
NeuroImage: Clinical 37 (2023) 103307

Available online 28 December 2022
2213-1582/© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Neural correlates of impulsive compulsive behaviors in Parkinson’s disease: 
A Japanese retrospective study 

Ikko Kimura a,b, Gajanan S. Revankar a, Kotaro Ogawa a, Kaoru Amano b,c, Yuta Kajiyama a,*,1, 
Hideki Mochizuki a,*,1 

a Department of Neurology, Osaka University Graduate School of Medicine, Suita 565-0871, Japan 
b Graduate School of Frontier Biosciences, Osaka University, Suita 565-0871, Japan 
c Graduate School of Information Science and Technology, The University of Tokyo, Tokyo 113-8656, Japan   

A R T I C L E  I N F O   

Keywords: 
Parkinson’s disease 
Impulsive compulsive behaviors 
Functional connectivity 
Voxel-based morphometry 
Cortico-striatal network 

A B S T R A C T   

Background: Impulsive compulsive behaviors (ICBs) often disturb patients with Parkinson’s Disease (PD), of 
which impulse control disorder (ICD) and dopamine dysregulation syndrome (DDS) are two major subsets. The 
nucleus accumbens (NAcc) is involved in ICB; however, it remains unclear how the NAcc affects cortical function 
and defines the different behavioral characteristics of ICD and DDS. 
Objectives: To identify the cortico-striatal network primarily involved in ICB and the differences in these networks 
between patients with ICD and DDS using structural and resting-state functional magnetic resonance imaging. 
Methods: Patients with PD were recruited using data from a previous cohort study and divided into those with ICB 
(ICB group) and without ICB (non-ICB group) using the Japanese version of the Questionnaire for Impulsive 
Compulsive Disorders in Parkinson’s Disease (J-QUIP). From these two groups, we extracted 37 pairs matched for 
age, sex, disease duration, and levodopa equivalent daily dose of dopamine agonists. Patients with ICB were 
further classified as having ICD or DDS based on the J-QUIP subscore. General linear models were used to 
compare gray matter volume and functional connectivity (FC) of the NAcc, caudate, and putamen between the 
ICB and non-ICB groups and between patients with ICD and those with DDS. 
Results: We found no significant differences in gray matter volume between the ICB and non-ICB groups or be-
tween patients with ICD and those with DDS. Compared with the non-ICB group, the FC of the right NAcc in the 
ICB group was lower in the bilateral ventromedial prefrontal cortex and higher in the left middle occipital gyrus. 
Furthermore, patients with DDS showed higher FC between the right putamen and left superior temporal gyrus 
and higher FC between the left caudate and bilateral middle occipital gyrus than patients with ICD. In contrast, 
patients with ICD exhibited higher FC between the left NAcc and the right posterior cingulate cortex than pa-
tients with DDS. 
Conclusions: The functionally altered network between the right NAcc and ventromedial prefrontal cortex was 
associated with ICB in PD. In addition, the surrounding cortico-striatal networks may differentiate the behavioral 
characteristics of patients with ICD and those with DDS.   

1. Introduction 

Parkinson’s disease (PD) is a neurodegenerative disease character-
ized by the deposition of alpha-synuclein and the degeneration of 

dopamine-producing cells in the substantia nigra (Rocha et al., 2018). 
Patients with PD present various motor and non-motor symptoms, 
including impulsive compulsive behaviors (ICBs). ICB is a state where 
patients are unable to resist a certain urge or impulse, and 6–34.8 % of 

Abbreviations: PD, Parkinson’s disease; ICB, impulsive compulsive behaviors; ICD, impulse control disorder; DDS, dopamine dysregulation syndrome; FC, 
functional connectivity; GMV, gray matter volume; NAcc, nucleus accumbens; J-QUIP, Japanese version of the Questionnaire for Impulsive Compulsive Disorders in 
Parkinson’s Disease; DRT, dopamine replacement therapy; DA, dopamine agonists; rsfMRI, resting-state functional magnetic resonance imaging; LEDD, levodopa 
equivalent daily dose; CSF, cerebrospinal fluid; WM, white matter; GM, gray matter; FWHM, full-width half maximum; FD, framewise displacement; TBV, total brain 
volume; vmPFC, ventromedial prefrontal cortex; MOG, middle occipital gyrus; STG, superior temporal gyrus; PCC, posterior cingulate cortex. 

* Corresponding authors at: 2-2, Yamada-oka, Suita 565-0871, Japan. 
E-mail addresses: kajiyama@neurol.med.osaka-u.ac.jp (Y. Kajiyama), hizuki@neurol.med.osaka-u.ac.jp (H. Mochizuki).   

