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Abstract

Impulse control disorders (ICDs) have received increased attention in Parkinson's disease (PD)
because of potentially dramatic consequences. Their physiopathology, however, remains incom-
pletely understood. An overstimulation of the mesocorticolimbic system has been reported, while a
larger network has recently been suggested. The aim of this study is to specifically describe the meta-
bolic PET substrate and related connectivity changes in PD patients with ICDs. Eighteen PD patients
with ICDs and 18 PD patients without ICDs were evaluated using cerebral 18F-fluorodeoxyglucose
positron emission tomography. SPM-T maps comparisons were performed between groups and met-
abolic connectivity was evaluated by interregional correlation analysis (IRCA; p < .005, uncorrected,;
k > 130) and by graph theory (p < .05). PD patients with ICDs had relative increased metabolism in
the right middle and inferior temporal gyri compared to those without ICDs. The connectivity of this
area was increased mostly with the mesocorticolimbic system, positively with the orbitofrontal
region, and negatively with both the right parahippocampus and the left caudate (IRCA). Moreover,
the betweenness centrality of this area with the mesocorticolimbic system was lost in patients with
ICDs (graph analysis). ICDs are associated in PD with the dysfunction of a network exceeding the
mesocorticolimbic system, and especially the caudate, the parahippocampus, and the orbitofrontal
cortex, remotely including the right middle and inferior temporal gyri. This latest area loses its central

place with the mesocorticolimbic system through a connectivity dysregulation.
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difficult, particularly in case of advanced PD, leading to a reduction of

Impulse control disorders (ICDs) have received increased attention in
Parkinson’s disease (PD) because of potentially dramatic consequences
(Witjas, Eusebio, Fluchére, & Azulay, 2012). ICDs may affect up to one-
third of patients, with various rates depending on the type (i.e., compul-
sive eating, pathological gambling, compulsive shopping, and hypersex-

uality) (Maréchal et al., 2015). The management of ICDs is often

*Alexandre Eusebio and Eric Gued;j are the co-last authors.

dopaminergic treatment at the expense of motor symptoms (Zhang
et al., 2016). Although some risk factors have been identified (i.e., male
gender, younger age, early onset PD, personal or familial history of
ICDs, substance abuse or novelty seeking, and risk taking behaviours)
(Weintraub et al., 2010), the exact mechanisms underlying ICDs remain
incompletely understood.

In the absence of PD, ICD patients with pathological gambling
showed striatal hyperactivations during a functional magnetic resonance

imaging (FMRI) gambling task (Frosini et al., 2010). The striatum is part of
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the mesocorticolimbic system, which also includes the ventral tegmental
area, prefrontal cortex, amygdale, and hippocampus. This network is
well-known to be involved in reward processing (Koob & Volkow, 2010)
and addictions (D’Ardenne, McClure, Nystrom, & Cohen, 2008). The
involvement of structures of the mesocorticolimbic system has also been
confirmed using resting-state single photon emission tomography
(SPECT) perfusion in PD patients with pathological gambling (Cilia et al.,
2008). On the other hand, in a more consistent population of PD patients
with pathological gambling, Cilia et al. (2011) showed later a positive cor-
relation between gambling score and SPECT perfusion of the left fusi-
form gyrus and the cerebellum, suggesting a complementary network.

Connectivity analyses are useful to better understand networks
involved in brain pathologies (Fox & Greicius, 2010). To the best of our
knowledge, only three studies have investigated resting-state connec-
tivity in patients with PD and ICDs (Carriere, Lopes, Defebvre, Delm-
aire, & Dujardin, 2015; Cilia et al., 2011; Tessitore et al., 2017). Using
perfusion SPECT, Cilia and al. showed connectivity changes between
the anterior cingulate and striatum in PD patients with pathologic gam-
bling (Cilia et al., 2011). Using fMRI, Carriere et al. (2015) found more
diffuse cortico-striatal changes in PD patients with various ICDs, sug-
gesting the involvement of a larger network, not strictly limited to the
mesocorticolimbic system. In another study using fMRI, Tessitore et al.,
(2017) found an increased connectivity within the salience and default-
mode networks, as well as a decreased connectivity within the central
executive network in PD patients with ICDs.

