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Various neuroimaging studies demonstrated that the fronto-insular network is implicated
in impulsive behavior. We compared glucose metabolism (as a proxy measure of neural
activity) among 24 patients with Parkinson’s disease (PD) who presented with low or
high levels of impulsivity based on the Barratt Impulsiveness Scale 11 (BIS) scores.
Subjects underwent 18-fluorodeoxyglucose positron emission tomography (FDG-PET)
and the voxel-wise group difference of FDG-metabolism was analyzed in Statistical
Parametric Mapping (SPM8). Subsequently, we performed a partial correlation analysis
between the FDG-metabolism and BIS scores, controlling for covariates (i.e., age, sex,
severity of disease and levodopa equivalent daily doses). Voxel-wise group comparison
revealed higher FDG-metabolism in the orbitofrontal cortex (OFC), anterior cingulate
cortex (ACC), and right insula in patients with higher impulsivity scores. Moreover, there
was a positive correlation between the FDG-metabolism and BIS scores. Our findings
provide evidence that high impulsivity is associated with increased FDG-metabolism
within the fronto-insular network in PD.

Keywords: impulsive behaviors, FDG-PET, orbitofrontal cortex, anterior cingulate cortex, insula

INTRODUCTION

Impulsivity is an umbrella term that covers “actions that are poorly conceived, prematurely
expressed, unduly risky, or inappropriate to the situation and that often result in undesirable
outcomes” (Evenden, 1999). Impulsivity is generally considered as a personality trait that is
associated with self-control deficiency and several problematic behaviors such as aggression,
risk-seeking behavior, driving violation and also suicide attempt (Owsley et al., 2003; Fineberg
et al, 2014; Gvion et al., 2014). Impulsive behaviors can be observed in healthy individuals
(Chamorro et al., 2012), drug-dependent individuals (Ersche et al, 2011; Qiu et al, 2013)
or patients with neuropsychiatric disorders including bipolar mood disorders, borderline
personality disorder and attention-deficit/hyperactivity disorder (Nandagopal et al, 2011;
Cackowski et al., 2014; Sebastian et al., 2014; Fossati et al., 2015). In addition, high impulsivity is a
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risk factor for impulse control disorders (ICDs) that consist of
serious behavioral symptoms such as pathological gambling,
compulsive shopping, binge eating and hyper sexuality.
Crucially, ICDs may develop due to overstimulation of the
mesolimbic system by dopaminergic medication (Lee et al,
2010; Voon et al., 2011a,b; Probst and Van Eimeren, 2013).
ICDs are common non-motor symptoms in Parkinson’s disease
(PD). For example, it has been shown that at least one form of
ICDs was found in 13.6% of medicated PD patients (Weintraub
et al, 2010). Moreover, the trait of impulsivity might be an
important selection criterion for deep brain stimulation (DBS)
of the subthalamic nucleus (STN), as DBS of the limbic part of
the STN can reduce the activity of the inhibitory networks in PD
(Jahanshahi, 2013). Thus, understanding the neural mechanisms
of impulsivity in PD may lead to better treatment strategies in
future.

Neuroimaging studies demonstrated that the fronto-insular
network, including the orbitofrontal cortex (OFC), anterior
cingulate cortex (ACC), medial prefrontal cortex (mPFC),
dorsolateral prefrontal cortex (dIPFC), and insula, are involved in
impulsive behavior in healthy controls (Matsuo et al., 2009a; Cho
etal., 2013), patients with neuropsychiatric disorders (Antonucci
et al.,, 2006; Matsuo et al., 2009b; Sebastian et al., 2014; Trost
et al.,, 2014), high risk individuals for psychosis (Lee et al., 2013),
and PD patients with ICDs (Cilia et al., 2008, 2011; Van Eimeren
etal., 2010; Voon et al.,, 2011a; Biundo et al., 2015). In this study,
we focused on impulsivity rather than ICDs to investigate the
neural mechanisms underlying high level of impulsivity as a risk
factor for developing ICDs in PD patients, while we controlled
for age, gender, severity of disease, and levodopa equivalent
daily dose (LEDD) for dopamine agonists. We hypothesized
that PD patients with higher level of impulsivity have regional
glucose metabolism alterations in the fronto-insular network,
particularly in the OFC, ACC, and insula, which have been
discussed to be associated with the inhibitory networks and
impulsivity behaviors.

MATERIALS AND METHODS

Subjects

Twenty-four right-handed patients (mean age 66.29, SD 6.01)
with idiopathic PD were recruited from the outpatient clinic of
the Department of Neurology, University Hospital of Cologne.
The study was approved and registered by the medical ethics
board of the University Hospital of Cologne in line with
Human Research Committee guidelines. All subjects provided
informed consent in accordance with the standard protocol
approvals (Nr.10-278). On every subject, medical history and
neurological examination were performed. Patients fulfilled
criteria for PD based on the United Kingdom Parkinson’s
Disease Society Brain Bank criteria (Hughes et al, 1992).
Evaluation of motor symptoms was assessed with the Unified
Parkinson’s Disease Rating Scale (UPDRS) Part III (Fahn
et al., 1987; Van Hilten et al., 1994) and severity of PD was
assessed with Hoehn and Yahr (1967) staging in both the
ON- and the OFF-state. The OFF-state reflects withdrawal

from dopamine replacement therapy for at least 12 h or from
controlled-released drugs, such as dopamine agonists, for at least
72 h. The ON-state was defined as patient’s best response to
200 mg of levodopa after the OFF-state. Neuropsychological
assessments were acquired in the regular daily medication ON-
state. For subsequent analyses, the LEDD of dopamine agonists
was calculated according to the guidelines of the German
Neurological Society (Diener and Weimar, 2012). In addition,
all patients were interviewed in a detailed survey that noted the
side of onset and duration of disease since the first diagnoses.
Two movement disorders specialists (C.E, L.T) assessed severity
of PD. Our exclusion criteria were the following: (i) psychiatric
comorbidities including depression (BDI-II score >19; Beck
et al.,, 1996; Kiihner et al., 2007), severe cognitive impairment
or dementia (Mini Mental State Exam (MMSE) <27; Kessler
et al,, 2000); (ii) any other severe systemic diseases including
cardiovascular diseases or diabetes mellitus; (iii) neurological
diseases such as history of head trauma, stroke, brain tumor,
epilepsy, or dyskinesia; and (iv) PD patients with diagnosis
of ICDs.

Neuropsychological Assessment

The Barratt Impulsiveness Scale (BIS) is a self-report
questionnaire to evaluate impulsivity, which consists of 30
four-point Likert-type items reflecting frequency of occurrence.
The scale was filled out by all patients during their regular
daily medication. The BIS can be divided into three sub-scores
including attention, motor, and non-planning impulsiveness.
Higher BIS scores reflect higher level of impulsivity (Patton et al.,
1995).