1 These two authors equally contributed to this work. 

Contents lists available at ScienceDirect 

NeuroImage: Clinical 

journal homepage: www.elsevier.com/locate/ynicl 

https://doi.org/10.1016/j.nicl.2022.103307 
Received 20 September 2022; Received in revised form 25 December 2022; Accepted 26 December 2022   

mailto:kajiyama@neurol.med.osaka-u.ac.jp
mailto:hizuki@neurol.med.osaka-u.ac.jp
www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2022.103307
https://doi.org/10.1016/j.nicl.2022.103307
https://doi.org/10.1016/j.nicl.2022.103307
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


NeuroImage: Clinical 37 (2023) 103307

2

patients with PD suffer from ICB during the treatment course of dopa-
mine replacement therapy (DRT) (Zhang et al., 2014). While DRT im-
proves motor symptoms, it can exacerbate ICB, and no established 
treatments are available for ICB (Weintraub and Claassen, 2017). 
Although symptoms associated with ICB worsen patients’ quality of life 
and burden on caregivers (Voon et al., 2017; Weintraub and Nirenberg, 
2013), ICB is commonly overlooked in clinical practice as patients 
hesitate to spontaneously report these behaviors owing to the stigma or 
denial of their symptoms (Evans et al., 2009; Perez-Lloret et al., 2012). 
Therefore, objective biomarkers, such as functional connectivity (FC) or 
gray matter volume (GMV), are required to detect ICB before these 
symptoms interfere with patients’ social lives (Kanai and Rees, 2011; 
Koike et al., 2021). 

The cause of ICB has been attributed to non-physiological dopami-
nergic stimulation in relatively intact regions of the degenerated cortico- 
striatal networks in PD, including the nucleus accumbens (NAcc) 
(Vriend, 2018). 

Alpha-synuclein deposition in the NAcc is lower in PD patients with 
ICB (Barbosa et al., 2019). Moreover, a recent meta-analysis of func-
tional imaging studies revealed that the hyperactivation of the NAcc was 
significantly associated with ICB (Santangelo et al., 2019). However, no 
consistent results have been reported regarding which alterations in 
cortico-striatal networks, including the NAcc, cause ICB. While previous 
studies have revealed alterations in the FC of fronto-striatal networks in 
the NAcc of patients with ICB (Mata-Marín et al., 2021; Navalpotro- 
Gomez et al., 2020; Tessitore et al., 2017), others have suggested the 
involvement of the FC in other subcortical regions, such as the caudate 
(Gu et al., 2022; Ruitenberg et al., 2018) and putamen (Carriere et al., 
2015; Ruitenberg et al., 2018). Previous studies have also shown 
inconsistent results regarding which regions of the GMV are altered in 
patients with ICB (Santangelo et al., 2019). One major reason for these 
inconsistencies is the relatively small sample sizes in each study (Marek 
et al., 2022). 

Another reason for the inconsistent results on the neural correlates of 
ICB across studies is the heterogeneity of ICB (Weintraub and Claassen, 
2017). ICB comprises two major subsets, namely impulse control dis-
order (ICD; intolerance of resisting an impulse to perform a certain 
behavior) and dopamine dysregulation syndrome (DDS; compulsive and 
excessive use of dopaminergic drugs) (Weintraub et al., 2015). Several 
studies have suggested that levodopa and apomorphine may trigger DDS 
onset (Lawrence et al., 2003), while other dopamine agonists (DAs) tend 
to cause ICD (Weintraub et al., 2006), suggesting that different brain 
regions or mechanisms may be involved in the two symptomologies. 
Although the reasons for these tendencies are not clear, one possible 
explanation is the difference in the duration of effect between these 
drugs, with the effective duration of levodopa or apomorphine being 
shorter than that of other DAs (Gatto and Aldinio, 2019). This means 
that levodopa and apomorphine are more likely to induce an unpleasant 
“off” state than DAs, hence, patients are more likely to crave more drugs 
to reverse that state to the “on” state (Lawrence et al., 2003). Another 
possible explanation for the different tendencies between levodopa or 
apomorphine and other DAs might be the differences in affinity for 
different types of dopamine receptors (Zhang et al., 2014). Retrospective 
studies suggest that DA with a high affinity for D3 receptors, such as 
pramipexole or ropinirole, are more likely to induce ICD than other 
drugs (Dodd et al., 2005; Garcia-Ruiz et al., 2014). However, it remains 
unclear which regions are specifically involved in ICD and DDS devel-
opment. Hence, identifying the region specific to each ICB subset is 
essential for identifying novel targets for neuromodulation therapies. 

Therefore, this study aimed to identify the cortico-striatal networks 
most actively involved in the occurrence of ICB, and the differences in 
these networks between patients with ICD and those with DDS. For this 
purpose, we conducted a retrospective study to compare the FC of 
cortico-striatal networks or GMV between patients with and without ICB 
and between patients with ICD and DDS. We hypothesized that regions 

associated with the NAcc are functionally or structurally altered in pa-
tients with ICB. 

