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['®F]PRO4.MZ PET/CT Imaging for Evaluation of Nigrostriatal
Neuron Integrity in Patients With Parkinson Disease

Carlos Juri, MD, PhD,*7 Vasko Kramer, PhD,[§ Patrick J. Riss, PhD,// Cristian Soza-Ried, PhD,§
Arlette Haeger, MD,§ Rossana Pruzzo, MD,§ Frank Résch, PhD, Y
Horacio Amaral, MD, [§ and Pedro Chana-Cuevas, MD**17

Introduction: Degeneration of dopaminergic, nigrostriatal neurons is the
hallmark of Parkinson disease (PD), and PET quantification of dopamine
transporters is a widely accepted method for differential diagnosis between
idiopathic PD and essential tremor. ['*F]JPR04.MZ is a new PET tracer with
excellent imaging properties allowing for precise quantification of striatal
and extrastriatal dopamine transporter. Here we describe our initial experi-
ence with ['*F]PR04.MZ PET/CT in a larger cohort of healthy controls
and PD patients as a proof-of-concept study for this tracer.

Methods: Eighteen healthy subjects, 19 early PD patients (Hoehn-Yahr I-I),
and 13 moderate-advanced PD patients (Hoehn-Yahr III-IV) underwent static
PET/CT scans 60 to 90 minutes after injection of 5.16 + 1.03 mCi
(191 + 38 MBq) ['®F]PR04.MZ. Specific binding ratios (SBRs) were calculated
for caudate nucleus, anterior putamen, posterior putamen, substantia nigra
(SNpc), compared between different groups and correlated with clinical ratings.
Results: ['*F]PR04.MZ showed very high and specific uptake in the puta-
men, caudate, and substantia nigra pars compacta and very low nonspecific
binding in other brain regions, and SBR values for the control group were
22.3+4.1,19.1 £3.5,and 5.4 + 1.2, respectively. A reduction of SBR values
was observed in all regions and in both initial and moderate PD, ranging
from 35% to 89% (P < 0.001). The observed pattern of reduction was pos-
terior putamen > anterior putamen > substantia nigra pars compacta > cau-
date, with contralateral posterior putamen being the most affected region.
Rostrocaudal depletion gradient was evident in all PD patients and progres-
sion correlated with motor manifestations.

Conclusions: ['*F]PR04.MZ PET/CT is a highly sensitive imaging modal-
ity for the detection of dopaminergic deficit in nigrostriatal pathways in PD.
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P arkinson disease (PD) is characterized by the pathologic depo-
sition of a-synuclein aggregates and the subsequent degeneration
of dopaminergic neurons.' The availability of reliable biomarkers for
PD is critical to establish early or even presymptomatic diagnosis, to
track dopaminergic depletion, and to evaluate disease-modifying ther-
apies, aimed to alter the course of progression.” ~ Molecular imaging
techniques such as PET and SPECT are used worldwide to evaluate
movement disorder patients for this purpose.’ In order to evaluate
new biomarkers for PET, it is important to determine their ability to re-
liably detect dopaminergic deficits, as well as to describe the pattern of
neuronal loss and its progression over time.>®

Although numerous neurotransmitter systems are affected in
PD, studies have shown a direct relationship between dopaminergic
nigrostriatal depletion and the onset and progression of motor man-
ifestations, in particular rigidity and bradykinesia.”'® While most
studies focused on striatal dopaminergic depletion, recent data
suggest that dopaminergic activity in the substantia nigra pars
compacta (SNpc) shows better correlations with motor manifesta-
tions and dopaminergic cell counts, especially in more advanced
disease.'""'> The researchers further showed that this applies in
particular for binding potentials in SNpc for both presynaptic do-
pamine transporters (DATs) and vesicular monoamine trans-
porters, measured with [''C]CFT and [''C]DTBZ, respectively.
Consequently, PET imaging of the SNpc may provide additional
value for the evaluation of PD patients.