Preprocessing and Analysis of FDG-PET
Data

Preprocessing of fluorodeoxyglucose positron emission
tomography (FDG-PET) images was carried out using Statistical
Parametric Mapping (SPM8) (Wellcome Trust Center for
Neuroimaging, London, UK) as described before Drzezga
(2009), Eggers et al. (2014) and Tahmasian et al. (2015b). First,
the scans were normalized to the standard stereotactical space
using the standard PET template and then smoothed using a
6 mm full width at half maximum (FWHM) Gaussian filter.

FDG-PET Data Acquisition

As described previously (Eggers et al., 2009), a high-resolution
24-detector ring PET scanner (ECAT EXACT HRRT, Siemens
CTI, Knoxville, TN, USA) with 207 transaxial image planes
and 1.219 mm voxel size was used in this study. Images were
acquired with subjects in resting position, with background noise
reduced, and with light dimmed. After the injection of 370 MBq
of 18F-fluorodeoxyglucose (FDG), cerebral glucose metabolism
was measured, reflecting the regional neural activity. Arterialized
venous blood sampling allowed absolute quantification for all
participants. The imaging was performed in the 3-D mode and
was subsequently reconstructed as well as corrected for random
artifacts, head motion, attenuation and scatter. The resolution
of the reconstructed images was almost isotropic with 2.2 mm
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FWHM in the center and 2.5 mm FWHM at 10 cm off-axis.
The FDG-PET measurement was performed with subjects in
their regular medicated state (ON-state) to decrease head motion
during scanning and to evaluate neural activity in a similar
condition in terms of impulsivity in their daily routine.

Statistical Analyses
Following our hypothesis, we divided our patients into two
groups based on their BIS scores according to the published
standards i.e., patients with higher impulsivity (BIS > 65, n = 8)
and lower impulsivity (BIS < 65, n = 16; Voon et al.,, 2007;
Stanford et al., 2009). For group comparisons of demographic
and neuropsychiatric data, we carried out two-sample f-tests
as a parametric test applied on normally distributed data, and
Mann-Whitney U-tests as a nonparametric test for not normally
distributed data and also Fisher’s exact test for sex difference
in the Statistical Package for Social Sciences, version 22 (SPSS).
P-values less than 0.05 were considered statistically significant.
For group comparisons of FDG-PET data, a voxel-wise
two-sample t-test in SPM8 was performed across the whole-
brain, while PET images were normalized by the whole-
brain FDG uptake values. The initial uncorrected threshold
of 0.001 was applied for group comparison and results were
reported as significant at p-value less than 0.05 with family-
wise error (FWE) correction of the cluster-level. This analysis
was controlled for covariates, including age, gender, severity of
disease (UPDRS III OFF) and LEDD for dopamine agonists.
We chose dopamine agonist LEDD instead of total LEDD
because it has been shown that dopamine agonists change the
activity of the OFC and rostral cingulate region in PD (Van
Eimeren et al, 2009, 2010). Results with total LEDD as a
covariate were highly similar (not shown). These analyses yielded
a volume-of-interest (VOI) that showed significant metabolic
changes in patients with higher impulsivity level compared to
patients with lower impulsivity level. We chose the VOI based

on significant metabolic changes in the whole brain voxel-wise
group comparison to be independent from selection bias of
a-priori defined regions. Subsequently, we extracted the absolute
averaged FDG-metabolism within the mentioned VOI for each
individual subject as applied previously in several neuroimaging
studies (Matsuda et al., 2012; Tahmasian et al., 2013, 2015b;
Wehrl et al.,, 2013; Klupp et al., 2014, 2015), then normalized
those scores (FDG scores from the VOI divided to global uptake
scores) and then performed independent t-test between groups
using SPSS.

To detect the association between the FDG-metabolism and
impulsivity, we performed a partial correlation analysis between
the normalized averaged FDG-metabolism scores of the VOI and
the total and sub-scores of BIS across all 24 patients in SPSS,
controlling for covariates such as age, gender, severity of disease
(UPDRS III OFF) and LEDD for dopamine agonists.

RESULTS

Demographic and Neuropsychological
Data

Our sample consisted of 24 non-demented, non-depressed, non-
ICD PD patients. Demographic information is summarized in
Table 1. The mean total BIS for the patients with low level
of impulsivity was 53.18 (SD 7.60; range 41-63) and for the
patients with a high level of impulsivity was 70.37 (SD 4.17;
range 65-79). Between groups, there were significant differences
on the total and sub-scores of BIS, including attention, motor
and non-planning (p < 0.05, Table 1). Group comparisons
demonstrated no significant differences regarding the severity
of disease and severity of motor symptoms. However, there
was a significant difference between LEDD calculated only for
dopamine agonists as suggested previously (Tomlinson et al,
2010). Hence, we controlled for the effects of dopamine agonists
in further analyses. One should note that there was trend towards

TABLE 1 | Demographic and neuropsychological data (* = Mann-Whitney-Test, © = t-test, ¢ = Fisher’s exact test, degree of freedom was 22 for all group

comparisons, results presented as mean + SD).

PD patients with lower PD patients with higher p-value
impulsivity (n = 16) impulsivity (n = 8)

Sex (female/male) 6/10 2/6 0.667¢
Age (year) 65 + 6.59 68.88 + 3.75 0.14°
Duration since diagnosis 7.41+4.23 11.38 £ 5.21 0.054°
Hoehn und Yahr OFF 3+0.89 2.62 +£0.51 0.3492
Hoehn und Yahr ON 2,5+ 1.03 2.25 +0.46 0.5887
UPDRS Il OFF 35.06 + 14.17 29.50 £5.15 01770
UPDRS Il ON 24.19 + 13.09 21.38 £ 6.34 0.7592
LEDD—total (mg) 600.94 + 356.45 956.12 4+ 475.51 0.051°
LEDD —dopamine agonists (Mg) 180.62 + 133.85 318.62 + 181.68 0.046°
MMSE 28.69 + 1.138 28.75 +£1.275 0.9287
BIS—total 53.18 £ 7.60 70.37 £ 4.17 0.000°
BIS—attention 14.37 +£2.80 18.375 +£2.38 0.002°
BIS—motor impulsivity 19.00 + 3.01 22.6256 £2.32 0.007°
BIS—non-planning 19.81 + 5.39 29.5 +3.92 0.000°

Abbreviations: BIS, barratt impulsiveness scale; LEDD, levodopa equivalent daily dose; MMSE, mini-mental state examination; PD, Parkinson’s disease; SD, standard

deviation; UPDRS, unified Parkinson’s disease rating scale.
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a significant group difference regarding the LEDD-total and
duration of disease since diagnosis.