2. Material and methods 

2.1. Participants 

This study was conducted as part of a prospective and exploratory 
study of disease-specific biomarkers and objective indicators of neuro-
degenerative diseases at Osaka University (UMIN ID: UMIN000036570), 
which registered all patients with PD admitted to Osaka University 
Hospital (Kajiyama et al., 2021; Nakano et al., 2021; Otomune et al., 
2019). We obtained data on those with or without ICB. We enrolled 
patients who met the following inclusion criteria: (1) aged 40–85 years, 
(2) diagnosed with clinically established or probable PD according to the 
Movement Disorder Society Parkinson Disease Diagnostic Criteria 
(Postuma et al., 2015), (3) completed resting-state functional magnetic 
resonance imaging (rsfMRI) and structural MRI scans, and (4) completed 
the Japanese version of the Questionnaire for Impulsive-Compulsive 
Disorders in Parkinson’s Disease (J-QUIP). The exclusion criteria were 
as follows: (1) a history of other neurological or psychiatric diseases and 
(2) significant neurological abnormalities on MRI scans (e.g., brain 
tumor or cerebral infarction) evaluated by two neurologists (K.I. and K. 
Y.). Based on these criteria, 184 patients were included in this study. 

2.2. Ethics 

This study was approved by the Osaka University clinical research 
review committee (Approval number: 13471–12) and was performed in 
accordance with the Declaration of Helsinki. Written informed consent 
was obtained from all participants. 

2.3. Evaluation for ICB 

We divided the eligible patients into two groups, namely ICB and 
non-ICB groups. The ICB group was defined as having a score greater 
than zero in J-QUIP, whereas the non-ICB group had a score equal to 
zero (Takeshige-Amano et al., 2022; Tanaka et al., 2013). To investigate 
the characteristics of ICD and DDS, we further defined patients with ICD 
as those who responded yes to any item in the following sections of the J- 
QUIP: A (pathological gambling), B (hypersexuality), C (compulsive 
buying), and D (binge eating). In contrast, we defined patients with DDS 
as those who responded yes to any item in section F (DDS) of the J-QUIP. 

2.4. Clinical evaluations 

The following information was obtained from the registered data to 
acquire the basic characteristics of each group: age, sex, handedness, 
dominant side of motor symptoms, disease duration, medications, 
levodopa equivalent daily dose (LEDD), Apathy Scale, Epworth Sleepi-
ness Scale, Frontal Assessment Battery, Geriatric Depression Scale, 
Hamilton Depression Rating Scale, Mini-Mental State Examination, 
Parkinson’s Disease Questionnaire-39, and Movement Disorder Society- 
Sponsored Revision of the Unified Parkinson’s Disease Rating Scale 
scores. Neurological examination and clinical interview by a neurologist 
were used to determine the dominant side of motor symptoms. The 
LEDD was calculated according to a previous report (Tomlinson et al., 
2010). 

2.5. Image acquisition 

MRI data were collected using a GE 3-T scanner (GE Medical Sys-
tems, WI, USA) in a dark room at Osaka University Hospital. Standard 
foam pads were placed in the scanner to stabilize patients’ heads. rsfMRI 
data were acquired with axial gradient-echo echo-planar imaging (voxel 
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size = 3.3×3.3×3.2 mm, slice gap = 0.8 mm, matrix size = 64×64×40, 
TE = 30 ms, TR = 2.5 s, flip angle = 80◦, 240 volumes). During the 
rsfMRI scans, patients were instructed to keep their eyes fixed on a black 
cross located at the center of the screen and keep their bodies as steady 
as possible, without any thoughts in their minds. Structural MRI data 
were obtained with a T1-weighted sagittal inversion-recovery spoiled- 
gradient-echo sequence (voxel size = 1.2×1×1 mm, matrix size =
200×256×256, TE = 3.2 ms, TR = 8.2 ms, inversion time = 400 ms). 
Both MRI scans were performed during the “on” state of each patient. 

2.6. Quality control for MRI scans 

To ensure the image quality of MRI scans, the data were excluded 
based on the following criteria: (1) significant motion observed by the 
visual inspection of structural MRI and rsfMRI data (n = 6) and (2) 
excessive head motion detected in rsfMRI scans defined as mean 
framewise displacement (FD) >0.2 mm, exceeded 20 % prevalence of 
scans with FD >0.5 mm, or maximum FD >5 mm (Parkes et al., 2018) (n 
= 28). We excluded 34 patients, and the data of the remaining 150 
patients were used for further analysis (Fig. 1). 

