > 50 voxels.

Results

Demographics and clinical assessments

Demographic statistics and clinical assessments for the
participants with ¥F-AV133 PET scans are listed in Table 1.
'The UPDRS motor scales in the PD group were significantly
higher than those in controls, while the Montreal Cognitive
Assessment (MoCA) between PD patients and controls
(HCs) were not significantly different.

Table 1: Demographics and clinical assessments of subjects with
¥F-AV133 PET.
PD patients HCs p*
All With lipid (n=4)
(n=22) levels
(n=6)
Age (years) 64.51 66.83 63.37(57.7-66.7) | 0.71
(33.7-77.3) | (61.5-69.4)
Gender (male: 18:4 5:1 3:1 0.44
female)
Disease duration | 18.19 (2-23) | 12.00 (5-18) / /
(months)
UPDRS Part 111 | 22.64 (8-45) | 24.67 (15- 0 0.00
(Motor Scale) 35)
Hoehn and Yahr 1.60 (0-2) 1.67 (1-2) / /
stage
MoCA 2550 (17- | 25.0(22-28) | 27.75(27-29) | 0.05
30)
Side predominantly 14:8 4:2 / /
affected at onset
(R:L)
HC, Healthy controls; PD, Parkinson’s disease; UPDRS, unified Parkinson
disease rating scale; MoCA, Montreal cognitive assessment. Data are
presented as mean (range). *Comparison between 22 PDs and 4 HCs.

8F-AV133 cerebral VMAT2 binding in HCs and Parkinson’s

disease

The simple statistics of ROI SUVRs of the ®F-AV133
binding in HCs and PD group are illustrated in Figure 1.
The SUVRs in the Parkinson’s disease group (n = 22) were
remarkably reduced in striatal sub-regions in the following
order: left posterior putamen, right posterior putamen (54.1%,
43.2%) > left anterior putamen, right anterior putamen

(35.6%, 27.9%) > left caudate, right caudate (24.5%, 20.8%)
as compared to healthy controls (n = 4). The SUVRs of the

cerebellum, ventral striatum, substantia nigra, and midbrain in
the Parkinson’s disease group were reduced by 5-12% from
healthy controls, but not statistically significant (p > 0.2). The
SUVREs in the medial temporal, amygdala, and hippocampus
were almost equivalent between the Parkinson’s disease group
and healthy controls (p > 0.64). As expected, when comparing
the cerebral VMAT2 densities between PD and healthy
controls, the SPM analysis revealed two prominent clusters
(> 5000 voxels). In PD patients, the clusters located in the
bilateral caudate and putamen with higher T values in left side
showed unsymmetrical decrease in striatal VMAT?2 density
(Figure 2).

Further analysis showed that there was no significant
difference in SUVRs between the MD - PD group (n = 17)
and the SD - PD group (n = 5) (p > 0.10); however, there was

a trend of reduced

SUVR in the left posterior putamen, left caudate, left
ventral striatum, substantia nigra, and midbrain (p: 0.10-0.40).
Correspondingly, the cognitive measurements of the MoCA
score in the SD - PD group were slightly lower than those in
the MD - PD group (25.20 + 2.14 5. 26.12 + 3.18, p = 0.57).

i wEs m HC
sy e 1 0 =1 MD-PD
- T s S == SD-FD
3 iL ﬁ[
¢ | |- b
5 21
w
1 4
0 ; ImIEIE IR ELEL LN

01 2 3 45 6 7 8 9 10 1 12 13 14 15

Region of interest

Figure 1: The mean + standard deviation of ROI SUVRs of *F-AV133
in healthy controls (HC) (n = 4), mild disabled PD patients (n = 17), and
severely disabled PD patients (n = 5). Regions of interest are numbered
as: 1: left anterior putamen; 2: left posterior putamen; 3: right anterior
putamen; 4: right posterior putamen; 5: left caudate; 6: right caudate; 7:
left ventral striatum; 8: right ventral striatum; 9: dorsal raphe nucleus;
10: substantia nigra; 11: midbrain; 12: cerebellum; 13: medial temporal
cortex; 14: amygdala; 15: hippocampus. The SUVR in striatum subregions
in PD group (n = 22) were significant lower than ones in healthy controls
(n=4) ("™ p<0.001,™: p=0.01).

Correlation between plasma lipid levels and *F-AV133
VMAT? binding in PD patients

'The correlation analysis was based on the six PD patients
who had both ®F-AV133 PET imaging and serum lipid
assessments. The mean ®F-AV133 SUVR images of the six
PD patients are shown in Figure 3. There were no significant
differences in all ROI SUVRs between the six patients and all
22 PD patients (p > 0.15).

We first used an ROI approach for our analysis. There were
significant positive linear correlations between the SUVRs of
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Figure 2: Differences of cerebral VMAT2 density between healthy
controls and Parkinson’s disease patients from voxelwsie statistical
analysis using SPM8. Results showed unsymmetrical decrease in striatal
VMAT?2 density in PD as compared with healthy controls, which is
consistent with the results obtained in region of interest based analysis
(Figure 1).