PD Patients with Higher Impulsivity Level
Revealed Increased Glucose Metabolism

in the Fronto-Insular Network

Voxel-wise two-sample t-test between groups demonstrated
higher metabolism within the fronto-insular network including
the OFC, medial-frontal gyrus, ACC and insula, mainly on the
right hemisphere (based on Automated Anatomical Labeling
atlas; Tzourio-Mazoyer et al., 2002) in subjects with higher
impulsivity level compared to individuals with lower level of
impulsivity (p < 0.05, FWE corrected; Figure 1A, Table 2).
Moreover, patients with higher impulsivity revealed higher
averaged FDG-metabolism using the group difference VOIs
determined by SPM8 (mean + SD = 2.28 &£ 0.14 vs. 1.97 £
0.10; Figure 1B). On the other hand, PD patients with higher
level of impulsivity had significant decreased FDG-metabolism in
the superior parietal gyrus and occipital cortex compared to PD
patients with lower level of impulsivity (p < 0.05, FWE corrected,
not shown).

Association between Impulsivity and
Glucose Metabolism in the Fronto-Insular
Network

We assessed the link between FDG-metabolism of the fronto-
insular network and BIS scores. Results showed a positive
correlation between the averaged FDG-metabolism and total
BIS scores (r = 0.761, p < 0.001) across all patients

(Figure 2A). Furthermore, significant positive correlations were
found between the FDG-metabolism and BIS sub-score for
attention (r = 0.646, p < 0.05), motor (r = 0.506, p < 0.05), and
non-planning impulsivity (r = 0.670, p < 0.001; Figures 2B-D).

DISCUSSION

To assess the neural correlates of impulsivity in PD patients, we
compared glucose metabolism of patients with higher impulsivity
level and patients with lower impulsivity level. We found that
patients with higher impulsivity level showed increased glucose
metabolism within the fronto-insular network including the
OFC, medial frontal gyrus, ACC, and right insula (Figure 1).
Moreover, our findings demonstrated positive correlations
between the averaged FDG-metabolism of those regions and BIS
scores (i.e., total and sub-score for attention, motor, and non-
planning impulsivity) across all patients (Figure 2). These results
provide further evidence that higher impulsivity is linked with
altered function of the fronto-insular network. Our findings are
in line with previous reports indicating that high impulsivity
is associated with structural and functional changes of regions
associated with reward-related decision making and impulse
control behavior including the OFC and ACC in healthy controls
and individuals at ultra-high risk for psychosis (Horn et al,
2003; Brown et al., 2006; Cilia et al., 2008; Matsuo et al., 2009a;
Cho et al, 2013; Lee et al, 2013). PD patients with higher
level of impulsivity also demonstrated lower FDG-metabolism
in the superior parietal gyrus and occipital cortex compared
to other group. Based on our hypothesis we did not expect
changes in these parieto-occipital regions. These findings might

T-values

network including the OFC, ACC, and insula within (*o < 0.001).

FDG-metabolism in the fronto-insular network,
[#mol/100 g/min)

Lower impulsivity

Higher impulsivity

FIGURE 1 | (A) Voxel-wise group comparison of FDG-metabolism generated by independent t-test in SPM8. Red maps illustrate increased metabolism in PD
patients with higher impulsivity compared to PD patients with lower impulsivity in the orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), and right insula
(o < 0.05, FWE corrected in cluster level, bars represent range of t-values). (B) Group difference based on the averaged FDG-metabolism of the fronto-insular
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TABLE 2 | Voxel-wise group comparison t-test demonstrated increased metabolism in PD patients with higher impulsivity compared to PD patients with

lower impulsivity.

Anatomical region L/R Cluster p-value (FWE-corrected) T-score Peak coordinates (MNI)
Orbitofrontal cortex L 170 0.004 5.82 —2,38,-10
Medial frontal gyrus R 170 0.004 5.77 12,48, 2
Anterior cingulate cortex R 170 0.004 4.47 4,44,0
Insula-operculum R 115 0.029 5.24 46, 2,14

Insula R 115 0.029 4.75 46, 10, 2

Abbreviations: FWE, family-wise error; MINI, Montreal Neurological Institute.

be additionally due to the increased FDG-metabolism in the
fronto-insular network a secondary compensatory change of
network activity.

Its worthy to note that FDG-PET imaging provides a
quantitative measurement of regional metabolism within the
synaptic terminals of the neuron-astrocyte functional unit. In
detail, after injection of FDG, its tissue uptake increases in the
active region, which correlates with the local metabolism of
brain tissue. Hence, increase of glucose uptake provides indirect
evidence of higher synaptic metabolism in a particular region
(Lucignani and Nobili, 2010).

Neural Correlates of Impulsivity within the

Fronto-Insular Network
Distinct brain regions are responsible for processing of reward-
related learning, goal-directed actions, decision-making and the

formation of habits (Schultz et al., 2000; Torregrossa et al., 2008).
Among them, the OFC is involved in sensory and emotional
integration, encoding the affective value of reinforcers and
evaluation of the expected rewards/punishments of a decision.
Therefore, the OFC has an important role in adaptive decision-
making, guiding behavior, judgments, and behavioral regulation
(Kringelbach, 2005; Torregrossa et al., 2008; Schoenbaum et al.,
2011). Animal studies revealed that OFC lesions result in
failure to assess the value of an outcome under changing
conditions, improper inhibition of motor responses, devalue
the reinforce, increase in habitual responding and increased
premature responses (Torregrossa et al., 2008). Thus, it seems
that activity of the OFC is essential for proper impulse control.
Moreover, it has been shown that the association of the
lateral PFC to both aggression and attentional impulsivity
depends on OFC contribution (Gansler et al, 2011). In a
functional neuroimaging (fMRI) study, Horn et al. (2003) applied

Attention BIS score

BIS, Barratt Impulsiveness Scale; LEDD, levodopa equivalent daily dose.

A 26
£ N
E
S 24
'
£g
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Motor BIS score

FIGURE 2 | Positive correlation between the averaged FDG-metabolism within the group comparison volume-of-interest (i.e., the fronto-insular
network) extracted for each subject and the total BIS scores (A), attention BIS score (B), motor BIS score (C), non-planning BIS score (D). Partial
correlations were performed across all 24 PD patients with additional covariates such as age, sex, severity of disease and LEDD for dopamine agonists; *p < 0.05).

Non-planning BIS score
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Go/No-Go task. This task is often used to assess a participant’s
ability to sustain attention and inhibit responses. The authors
demonstrated a significant activation in the anterior lateral OFC
during the inhibition task. They showed that subjects with
higher impulsivity activated the right inferior frontal gyrus,
posterior lateral OFC and anterior insula (Horn et al.,, 2003).
Similarly, our results support the idea that hyperactivity of the
OEFC is essential for proper inhibition in PD patients with high
impulsivity.