2.7. Image analysis 

To conduct FC analysis, T1-weighted and rsfMRI data were pre-
processed with the default pipeline of fMRIPrep 20.2.1 (Esteban et al., 
2019). T1-weighted data were intensity-normalized, skull-stripped, and 
tissue-segmented into the cerebrospinal fluid (CSF), white matter (WM), 
and gray matter (GM). These data were then spatially normalized to the 
Montreal Neurological Institute nonlinear 6th-generation space (MNI 
standard space). For the rsfMRI data, we first skull-stripped the entire 
dataset, defining the first rsfMRI data as the reference for the co- 
registration to T1-weighted data. The fMRI data were then corrected 
for motion and slice timing, warped to the MNI standard space, spatially 
smoothed with a Gaussian kernel of 6 mm full-width half maximum 
(FWHM), and temporally band-pass filtered between 0.001 and 0.01 Hz. 
Several nuisance signals were extracted from the preprocessed rsfMRI 
data (six head motion parameters; global signals from the CSF, WM, and 
the whole brain; motion outliers). We defined the head motion param-
eters from the estimates of the motion-correction step and the motion 
outliers as FD >0.5 mm or standardized DVARS (Power et al., 2014) 
>1.5 standard deviations (Parkes et al., 2018). DVARS was calculated 
according to a previous study (Power et al., 2014). 

To investigate the FC of the NAcc and other striata, namely the 

Fig. 1. Flowchart of our study. Thirty-seven patients with and without ICB were finally analyzed. Abbreviations: ICB, impulsive compulsive behaviors; ICD, impulse 
control disorders; DDS, dopamine dysregulation syndrome. 
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caudate and putamen, seed-based correlation analysis was conducted 
with Nilearn 0.8.1 (https://nilearn.github.io/stable/index.html). Six 
seeds (the right or left NAcc, putamen, and caudate) were used and 
defined using Harvard-Oxford cortical and subcortical structural atlases 
(Desikan et al., 2006). The FC between each seed and voxel in the whole 
brain was calculated using Fisher’s z-transformed Pearson’s correlation 
coefficient (z-value) while regressing out the nuisance signals described 
above. 

To analyze GMV, T1-weighted data were preprocessed separately 
using Statistical Parametric Mapping 12 (SPM12) (Friston, 2003) on 
MATLAB R2020a (Mathworks, Natick, MA). Details of the preprocessing 
steps have been described in our previous study (Kajiyama et al., 2021). 
In brief, T1-weighted data were segmented into CSF, GM, and WM, 
spatially normalized to the MNI standard space and spatially smoothed 
with a Gaussian kernel of 8 mm FWHM. 

2.8. Statistical analysis 

To compare the basic and neuroimaging characteristics between the 
ICB and non-ICB groups, we first extracted pairs from the two groups 
matched for age, sex, disease duration, and LEDD of the DA. Disease 
duration and DA dose were used for extracting the pairs because both 
are major risk factors of ICB (Evans et al., 2009) and affect other non- 
motor symptoms. 

To compare basic characteristics between the ICB and non-ICB 
groups, Mann–Whitney U tests were applied for continuous variables. 
For categorical variables, chi-squared tests were applied, and if the ratio 
of cells with an expected frequency <5 was >20 %, Fisher’s exact tests 
were applied (Kim, 2017). These tests were performed using R (version 
4.1.2, https://www.r-project.org/), and P < 0.05 was considered sta-
tistically significant. 

A second-level general linear model analysis implemented in SPM12 
was used to compare the FC on each seed or GMV between the ICB and 
non-ICB groups and between patients with ICD and those with DDS. To 
compare the ICB and non-ICB groups, we performed two-tailed t-tests for 
FC and an analysis of covariance for GMV, defining total brain volume 
(TBV) as covariates of no interest. To compare patients with ICD and 
DDS, two separate binary variables (i.e., whether they had ICD/DDS) 
were firstly regressed against FC or GMV within the ICB group, setting 
TBV as covariates of no interest in GMV. We then assessed the differ-
ences between the coefficients of ICD (ICD effect) and DDS (DDS effect) 
using a two-tailed t-test. A voxel-level uncorrected P < 0.001 and a 
cluster-wise family-wise error-corrected P < 0.05 were considered sta-
tistically significant. 

To rule out the possibility of the involvement of possible confounders 
in each of the significant clusters, we calculated Spearman’s correlation 
coefficients between the mean z-value of each significant cluster and 
each continuous variable in the basic characteristics. We also performed 
Mann–Whitney U tests on the mean z-value of each significant cluster 
divided by each categorical variable for the basic characteristics. 

2.9. Data and code availability 

Data from the clinical evaluations and codes used for this analysis are 
available at github. The raw MRI data is not openly available owing to 
privacy restrictions of clinical data. However, they are available upon a 
reasonable request to the corresponding authors. 