The DAT is an established target for diagnostic imaging in move-
ment disorders, and the only approved radiopharmaceutical to date is the
SPECT tracer Datscan (also known as ['**IJloflupan or [ Z*IJFP-CIT)."
Its clinical application is indicated to assist in the evaluation of adult pa-
tients with suspected parkinsonian syndromes (PSs) and may be used to
differentiate essential tremor from tremor due to PS (idiopathic PD, mul-
tiple system atrophy, and progressive supranuclear palsy).”> > While
DAT SPECT imaging is well established in clinical practice and provides
good diagnostic accuracy, highly selective PET tracers may offer sig-
nificant advantages, such as improved sensitivity, specificity, image
quality and more convenient imaging protocols.'®"'® These im-
provements may be of particular relevance for reliable evaluation
of the midbrain region, where DAT availability is lower.'** Several
promising '®F-labeled PET imaging compounds, such as ['*F]FP-
CIT, ["®F]FE-PE2I, and ['®F]LBT-999, have been developed but
are still in early clinical development.ﬁ’zl’23

Recently, ['®F]JPR04.MZ has been described as a new PET
imaging agent with an improved affinity (half maximal inhibitory con-
centration (ICsp) = 3.3 nM) and selectivity profile (74-fold over seroto-
nin transporter (SERT), 10-fold over norepinephrine transporter
(NET)) for DAT.>*?> The clinical potential of this new tracer was
highlighted by the excellent imaging properties in a case study of
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Holmes tremor®® and the clinical application for detection of nigrostriatal
degeneration in patients under evaluation for movement disorders.”” The
pharmacokinetic evaluation of ['*FJPR04.MZ showed very high specific
uptake in striatal and midbrain regions, excellent imaging contrast, and
stable, reliable quantification outcomes within a reasonable time frame. 16

Therefore, in the 8present study, we aimed to evaluate the di-
agnostic accuracy of ['*F]PR04.MZ PET/CT in a larger cohort of
healthy controls (HCs) and PD patients as a proof-of-concept study
for the clinical utility of this new tracer.

METHODS

Study Population

The prospective study was approved by the regional ethics
committee board (CEC-SSM-Oriente, permit 20140520), and writ-
ten informed consent has been obtained from all participants.

Eighteen HCs (aged 56.6 + 8.2 years; range, 41-74 years; 9
male and 9 female patients) were included in the study. Inclusion
criteria were the age of 40 to 80 years and showing no signs of neu-
rological or psychiatric disorders as confirmed by standard neuro-
logical examination. Exclusion criteria were smoking and the use
of psychoactive substances. Subjects fasted for at least 12 hours be-
fore tracer injection, including caffeine restriction.

A total of 32 PD patients (aged 55.2 + 13.7 years; range, 26—
73 years) were recruited, diagnosed according to London Brain
Bank criteria, and classified as mild (n = 19, 5 female and 14 male
patients) or moderate (n = 13, 6 female and 7 male patients) accord-
ing to Hoehn-Yahr (HY) OFF stage (mild: HY I-II and moderate:
HY II-1V). Exclusion criteria were atypical parkinsonism, cogni-
tive decline, depression, and use of antidepressants in the past
2 months or dopamine blockers in the last 6 months. For detailed
subject demographics, see Table 1.

PET Acquisition

['®F]PR04.MZ was produced under GMP-compliant conditions
as previously described.'® The mean + SD of the administered activity
was 5.16 + 1.03 mCi (191 + 38 MBgq; range, 88.8-322 MBq). There
were no adverse or clinically detectable pharmacologic effects in
any of the 50 subjects, and no significant changes in vital signs
were observed. All images were acquired on a state-of-the-art whole
body PET/CT scanner (Biograph mCT20 or mCT Flow; Siemens
Healthineers, Erlangen Germany), and head movement was mini-
mized using a head immobilization system. For HCs, a low-dose CT
scan was performed for attenuation correction followed by a dynamic
PET scan acquired in LIST mode for 90 minutes, started