The OFC has reciprocal connections with the ACC, which
is involved in executive functions such as attention, inhibition
and emotion regulation (Devinsky et al,, 1995; Banks et al,
2007; Rushworth et al., 2007). Another fMRI study demonstrated
that activation of several regions, including the ACC, was
positively correlated with impulsivity level during inhibitory
control paradigms, suggesting a regulatory role of ACC in
modulating impulsive behaviors (Brown et al., 2006). Recently,
Kerr et al. (2015) revealed that impulsivity was linked with
higher activation of the ACC and amygdala during anticipation
of the primary reward. In addition, impulsivity was negatively
associated with functional connectivity between the ACC and
amygdala (Kerr et al,, 2015). Wilbertz et al. (2014) highlighted
a link between urgency as an impulsivity subdomain and a
network including the inferior frontal gyrus, anterior insula
and dorsal ACC. Another Go/No-Go fMRI study revealed
that subjects with internet gaming addiction had hyperactivity
during No-Go trials in several brain regions including the left
superior medial frontal gyrus, right ACC, right superior/middle
frontal gyrus. Interestingly, activation of the superior medial
frontal gyrus was positively associated with BIS-11, suggesting
an association between impulsivity and impaired prefrontal
impulse inhibition (Ding et al, 2014). Moreover, it has
been reported that self-control and successful inhibition of
impulsive behaviors, particularly motor impulsivity, and reactive
aggression depends on the anterior insula activity (Dambacher
etal., 2015).

Several studies highlighted the relationship between gray
matter volume changes and the BIS scores in healthy controls
and subjects at ultra-high risk for psychosis (Matsuo et al.,
2009a; Cho et al, 2013; Lee et al, 2013). For example,
Cho et al. (2013) found positive correlations between volume
of mPFC, dIPFC, OFC, ACC and total, non-planning, and
attention/cognitive BIS scores but not with motor impulsivity.
Churchwell and Yurgelun-Todd (2013) found a positive linear
association between anterior insula thickness and non-planning
imulsivity, and both of them had negative correlations with age.
Similarly, it has been demonstrated that patients with major
depressive disorder, alcoholism, posttraumatic stress disorder,
attention-deficit/hyperactivity disorder, antisocial personality
disorder or bipolar disorder showed positive correlations
between the left, right, and total OFC gray matter volume
and BIS motor impulsivity scores and aggression (Antonucci
et al., 2006). Our results are similar to these findings, as
we found significant positive associations between the FDG-
metabolism of the fronto-insular network and the total, non-
planning, attention and motor impulsivity. On the other hand,
Matsuo et al. (2009a) demonstrated that gray matter volumes

of the bilateral OFC and left ACC were negatively correlated
with the total BIS scores. More specifically, they found negative
associations between the right OFC volume and non-planning
impulsivity, and between the left OFC volume and motor
impulsivity.

In the right fronto-insular cortex and anterior limbic area of
the human brain there are large bipolar neurons so-called “von
Economo neurons”, particularly in the ACC and the anterior
insula. These neurons are involved in empathy, social awareness,
and self-control and their numbers are reduced in several
neuropsychiatric disorders including fronto-temporal dementia,
schizophrenia, bipolar disorder, addiction and ICDs (Allman
etal., 2011a,b; Kim et al., 2012).

Taken together, the above-mentioned studies showed that the
fronto-insular network is critically involved in impulsiveness.
With regards to our findings of the increased metabolism within
this network, it is possible to speculate that subjects with higher
impulsivity scores need this network to be more active in
order to inhibit their impulses, compared to subjects with lower
impulsivity.

Impulsivity vs. Impulse Control Disorders
Although impulsivity is a natural behavior that can be controlled
by inhibitory mechanisms in healthy individuals, it can be
considered as a risk factor for ICDs in patients with PD (Cilia
and Van Eimeren, 2011; Probst and Van Eimeren, 2013). Patients
with ICDs such as pathological gambling, hypersexuality, and
kleptomania have more compulsive characteristics resulting
in failure to resist aggressive impulses (Weiss and Marsh,
2012; Fineberg et al, 2014). Although the neural systems
for regulating impulsive, compulsive, and habitual behaviors
have an overlapping regional pathophysiology (i.e., activation
of the OFC), impulsivity and subdomains of ICDs have
different pathophysiological mechanisms (Torregrossa et al.,
2008; Leeman and Potenza, 2012). Accordingly, one should
be aware that impulsivity and ICDs are conceptually and
pathophysiologically distinct.

A recent study demonstrated that PD patients with ICDs had
cortical thinning in fronto-striatal circuitry including the right
superior OFC, left rostral middle frontal, bilateral caudal middle
frontal region, corpus callosum, right accumbens, as well as an
increase in the left amygdala. Moreover, they found a positive
correlation between severity of impulsive symptoms and cortical
thickness of left rostral middle frontal, inferior parietal, and
supramarginal regions (Biundo et al., 2015).

Several fMRI studies revealed that dopamine agonist therapy
mediates the ability of PD patients to control their impulses
and may lead to high impulsivity and ICDs (Cilia et al,
2008; Van Eimeren et al, 2009, 2010; Ray and Strafella,
2010; Voon et al, 201la; Weiss and Marsh, 2012; Napier
et al., 2015). For example, it has been suggested that PD
patients with pathological gambling have an ACC-striatal
disconnection and also a hyperactivity in the OFC, hippocampus,
amygdala, insula, and ventral pallidum, possibly associated
with a drug-induced overstimulation of relatively preserved
reward-related neuronal systems (Cilia et al, 2008, 2011).
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Van Eimeren et al. (2010) demonstrated that in the lateral
OFC, rostral cingulate zone, amygdala, and external pallidum,
healthy controls had higher activity in response to dopamine
agonist, while PD patients with pathological gambling showed
a significant DA-induced reduction of activity. To control
for the influence of dopamine agonists on the suggested
relationship (Tahmasian et al,, 2015a), we applied a partial
correlation approach, which accounts separately for influences
of medication (LEDD for dopamine agonists) on local FDG-
metabolism. Furthermore, the results were also independent
from age and sex.

Due to our results, we assume that higher activity of
fronto-insular network is necessary in patients with higher
impulsivity. In particular, patients with higher impulsivity level
have self-control deficiency and tendency to do problematic
risky behaviors (Owsley et al., 2003; Fineberg et al., 2014; Gvion
et al., 2014). Thus, they need to inhibit their impulses more
than subjects with lower impulsivity level. As mentioned above,
patients with lesions or atrophy in the OFC and ACC show
more impulsive, antisocial, and risky behaviors (Winstanley et al.,
2004; Berlin et al., 2005; Matsuo et al., 2009a,b; Kerr et al.,
2015). Taken together, we suggest that the observed increased
activity in the inhibitory network (Van Eimeren et al., 2010)
within the fronto-insular regions is necessary to allow an active
inhibition of risk-related impulsive behaviors, particularly in
patients with higher impulsivity (for review, see Seguin, 2004;
Crews and Boettiger, 2009; Perry et al., 2011). One should note
that our subjects had higher impulsivity and not ICDs diagnosis.
Hence, future studies should systematically compare subjects
with different levels of impulsivity vs. healthy subjects and
patients with ICDs to provide explicit proof of this hypothesis.