If *8F-fluoro-deoxy-glucose (*8F-FDG) positron emission tomography
(PET) has been widely used to explore movement disorders including PD
(Gesquiére-Dando et al., 2015), it was never used so far to explore the
metabolic substrate of ICDs in patients with PD. This functional resting-
state imaging technique evaluates cerebral metabolic rate of glucose
(CMRGlIc), and has been recently extended to the study of metabolic con-
nectivity using inter-regional correlation analysis (IRCA) (Lee et al., 2008),
with a better spatial resolution than SPECT (Bailey & Willowson, 2014).
Recently, metabolic connectivity has also been explored using graph
theory analysis, allowing connectivity study in overall cerebral areas or in
subgroups of clusters (Mijalkov et al., 2017). Compared to fMRI, technical
performances of PET instrumentation are of course less favorable, but
with an original targeting of the glucose consumption that is known to pre-
cede the transient relative decrease of BOLD signal (Magistretti & Pellerin,
1999), without any magnetic limitations, and rather better signal-to-noise
ratios, variance concentration, and out-of-sample replication at single-
level than fMRI. The competitive advantages of this emerging approach
have been described recently (Yakushev, Drzezga, & Habeck, 2017).

The aim of this study was to specifically describe the metabolic PET
substrate and related connectivity changes in PD patients with ICDs, in

comparison to PD patients without ICDs and to healthy controls.

2 | MATERIALS AND METHODS

2.1 | Study population and clinical evaluation

Diagnostic criteria of PD used in this study are those of the UK Parkinson's

Disease Society Brain Bank criteria (Defer, Widner, Marié, Rémy, &

Levivier, 1999). Among PD patients referred to our center from 2008 to
2013 with at least five years of disease duration, 18 patients were identi-
fied as having ICDs. This threshold was selected because disease duration
is considered as a risk factor of ICDs onset (Nombela, Rittman, Robbins, &
Rowe, 2014). We excluded patients with: cognitive decline (<123/144 on
Mattis score; Llebaria et al., 2008), major depressive state, or a history of
ICDs before disease onset. The eighteen PD patients with ICDs were
matched with eighteen PD patients without ICDs, excluding non-ICD
patients with criteria for Dopaminergic Dysregulation Syndrome (DDS)
(Giovannoni, O'Sullivan, Turner, Manson, & Lees, 2000). These two groups
were similar for age, gender, disease duration, AFPA scale (French assess-
ment of socio-professional level), LEDD (Levodopa Equivalent Daily
Dose), UPDRS-III (Unified Parkinson’s Disease Rating Scale) score in OFF,
Hoehn, and Yahr stage in OFF and Mattis scale, as detailed in Table 1. In
addition to the interview, behavioral disorders were prospectively
assessed using the Minnesota impulse disorder inventory (MIDI) and the
Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, Text
Revision (DSM-IV-TR) criteria for substance misuse, binge eating, and
pathological gambling. Giovannoni’s criteria were used for Dopamine Dys-
regulation Syndrome (Giovannoni et al., 2000). The Questionnaire for
Impulsive-Compulsive Disorders in Parkinson’s Disease-Rating Scale
(QUIP-RS) was not used at the time of this study. Therefore, only qualita-
tive assessments of ICDs could be performed. However, the existence of
multiple ICDs was taken as a measure of severity (see results). Apathy and
mood evaluations were also performed with Lille Apathy Rating Scale
(LARS) and Beck Depression Inventory (BDI).

Levodopa Equivalent Daily Dose (LEDD) and the equivalent for
dopamine agonists (DA-LEDD) were calculated for patients with PD,
according to guidelines (Tomlinson et al., 2010). Laterality of the PD
was calculated using the motor asymmetry index (Holtgraves, McNa-
mara, Cappaert, & Durso, 2010).

Finally, a group of 18 healthy subjects was extracted from a local
normal *8F-FDG PET database constituting a control population (Clini-
cal Trials Ref: NCT00484523) approved by our local ethics committee,
with similar age, gender, and level of education than those of patients’
groups (p>.39; 61.3*= 7.9 years, 6 women, AFPA socio-professional
score: 3.7 = 1.3). All patients and controls participated with written

informed consent in agreement with the Declaration of Helsinki.