TABLE 1. Demographics and Clinical Ratings of Participants

Mild PD Moderate PD
HC (HY I-1II) (HY HI-1V) P
Age,y 56.6 £8.2 53.8+14.6 57.1+£125 NS
Male/female, n 9/9 14/5 7/6 NS
Disease duration, y NA 3.16+2.20 77+43 <0.01
L-DOPA NA 142.73 +£204.8 729.7 £4674 <0.001
equivalents, mg
UPDRS III NA 12.53 £6.58 24.0+850 <0.001
Akinesia NA 595+3.85 11.31+4.00 <0.001
Rigidity NA 2.60 £2.70 6.70£1.75 <0.001
Tremor NA 2.324+2.03 1.15+ 1.41 NS
Mod. HY stage NA 1.39£0.49 3.15+£0.69 <0.001

All data are expressed as mean + SD values.
NA, not applicable; NS, not statistically significant.
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simultaneously with tracer injection. For PD patients, studies were con-
ducted in OFF condition, 18 h after the last dose of levodopa, if appli-
cable. Patients were injected with ['*F]JPR04.MZ and allowed to rest
for 55 minutes before being placed head-first supine the PET/CT
scanner. A low-dose CT for attenuation correction was performed
before a static PET acquisition acquired in LIST mode for
30 minutes from 60 to 90 minutes postinjection (p.i.).

Image Postprocessing and Analysis

PET images were corrected (TrueX software) for random,
scatter, attenuation, and time-of-flight and reconstructed by an or-
dered subset expectation maximization algorithm (2 iterations and
21 subsets) followed by postreconstruction smoothing (Gaussian,
4 mm full-width half-maximum). Images consisted of 110 planes
0f 256 x 256 voxels of 1.59 x 1.59 x 1.5 mm®. The 90-minute dy-
namic PET scans, acquired for HCs, were reframed into 38 static
frames (6 x 10, 6 x 20, 7 x 60, 5 x 120, 14 x 300 seconds),
whereas PET scans acquired for PD patients were reframed into 6
static frames of 300 seconds each. All further analyses were per-
formed using the Pmod quantification software (PMOD v3.4,
Pmod Technologies LLC, Zurich, Switzerland). PET images were
reviewed, corrected for motion, and averaged for the period of 60
to 90 minutes p.i. Images were coregistered to CT scans and nor-
malized to Montreal Neurological Institute space using an
in-house CT template. Volumes of interest (VOIs) were outlined
from an in-house VOI template for relevant brain VOIs (anterior,
posterior, and total putamen; caudate nucleus; SNpc; and
cerebellum—all divided into left, right, and total). SUVs were ob-
tained by normalizing radioactive concentrations in VOIs to the
injected dose per body weight. Specific binding ratios (SBRs) were
calculated from SUVs as follows:

SBR = (SUVnean region — SUVpean cerebellum)/SUV peqn cerebellum.

To compare differences between both hemispheres, asymmetry in-
dices (Al) were calculated for all regions from SBRs as follows:

AI =T (SBRiesi — SBRyignt) / (SBRiest + SBRyign) I x 200.

Finally, ratios between anterior and posterior putamen were calcu-
lated as a measure of a rostrocaudal gradient (RCG), often found
in PD patients, as follows:

RCG = SBRanterior putamen / SBRposterior putamen

Statistical Analysis

The differences in ['*F]PR04.MZ-SBR were obtained from
the analysis of VOIs in control and PD groups, using a one-way
analysis of variance with motor status as a within-subject factor.

Differences in striatal regions among PD patients were assessed
using post hoc analysis on another one-way analysis of variance with
motor status as within-subject factor, using the Bonferroni correction
for multiple comparisons and the Kruskal-Wallis and the Dunn multi-
ple comparison as a post hoc nonparametric test. To compare between
mild and moderate PD, we used 2-tailed unpaired Student ¢ test and
Wilcoxon test as a nonparametric test. To assess the equality of var-
iances between groups, the Levene test was used. Shapiro-Wilk test
and Q-Q plots were used to test for normal distribution of the data.
All statistics were performed with SPSS software version 16.0 soft-
ware for Windows (SPSS Inc, Chicago, I11). Two-sided P values of
less than 0.05 and 0.01 were considered significant.