LIMITATIONS

Our study has several limitations: (i) albeit the BIS scale is
the most common tool to assess of impulsivity, it is a self-
report and subjective questionnaire. Thus, it is not an objective

REFERENCES

Allman, J. M., Tetreault, N. A., Hakeem, A. Y., and Park, S. (2011a). The von
economo neurons in apes and humans. Am. J. Hum. Biol. 23, 5-21. doi: 10.
1002/ajhb.21136

Allman, J. M., Tetreault, N. A., Hakeem, A. Y., Manaye, K. F., Semendeferi, K.,
Erwin, J. M, et al. (2011b). The von economo neurons in the frontoinsular and
anterior cingulate cortex. Ann. N'Y Acad. Sci. 1225, 59-71. doi: 10.1111/j.1749-
6632.2011.06011.x

Antonucci, A. S., Gansler, D. A., Tan, S., Bhadelia, R., Patz, S., and Fulwiler, C.
(2006). Orbitofrontal correlates of aggression and impulsivity in psychiatric
patients. Psychiatry Res. 147, 213-220. doi: 10.1016/j.pscychresns.2005.05.016

Banks, S. J., Eddy, K. T., Angstadt, M., Nathan, P. J., and Phan, K. L. (2007).
Amygdala-frontal connectivity during emotion regulation. Soc. Cogn. Affect.
Neurosci. 2, 303-312. doi: 10.1093/scan/nsm029

Beck, A. T., Steer, R. A., Ball, R., and Ranieri, W. (1996). Comparison of beck
depression inventories -IA and -II in psychiatric outpatients. J. Pers. Assess. 67,
588-597. doi: 10.1207/s15327752jpa6703_13

Berlin, H. A, Rolls, E. T., and Iversen, S. D. (2005). Borderline personality disorder,
impulsivity and the orbitofrontal cortex. Am. J. Psychiatry 162, 2360-2373.
doi: 10.1176/appi.ajp.162.12.2360

assessment of impulsivity; (ii) it should be noted that our
findings may be limited to moderate impulsivity level of our
subjects and can not be generalized to ICDs in PD patients;
(iii) the observed difference in glucose metabolism might be
due to underlying mechanism including the different levels of
von Economo neurons in the fronto-insular network, receptor
availability or genetic difference across subjects but these data
were not available for us to correct for their influence. In
particular, gray matter volume difference is probably one of
the most important confounding factors, but we did not have
structural MRI data from these subjects to perform atrophy
correction; and (iv) our sample size was rather small, particularly
in patients with higher impulsivity level, we also did not include
healthy control subjects or PD patients with ICDs. Future studies
with larger sample size should consider atrophy correction and
systematically compare healthy controls and PD patients with
and without ICDs.

CONCLUSION

In summary, the current study provides evidence that PD
patients with higher impulsivity level have increased glucose
metabolism within the fronto-insular network compared to PD
patients with lower impulsivity level. The data are consistent with
several structural and fMRI studies, suggesting that the activity of
fronto-insular network is essential for proper impulse inhibition,
particularly in PD patients with higher impulsivity. Our findings
shed new light on the neural correlates of impulsivity in PD.

ACKNOWLEDGMENTS

This study was supported by the German Research Foundation
(KFO 219, TP10). We wish to thank all patients for their
participation in the study. Furthermore, we thank the staff of the
Departments of Neurology, University Hospital of Cologne and
also Max Planck institute for Metabolism Research for their help
in recruitment and data collection.

Biundo, R., Weis, L., Facchini, S., Formento-Dojot, P., Vallelunga, A., Pilleri, M.,
et al. (2015). Patterns of cortical thickness associated with impulse control
disorders in Parkinson’s disease. Mov. Disord. 30, 688-695. doi: 10.1002/mds.
26154

Brown, S. M., Manuck, S. B., Flory, J. D., and Hariri, A. R. (2006). Neural basis of
individual differences in impulsivity: contributions of corticolimbic circuits for
behavioral arousal and control. Emotion 6, 239-245. doi: 10.1037/1528-3542.6.
2.239

Cackowski, S., Reitz, A. C., Ende, G., Kleindienst, N., Bohus, M., Schmahl,
C., et al. (2014). Impact of stress on different components of impulsivity
in borderline personality disorder. Psychol. Med. 44, 3329-3340. doi: 10.
1017/s0033291714000427

Chamorro, J., Bernardi, S., Potenza, M. N.,, Grant, J. E., Marsh, R, Wang,
S, et al. (2012). Impulsivity in the general population: a national
study. J. Psychiatr. Res. 46, 994-1001. doi: 10.1016/j.jpsychires.2012.
04.023

Cho, S. S., Pellecchia, G., Aminian, K., Ray, N., Segura, B., Obeso, I, et al. (2013).
Morphometric correlation of impulsivity in medial prefrontal cortex. Brain
Topogr. 26, 479-487. doi: 10.1007/s10548-012-0270-x

Churchwell, J. C., and Yurgelun-Todd, D. A. (2013). Age-related changes in insula
cortical thickness and impulsivity: significance for emotional development

Frontiers in Behavioral Neuroscience | www.frontiersin.org

November 2015 | Volume 9 | Article 317


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Tahmasian et al.

Impulsivity and Metabolism Changes in PD

and decision-making. Dev. Cogn. Neurosci. 6, 80-86. doi: 10.1016/j.dcn.2013.
07.001

Cilia, R., Cho, S. S, Van Eimeren, T., Marotta, G., Siri, C., Ko, J. H,, et al.
(2011). Pathological gambling in patients with Parkinson’s disease is associated
with fronto-striatal disconnection: a path modeling analysis. Mov. Disord. 26,
225-233. doi: 10.1002/mds.23480

Cilia, R, Siri, C., Marotta, G., Isaias, I. U., De Gaspari, D., Canesi, M., et al. (2008).
Functional abnormalities underlying pathological gambling in Parkinson’s
disease. Arch. Neurol. 65, 1604-1611. doi: 10.1001/archneur.65.12.1604

Cilia, R., and Van Eimeren, T. (2011). Impulse control disorders in Parkinson’s
disease: seeking a roadmap toward a better understanding. Brain Struct. Funct.
216, 289-299. doi: 10.1007/s00429-011-0314-0

Crews, F. T., and Boettiger, C. A. (2009). Impulsivity, frontal lobes and risk for
addiction. Pharmacol. Biochem. Behav. 93, 237-247. doi: 10.1016/j.pbb.2009.
04.018

Dambacher, F., Sack, A. T., Lobbestael, ., Arntz, A., Brugman, S., and Schuhmann,
T. (2015). Out of control: evidence for anterior insula involvement in motor
impulsivity and reactive aggression. Soc. Cogn. Affect. Neurosci. 10, 508-516.
doi: 10.1093/scan/nsu077

Devinsky, O., Morrell, M. J., and Vogt, B. A. (1995). Contributions of anterior
cingulate cortex to behaviour. Brain 118, 279-306. doi: 10.1093/brain/
118.1.279

Diener, H. C., and Weimar, C. (2012). Leitlinien fiir Diagnostik und Therapie in
der Neurologie. Stuttgart: Thieme Verlag.