2.2 | 8F-FDG PET acquisition and analysis

18FE_FDG PET were performed under the same conditions for all patients
and healthy subjects, using an integrated PET/scanner (CT) camera (Discov-
ery ST, GE Healthcare, Waukesha, WI) with an axial resolution of 6.2 mm
allowing 47 contiguous transverse sections of the brain of 3.27 mm thick-
ness. *8F-Fluorodesoxyglucose (*8F-FDG) (150 MBq) was injected intrave-
nously with the subject in an awake and resting state with eyes closed in a
quiet environment. Image acquisition was started 30 min after injection
and was ended 15 min later. Images were reconstructed using the ordered
subsets expectation maximization algorithm with 5 iterations and 32 sub-
sets, and corrected for attenuation using a CT transmission scan.
Whole-brain statistical analysis was performed at voxel-level using

SPM8 software (Wellcome Department of Cognitive Neurology,
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TABLE 1 Patient characteristics
Without ICD
ICD (n=18) (n=18) p value

Age (years) 60.4+7.3 618+ 64 .53
Gender (male) 15 (83%) 10 (56%) .07
Duration of Parkinson’s disease (years) 10.9 + 3.6 12.2+29 23
LEDD-DA (mg) 157.3 +130.0 205.4 +162.8 .33
Total LEDD (mg) 1124.1 = 320.5 1145.9 = 3784 .85
UPDRS-III (off) (/108) 31.9+12.0 30.8+12.0 77
UPDRS-III (on) (/108) 53*41 8.8+6.2 .06
Hoehn and Yahr (off) (/5) 27+0.8 27+08 .88
Mattis (/144) 1382+ 6.2 1378 +5.9 .87
BDI (63) 11.3+74 84+47 22
LARS (from —36 to 36) —245+164 —329+42 .34
AFPA (/5) 3314 34*14 72
Motor laterality index of the disease 7/3/8 5/4/9 77
(Right/left/bilateral) 4 (22%) 3 (17%) .67

Current smoking

Note. Abbreviations: AFPA = Assessment of Professional Level; BDI = Beck Depression Inventory; LARS = Lille Apathy Rating Scale; LEDD = L-Dopa

Equivalent Daily Dose; UPDRS = Unified Parkinson’s Disease Rating Scale.

University College, London, UK) to compare ICD, non-ICD patients,
and healthy controls by using ANOVA (Analysis of Variance) tests. The
PET images were spatially normalized onto the Montreal Neurological
Institute (MNI) atlas. The dimensions of the resulting voxels were 2 X
2 X 2 mm. The images were then smoothed with a Gaussian filter
(8 mm full-width at half-maximum) to blur individual variations in gyral
anatomy and to increase the signal-to-noise ratio. The between-groups
SPM (T) maps were obtained at a threshold (voxel-level significance) of
p <.005, uncorrected at voxel-level, but with a correction for cluster
volume to avoid type Il errors (k > 130), as recommended (Lieberman &
Cunningham, 2009), with age, gender, and level of education as nui-
sance covariates. An additional analysis with small volume correction
(SVC) was applied within the most significant voxel of the previous
identified cluster. The Proportional scaling was applied, giving the same
global value to each PET examination, to correct for individual varia-
tions in global brain metabolism. The anatomical localization of the
most significant voxels was then identified using Talairach Daemon
(http://ric.uthscsa.edu/projects/talairachdaemon.html). The mean val-
ues of cerebral metabolic rate of glucose (CMRGIc) were extracted at
the individual level for each significant cluster.

To evaluate metabolic connectivity, two different approaches have
been performed. First, interregional correlation analysis (IRCA) was car-
ried out according to the procedure validated by Lee et al. (2008), using
the metabolic cluster previously identified in the intergroup comparison
as a covariate. Briefly, mean values of CMRGIc were used as interacted
covariates to find regions showing significant voxel-wise negative/posi-
tive correlations across patients with ICDs, patients without ICDs and

healthy controls groups (intragroup analysis), and afterward for the

direct comparison between patients with and without ICDs (between-
group analysis). Results were expressed as an increase of positive or
negative connectivity as previously reported (Kaiser, Andrews-Hanna,
Wager, & Pizzagalli, 2015). Nuisance covariates and threshold were the
same as previously detailed for groups SPM (T) maps comparisons.
Second, a graph theory analysis was carried out with BRAPH
(BRain Analysis using graPH theory (http://www.braph.org/), a soft-
ware package to perform graph theory analysis of the brain connec-
tome, to compare the brain’s connectivity in patients with and without
ICDs, and in healthy subjects, and especially relationships between
clusters previously identified in the intergroup comparison and meso-
corticolimbic system (Mijalkov et al., 2017; Pereira et al., 2015). Spear-
man correlation coefficients were computed and absolute values kept.
Nodal measures and comparisons were performed using weighted
undirected graphs. Tested nodal parameters were degree, strength, tri-
angles, eccentricity, path length, global and local efficiency, clustering
nodes, betweenness and closeness centrality, and within module z-
score degree. Nonparametric permutation tests with 1,000 permuta-

tions were carried out to assess differences between groups.