3. Results 

3.1. Basic characteristics 

Among 150 eligible patients, we extracted 37 pairs of the ICB and 
non-ICB groups (Fig. 1). According to the J-QUIP, 22, 13, and 8 patients 
had ICD, DDS, and both, respectively. No significant differences in basic 
characteristics, including depression and cognitive function, were found 

between the ICB and non-ICB groups (Table 1; see Supplementary Ta-
bles 1 and 2 for the basic characteristics of the 150 eligible patients and 
patients with ICD or DDS, respectively). 

3.2. Comparisons between the ICB and non-ICB groups 

We first compared the FC for six seeds (the right or left NAcc, pu-
tamen and caudate) between the ICB and non-ICB groups. Comparisons 
concerning the FC of the right NAcc revealed that the FC of the ICB 
group was significantly lower in the bilateral ventromedial prefrontal 
cortex (vmPFC) than that of the non-ICB group (Fig. 1A; see Supple-
mentary Table 3 for statistical values and peak MNI-coordinates on each 
significant cluster). The mean z-values of this significant cluster were 
0.10 ± 0.10 and 0.25 ±0.12 in the ICB and non-ICB groups, respectively 
(Fig. 1B). In contrast, the FC of the ICB group was significantly higher in 
the left middle occipital gyrus (MOG) than that of the non-ICB group 
(Fig. 1A). The mean z-values of FC in this cluster were 0.019 ± 0.083 and 
− 0.090 ± 0.088 in the ICB and non-ICB groups, respectively (Fig. 1C). 
We observed no significant differences between the ICB and non-ICB 
groups regarding the FC in the left NAcc, bilateral caudate, or bilat-
eral putamen and the GMV. 

Table 1 
Basic characteristics of patients with Parkinson’s disease in the ICB and non-ICB 
groups.  

Characteristics  ICB (n =
37) 

non-ICB (n 
= 37) 

P 

Age (years)  66.0 (11.6) 66.6 (11.3) 0.79 
Sex (male)  17 (46 %) † 18 (49 %) † 1.00 ‡

Handedness (right)  37 (100 %) 
†

34 (92 %) † 0.24 
* 

Dominant side of motor 
symptom 

right 20 (54 %) † 12 (32 %) † 0.17 
*  

left 14 (38 %) † 20 (54 %) †

no laterality 3 (8.1 %) † 5 (14 %) †

Disease duration (years)  8.32 (8.1) 8.1 (7.0) 0.93 
Medications (yes) pramipexole 7 (19 %) † 10 (27 %) † 0.58 ‡

ropinirole 6 (16 %) † 1 (2.7 %) † 0.11*  
rotigotine 9 (24 %) † 8 (22 %) † 1.00 ‡

LEDD (mg) total 533.5 
(441.0) 

606.6 
(585.6) 

0.86  

DA 97.6 
(124.2) 

105.4 
(139.8) 

0.81 

Apathy Scale  16.2 (8.3) 15.9 (6.8) 0.76 
ESS  9.2 (4.2) 8.3 (5.4) 0.23 
FAB  11.3 (6.7) 14.2 (2.7) 0.69 
GDS  6.0 (3.3) 5.3 (3.0) 0.34 
HAM-D  5.6 (4.6) 6.7 (4.9) 0.27 
MMSE  26.7 (3.9) 27.6 (3.8) 0.13 
PDQ-39  47.2 (22.1) 46.5 (28.0) 0.62 
MDS-UPDRS part1 11.5 (5.8) 10.8 (6.7) 0.59  

part2 15.6 (8.2) 15.3 (10.4) 0.64  
part3 31.4 (14.0) 31.2 (17.9) 0.67  
part4 3.9 (4.2) 3.4 (4.5) 0.36 

J-QUIP Total score 2.1 (2.1) NaN NaN  
A (score ≥ 1) 6 (16 %) † NaN NaN  
B (score ≥ 1) 3 (8.1 %) † NaN NaN  
C (score ≥ 1) 6 (16 %) † NaN NaN  
D (score ≥ 1) 12 (32 %) † NaN NaN  
E (score ≥ 1) 20 (54 %) † NaN NaN  
F (score ≥ 1) 13 (35 %) † NaN NaN 

Scores are presented as the mean (SD). †Scores are presented as frequency 
(percentage). ‡ P-values were calculated using the chi-square test. * P-values 
were calculated using Fisher’s exact test. 
Abbreviations: ICB, impulsive compulsive behaviors; LEDD, levodopa equiva-
lent daily dose; DA, dopamine agonist; ESS, Epworth Sleepiness Scale; FAB, 
Frontal Assessment Battery; GDS, Geriatric Depression Scale; HAM-D, Hamilton 
Depression Rating Scale; MMSE, Mini-Mental State Examination; PDQ-39, Par-
kinson’s Disease Questionnaire-39 Summary Index; MDS-UPDRS, Movement 
Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating 
Scale; J-QUIP, Japanese version of the Questionnaire for Impulsive Compulsive 
Disorders in Parkinson’s Disease. 
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3.3. Comparisons between the ICD and DDS effects 