Caudate

Anterior putamen
Posterior putamen
Ventral striatum
Amygdala

Dorsal raphe nuclei

Figure 3: The mean *F-AV133 SUVR images of the 6 PD patients
(4 mild disabled PD and 2 severely disabled PD patients) with plasma
lipid levels. The ROI *F-AV133 SUVRs (mean + SD) in left posterior
putamen, right posterior putamen, left anterior putamen, right anterior
putamen, caudate, ventral striatum, amygdala, dorsal raphe nuclei were
1.48 £0.37,1.61 £ 0.67,2.03 £ 0.71,2.13 £ 0.10,2.05 £ 0.70,2.30 £ 0.92,
1.36 + 0.50,1.54 + 0.63 in the 6 PD patients

© vsmeaai temporal tone o vsCaudate
o vsAmygdala © vs Lek posterior putamen
v vsidbrain

v vs Ventral striatum

\ |
'F-AV133 SUVR In different brain regions

"F.AV133 SUVR In different brain reglons

60 70 8 % 0 M0 120 130 2 » 4 50 L i 80 %0

Serum low density lipoprotein concentrations (mg/dL) Serum high density lipoprotein concentrations (mg/dL)

A B
Figure 4: Linear correlation between plasma lipoprotein levels and '*F-
AV133 VMAT? binding in PD patients (n = 6). A: ROI based analysis
showed a significant positive correlation between LDL levels and **F-
AV133 SUVRs in the medial temporal lobe (Y = 0.009X + 0.563, R? =
0.916), amygdala (Y = 0.011X + 0.571, R? = 0.981), and midbrain (Y =
0.0126X + 0.244, R? = 0.881). B: HDL levels were negatively correlated
with SUVRs in the caudate (Y = -0.0253X + 3.636, R? = 0.916), left
posterior putamen (Y = -0.0058X + 1.86, R? = 0.88) and ventral striatum
L (Y =-0.0294X + 4.639, R? = 0.871).

J

the medial temporal lobe, amygdala, left anterior putamen,
substantia nigra, midbrain and serum LDL levels (Pearson r:

0.91 to 0.99, p < 0.01, n = 6). The typical linear correlation

4 2\
.0. .‘0
A B

Figure 5: Representative *F-AV133 SUVR images of PD patients with
different LDL and HDL levels. A: a 69.8-y-old male with HDL/LDL
of 32.0/125.0 mg/dL; B: a 53.9-y-old male with HDL/LDL levels of
73.3/64.0 mg/dL. The UPDRS motor scale/MoCA score for the patient
A and B were 17/27 and 35/24, respectively. *F-AV133 ROI SUVRs
of patient A and B were: caudate, 2.74 and 2.29; left putamen, 2.47 and
1.87; right putamen, 3.47 and 2.19; ventral striatum, 3.87 and 2.72; raphe
nuclei, 2.09 and 1.60; and substantia nigra, 2.12 and 1.51, respectively.

Figure 6: Statistical t map on MRI template. A: voxel SUVRs in the
cluster (right amygdala and uncus) were correlated with serum LDL
levels; and B: voxel SUVR in the cluster (left caudate and ventral
striatum) were correlated with serum HDL levels. p < 0.001 and cluster
L 50 voxels were selected in SPM analysis.

J

between amygdala SUVR and LDL levels is illustrated in
Figure 4A. In contrast, there were negative linear correlations
between ¥F-AV133 SUVRs of the caudate, left posterior
putamen, and ventral striatum, hippocampus and HDL levels
in PD patients with Pearson r: -0.98 to -0.81 (p < 0.01). The
typical linear correlation between caudate SUVR and HDL
levels is demonstrated in Figure 4B. A representative SUVR
image from a typical PD patient with low HDL/high LDL
(patient A) showed a higher SUVR and better UPDRS motor
scale/MoCA score as compared to patient B with high HDL/
low LDL (Figure 5).

SPM analysis was also performed in our study. The SPM
map of serum LDL level correlations revealed a cluster (91
voxels; peak T = 13.89 at 26 mm, -3 mm, -24 mm in X, y, z)
that mainly covered right amygdala and uncus (Figure 6A).
With regards to serum HDL levels correlations, the most
prominent negative correlations between HDL levels and
SUVRs were found in the left caudate and ventral striatum
(252 voxels; peak T'=42.76 at -8 mm, 11 mm, -5 mm in x, y, z)
(Figure 6B), and another small cluster (81 voxels) was mainly
located in the parahippocampal gyrus.

Discussion

'The main finding of this study showed a linear correlation

between cerebral VMAT?2 densities measured by *F-AV133
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specific binding and plasma LDL and HDL levels in PD
patients. This study also confirmed that VMAT?2 densities
are significantly lower in the striatal sub regions in PDs as
compared with controls.