2.3 | Statistical analysis of clinical and demographic
characteristics

Quantitative variables are expressed as means =+ standard deviations,
and categorical variables as percentages. Statistical parameters for SPM
analysis and graph theory are detailed above. T tests were done for mean
comparisons for quantitative variables while Chi-2 Test were done for

categorical variables. The significance level p value was set at .05.



VERGER ET AL.

WILEY- %

FIGURE 1 Anatomical localization of areas of increased
metabolism in ICD patients in comparison to without ICDs

(p <.005, uncorrected, k > 130) projected onto sections of a normal
MRI set spatially normalized and smoothed into the standard SPM8
template. In comparison to patients without ICDs, those with ICDs
showed a relative increased metabolism in right middle and inferior
temporal gyri (BA20-21). ICD: impulse control disorders; MRI:
magnetic resonance imaging; BA: Brodmann area [Color figure can
be viewed at wileyonlinelibrary.com]

3 | RESULTS

3.1 | Patient characteristics

Characteristics of patients with and without ICDs are detailed in Table

1. Among patients with ICDs, 9 had a single ICD (4 “pathological

gambling,” 3 “compulsive shopping,” and 2 “hypersexuality”), and 9 had
two concomitant ICDs (4 “hypersexuality and pathological gambling,” 3
“compulsive shopping and pathological gambling,” and 2 “hypersexual-
ity and compulsive buying”). Otherwise, 3 patients with ICDs had asso-
ciated dopamine dysregulation syndrome.

As reported in Table 1, there was no significant difference
between patients with and without ICDs in BDI and in LARS. Further-
more, there was also no significant difference for motor asymmetry
index in PD between the two categories of patients. Finally, no differ-
ence in Mattis score was found between patients with PD and healthy

controls.

3.2 | 8F-FDG PET findings

In comparison to patients without ICDs, those with ICDs had a relative
increased metabolism in right middle and inferior temporal gyri (Broad-
man areas (BA) 20-21) (p <.005, uncorrected, k> 130; Figure 1 and
Table 2). An additional analysis with SVC (previous identified cluster of
1,736 mm? with center coordinates at 58.1; —30.3; —18.2, i.e., the most
significant voxel of the right middle/inferior temporal cluster), secondar-
ily identified a significant cluster of decreased metabolism for compari-
sons between patients with ICDs and healthy controls and between
those without ICDs and healthy controls (after SVC for this same voxel
threshold, p cluster = .05 and .02 respectively, FWE-corrected).

In addition, mean CMRGlIc values of right BA20-21 were higher in
patients with multiple ICDs in comparison to those with single ICDs
(p=.03).

No decrease of metabolism was observed in patients with ICDs in
comparison to those without ICDs.

We thereafter studied the metabolic connectivity of this right mid-
dle/inferior temporal cluster using IRCA, within (Figure 2) and between
(Figure 3) subjects’ groups (p <.005, uncorrected, k> 130). Patients
with ICDs showed a diffuse positive connectivity in bilateral posterior

TABLE 2 18F-FDG-PET findings between ICD and non-ICD patients (anatomical locations, spatial extents of significant clusters, Talairach

coordinates, maximal z-scores, and height threshold of peak-voxel)

Relative hypermetabolism in ICD patients, in comparison to those
without ICDs

Right middle and inferior temporal gyri (BA20-21)

Increased positive connectivity with BA20-21R in ICD patients in
comparison to those without ICDs
Right middle temporal gyrus (BA20-21-22)
Right middle and inferior frontal gyri (BA9-10-11)
Right middle and superior temporal gyri and parietal inferior lobule
(BA37-39-40)

Increased negative connectivity with BA20-21R in ICD patients in
comparison to those without ICDs

Left Caudate
Right Parahippocampal gyrus (BA35-36)

Note. Abbreviations: BA = Brodmann area; ICDs = impulse control disorder.

Peak coordinates

Cluster z-score

dimension X y z of Peak p value
217 56 —-36 —-18 3.52 <.001
1425 46 10 46 3.68 <.001
177 62 —36 —-20 3.62 <.001
898 58 —58 26 3.60 <.001
384 -12 24 2 4.63 <.001
134 30 -20 —28 3.64 <.001
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FIGURE 2 Anatomical localization of areas of increased positive right BA20-21 connectivity in healthy controls (left panel), in patients
without ICDs (middle panel) and in patients with ICDs (right panel), projected onto 3D volume rendering (upper panel) and sections of a
normal MRI (lower panel) set spatially normalized and smoothed into the standard SPM8 template (p <.005, uncorrected, k > 130). Healthy
controls and patients without ICDs showed a moderately quite similar connectivity pattern involving bilateral temporal lobes (left and
middle upper panel). Additional connectivity was only found in healthy subjects for fronto-parietal regions (left upper panel), without exten-
sion to orbito-frontal area (left lower panel). On the other hand, patients with ICDs showed a diffuse connectivity in bilateral posterior tem-
poral lobes and right fronto-parietal lobes (right upper panel) including the orbito-frontal area (right lower panel). BA: Brodmann area; ICD:
impulse control disorder; MRI: magnetic resonance imaging [Color figure can be viewed at wileyonlinelibrary.com]

temporal lobes and right fronto-parietal lobes including the orbito-
frontal area. On the other hand, patients without ICDs and healthy
controls showed a similar more moderate positive connectivity pattern
involving bilateral temporal lobes. Additional connectivity was found in
healthy subjects for fronto-parietal regions (Figure 2). No extension to
the orbito-frontal area was found for healthy subjects or for PD
patients without ICDs, and thus only for PD patients with ICDs.

Direct comparison of the right middle/inferior temporal gyri con-
nectivity was thereafter performed between PD patients with and
without ICDs. It first showed an increase of positive connectivity in
ICD patients involving the right middle temporal gyrus (BA20-21-22),
right middle and superior temporal gyri, right parietal inferior lobule
(BA37-39-40), and right middle and inferior frontal gyri (BA9-10)
including the right orbito-frontal area (BA11) (Figure 3). An increase of
negative connectivity was also found in patients with ICDs, in compari-
son to those without ICDs, involving the left caudate and the right par-
ahippocampal gyrus (BA35-36) (p < .005, uncorrected, k > 130; Figure
3). Detailed coordinates of all these findings are available in Table 2.

In light of the above, and knowing that the mesocorticolimbic sys-
tem is suspected to be involved in the physiopathology of ICDs (Cilia
et al,, 2008), we studied potential interactions between the right mid-
dle/inferior temporal cluster and the mesocorticolimbic system (a cor-
relations graph summarizing correlation coefficients between right
middle and inferior temporal gyri and mesocorticolimbic system is avail-
able in Figure 4). A subgraph containing the mesocorticolimbic system

(bilateral amygdala, caudate, putamen, hippocampus, and fronto-orbital

cortex and midbrain) and the above-cited cluster was created in
BRAPH, and a comparison of nodal measures between patients with
and without ICDs and healthy subjects was performed.

In comparison with patients without ICDs, those with ICDs had a
lower betweenness centrality in the left superior fronto-orbital cortex
and in the right middle/inferior temporal cluster (p =.04) (Figure 5),
meaning that the central place occupied by left superior fronto-orbital
cortex and the above-cited cluster with the mesocorticolimbic system’s
connectivity is lost in patients with ICDs. Interestingly, patients with
ICDs had also a lower betweenness centrality in comparison with
healthy subjects, but only in the above-cited cluster (p < .01). There was
no significant difference between patients without ICDs and healthy
subjects, in particular for the betweenness centrality (p =.22). No other
parameters compared between patients with and without ICDs (degree,
strength, triangles, eccentricity, path length, global and local efficiency,
clustering nodes, closeness centrality, and within module z-score

degree) were significantly different for the above-cited cluster.

4 | DISCUSSION

This study shows that PD patients with ICDs had a relative increased
PET metabolism within the right middle and inferior temporal regions
(BA20-21), in comparison to PD patients without ICDs. Metabolism of
this area was even higher in patients with multiple ICDs than in
patients with a single ICD. These metabolic changes were interestingly

associated with concomitant changes in metabolic connectivity of this
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FIGURE 3 Anatomical localization of areas of increased positive (upper panel in a) and negative (lower panel in b) right BA20-21
connectivity in ICD patients in comparison to those without ICDs (p <.005, uncorrected, k > 130) projected onto 3D volume rendering (a)
and sections of a normal MRI (b) set spatially normalized and smoothed into the standard SPM8 template. ICD patients showed an
increased positive connectivity in right middle temporal gyrus (BA20-21-22), right middle and superior temporal gyri and parietal inferior
lobule (BA37-39-40) and right middle and inferior frontal gyri (BA9-10), including the orbito-frontal area (BA11) (white arrow) (a). More-
over, ICD patients showed an increase negative connectivity with the left caudate (left panel), and with the right parahippocampal gyrus
(BA35-36, right panel) (b). BA: Brodmann area; ICD: impulse control disorder; MRI: magnetic resonance imaging [Color figure can be viewed

at wileyonlinelibrary.com]

same area. In ICD patients, BA20-21 had an increase of negative con-
nectivity with the striato-limbic network; and on the opposite, a wide
positive connectivity increase with right fronto-parietal gyri including
the right orbito-frontal area. Moreover, BA20-21 area loses its central
place with the mesocorticolimbic system through a connectivity
dysregulation.

In ICD patients with PD, we here found an involvement of the
right middle and inferior temporal gyri. This area is known to be
involved in memory process, especially for visual modality (Smolka
et al., 2006), and for both encoding and retrieval (Vaidya, Zhao, Des-
mond, & Gabrieli, 2002). In this line, Cilia et al. (2011) have found

positive correlations between gambling score and perfusion in temporal
lobe, precisely the fusiform gyrus; and several studies in patients with
substance use disorders have shown an activation of these temporal
areas when visualizing drug-related cues (Park et al., 2007; Smolka
et al., 2006; Wexler et al., 2001). In addition, increased perfusion of
medial temporal region was found in a PD patient with dopamine
agonist-related hypersexuality (Kataoka, Shinkai, Inoue, & Satoshi,
2009). Finally, these regions are known to be closely connected to the
mesocorticolimbic system (Cooper, 2002), whose the involvement has
been reported at rest (Koehler et al., 2013) and even during task (van
Holst, Veltman, Blchel, van den Brink, & Goudriaan, 2012) in
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-0.567*

Left caudate

Right middle and inferior
temporal gyri
(cluster)

0.445*

Right inferior fronto-orbital cortex

Mesocortico-limbic system

FIGURE 4 Correlations graph in patients with ICD between right middle and inferior temporal gyri (BA20-21) and the mesocorticolimbic
system. Spearman correlation coefficients are indicated on the Figure. In patients with ICD, right middle and inferior temporal gyri (BA20-
21) exhibit decreased connectivity with the left caudate, and a trend for increased connectivity with the right inferior fronto-orbital cortex.

*p <.05, #p =.06 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Three-dimensions volume rendering of the comparison
of nodal measure betweenness centrality between patients with
and without ICDs within the subgraph including BA20-21 and the
mesocorticolimbic system (bilateral amygdala, caudate, putamen,
hippocampus, and fronto-orbital cortex and midbrain), obtained
after graph theory analysis. Between BA20-21 and the mesocorti-
colimbic system, the betweenness centrality is only decreased in
the left superior orbito-frontal cortex (ORBsup.L) and the cluster
(red points) in the patients with ICDs comparatively to the patients
without ICDs (p < .05) [Color figure can be viewed at wileyonlineli-
brary.com]

pathological gambling without PD. The main areas involved were spe-
cifically the striatum and the prefrontal cortex, particularly the orbito-
frontal cortex.

Moreover, in comparison to PD patients without ICDs, patients with
ICDs showed an increase of negative connectivity of the right BA20-21
with the left caudate and with the right parahippocampal region. These
findings are in accordance with previous studies showing functional dis-
connection involving the mesocorticolimbic system in patients with ICDs
and PD (Carriere et al., 2015; Cilia et al., 2011). In details, Cilia and al.
showed anterior cingulate cortex-striatal disconnection in a SPECT study
(Cilia et al., 2011); and Carriere et al. (2015) found fMRI disconnection
exceeding the mesocorticolimbic system, between associative striatum
(i.e., dorsal caudate and anterior putamen) and associative cortical
regions including the inferior temporal region. We hypothesize this
temporo-limbic disconnection disrupts the integration of information
about the reward, contributing to the formation of the addictive process.