We then compared the FC and GMV between patients with ICD and 
those with DDS. The FC of patients with ICD was lower between the right 
putamen and left superior temporal gyrus (STG) and between the left 
caudate and bilateral MOG than that of patients with DDS (Fig. 2A). The 
mean z-values of the FC between the right putamen and left STG were 
− 0.041 ± 0.18, 0.12 ± 0.13, and 0.019 ± 0.12 in patients with ICD, 
those with DDS, and the non-ICB group, respectively (Fig. 2B). The mean 
z-values of the FC between the left caudate and bilateral MOG were 

− 0.13 ± 0.089, 0.0025 ± 0.11, and − 0.11 ± 0.093 in patients with ICD, 
those with DDS, and the non-ICB group, respectively (Fig. 2C). In 
contrast, the FC between the left NAcc and right posterior cingulate 
cortex (PCC) in patients with ICD was lower than that in patients with 
DDS (Fig. 2A). The mean z-values of the FC between the left NAcc and 
right PCC were 0.055 ± 0.12, − 0.082 ± 0.10, and 0.029 ± 0.098 in 
patients with ICD, those with DDS, and the non-ICB group, respectively 
(Fig. 2D). Furthermore, we found no statistically significant differences 
between patients with ICD and those with DDS regarding the FC of the 
right caudate, right NAcc, or left putamen, and those regarding the 

Fig. 2. Seed-based correlation analysis comparing the functional connectivity between the ICB and non-ICB groups. (A) The resulting spatial maps. The green-shaded 
region indicates the seed (right NAcc). The axial slices are displayed according to the neurological convention (left on the picture is left in the brain). (B, C) Boxplot of 
the mean Fisher-transformed Pearson’s correlation coefficients (z-values) of each significant cluster in each group. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) Abbreviations: ICB, impulsive compulsive behaviors; NAcc, nucleus accumbens; vmPFC, 
ventromedial prefrontal cortex; MOG, middle occipital gyrus. 
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GMV. Fig. 3. 

3.4. Dependencies with possible confounding factors 

We found no significant dependencies in the basic characteristics of 
the mean z-value of each significant cluster between the ICB and non- 
ICB groups (Supplementary Table 4) or between ICD and DDS effects 
(Supplementary Table 5). 

4. Discussion 

To the best of our knowledge, our study included the largest sample 
size to date of all related studies investigating ICB in PD (Santangelo 
et al., 2019). Here, we found that the FC of the right NAcc differed be-
tween the ICB and non-ICB groups and that the FC of the left NAcc, left 
caudate, and right putamen were altered in patients with ICD and those 
with DDS. None of these significant clusters was dependent on any other 

Fig. 3. Seed-based correlation analysis comparing the functional connectivity between the ICD and DDS effects in patients with PD. The resulting spatial maps using 
(A) right putamen, (B) left caudate, and (C) left NAcc as a seed. The green-shaded regions indicate the seed. The axial slices are displayed according to the 
neurological convention (left on the picture is left in the brain). (D – F) Boxplots of the mean z-value of each significant cluster in patients with ICD, those with DDS, 
and those without ICB, respectively. A red cross indicates an outlier detected by the default settings of “boxplot” in MATLAB. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) Abbreviations: ICD, impulse control disorder; DDS, dopamine dysregulation 
syndrome; ICB, impulsive compulsive behaviors; PD, Parkinson’s disease; STG, superior temporal gyrus; MOG, middle occipital gyrus; NAcc, nucleus accumbens; 
PCC, posterior cingulate cortex. 
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clinical demographics, suggesting that these differences were specif-
ically derived from differences in ICB characteristics. 

4.1. FC of the right NAcc was altered in the ICB group 

The FC between the right NAcc and bilateral vmPFC was lower in the 
ICB group than in the non-ICB group, whereas the FC between the right 
NAcc and left MOG was higher in the ICB group. Several neuroimaging 
studies have revealed increased NAcc activity in patients with ICB 
(Santangelo et al., 2019). One study reported that fluorodopa uptake in 
patients with ICB was increased in the medial regions of the prefrontal 
cortex (Joutsa et al., 2012). Our data, combined with these results, 
suggest that the NAcc and vmPFC are functionally altered in patients 
with ICB, which is consistent with our finding that the FC between these 
two regions is decreased. Moreover, the vmPFC is structurally and 
functionally linked to the NAcc through the direct projections of gluta-
matergic neurons (Rusche et al., 2021; Wichmann and Delong, 2006). 
Previous neuroimaging studies have shown that the NAcc has a broad 
function in reward-based learning and the vmPFC plays a specific role in 
evaluating reward value (Haber and Knutson, 2010; Liu et al., 2011). 
These studies suggest that reduced FC between these regions can disrupt 
the transferring of precise reward values estimated from the vmPFC, and 
therefore, it might exaggerate the reward value of each outcome (San-
tangelo et al., 2019). Supporting this, one study revealed that patients 
with PD were hypersensitive to rewards during the Iowa Gambling Task 
(Kobayakawa et al., 2010). Nevertheless, further studies are needed to 
verify whether the decrease in FC between these two regions increases 
the valence of reward in each outcome. 