BEF-9-fluoropropyl-(+)-dihydrotetrabenazine ~ (**F-AV-
133) is a novel positron emission tomography (PET) tracer
for imaging VMAT?2 in monoaminergic neurons [6, 19, 27].
Successful imaging studies have demonstrated the feasibility of
¥F-AV-133 to differentiate normal controls from PD subjects
[6,27]. A recent publication clearly indicated the sensitivity of
8F-AV-133 for detecting monoaminergic terminal reductions
in PD patients and concluded that ®F-AV-133 may allow
the selection of presymptomatic patients with nigrostriatal
movement disorders [6]. Consistent with previous reports, the
current ®F-AV-133 PET study showed significantly lower
VMAT?2 densities in PD patients in the following order:
posterior putamen>anterior putamen>caudate [6]. The SPM
analysis confirmed that the posterior putamen was the most
severely affected striatal subregion, followed by the anterior
putamen and caudate nucleus [20].

Since VMAT?2 is a transporter not only for dopamine, but
also for serotonin, norepinephrine, histamine, and GABA [28-
32], the reductions in VMAT2 PET measurements reflect the
brain dysfunction in PD related to those mentioned neurons.
It is demonstrated that the decrease of VMAT?2 level was
correlated with the non-motor symptoms [33]. Our results
showed that ®F-AV133 PET imaging could detect the
monoaminergic degeneration in these extrastriatal regions.
The SUVRs of the amygdala, cerebellum, substantia nigra,
midbrain and medial temporal lobe were 5-12% lower than
healthy controls (to 67.7-92.5% SUVR of putamen, Figure 1).
These reductions are believed to be manifestations of small
vessel cerebrovascular diseases [34] that may contribute to
decreased blood flow and "*F-AV133 binding.

'The current PET study showed high correlations between
the ¥F-AV133 SUVRs of the medial temporal lobe, amygdala,
substantia nigra, midbrain and serum LDL levels, whilst the
BF-AV133 SUVRSs of striatum subregions revealed significant
negative correlations with HDL levels in Parkinson’s disease
(Figures 4 and 6). Thus, our findings provide evidence for
a close relationship between VMAT?2 density and serum
lipoprotein levels in patients with PD [35]. This strong
correlation suggests that the lipoproteins played a crucial role
in the monoaminergic neuron synaptic functions [36-39].
Based on the present results, high serum lipid levels may have
a beneficial effect on improving the monoaminergic neuron
integrity and thus slowing PD progression. In addition, the
present findings suggest that lowering plasma cholesterol
with statins should be considered cautiously in PD patients,
as has been indicated by Huang et al. [17]. Their study
showed that statin usage was associated with higher risk of
PD after accounting for serum LDL-cholesterol levels, which
is inconsistent with the hypothesis that statins might be
neuroprotective for PD [40].

It has long been acknowledged that the decrease of
serum lipids is associated with the impairment in cognitive

functioning [41, 42]. In support of that, our whole brain ROI

analysis and SPM tests showed close correlations between
LDL and monoaminergic neuronsin brain areas associated
with cognitive functioning (mainly limbic lobe, temporal
lobe, and amygdala). This LDL-related hypo-excitation of
cortical and sub-cortical areas as a result of degeneration of
monoaminergic neurons may underlie the cognitive deficits in
PD patients [43]. In order to investigate whether plasma lipids
play a role in the cognitive deficit in PD, we analyzed plasma
lipid concentrations in PDs with serum lipid and lipoprotein
concentrations in PPMI. Results showed that the levels of
LDL in cognitively normal PD patients (MoCA total score 2
26) were significantly higher than in cognitively declined PD
patients (p = 0.01, data not shown).

The significant negative correlation found between *F-
AV133 VMAT?2 binding in striatal subregions with HDL
leads to the proposition that HDL levels may indicate motor
dysfunction in Parkinson’s disease. Although we did not find
correlations between UPDRS motor scores and HDL levels,
HDL concentrations in mild-moderate disabled patients
differed from severely disabled Parkinsons disease in the
hypothesized direction (HDL in mild-moderate disabled PD
patients (58.7 = 37.7, n = 2) < ones in severely disabled PD
patients (72.0 £ 11.6,n = 4)). As the relatively small sample size
may make it difficult to reach statistical significance, further
large sample, longitudinal follow-up studies are needed.

Conclusions

In conclusion, this pilot study provided evidence of a
strong linear correlation between cerebral VMAT?2 densities
measured by ®F-AV133 specific binding and plasma LDL
and HDL levels in PD patients, indicating that cholesterol
defects might play an important role in the Parkinson’s disease
progression. Though a higher significance level (p > 0.001)
and cluster size were adopted in the SPM analysis to make
the analysis more reliable, the small sample size was still a
limitation of this research. A large number of PD patients for
further validation are needed.
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