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Abstract

This study aims to reveal the feasibility and potential of molecular connectivity based on
neurotransmission in comparison to the metabolic connectivity with an application to
dopaminergic pathways. For this purpose, we propose to compare the neurotransmission
connectivity findings using *?*1-FP-CIT SPECT and “®F-FDOPA PET to the metabolic

connectivity findings using **F-FDG PET.

Methods: *®F-FDG PET and '*I-FP-CIT SPECT images from 47 subjects and *F-FDOPA
PET images from 177 subjects, who had no neurological or psychiatric disorders, were
studied. Interregional correlation analyses were performed at the group level to determine the
midbrain’s connectivity via glucose metabolic rate using *F-FDG PET, and via dopaminergic
binding potential using **I-FP-CIT SPECT and *®F-FDOPA PET. SPM-T maps of each
radiotracer were generated, and masks used to highlight the significant differences obtained

among the imaging modalities and targets.

Results: The three dopaminergic pathways (i.e. nigrostriatal, mesolimbic and mesocortical)
were identified by ®F-FDG PET (1,599 voxels, with a T-max value of 12.6), *?*|-FP-CIT
SPECT (1,120 voxels, with T- max value of 5.1), and ®F-FDOPA PET (6,054 voxels, with T-
max value of 11.7) for a T-voxel threshold of 5.10, 2.80 and 5.10, respectively. Using the
same T-voxel threshold of 5.10, *®F-FDOPA PET showed more specific findings than *8F-
FDG PET with less voxels identified outside these pathways (-9,323 voxels), whereas no

significant voxels were obtained with *2*I-FP-CIT SPECT at this threshold.

Conclusion: The present study illustrates the feasibility and interest in using molecular
connectivity with *®F-FDOPA PET for dopaminergic pathways. Such analyses could be

applied to specific diseases involving the dopaminergic system.



Introduction

The number of studies assessing metabolic connectivity with *®F-FDG positron
emission tomography (PET) is impressively increasing [1-4]. This connectivity approach
rests on the fact that different brain areas are metabolically connected when they share similar
spatial variance in radiotracer uptake [1]. In particular, this approach has been applied to
study neurodegenerative disorders, including movement disorders [5,6], especially with the
method of interregional correlation analysis (IRCA) developed by Lee et al. [7,8]. It allows to
study connectivity seeding a cluster of voxels of interest. Compared to functional magnetic
resonance imaging (fMRI), metabolic connectivity provides better signal-to-noise ratios,
variance concentration and out-of-sample replication. This original approach could be
extended to other targets by disclosing associations based on molecular information from
single photon emission computed tomography (SPECT) and PET imaging techniques [9-13].
The advantage of using such an analysis is to switch from a global metabolic point of view to
obtaining more specific molecular information, for example on the various targets of

neurotransmission.

Among these targets, much interest has been directed toward the dopaminergic system since
the discovery of dopamine as a neurotransmitter in the 1960s [14] and later because of its
involvement in movement disorders, executive functions, learning, reward, and motivation
[15-17]. The mesotelencephalic dopamine system consists of three dopaminergic pathways
arising from the midbrain: the nigrostriatal, mesolimbic and mesocortical pathways, with the
latter two referred to as the mesocorticolimbic system [18-20]. In more details,
neuroanatomic research has led to a precise description of these pathways generally in the
mammal brain but also in the human brain [18-25]: the dopaminergic neurons from the
substantia nigra (SN) project through the nigrostriatal pathway mainly to the caudate and the

putamen, and the dopaminergic neurons from the ventral tegmental area (VTA) project



mainly to the frontal cortex and the limbic system forming the mesocortical and mesolimbic

pathways, respectively.

The aim of the current study is to reveal the feasibility and potential of molecular connectivity
based on neurotransmission in comparison to the metabolic connectivity with an application
to these 3 dopaminergic pathways. The midbrain’s connectivity and related dopaminergic
pathways were analyzed in cohorts of subjects without neurological or psychiatric disorders.
This study compares the connectivity findings of three distinct radiotracers: i.)**F-FDG,
currently used to study glycolytic metabolism PET connectivity [26], ii.) *?*I-FP-CIT, for the
SPECT evaluation of the dopamine transporter (DaT) [27], and iii.) *®F-FDOPA, for the PET
evaluation of Dopa decarboxylase [28]. We hypothesize that connectivity based on
neurotransmission will better reveal the dopaminergic pathways than those based on

glycolytic metabolism.