The other explanation for why the decrease in FC between the right 
NAcc and vmPFC causes ICB is that the disconnection between the 
vmPFC and NAcc may disable learning from negative outcomes. One 
study revealed that patients with vmPFC lesions could not acquire 
Pavlovian threat conditioning (Battaglia et al., 2020), suggesting that 
the dysregulation of vmPFC might disrupt fear conditioning. Other 
studies have also reported that the vmPFC is crucial for risky decision- 
making (Clark, 2010; Rogalsky et al., 2012). Supporting these find-
ings, patients with PD were less likely to learn from negative outcomes 
when dopaminergic drugs were effective than when these drugs were 
ineffective (Bódi et al., 2009; Frank et al., 2004), implying that dopa-
minergic drugs might disrupt learning from negative outcomes. There-
fore, the overestimation of reward value on each outcome or the 
inability to learn from negative outcomes might lead to ICB. 

We also observed a significant increase in FC between the right NAcc 
and left MOG in the ICB group. This is important as MOG plays a critical 
role in visual processing (Wang et al., 2015). Although there is no evi-
dence that the decline in visual function is linked to ICB in PD, previous 
studies have implied that visuo-perceptual impairment is associated 
with decreased GMV (Garcia-Diaz et al., 2018; Pereira et al., 2009) and 
functional alteration of MOG in patients with PD (Li et al., 2020; Wang 
et al., 2022). Some task fMRI studies reported increased MOG cerebral 
blood flow in response to sexual visual cues in PD patients with hyper-
sexuality (Politis et al., 2013) and higher activity in the ventral striatum 
following exposure to an image of a drug in patients with DDS compared 
with those without DDS (Evans et al., 2006; Loane et al., 2015). Another 
study suggested that structural changes in the WM of patients with ICB 
are related to visual and emotional processing and the reward system 
(Takeshige-Amano et al., 2022). Therefore, the functional alteration of 
MOG may affect the reward system in PD. Although speculative, our 
results suggest that the occipito-striatum network change might be 
associated with ICB in PD. Further neuropsychological and task-based 
fMRI assessments are needed to validate this finding. 

No significant difference in the FC between the putamen and caudate 
was found. The reason for this specificity might be that the NAcc in 
patients with ICB was relatively intact compared with other subregions 
of the striatum. The load of alpha-synuclein in the NAcc was lower in 
patients with ICB than in those without ICB, whereas that in the 

putamen or caudate was not significantly different (Barbosa et al., 
2019). Furthermore, the ventral striatum was relatively intact compared 
to other regions of the striatum until the late stage of PD (Cools, 2006). 
In contrast, some studies suggested the importance of the caudate and 
putamen in ICB in PD (Carriere et al., 2015; Gu et al., 2022; Ruitenberg 
et al., 2018). The dorsal striatum is structurally connected to the NAcc 
(Baydin et al., 2016; Powell and Leman, 1976) and is also involved in 
reward-based learning (Haber and Knutson, 2010). Moreover, this re-
gion is proposed to play a critical role in controlling habitual behavior 
(Burton et al., 2015) and impulsivity (Kim and Im, 2019). Therefore, 
altered dorsal striatum activity might also cause ICB. In summary, the 
NAcc and dorsal striatum are inter-connected, and their combined ac-
tivity might contribute to ICB. Future studies are needed to clarify the 
specific role of each region in ICB. 

4.2. FC of the striatum differed between patients with ICD and DDS 

We observed a decrease in FC between the left NAcc and right PCC in 
patients with DDS compared with those with ICD. The PCC and NAcc 
play critical roles in reward-based learning (Liu et al., 2011). The 
decrease in FC in these regions reflects that the reward-processing steps 
are differentially altered in patients with ICD and DDS. Another reason 
for the decrease in FC between the right PCC and left NAcc in patients 
with DDS may be the difference in the sensitivity to levodopa between 
patients with ICD and those with DDS. Several case reports have indi-
cated that levodopa can trigger DDS, whereas other DAs are apt to 
induce ICD (Evans et al., 2009). Moreover, one study reported that 
levodopa decreased the FC between the ventral striatum and PCC (Kelly 
et al., 2009), suggesting that the decrease in FC between these two re-
gions in our results may reflect the effect of levodopa in patients with 
DDS. Therefore, patients with DDS might be more sensitive to levodopa 
than those with ICD. 