Ding, W. N., Sun, J. H,, Sun, Y. W,, Chen, X,, Zhou, Y., Zhuang, Z. G., et al.
(2014). Trait impulsivity and impaired prefrontal impulse inhibition function
in adolescents with internet gaming addiction revealed by a Go/No-Go fMRI
study. Behav. Brain Funct. 10:20. doi: 10.1186/1744-9081-10-20

Drzezga, A. (2009). Diagnosis of Alzheimer’s disease with [18F]PET in mild and
asymptomatic stages. Behav. Neurol. 21, 101-115. doi: 10.3233/BEN-2009-0228

Eggers, C., Hilker, R., Burghaus, L., Schumacher, B., and Heiss, W. D. (2009).
High resolution positron emission tomography demonstrates basal ganglia
dysfunction in early Parkinson’s disease. J. Neurol. Sci. 276, 27-30. doi: 10.
1016/j.jns.2008.08.029

Eggers, C., Schwartz, F., Pedrosa, D. J., Kracht, L., and Timmermann, L. (2014).
Parkinson’s disease subtypes show a specific link between dopaminergic and
glucose metabolism in the striatum. PLoS One 9:€96629. doi: 10.1371/journal.
pone.0096629

Ersche, K. D., Barnes, A., Jones, P. S., Morein-Zamir, S., Robbins, T. W., and
Bullmore, E. T. (2011). Abnormal structure of frontostriatal brain systems is
associated with aspects of impulsivity and compulsivity in cocaine dependance.
Brain 134, 2013-2024. doi: 10.1093/brain/awr138

Evenden, J. L. (1999). Varieties of impulsivity. Psychopharmacology (Berl) 146,
348-361. doi: 10.1007/pl00005481

Fahn, S., Elton, R., and Committee, U. D. (1987). “Unified Parkinson’s disease
rating scale,” in Recent developments in Parkinson’s disease, eds C.D. Marsden,
S. Fahn, D. Calne, and M. Goldstein (Flora Park, NY: MacMillan Healthcare
Information), 153-163.

Fineberg, N. A., Chamberlain, S. R,, Goudriaan, A. E,, Stein, D. J., Vanderschuren,
L.J., Gillan, C. M,, et al. (2014). New developments in human neurocognition:
clinical, genetic and brain imaging correlates of impulsivity and compulsivity.
CNS Spectr. 19, 69-89. doi: 10.1017/s1092852913000801

Fossati, A., Gratz, K. L., Borroni, S., Maffei, C., Somma, A., and Carlotta, D. (2015).
The relationship between childhood history of ADHD symptoms and DSM-
IV borderline personality disorder features among personality disordered
outpatients: the moderating role of gender and the mediating roles of emotion
dysregulation and impulsivity. Compr. Psychiatry 56, 121-127. doi: 10.1016/j.
comppsych.2014.09.023

Gansler, D. A, Lee, A. K., Emerton, B. C., D’Amato, C., Bhadelia, R., Jerram, M.,
et al. (2011). Prefrontal regional correlates of self-control in male psychiatric
patients: impulsivity facets and aggression. Psychiatry Res. 191, 16-23. doi: 10.
1016/j.pscychresns.2010.09.003

Gvion, Y., Horresh, N., Levi-Belz, Y., Fischel, T., Treves, 1., Weiser, M., et al.
(2014). Aggression-impulsivity, mental pain and communication difficulties
in medically serious and medically non-serious suicide attempters. Compr.
Psychiatry 55, 40-50. doi: 10.1016/j.comppsych.2013.09.003

Hoehn, M. M., and Yahr, M. D. (1967). Parkinsonism: onset, progression and
mortality. Neurology 17, 427-442. doi: 10.1212/wnl.17.5.427

Horn, N. R,, Dolan, M., Elliott, R., Deakin, J. F. W., and Woodruff, P. W. R.
(2003). Response inhibition and impulsivity: an fMRI study. Neuropsychologia
41, 1959-1966. doi: 10.1016/50028-3932(03)00077-0

Hughes, A. J., Ben-Shlomo, Y., Daniel, S. E., and Lees, A. J. (1992). What
features improve the accuracy of clinical diagnosis in Parkinson’s disease: a
clinicopathologic study. Neurology 42, 1142-1146. doi: 10.1212/wnl.42.6.1142

Jahanshahi, M. (2013). Effects of deep brain stimulation of the subthalamic nucleus
on inhibitory and executive control over prepotent responses in Parkinson’s
disease. Front. Syst. Neurosci. 7:118. doi: 10.3389/fnsys.2013.00118

Kerr, K. L., Avery, J. A., Barcalow, J. C., Moseman, S. E., Bodurka, J., Bellgowan,
P.S. F, etal. (2015). Trait impulsivity is related to ventral ACC and amygdala
activity during primary reward anticipation. Soc. Cogn. Affect. Neurosci. 10,
36-42. doi: 10.1093/scan/nsu023

Kessler, J., Markowitsch, H. J., and Denzler, P. (2000). Mini-Mental-Status-Test
(MMST). Gottingen: Beltz Test GMBH.