Methods

Population

Regarding the ?*|I-FP-CIT SPECT and *®F-FDG PET imaging, images from 55 healthy
subjects who had both PET and SPECT scans, and had a brain MRI interpreted as normal,
were selected for this study [27]. The final population encompassed 47 subjects because of
secondary exclusions owing to misregistration errors (described below). These subjects had
given their written informed consent, which was approved by the local Ethics Committee
(Sud-Méditerranée I1) according to the Helsinki Declaration (clinical trial registration
number: NCT00484523). The patients included in this study had no history of any
neurological or psychiatric disorder nor any medication known to affect the brain, and in
particular the dopaminergic system. This population included 28 women (60 %), with a mean

+SD age of 49.4 £16.7 years (range 2178 years).

Regarding the ®F-FDOPA PET imaging, brain images from the whole-body acquisition of
177 patients referred for a known or suspected neuroendocrine tumor from a previous study
were selected [29]. All patients were informed that their medical data would be rendered
anonymous and used for scientific purposes, in accordance with the Helsinki Declaration.
This study was approved on June 27, 2017 by the local institutional review board (CHRU
Nancy, France) and the Ethics Committee (Comité pour la Protection des Personnes Est 111).
The patient selection for the analysis was performed with the same criteria as those reported
for 13I-FP-CIT SPECT and *®F-FDG PET imaging. In addition, no carbidopa or any other
enzyme inhibitor premedication likely to influence striatal and extrastriatal uptake was given
before the examination [30]. This population included 105 women (59 %), with a mean £SD

age of 59.2 +14.2 years (range 21-85 years).



Figure 1 depicts a flowchart resuming subjects’ selection and image processing for **F-FDG

PET, '2|-FP-CIT SPECT and ®F-FDOPA PET.

F_FDG PET imaging and postreconstruction processes

F_FDG PET was performed using an integrated PET/CT camera (Discovery ST, General
Electric Healthcare, Waukesha, WI) with an axial resolution of 6.2 mm allowing 47
contiguous transverse sections of the brain of 3.27 mm thickness, in patients fasting for at
least 6 hours. *F-FDG (150 MBq) was injected intravenously while the subjects were awake,
in a resting state, with eyes closed in a quiet environment. Image acquisition started 30 min
after injection and ended 15 min later. Images were reconstructed using the OSEM algorithm
with 5 iterations and 32 subsets and corrected for attenuation using a CT transmission scan
[31]. For spatial normalization, as also performed for the 1231-FP-CIT SPECT images (see
below), the ®F-FDG PET images of each subject were initially coregistered to corresponding
T1-MPRAGE MR images using the coregistration algorithm included in the SPM12 package
(Wellcome Department of Imaging Neuroscience, Institute of Neurology, University College
London, UK; run in MATLAB®; MathWorks Inc., Sherborn, MA). After this step, the MR
images of the subjects were normalized to the Montreal Neurological Institute (MNI) MRI
template, also using the algorithm provided with SPM12, and the resulting deformation field
was applied to the PET scans with resulting images of 2 x 2 x 2 mm3 voxel size. All the
normalized PET scans were visually checked. Then, a smoothing Gaussian filter was

subsequently applied (FWHM =8 mm).

123|_FP-CIT SPECT imaging and postreconstruction processes



The same healthy subjects who had a *®F-FDG PET scan also underwent ?3I-FP-CIT SPECT
imaging. For this purpose, they received 148 MBq of **I-FP-CIT intravenously as a slow
bolus over approximately 20 seconds followed by saline to flush the intravenous line after
blocking thyroid uptake with 600 mg of sodium perchlorate orally administered 30 min before
tracer administration. Data acquisition started 4 hours after tracer administration and lasted for
35 min. All scans were performed with the same dual-detector gamma camera (ECAM,
Siemens, Erlangen, Germany) equipped with fan beam collimators. The imaging data were
reconstructed by standard filtered back-projection (Butterworth filter of order 4 with a cutoff
frequency of 0.4 cm ™) [27]. Approach for spatial normalization was similar to those applied
to the *®F-FDG PET images, using the corresponding T1-MPRAGE MR image of each patient
for coregistration. All the normalized scans were visually checked, and misregistered scans
were secondarily excluded from the analysis (data from 8 of the 55 healthy subjects). Thus, 47
subjects were finally selected for *?*|-FP-CIT SPECT (and “®F-FDG PET) analysis with
resulting images of through a 2 x 2 x 2 mm3 voxel size. Then, SPECT images were smoothed
with a 3-dimensional Gaussian filter (FWHM =8 mm). Parametric images were obtained by
normalizing all voxel intensities through a ratio with mean voxel activities from an occipital
cortical reference area provided by PickAtlas (https://www.nitrc.org/projects/wfu_pickatlas/),
in accordance with the semiquantitative analysis currently recommended for *2*|-FP-CIT
SPECT interpretation [32]. This reference area was extracted from the spatially normalized