RESULTS

In the age-matched HC group, ['*F]JPR04.MZ showed very
high uptake, low off-target binding, and excellent visual contrast

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 1. Transversal view of PET images coregistered to corresponding T1-weighted MRIs in striatal region (first column) and
midbrain region (second column) for HCs (above), mild PD (middle), and moderate PD (below). Three-dimensional rendered
images of [18F]JPR04.MZ uptake (third column; cutoff for render: SBR 2-15) and mean regional SBR values (fourth column) of HC

and PD patients.

in striatal and midbrain regions and in all subjects (Fig. 1). Highest
uptake was observed in anterior putamen (SBR =22.7 + 4.1; range,
14.6-32.5) followed by posterior putamen (SBR = 21.9 + 4.2;
range, 14.7-31.7) and caudate nucleus (SBR = 19.1 + 3.5; range,
13.7-26.6). In the midbrain region, SNpc was separated clearly by
visual assessment from surrounding tissues, and specific uptake
was about 5-fold higher than in cerebellum (SBR = 5.39 + 1.23;
range, 2.48-7.06). There was no relevant asymmetry in uptake
(Al=44+34,32+2.0,5.1+4.2,and 4.1 +3.1) in caudate, an-
terior putamen, posterior putamen, or SNpc, respectively, and no
rostrocaudal gradient was observed in HCs (RCG = 1.04 + 0.08;
range, 0.93—1.18) (Table 2).

As expected, uptake of ['*FJPR04.MZ was decreased in all
striatal regions and midbrain in all PD patients compared with
HCs (P <0.001). The most affected side was the posterior putamen,
contralateral to the primarily affected side of the body, with a de-
crease of 80% for patients with mild and 89% in moderate PD. Spe-
cific binding ratios were lower for all other regions with a reduction
of 50%, 37%, and 44% in mild PD patients and 68%, 46%, and
56% in moderate PD patients in anterior putamen, caudate nucleus,
and SNpc, respectively (P < 0.001). Specific binding ratio values
for SNpc in mild (SBR = 3.03 £ 0.83; range, 1.61-4.64) and

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

moderate (SBR = 2.36 + 0.71; range, 1.09-3.38) PD patients were de-
creased, as compared with HC (P < 0.001). Among both PD groups,
SBR values of anterior putamen were lower in moderate PD
(P < 0.05) (Table 2). Asymmetrical uptake of ['*F]PR04.MZ was evi-
dent in all regions and most severe in posterior putamen with Al values
of 47.5 + 27.5 and 43.1 + 30.1 in mild and moderate PD, respectively.
Further, a rostrocaudal gradient was observed for ['*FJPR04.MZ uptake
in patients with mild and moderate PD, which was most severe for the
contralateral putamen with RCG values of 243 + 0.56 and
2.76 £0.77, respectively, and which was not evident in HCs (P < 0.001).

The Unified Parkinson’s Disease Rating Scale III (UPDRS III)
score and rigidity and akinesia subscores showed a negative correlation
for SBR in caudate, putamen, and SNpc. Unexpectedly, a positive cor-
relation was found between tremor and SBR in the 3 regions (Fig. 2).

DISCUSSION

Diagnostic, molecular imaging is a valuable tool to evaluate
movement disorder patients, and in addition to [123 [JFP-CIT, new,
specific PET tracers have emerged in recent years.?' 2> Related to
the advantages mentioned previously of PET over SPECT,'® those
might improve diagnostic accuracy or even serve as predictive
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TABLE 2. SBR Values for Different Brain Regions and %-Decline for Mild and Moderate PD Patients