Kim, E. J,, Sidhu, M., Gaus, S. E., Huang, E. ], Hof, P. R,, Miller, B. L., et al.
(2012). Selective frontoinsular von economo neuron and fork cell loss in
early behavioral variant frontotemporal dementia. Cereb. Cortex 22, 251-259.
doi: 10.1093/cercor/bhr004

Klupp, E., Forster, S., Grimmer, T., Tahmasian, M., Yakushev, 1., Sorg, C,, et al.
(2014). In Alzheimer’s disease, hypometabolism in low-amyloid brain regions
may be a functional consequence of pathologies in connected brain regions.
Brain Connect. 4, 371-383. doi: 10.1089/brain.2013.0212

Klupp, E., Grimmer, T., Tahmasian, M., Sorg, C., Yakushev, I, Yousefi, B. H.,
et al. (2015). Prefrontal hypometabolism in Alzheimer disease is related to
longitudinal amyloid accumulation in remote brain regions. J. Nucl. Med. 56,
399-404. doi: 10.2967/jnumed.114.149302

Kringelbach, M. L. (2005). The human orbitofrontal cortex: linking reward
to hedonic experience. Nat. Rev. Neurosci. 6, 691-702. doi: 10.1038/
nrnl747

Kiithner, C., Biirger, C., Keller, F., and Hautzinger, M. (2007). [Reliability and
validity of the revised beck depression inventory (BDI-II). Results from german
samples]. Nervenarzt 78, 651-656. doi: 10.1007/s00115-006-2098-7

Lee, T. Y., Kim, S. N,, Jang, J. H., Shim, G., Jung, W. H., Shin, N. Y., et al. (2013).
Neural correlate of impulsivity in subjects at ultra-high risk for psychosis. Prog.
Neuropsychopharmacol. Biol. Psychiatry 45, 165-169. doi: 10.1016/j.pnpbp.
2013.04.008

Lee, J. Y., Kim, J. M., Kim, J. W., Cho, J., Lee, W. Y., Kim, H. J., et al. (2010).
Association between the dose of dopaminergic medication and the behavioral
disturbances in Parkinson disease. Parkinsonism Relat. Disord. 16, 202-207.
doi: 10.1016/j.parkreldis.2009.12.002

Leeman, R. F., and Potenza, M. N. (2012). Similarities and differences between
pathological gambling and substance use disorders: a focus on impulsivity and
compulsivity. Psychopharmacology (Berl) 219, 469-490. doi: 10.1007/s00213-
011-2550-7

Lucignani, G., and Nobili, F. (2010). FDG-PET for early assessment of Alzheimer’s
disease: isn’t the evidence base large enough? Eur. J. Nucl. Med. Mol. Imaging
37, 1604-1609. doi: 10.1007/s00259-010-1535-9

Matsuda, H., Mizumura, S., Nemoto, K., Yamashita, F., Imabayashi, E., Sato, N.,
et al. (2012). Automatic voxel-based morphometry of structural MRI by SPM8
plus diffeomorphic anatomic registration through exponentiated lie algebra
improves the diagnosis of probable alzheimer disease. AJNR Am. J. Neuroradiol.
33,1109-1114. doi: 10.3174/ajnr.a2935

Matsuo, K., Nicoletti, M., Nemoto, K., Hatch, J. P., Peluso, M. A., Nery, F. G,,
et al. (2009a). A voxel-based morphometry study of frontal gray matter
correlates of impulsivity. Hum. Brain Mapp. 30, 1188-1195. doi: 10.1002/hbm.
20588

Matsuo, K., Nicoletti, M. A., Peluso, M. A., Hatch, J. P., Nemoto, K., Watanabe, Y.,
et al. (2009b). Anterior cingulate volumes associated with trait impulsivity in
individuals with bipolar disorder. Bipolar Disord. 11, 628-636. doi: 10.1111/j.
1399-5618.2009.00732.x

Nandagopal, J. J., Fleck, D. E., Adler, C. M., Mills, N. P., Strakowski, S. M., and
DelBello, M. P. (2011). Impulsivity in adolescents with bipolar disorder and/or
attention-deficit/hyperactivity disorder and healthy controls as measured by
the barratt impulsiveness scale. J. Child Adolesc. Psychopharmacol. 21, 465-468.
doi: 10.1089/cap.2010.0096

Napier, T. C., Corvol, J. C., Grace, A. A., Roitman, J. D., Rowe, J., Voon, V.,
et al. (2015). Linking neuroscience with modern concepts of impulse control

Frontiers in Behavioral Neuroscience | www.frontiersin.org

November 2015 | Volume 9 | Article 317


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Tahmasian et al.

Impulsivity and Metabolism Changes in PD

disorders in Parkinson’s disease. Mov. Disord. 30, 141-149. doi: 10.1002/mds.
26068

Owsley, C., McGwin, G., Jr., and McNeal, S. F. (2003). Impact of impulsiveness,
venturesomeness and empathy on driving by older adults. J. Safety Res. 34,
353-359. doi: 10.1016/j.jsr.2003.09.013

Patton, J. H., Stanford, M. S., and Barratt, E. S. (1995). Factor structure of the
barratt impulsiveness scale. J. Clin. Psychol. 51, 768-774. doi: 10.1002/1097-
4679(199511)51:6<768::aid-jclp2270510607>3.0.c0;2-1

Perry, J. L., Joseph, J. E., Jiang, Y., Zimmerman, R. S., Kelly, T. H., Darna, M.,
et al. (2011). Prefrontal cortex and drug abuse vulnerability: translation to
prevention and treatment interventions. Brain Res. Rev. 65, 124-149. doi: 10.
1016/j.brainresrev.2010.09.001

Probst, C. C., and Van Eimeren, T. (2013). The functional anatomy of impulse
control disorders. Curr. Neurol. Neurosci. Rep. 13:386. doi: 10.1007/s11910-
013-0386-8

Qiu, Y. W,, Jiang, G. H,, Su, H. H,, Lv, X. F,, Tian, J. Z,, Li, L. M, et al. (2013). The
impulsivity behavior is correlated with prefrontal cortex gray matter volume
reduction in heroin-dependent individuals. Neurosci. Lett. 538, 43-48. doi: 10.
1016/j.neulet.2013.01.019

Ray, N., and Strafella, A. P. (2010). Dopamine, reward and frontostriatal circuitry
in impulse control disorders in Parkinson’s disease: insights from functional
imaging. Clin. EEG Neurosci. 41, 87-93. doi: 10.1177/1550059410041
00208

Rushworth, M. F., Behrens, T. E., Rudebeck, P. H., and Walton, M. E. (2007).
Contrasting roles for cingulate and orbitofrontal cortex in decisions and
social behavior. Trends Cogn. Sci. 11, 168-176. doi: 10.1016/j.tics.2007.
01.004

Schoenbaum, G., Takahashi, Y., Liu, T. L., and McDannald, M. A. (2011). Does
the orbitofrontal cortex signal value? Ann. N 'Y Acad. Sci. 1239, 87-99. doi: 10.
1111/j.1749-6632.2011.06210.x

Schultz, W., Tremblay, L., and Hollerman, J. R. (2000). Reward processing in
primate orbitofrontal cortex and basal ganglia. Cereb. Cortex 10, 272-283.
doi: 10.1093/cercor/10.3.272

Sebastian, A., Jung, P., Krause-Utz, A., Lieb, K., Schmahl, C., and Tiischer,
0. (2014). Frontal dysfunctions of impulse control - a systematic review in
borderline personality disorder and attention-deficit/hyperactivity disorder.
Front. Hum. Neurosci. 8:698. doi: 10.3389/fnhum.2014.00698