SPECT images using Marsbar software (http://marsbar.sourceforge.net/). Binding potential

images were subsequently obtained at the voxel level by subtracting 1 from the previous

parametric images [27].

F_FDOPA PET imaging and postreconstruction processes


http://marsbar.sourceforge.net/

8 r_.FDOPA PET/CT recordings were obtained on a Biograph hybrid system consisting of a
six-detector CT for attenuation correction and anatomic localization (Biograph 6 True Point,
Siemens). The whole-body PET/CT protocol was initiated 60 min after injection of 4 MBg/kg
of 1%--FDOPA, in patients fasting for at least 4 hours [28,33]. Brain acquisitions of 210 sec
for subjects with <100kg of body weight and of 240 sec for those with >100kg, started
approximately 90 min after the radiotracer injection.

The PET images were reconstructed with an iterative OSEM method (3 iterations and 8
subsets) and a 5-mm Gaussian postfilter, and the images were displayed through 2.8 x 2.8 x
2.8 mm?® voxels after an attenuation correction using a CT transmission scan. All sets of 1%-
FDOPA PET images were spatially normalized using an adaptive template [29] through a

2 x 2 x 2 mm° voxel size and were further smoothed with a Gaussian filter (FWHM = 8 mm).
The binding potential images were obtained by normalizing all voxel intensities through a
ratio with mean voxel activities from an occipital cortical reference area, and calculated in a

similar manner as described above for *?I-FP-CIT SPECT images.

SPM analysis

A voxel-by-voxel IRCA study design was employed using SPM12 (Wellcome Department of
Imaging Neuroscience, Institute of Neurology, University College London, UK; run in
MATLAB®; MathWorks Inc., Sherborn, MA). Regions of interest (ROIs) and masks derived

from PickAtlas (https://www.nitrc.org/projects/wfu_pickatlas/) using the Automated

Anatomical Labeling (AAL) atlas [34], and ROIs values were individually extracted with

Marsbar software (http://marsbar.sourceforge.net/).

IRCA was applied to study connectivity of the midbrain [7]. Indeed, SPECT and PET systems
provide limited spatial resolution, and the SN and the VTA, which dominating the

mesotelencephalic dopamine system, belong to the midbrain. These analyses were directly
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conducted on #I-FP-CIT SPECT and *|F-FDOPA PET parametric images expressed as
binding potential. For ®F-FDG PET images, proportional scaling was applied to correct for
individual variation in brain metabolism.

All the SPM (T) maps here presented are limited to gray-matter with age and sex as
covariates. A dedicated inclusive gray-matter mask has thus been applied to exclude voxels
corresponding to white-matter and cerebrospinal fluid. Furthermore, to limit falsely increased
correlations due to correlated noise in areas with nonspecific radiotracer uptake, normalized
values of centrum semi-ovale were also used as covariates for *I-FP-CIT SPECT and *°F-
FDOPA PET parametric images, as previously suggested [10].

For ®F-FDG PET imaging, a threshold of p-voxel <0.05 corrected for multiple comparisons
using family-wise error (FWE) method was applied; it corresponded to a T-voxel threshold of
5.10. A similar T-score map was applied for the **I-FP-CIT SPECT and **F-FDOPA PET
imaging data. For the *?%I-FP-CIT SPECT imaging, no significant results were obtained at this
threshold, which led to the use of a less restrictive statistical value with a p-voxel <0.05
corrected for multiple comparison using false discovery rate (FDR); it corresponded to a T-
voxel threshold of 2.80. All these T-voxel thresholds have been determined at the whole brain
level. A correction for cluster volume has also been applied to avoid type Il errors, as
recommended [35]. This correction was based on random field theory with a threshold of k
voxels expected by cluster provided by SPM. These thresholds were of 20, 50 and 20 voxels
for ®F-FDG PET, '®I-FP-CIT SPECT and ‘®F-FDOPA PET, respectively.