We found statistically significant differences between patients with 
ICD and DDS in the cortico-dorsal striatal network, specifically in the FC 
between the right putamen and left STG and between the left caudate 
and bilateral MOG. The left STG is the main component of the language 
network, and several studies suggested that language function can be 
disrupted in patients with PD (Roheger et al., 2018). Several studies 
have also revealed that language processing was disrupted in patients 
with addictive behavior (Conversano et al., 2012; Darnai et al., 2022; 
Mlinarics et al., 2009). Therefore, we speculate that the increase in FC 
between the right putamen and left STG might reflect the underlying 
relationship between language function and addiction in DDS. However, 
it should be carefully considered whether DDS in PD can be considered 
in the same way as the addictive behavior in psychiatric disorders. 

We also observed an increase in the FC between the left caudate and 
bilateral MOG in patients with DDS compared with those with ICD. As 
mentioned above, while the MOG can be structurally and functionally 
altered in PD, its relationship with ICB in PD remains unclear. In the 
context of dopaminergic sensitivity, levodopa improves low-level visual 
functions, such as color recognition (Büttner et al., 1994) and contrast 
sensitivity (Bulens et al., 1987), as well as aberrant visual evoked po-
tentials in patients with PD (Bodis-Wollner and Yahr, 1978). Another 
study also reported that levodopa modulated the FC between the dorsal 
striatum and occipital regions (Kelly et al., 2009). These results suggest 
that levodopa alters visual functions. The caudate is also affected by 
dopaminergic stimuli, and several studies showed that this region con-
tributes to the reward-based reaction to visual information in primates 
(Amita et al., 2020; Doi et al., 2020) and patients with PD (Stark et al., 
2018). Moreover, levodopa administration affects the broad cortico- 
striatal network in PD (Ballarini et al., 2018; Shine et al., 2019; Yang 
et al., 2016). Considering that levodopa can trigger DDS, dopamine- 
induced network changes might be the underlying cause of DDS. 
Taken together, we speculate that the alteration of the reward system 
and the sensitivity to levodopa might be associated with the different 
network alterations in ICD and DDS. Our findings may explain ICB 
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heterogeneity, although insights about the network basis for the dopa-
minergic effect on ICD and DDS are needed. 

4.3. No significant difference was found in the GMV 

While we found significant differences in the FC of the striatum ac-
cording to ICB features, we detected no significant differences in the 
GMV. While several previous studies also found no differences, other 
studies and meta-analyses suggest structural differences in the GM be-
tween patients with ICB and those without ICB (Gu et al., 2022; San-
tangelo et al., 2019). ICB are reversible symptoms since they can be 
ameliorated by reducing the dose of DA (Evans et al., 2009). This implies 
that reversible functional alterations can induce ICB, and our results 
suggest that functional differences can occur in patients with ICB, even 
without structural differences. Taken together, functional measure-
ments can be more useful than structural measurements for detecting 
ICB, ICD, and DDS. 

4.4. Limitations 

This study has several limitations. First, we defined ICB using only 
the J-QUIP. The accuracy of J-QUIP in detecting ICB was comparable to 
that of an internationally established questionnaire for detecting ICB 
(Tanaka et al., 2013). Nevertheless, these scores are subjective and may 
underestimate the status of ICB (Perez-Lloret et al., 2012). Another 
drawback of J-QUIP is that this measurement has not been validated for 
assessing the severity of ICB (Evans et al., 2019). Hence, we could not 
examine the correlation between the severity of ICB and the neuro-
imaging metrics. Therefore, future studies are required to evaluate the 
status of ICB using objective neuropsychological tests, such as the Iowa 
Gambling Task (Buelow and Suhr, 2009), and measurements assessing 
the severity of ICB (Takahashi et al., 2022). 

Second, this is a retrospective study, therefore, whether DRT induced 
alterations in FC or they already existed before DRT is unclear. Hence, 
future prospective and longitudinal studies are required to reveal the 
causality of changes in FC in these significantly different clusters. 

Third, the number of patients within some ICB subcategories, such as 
pathological gambling or hypersexuality, was relatively small. There-
fore, we could not differentiate the neural correlates of each ICB sub-
category. Though previous neuroimaging studies have also not 
distinguished these subcategories (Santangelo et al., 2019), the neural 
correlates might differ across them (Weintraub and Claassen, 2017). 
Therefore, future large population studies are required to detect the 
unique neural characteristics of each ICB subcategory. 

4.5. Conclusions 

Our findings showed that cortico-striatal networks play an important 
role in ICB and that these networks reflect the different characteristics of 
ICD and DDS. Evaluating the FC of these networks might be useful for 
detecting ICB, which may be underestimated through clinical interviews 
alone. Elucidating the altered regions is important for identifying bio-
markers for ICB and clarifying the treatment target of ICB with 
neuromodulation. 
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