HC Mild PD (HY I-II) Moderate PD (HY III-1V)
SBR SBR Decline P SBR Decline P P (Mild vs Moderate)
Caudate 19.14 £3.51 12.08 £3.61 37% <0.001 10.31 +3.48 46% <0.001 NS
C. contralateral NA 11.69 +3.40 39% <0.001 9.84+3.12 49% <0.001 NS
C. ipsilateral NA 12.52 +3.80 35% <0.01 10.78 £4.02 44% <0.001 NS
Putamen anterior 22.68 £4.10 1143 +4.16 50% <0.001 724 £3.54 68% <0.001 <0.05
P. anterior contralateral NA 10.34 +4.02 54% <0.001 629+2.72 72% <0.001 <0.05
P. anterior ipsilateral NA 12.51 +4.54 45% <0.001 8.18 +4.45 64% <0.001 <0.05
Putamen posterior 21.87 +4.21 5.58 £2.29 74% <0.001 310+ 1.64 86% <0.001 NS
P. posterior contralateral NA 436+ 1.88 80% <0.001 236+ 091 89% <0.001 NS
P. posterior ipsilateral NA 6.80 +3.11 69% <0.001 383 +£2.51 82% <0.001 NS
Substantia nigra 539+1.23 3.03+0.83 44% <0.001 236+0.71 56% <0.001 NS
SN contralateral NA 2.86 £0.75 47% <0.001 227+0.61 58% <0.001 NS
SN ipsilateral NA 321+£0.92 40% <0.001 243 +£0.83 55% <0.001 NS
Asymmetry Al Al P Al P P (Mild vs Moderate)
Caudate 441 +3.41 720+ 5.44 NS 19.95 +8.42 <0.001 <0.001
Putamen anterior 3.17+1.96 22.51 + 15.87 <0.001 3221+ 17.12 <0.001 NS
Putamen posterior 512+4.24 4747 £2745 <0.001 43.12 £30.05 <0.001 NS
Substantia nigra 4.13+£3.09 1127 +£6.72 <0.01 12.38 +9.88 <0.01 NS
Rostrocaudal Gradient Anterior/Posterior Anterior/Posterior P Anterior/Posterior P P (Mild vs Moderate)
Putamen 1.04 +0.08 2.12+0.51 <0.001 246 £0.53 <0.001 NS
P. contralateral NA 243 £0.56 <0.001 276 £0.77 <0.001 NS
P. ipsilateral NA 1.98 £0.61 <0.001 235+0.72 <0.001 NS

Al and RCG values for HCs and patients. All data are expressed as mean + SD values.

NA, not applicable; NS, not statistically significant.

markers. This was exemplified in a recent study demonstrating that
anterior-to-posterior gradient and right-to-left asymmetry of striatal
DAT availability, measured by ['*F]FP-CIT-PET, predicted the de-
velopment of levodopa-induced dyskinesia.”® Such regional uptake
patterns might be difficult to derive from SPECT images because of
the lower spatial resolution. Here we found similar patterns (RCG
and Al) in our patient population, but if this correlates with the on-
set of levodopa-induced dyskinesia in later stages remains to be
seen after clinical follow-up.

In this prospective study, we aimed to evaluate the diagnostic
accuracy of PET imaging with ['*F]PR04.MZ in a larger cohort of
HCs and PD patients. Previous contributions from our group evalu-
ated the pharmacokinetic profile of ['*F]PR04.MZ and validated
the reliability of the static imaging protocol applied here to evaluate
larger patient groups. Thereby SBR values from 60 to 90 minutes p.i.
were found to provide reliable quantitative estimates, with errors of
less than 5% of peak SBRs reached during the study and for both
striatal and nigral regions.'®

Patients with PD with essential clinical features already show
a loss of 70% to 80% of striatal nerve terminals and 50% to 60% of
SNpc neurons.** ! In contrast, patients in prodromal stages and
without motor symptoms may show less severe degeneration of
nigrostriatal neurons, emphasizing that high sensitivity is particu-
larly relevant in this population. Our study shows that PET/CT with
['®F]PR04.MZ was able to detect a loss of DAT availability in early
PD stages, and SBR values were negatively correlated with UPDRS
III score, rigidity, and akinesia subscores.