Clusters belonging to dopaminergic pathways were secondarily identified using three specific
masks, one for each dopaminergic system as follow : i) the nigrostriatal pathway included the
bilateral caudates, putamens and globus pallidus [22,24,36], ii) the mesolimbic pathway
included the bilateral amygdalae, hippocampus, parahippocampus and the whole cingulate,

and iii) the mesocortical pathway included bilateral prefrontal mesial, dorsolateral and



orbitofrontal areas [16,17,19,23]. Because these issues are still debated [37—39], the possible
dopaminergic innervations of the motor cortex, insula and thalamus were not considered in
the framework of the mesotelencephalic system in the current article. Finally, findings
obtained with 18F-FDG PET and not with 18F-FDopa PET (and vice versa) have been
highlighted at the statistical threshold of 5.10. As a reminder, no significant results were
obtained at this statistical threshold for *?*I-FP-CIT imaging. For this purpose, exclusive mask
corresponding to the SPM-T map of midbrain connectivity of the other radiopharmaceutical
has been applied to neutralize common results obtained with the two targets (exclusive mask
of ®F-FDG PET findings for **F-FDopa PET analysis, and vice versa).

The precise identification of each structure located by its MNI coordinates, its respective
volume, and T-max intensity were extracted by using the report provided by the SPM xjView

toolbox (http://www.alivelearn.net/xjview).

Results

The results of midbrain connectivity for the **F-FDG PET imaging are presented in Table 1
and Figure 2 with a T-voxel threshold value of 5.10 (p-voxel<0.05, corrected for multiple
comparison with FWE method, and with a k cluster size threshold of 20 voxels). A total
volume of 1,599 voxels was related to the 3 dopaminergic pathways: 409 voxels in the
nigrostriatal pathway (Tmax at 9.6 with MNI coordinates x=16; y=-2; z=-6), 893 voxels in the
mesolimbic pathway (Tmax at 12.6 with MNI coordinates x=16; y=-6; z=-14), and 297 voxels
in the mesocortical pathway (Tmax at 7.1 with MNI coordinates x=-42; y=16; z=-6). On the
other hand, 16,412 voxels were found outside these 3 dopaminergic pathways, mainly in

motor cortex and cerebellum, corresponding to 89 % of the total volume of significant voxels.

The results of midbrain connectivity for the ***I-FP-CIT SPECT imaging are presented in

Table 2 and Figure 3 with a less restrictive T-voxel threshold value of 2.80 (p-voxel<0.05,
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corrected for multiple comparison with FDR method, and with a k cluster size threshold of 50
voxels). There was indeed no significant results for the initial T-voxel threshold value of 5.10
after correction for the cluster size. The 3 dopaminergic pathways were highlighted through a
total of 1,120 significant voxels. In details, the nigrostriatal and mesolimbic pathways were
well defined (654 voxels, Tmax at 5.1 with MNI coordinates x=-22; y=0; z=-4, and 415 voxels,
Tmax at 5.0 with MNI coordinates x=20; y=6; z=-30, respectively), whereas the mesocortical
pathway was found in only 51 voxels (Tmax at 4.2 with MNI coordinates x=-2; y=46; z=24).
Otherwise, 3,306 significant voxels corresponding to 75 % of the total significant voxels

volume were found outside these pathways (thalamus, insula and motor cortex).

The findings of midbrain connectivity obtained with *F-FDOPA PET imaging were the most
significant, with a similar T-voxel threshold value of 5.10 as that applied for **F-FDG PET
imaging. These findings are reported in Table 3 and Figure 4. The 3 dopaminergic pathways
were correctly identified with a total of 6,054 voxels. The mesocortical pathway, which was
hardly revealed with the two other radiotracers, was particularly well defined (2,188 voxels,
Tmax at 8.6 with MNI coordinates x=-10; y=66; z=-14), in addition to the two other
dopaminergic pathways (2,330 voxels and Tmax at 10.4 with MNI coordinates x=-10; y=0; z=-
6 for the nigrostriatal pathway; 1,536 voxels and Tmax at 11.7 with MNI coordinates x=-22;
y=-24; z=-12 for the mesolimbic pathway). Concomitantly, the number of significant voxels
outside the dopaminergic system was reduced in comparison to the two other radiotracers
with a volume of 11,248 voxels (65 % of the total volume of significant voxels) involving the

thalamus, insula and the motor cortex.

Figure 5 illustrates the midbrain’s connectivity findings obtained with 8F-FDOPA PET and
not with ®F-FDG PET for the same T-voxel threshold value of 5.10. **F-FDOPA PET
imaging identified 13 clusters in the 3 dopaminergic pathways not found with *F-FDG PET

(4,708 voxels, Figure 5A and Table 4; in details 1,945 voxels in the nigrostriatal pathway; 727
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voxels in the mesolimbic pathway; and 2,036 voxels in the mesocortical pathway).
Conversely, *®F-FDG PET imaging revealed findings outside the mesotelencephalic system,
not found with **F-FDOPA PET (in the cerebellum and in premotor and sensory-motor
cortices (BA 3-4-6), corresponding to 9,323 voxels, Figure 5B). As previously mentioned, at
this T-voxel threshold of 5.10, no significant findings were observed with *?*|-FP-CIT

SPECT.
Discussion

This study aimed to assess the feasibility and potential of molecular connectivity based on
neurotransmission in comparison to the metabolic one with an application to dopaminergic
pathways. The results show that the neurotransmission connectivity better reveals the
mesotelencephalic system than the metabolic connectivity, and in particular with higher
specificity. Moreover, the mesotelencephalic system was better revealed with **F-FDOPA

than with *#1-FP-CIT, confirming that the two dopaminergic targets are not equivalent.

This system with its 3 main dopaminergic pathways is well defined in the literature [18-20],
and the midbrain area is the starting point of these 3 distinct pathways [40]. Therefore, based
on this documented hypothesis, we focused on the midbrain’s connectivity using the IRCA
method to study the neurotransmission connectivity of the dopaminergic system. To be
consistent with the spatial resolution across imaging modalities, in particular SPECT, the total
volume of the midbrain was selected as the region of interest to characterize connectivity of
the SN and the VTA. This choice is debatable owing to the large volume of the midbrain area
relative to the small structural volumes of the SN and VTA. However, it is consistent with the
current view of a continuum in the midbrain between these structures (each structure being
associated with different mesotelencephalic pathways), and that other structures of the

midbrain could be also implicated in these pathways, such as the retrorubral field [19,24,38].
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The metabolic connectivity studied herein with **F-FDG PET highlighted the
mesotelencephalic system well (Figure 2), even if the identification of mesocortical pathway
was more limited as compared to the 2 other pathways. Extensive significant clusters were
also found outside the mesotelencephalic system (89 % of the total volume of significant
voxels with more than 45 % of clusters in the cerebellum), underscoring the fact that **F-FDG
is a PET glycolytic radiotracer indicative of global synaptic activity [26], and not restrictive of
a particular neurotransmitter system. In this line, it has been previously reported that the
midbrain constitutes a "connector™ hub with a high level of connectivity to other systems than
the dopaminergic pathways [41]. The high metabolic connectivity found in the present study
outside the dopaminergic pathways is thus not surprising. It may constitute a competitive
advantage for global evaluation not restricted to a specific neurotransmission system. In case
of studying more specific systems, these *F-FDG PET findings show nevertheless that

molecular connectivity based on neurotransmission could be prioritized.

To date, dopaminergic neurotransmission connectivity using **I-FP-CIT SPECT has been
little reported. Only one study using IRCA of the left putamen showed that in patients with
impulse control disorders in Parkinson’s disease, an asymmetric dopaminergic frontostriatal
network breakdown was found in comparison to patients with Parkinson’s disease but no
impulse control disorders [42]. Our study aimed to reveal the mesotelencephalic dopamine
system in subjects without any neurodegenerative disorders. An original point is that healthy
subjects studied with 2*|-FP-CIT SPECT were the same as those subjects studied with *®F-
FDG PET imaging, allowing the direct comparison between the metabolic and molecular
connectivity patterns. *?I-FP-CIT SPECT did not provide additional information within the
mesotelencephalic system in comparison to ®F-FDG PET, owing to a lower spatial resolution
related to the SPECT technology itself [43]. However, by using a less restrictive T-voxel

threshold value of 2.80, the percentage of significant voxels belonging to the
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mesotelencephalic system was significant with *?*I-FP-CIT SPECT (25%), confirming the

relative high specificity obtained with dopaminergic connectivity analyses.

These results with *2*I-FP-CIT SPECT were strengthened by results obtained with *®F-
FDOPA PET. As visualized in Figure 4, *8F-FDOPA PET revealed the 3 main dopaminergic
pathways with a high specificity (35 % of the total volume of significant voxels belonged to
the mesotelencephalic system). ®F-FDOPA PET revealed larger extended areas within the
dopaminergic pathways than **F-FDG PET (+4,708 voxels) at the T-voxel threshold value of
5.10 whereas no significant voxels were obtained with **I-FP-CIT SPECT at this threshold.
Interestingly, at this same T-voxel threshold value, findings outside the dopaminergic system
were clearly wider with *F-FDG PET imaging, as compared to ‘®F-FDOPA PET, confirming
that molecular connectivity through dopaminergic neurotransmission is more specific than
metabolic connectivity. In addition, the sensitivity for revealing the 3 dopaminergic pathways
was excellent with ®F-FDOPA PET, especially for the mesocortical pathway, which was
hardly revealed with the two other tracers. These findings highlight the importance of the
choice of the correct target to assess molecular connectivity. To date, only three studies have
examined dopaminergic connectivity with the PET modality [13,44,45]. The first study
targeted postsynaptic dopamine D2 receptors in control subjects but did not find significant
correlations between the striatum and extrastriatal areas using IRCA with different ROIs
which did not include the midbrain [44]. The second study, a presynaptic dopamine
transporter (DaT) study, used partial correlation analyses of a network involving ROIs in the
nigrostriatal and mesolimbic pathways in patients with early Parkinson’s disease and controls
[45]. The authors found a decrease in connectivity within the nigrostriatal pathway in patients
with early Parkinson’s disease [45]. The third study using ‘®F-FDOPA PET in 52 healthy

subjects aimed to assess the feasibility of graph theory analysis [13].
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Several limitations are inherent to the current study. Two different modalities and two
different sets of subjects were studied. A similar T-voxel threshold value was nevertheless
applied through the 2 different imaging modalities and 3 radiotracers to perform comparisons
between them. Some authors have reported that the limitation of molecular connectivity could
be related to correlated noise between areas, especially linked to the nonspecific binding of
such tracers, which induce false positive results [46]. In the current study, an area of white-
matter binding was used as a covariate to take into account the potential effect of nonspecific
binding in molecular imaging, and corrections for multiple comparisons were systematically
applied in the statistical analyses. Finally, the present study did not focus on the dopamine
tuberoinfundibular pathway since it does not arise from the midbrain. This dopaminergic
pathway consists of dopaminergic neurons from the arcuate nucleus of the hypothalamus to
the median eminence of the anterior pituitary and is mainly responsible for the inhibition of

prolactin secretion [25].

To summarize, the present study illustrates the feasibility and interest in using molecular
connectivity with *®F-FDOPA PET imaging regarding dopaminergic pathways. This is the
first study to directly compare dopaminergic neurotransmission connectivity with the
metabolic connectivity, highlighting the advantages of such an approach in terms of
sensitivity and specificity. The choice of imaging modality and neurotransmitter targeting is
also crucial, as shown here, with the difference in findings between *?*|-FP-CIT SPECT and
8E_.FDOPA PET. On the other hand, this innovative approach allows extending the current
metabolic connectivity to the neurotransmitter level through known anatomical connections.
Further studies will be necessary to specify the relationships with functional and structural

MRI connectivity, and the complementarity of these approaches.

Such analyses could be mostly be applied to specific diseases involving the mesotelencephalic

system, and potentially with other molecular SPECT/PET targets to other systems.
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Table 1. Findings of ®F-FDG PET midbrain connectivity within dopaminergic pathways
(mesotelencephalic pathway involved, anatomical locations, the spatial extent of significant
clusters in voxels, MNI coordinates, and maximal T-scores of the peak voxel) at a T-voxel

threshold of 5.10, k cluster size >20 voxels.

Mesotelencephalic pathway | Anatomical location Cluster dimension | X y z

T-score
of peak

Nigrostriatal Right cerebrum :
- Caudate
- Putamen 220 16126

- Pallidum

9.6

Left cerebrum:
- Caudate
. Putamen 189 -16 | -4 -6

- Pallidum

8.0

Mesolimbic Right cerebrum:

Amygdala

Hippocampus
417 16 | -6 | -14

Parahippocampus

Internal temporal (BA 27-28-34-

35-36)

12.6

Left cerebrum:

Amygdala
- Hippocampus
. 311 -16 | -28 | -8
- Parahippocampus

- Internal temporal (BA 27-28-34-

35-36)

11.0
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Left cerebrum:

- Hippocampus

71 -28 | 22 | -12 6.5
- Parahippocampus
Right cerebrum
~ Hippocampus 39 28 |20 | -14 | 63
- Parahippocampus
Right cerebrum :
- Anterior cingulate 55 2 |40 | 12 5.8
Left cerebrum:
Mesocortical - Prefrontal orbitofrontal (BA 47) %0 42| 16 | -6 71
Left cerebrum:
- Prefrontal orbitofrontal (BA 11- 127 2 | 30 | 20 6.8
25)
Right cerebrum:
- Prefrontal orbitofrontal (BA 47) 24 36 | 18 | -20 5.8
Right cerebrum:
- Prefrontal mesial and 56 4 | as | 18 -

orbitofrontal (BA 10-11)

BA: Brodmann area
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Table 2. Findings of ?*I-FP-CIT SPECT midbrain connectivity within dopaminergic
pathways (mesotelencephalic pathway involved, anatomical locations, the spatial extent of
significant clusters in voxels, MNI coordinates, maximal T-scores of the peak voxel) ata T-

voxel threshold of 2.80, k cluster size >50 voxels.

Mesotelencephalic pathway | Anatomical location Cluster dimension | X y z

T-score
of peak

Nigrostriatal Left cerebrum:
- Caudate
- Putamen 473 22| 0 -4

- Pallidum

5.1

Right cerebrum :
- Caudate
. Putamen 181 10 | 8 | -12

- Pallidum

4.7

Mesolimbic Right cerebrum:

Amygdala

Hippocampus 204 20 6 30

Parahippocampus

Internal temporal (BA 28-34-38)

5.0

Left cerebrum:

Amygdala

Hippocampus 211 18 0 14

Parahippocampus

Internal temporal (BA 28-34)

4.0

Left cerebrum:

Mesocortical - Prefrontal dorsolateral (BA 9) 51 2| 46 | 24

4.2

BA: Brodmann area
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Table 3. Findings of ®F-FDOPA PET midbrain connectivity within dopaminergic pathways

(mesotelencephalic pathway involved, anatomical locations, the spatial extent of significant

clusters in voxels, MNI coordinates, maximal T-scores of the peak voxel) at a T-voxel

threshold of 5.10, k cluster size >20 voxels.

Mesotelencephalic pathway

Anatomical location

Cluster dimension

T-score
of peak

Nigrostriatal

Left cerebrum :

- Caudate

- Putamen

- Pallidum

1173

-10

10.4

Right cerebrum:
- Caudate
- Putamen

- Pallidum

1157

16

20

9.9

Mesolimbic

Right cerebrum:

Amygdala

Hippocampus

Parahippocampus

Internal temporal (BA 28-34-35-

36)

554

22

-12

11.7

Left cerebrum:

Amygdala

Hippocampus

Parahippocampus

Internal temporal (BA 28-34-35-

36)

509

114

Right cerebrum:

- Anterior and middle cingulate

280

36

7.0
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Left cerebrum:

- Anterior and middle cingulate 70 2| 0 | 36 6.6
Left cerebrum
- Anterior cingulate 123 2 | 48 | 4 5.9
Left cerebrum:
Mesocortical - Prefrontal mesial and 1088 10| es | 14 -
orbitofrontal (BA 10-11-47)
Right cerebrum:
- Prefrontal mesial and 1015 g | 22 | 14 28
orbitofrontal (BA 10-11-47)
Right cerebrum:
- Prefrontal orbitofrontal (BA 47) 29 42 | 30 | -14 5.9
Right cerebrum:
- Prefrontal mesial (BA 10) 31 2 |48 | 4 5.9
Left cerebrum :
25 -2 | 42 | 28 55

Prefrontal dorsolateral (BA 9)

BA: Brodmann area
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Table 4. Clusters within dopaminergic pathways identified by **F-FDOPA PET and not by

F_FDG PET (mesotelencephalic pathway involved, anatomical locations, the spatial extent

of significant clusters in voxels, MNI coordinates, maximal T-scores of the peak voxel) ata T-

voxel threshold of 5.10, k cluster size >20 voxels.

Mesotelencephalic pathway

Anatomical location

Cluster dimension

T-score
of peak

Nigrostriatal

Right cerebrum :
- Caudate
- Putamen

- Pallidum

948

16

20

9.9

Left cerebrum:

- Caudate

- Putamen

- Pallidum

992

-12

20

9.9

Mesolimbic

Left cerebrum:

Amygdala

Hippocampus

Parahippocampus

Internal temporal (BA 28-34)

155

10.6

Right cerebrum:
- Amygdala
- Hippocampus

- Parahippocampus

65

32

-18

-18

7.9

Right cerebrum

- Anterior and middle cingulate

167

36

7.0

Left cerebrum:

- Anterior and middle cingulate

70

36

6.6
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Right cerebrum:

- Anterior cingulate 72 41461 12 6.1
Left cerebrum
- Anterior cingulate 123 2 |48 4 59
Left cerebrum :
Mesocortical - Prefrontal mesial and 988 10 | 66 | -14 36
orbitofrontal (BA 10-11-47)
Right cerebrum :
- Prefrontal mesial and 957 8 | 22 | .14 78
orbitofrontal (BA 10-11-47)
Right cerebrum :
- Prefrontal mesial and 29 12 | 30 | 214 59
orbitofrontal (BA 10-11-47)
Right cerebrum:
- Prefrontal mesial (BA 10) 29 2 48 | 4 59
Left cerebrum :
25 -2 | 42 | 28 55

- Prefrontal dorsolateral (BA 9)

BA: Brodmann area
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Figure 1. Flowchart for subjects’ selection and image processing of ‘*F-FDG PET, *?*|-FP-

CIT SPECT and *®F-FDOPA PET imaging

55 healthy subjects with brain 18F-FDG 177 patients with "®F-FDOPA PET
PET, '?%-FP-CIT SPECT imaging and brain imaging
MRI
8 subjects l
2%";’;‘1?2’“8 o Brain recording of the '8F-FDOPA
. : . '8F-FDG PET and '?3I-FP-CIT SPECT PET imaging extracted from the

mis-registration |« . ‘ . s
between 123|-FP- images co-registered to the brain MRI whole-body acquisition
CIT SPECT and
brain MRI l

Brain MRI images of 47 healthy subjects

normalized to the MNI space, and Brain'®F-FDOPA PET images
transformations applied to their respective normalized to the MNI space
18F-FDG PET and 'I-FP-CIT images through an adaptive template
18F-FDG PET images 123]-FP-CIT images 18F-FDOPA PET images
normalized in intensity normalized in intensity normalized in intensity
with proportional scaling with an occipital with an occipital
reference area: reference area:
parametric images parametric images

l !

Extraction of midbrain activity ‘

!

| IRCA |

IRCA: interregional correlation analysis; MNI: Montreal National Institute



Figure 2. Anatomical localization of the 3 mesotelencephalic pathways identified by the **F-
FDG midbrain’s connectivity analysis (T-voxel threshold of 5.10; k cluster size >20 voxels)
projected onto 3D volume rendering, spatially normalized and smoothed into the standard

SPM template

18F-FDG

Nigro-striatal Meso-limbic Meso-cortical
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Figure 3. Anatomical localization of the 3 mesotelencephalic pathways identified by the *?|-

FP-CIT midbrain’s connectivity analysis (T-voxel threshold of 2.80; k cluster size >50
voxels) projected onto 3D volume rendering, spatially normalized and smoothed into the

standard SPM template

123|.FP-CIT

Meso-limbic Meso-cortical

Nigro-striatal
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Figure 4. Anatomical localization of the 3 mesotelencephalic pathways identified by the *2F-
FDOPA midbrain’s connectivity analysis (T-voxel threshold of 5.10; k cluster size >20
voxels) projected onto 3D volume rendering, spatially normalized and smoothed into the

standard SPM template

18F-FDOPA

Meso-limbic Meso-cortical

Nigro-striatal
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Figure 5. Significant findings of the midbrain’s connectivity analysis found with **F-FDOPA
PET and not with *®F-FDG PET (A) and found with *®F-FDG PET and not with **F-FDOPA
PET imaging (B), projected onto 3D volume rendering, spatially normalized and smoothed

into the standard SPM template (T-voxel threshold value of 5.10; k cluster size >20 voxels)

A '8F-FDOPA PET > 8F-FDG PET B: '8F-FDG PET > "8F-FDOPA PET

@ T-score
N
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