However, in contrast to other functional imaging studies (Carriere
et al., 2015; Cilia et al., 2011), we report an increased connectivity in
PD with ICDs. This involved the connectivity of the right BA20-21
areas with remotely: the right associative posterior junction and dorso-
lateral frontal cortex extended to the orbitofrontal region. These con-
nectivity increases were specific to patients with ICDs as illustrated by
Figure 2. These areas are part of the Salience Network (Seeley et al.,
2007), which is involved in the detection and orientation to the most
pertinent external or internal stimuli presented (Menon, 2011). Inter-
estingly, our results are in accordance with an another fMRI study (Tes-
sitore et al., 2017) where the connectivity of this Salience Network
was also increased in PD patients with ICDs. In addition, in PD, Cilia
et al. (2008) reported also an increased SPECT perfusion of orbito-
frontal region in patients with ICDs. Tahmasian et al. (2015) suggest
that the hyperactivity of the orbitofrontal cortex is essential for
adapted inhibition of behaviors in PD patients with high impulsivity.

Nevertheless, it remains impossible to formally determining whether
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the frontal regions have a role in inhibiting behavior among ICD
patients or rather causally involved in the genesis of ICDs.

Concerning the community composed by the mesocorticolimbic sys-
tem and the cluster and their relationships, betweenness centralities of
the left superior fronto-orbital cortex and the cluster were lower in
patients with ICDs than in patients without ICDs as illustrated in Figure
5, but also than in healthy subjects in the case of the cluster. That means
that patients with ICDs lose the central place of BA20-21 area with
mesocorticolimbic system'’s connectivity (Mijalkov et al., 2017). Changes
of connectivity within the temporal lobe have already been described in
PD patients (Chen et al., 2017; Shah et al., 2017; Zhang et al., 2017).
Considering that there is no significant difference between patients with-
out ICDs and healthy subjects for the betweenness centrality (p = .22)
and that no other parameters compared between patients with and with-
out ICDs were significantly different for the left superior fronto-orbital
cortex and the above-cited cluster, those two cerebral areas in patients
with ICDs seem to have lost their central function with the mesocortico-
limbic system, through a connectivity dysregulation. Thus, the increased
metabolism of BA20-21 area in patients with ICDs could be a way to
compensate for this lack of effectiveness. Furthermore, increased con-
nectivity mainly in mesocorticolimbic system, observed with BA20-21 in
ICD patients in a positive or negative way, seems to correspond to a dys-
regulation phenomenon. Overall, this cluster seems involved either as a
cause or a consequence in the physiopathology of ICDs.

This study has some limitations. First, our specific population
involved various ICDs whereas previous studies focused only on patho-
logic gamblers (Carriere et al., 2015; Cilia et al., 2011). In addition, 3 of
our ICD patients had criteria of dopamine dysregulation syndrome.
These results could thus reflect a common mechanism for ICDs rather
than being specific to only one type. Furthermore, our patients with
ICDs and without ICDs presented at least a 5 years of disease duration
which may have interfered with metabolic findings, a long PD duration
being associated with diffuse metabolic impairments (Eidelberg, 2009).
However, there was no significant difference in the duration of disease
between patients with ICD and those without ICD, going against a dif-
ferent cognitive level between the two groups. In this line, no differ-
ence was observed in Mattis score between PD patients and healthy
subjects. Otherwise, we decided to study brain metabolism as a whole
at voxel-level, contrary to most previous functional connectivity studies
based on analysis of selected regions of interest (Carriere et al., 2015;
Tessitore et al., 2017). This overall approach leads to a potential
increase of confounding factors in the results for these patients with a
neurodegenerative disease and with potential entangled pathophysio-
logical phenomenon exceeding ICDs networks. Nevertheless, this risk
was limited by the selection of two groups, with and without ICDs,
very similar on other clinical data. In addition, it provides a more gen-
eral approach of brain networks involved, exceeding herein the com-

monly described mesocortico-limbic system.

5 | CONCLUSION

On the whole, this study shows that ICDs in PD are associated with

the dysfunction of a large network exceeding the mesocorticolimbic

system, and involving especially the caudate, the parahippocampus,
and the prefrontal cortex, remotely including the right middle and infe-
rior temporal gyri. This latest area loses its central place with the meso-
corticolimbic system corresponding to a connectivity dysregulation.
We hypothesize that these regions are particularly involved in the
establishment of a mnemonic component of addiction. This hypothesis
will require further experimental paradigms to be confirmed. Whether
these regions are involved either as a cause or a consequence in the
physiopathology of ICDs also remains to be established.
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