Precise quantification of DAT is particularly challenging in
the midbrain region, where other monoamine transporters such as
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SERT and NET are also expressed in relevant concentrations. A re-
cent study investigated the DAT density in striatum versus midbrain
region in patients with PS using ['**I]FP-CIT SPECT imaging, con-
cluding that midbrain uptake did not correlate with motor symp-
toms.>? In contrast, our data show that ['*F]JPR04.MZ is able to
detect loss of dopaminergic activity in the SNpc, differentiating pa-
tients from HCs, and that this loss correlates with disease severity
and motor symptoms. These results demonstrate the limitations of
radiotracers with a considerable affinity toward off-targets such as
SERT and NET, contributing to nonspecific uptake and confound-
ing quantitative results, especially in SNpc. A significant advan-
tage of ['"®F]PRO4.MZ is the high in vitro selectivity for DAT
over SERT (74-fold) and NET (10-fold), and we can therefore as-
sume that the signal measured by PET/CT in SNpc is specific for
DAT. FP-CIT, in comparison, measured in the same assay, revealed
a significant affinity toward SERT (ICso = 110 + 64 nM) and only
4-fold selectivity for DAT over SERT.*?

Evidence suggests that dopaminergic activity measured in
the SNpc correlates better than striatal activity with the degree of
neuronal cell loss® and is probably a better biomarker for evaluating
progression in more advanced PD.'' Moreover, several efforts have
been made in recent years to develop PET tracers to detect o-
synuclein aggregates in the early stages of PD.**® PET imaging
of the pathological buildup of Lewy bodies, cell death of dopami-
nergic neurons in SNpc, and their correlation may be imperative
for our understanding of the disease.

The intermediate results in the present study indicate that
SBR values in SNpc may serve as a useful biomarker at mild to
moderate stages of the disease. ['*FJPR04.MZ-PET provided good

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 2. ['®F]PRO4MZ SBRs, UPDRS lll, and UPDRS motor subscores in PD patients. The scatterplots and fitted curves are
shown for UPDRS IlI (total motor score) and also for tremor, rigidity, and akinesia subscores of UPDRS Ill. All curves with P < 0.05.

visualization and estimates for DAT in SNpc. There was an inverse
relationship between reduced SBR, bradykinesia, and rigidity in the
contralateral side. These findings were evident in the putamen,
mostly in the posterior putamen, caudate, and SNpc. An unexpected
finding was the positive correlation of tremor score with dopami-
nergic activity (Fig. 2). There is a large body of evidence on both
studies with dopaminergic radioligands and neuropathological stud-
ies, showing a lack of relationship between tremor and dopaminer-
gic loss.>”=? Probably studies in larger PD populations, including
more patients with tremor, would be needed to confirm this finding.

Similar to other presynaptic dopaminergic radioligands,
uptake of ['*F]JPR04.MZ in PD patients exhibited a rostrocaudal
gradient, with a clear asymmetry between both hemispheres and
higher contralateral depletion relative to the primarily affected
hemibody.***' Further, the exceptionally high target-to-background
ratio and uptake in striatal regions may open the door for adapted
imaging protocols with significantly reduced doses while maintaining
the same image quality.

Despite the excellent initial results with [ *FJPR04.MZ PET/CT
in the current study, there were some minor limitations such as the
relatively small number of participants and the absence of late-stage
PD patients and patients with essential tremor. Also, long-term clinical
follow-up was not yet available to estimate sensitivity and specificity
as endpoint. In prospective longitudinal studies, we aim to increase
our study population and evaluate the use of ['*F]PR04.MZ as a
progression marker further and to establish the role of nigral DAT
availability in PD progression.

CONCLUSIONS

PET/CT imaging with [ *FJPR04.MZ provides reliable quan-
tification of DAT, and SBRs reveal a good correlation with the clin-
ical severity of PD. Thus, imaging with ['*F]PR04.MZ provides the

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

clinical potential to assist in the evaluation of patients with suspi-
cion of PD and other movement disorders.
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