Seguin, J. R. (2004). Neurocognitive elements of antisocial behavior: relevance of
an orbitofrontal cortex account. Brain Cogn. 55, 185-197. doi: 10.1016/s0278-
2626(03)00273-2

Stanford, M. S., Mathias, C. W., Dougherty, D. M., Lake, S. L., Anderson, N. E., and
Patton, J. H. (2009). Fifty years of the barratt impulsiveness scale: an update and
review. Pers. Individ. Dif. 47, 385-395. doi: 10.1016/j.paid.2009.04.008

Tahmasian, M., Bettray, L. M., Van Eimeren, T., Drzezga, A., Timmermann, L.,
Eickhoff, C. R, etal. (2015a). A systematic review on the applications of resting-
state fMRI in Parkinson’s disease: does dopamine replacement therapy play a
role? Cortex 73, 80-105. doi: 10.1016/j.cortex.2015.08.005

Tahmasian, M., Pasquini, L., Scherr, M., Meng, C., Forster, S., Mulej Bratec, S.,
et al. (2015b). The lower hippocampus global connectivity, the higher its local
metabolism in alzheimer disease. Neurology 84, 1956-1963. doi: 10.1212/WNL.
0000000000001575

Tahmasian, M., Knight, D. C., Manoliu, A., Schwerthéffer, D., Scherr, M., Meng,
C., etal. (2013). Aberrant intrinsic connectivity of hippocampus and amygdala
overlap in the fronto-insular and dorsomedial-prefrontal cortex in major
depressive disorder. Front. Hum. Neurosci. 7:639. doi: 10.3389/fnhum.2013.
00639

Tomlinson, C. L., Stowe, R,, Patel, S., Rick, C., Gray, R., and Clarke, C. E. (2010).
Systematic review of levodopa dose equivalency reporting in Parkinson’s
disease. Mov. Disord. 25, 2649-2653. doi: 10.1002/mds.23429

Torregrossa, M. M., Quinn, J. J., and Taylor, J. R. (2008). Impulsivity, compulsivity
and habit: the role of orbitofrontal cortex revisited. Bio. Psychiatry 63, 253-255.
doi: 10.1016/j.biopsych.2007.11.014

Trost, S., Diekhof, E. K., Zvonik, K., Lewandowski, M., Usher, J., Keil, M., et al.
(2014). Disturbed anterior prefrontal control of the mesolimbic reward system
and increased impulsivity in bipolar disorder. Neuropsychopharmacology 39,
1914-1923. doi: 10.1038/npp.2014.39

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N, et al. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage 15, 273-289. doi: 10.1006/nimg.2001.0978

Van Eimeren, T., Ballanger, B., Pellecchia, G., Miyasaki, J. M., Lang, A. E,,
and Strafella, A. P. (2009). Dopamine agonists diminish value sensitivity of
the orbitofrontal cortex: a trigger for pathological gambling in Parkinson’s
disease? Neuropsychopharmacology 34, 2758-2766. doi: 10.1038/sj.npp.npp20
09124

Van Eimeren, T., Pellecchia, G., Cilia, R., Ballanger, B., Steeves, T. D., Houle,
S., et al. (2010). Drug-induced deactivation of inhibitory networks predicts
pathological gambling in PD. Neurology 75, 1711-1716. doi: 10.1212/WNL.
0b013e3181fc27fa

Van Hilten, J. J., Van Der Zwan, A. D., Zwinderman, A. H., and Roos, R. A.
(1994). Rating impairment and disability in Parkinson’s disease: evaluation of
the unified Parkinson’s disease rating scale. Mov. Disord. 9, 84-88. doi: 10.
1002/mds.870090113

Voon, V., Gao, J., Brezing, C., Symmonds, M., Ekanayake, V., Fernandez, H., et al.
(2011a). Dopamine agonists and risk: impulse control disorders in Parkinson’s
disease. Brain 134, 1438-1446. doi: 10.1093/brain/awr080

Voon, V., Sohr, M., Lang, A. E., Potenza, M. N., Siderowf, A. D., Whetteckey,
J., et al. (2011b). Impulse control disorders in Parkinson disease: a
multicenter case--control study. Ann. Neurol. 69, 986-996. doi: 10.1002/ana.
22356

Voon, V., Thomsen, T., Miyasaki, J. M., De Souza, M., Shafro, A., Fox,
S. H., et al. (2007). Factors associated with dopaminergic drug-related
pathological gambling in Parkinson disease. Arch. Neurol. 64,212-216. doi: 10.
1001/archneur.64.2.212

Wehrl, H. F., Hossain, M., Lankes, K., Liu, C. C., Bezrukov, I., Martirosian, P., et al.
(2013). Simultaneous PET-MRI reveals brain function in activated and resting
state on metabolic, hemodynamic and multiple temporal scales. Nat. Med. 19,
1184-1189. doi: 10.1038/nm.3290

Weintraub, D., Koester, J., Potenza, M. N., Siderowf, A. D., Stacy, M., Voon, V.,
et al. (2010). Impulse control disorders in Parkinson disease: a cross-sectional
study of 3090 patients. Arch. Neurol. 67, 589-595. doi: 10.1001/archneurol.
2010.65

Weiss, H. D., and Marsh, L. (2012). Impulse control disorders and compulsive
behaviors associated with dopaminergic therapies in Parkinson disease. Neurol.
Clin. Pract. 2, 267-274. doi: 10.1212/cpj.0b013e318278be9b

Wilbertz, T., Deserno, L., Horstmann, A., Neumann, J., Villringer, A., Heinze,
H. J., et al. (2014). Response inhibition and its relation to multidimensional
impulsivity. Neuroimage 103, 241-248. doi: 10.1016/j.neuroimage.2014.
09.021

Winstanley, C. A., Theobald, D. E. H., Cardinal, R. N., and Robbins, T. W. (2004).
Contrasting roles of basolateral amygdala and orbitofrontal cortex in impulsive
choice. J. Neurosci. 24, 4718-4722. doi: 10.1523/jneurosci.5606-03.2004

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Tahmasian, Rochhausen, Maier, Williamson, Drzezga,
Timmermann, Van Eimeren and Eggers. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

November 2015 | Volume 9 | Article 317


http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

	Impulsivity is Associated with Increased Metabolism in the Fronto-Insular Network in Parkinson's Disease
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	Neuropsychological Assessment
	Preprocessing and Analysis of FDG-PET Data
	FDG-PET Data Acquisition
	Statistical Analyses

	RESULTS
	Demographic and Neuropsychological Data
	PD Patients with Higher Impulsivity Level Revealed Increased Glucose Metabolism in the Fronto-Insular Network
	Association between Impulsivity and Glucose Metabolism in the Fronto-Insular Network

	DISCUSSION
	Neural Correlates of Impulsivity within the Fronto-Insular Network
	Impulsivity vs. Impulse Control Disorders

	LIMITATIONS
	CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES


