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A B S T R A C T   

Mild behavioral impairment (MBI) is a neurobehavioral syndrome characterized by later life emergence of 
sustained neuropsychiatric symptoms, as an at-risk state for incident cognitive decline and dementia. Prior 
studies have reported that neuropsychiatric symptoms are associated with cognitive abilities in Parkinson’s 
disease (PD) patients, and we have recently found a strong correlation between MBI and cognitive performance. 
However, the underlying neural activity patterns of cognitive performance linked to MBI in PD are unknown. 
Fifty-nine non-demented PD patients and 26 healthy controls were scanned using fMRI during performance of a 
modified version of the Wisconsin card sorting task. MBI was evaluated using the MBI-checklist, and PD patients 
were divided into two groups, PD-MBI and PD-noMBI. Compared to the PD-noMBI group and healthy controls, 
the PD-MBI group revealed less activation in the prefrontal and posterior parietal cortices, and reduced deac-
tivation in the medial temporal region. These results suggest that in PD, MBI reflects deficits in the frontoparietal 
control network and the hippocampal memory system.   

1. Introduction 

Mild behavioral impairment (MBI) is a diagnostic construct for the 
identification of individuals with an increased risk of developing de-
mentia, which is characterized by later life acquired, sustained and 
impactful neuropsychiatric symptoms (NPS) of any severity that cannot 
be better accounted for by other formal medical and psychiatric 
nosology (Ismail et al., 2016). MBI represents the neurobehavioral axis 
of pre-dementia risk states, as a complement to the neurocognitive risk 
axis represented by mild cognitive impairment (MCI). NPS are among 
the most common non-motor symptoms in Parkinson’s disease (PD) 
(Aarsland et al., 2009). The frequency of MBI was 84.1% in PD and it 
showed a tendency to increase with disease progression, when MBI was 
captured using the neuropsychiatric inventory (NPI) (Baschi et al., 
2019). We have recently found that MBI in non-demented PD patients is 
associated with impairment in all five cognitive domains including 

attention, executive function, language, memory and visuospatial 
function, and atrophy in the middle temporal cortex (Yoon et al., 2019). 
Moreover, PD patients with MBI revealed altered functional cortico-
striatal connectivity, particularly between the head of the caudate and 
precuneus, lateral parietal cortex, and anterior cingulate cortex (Lang 
et al., 2020). Our initial results suggest that MBI might be an important 
marker to detect cognitive decline and associated functional and struc-
tural brain changes in PD. 

Impairment of executive functions in PD is common in early disease 
and constitutes the core feature of dementia in PD (Owen et al., 1992). 
The Wisconsin card sorting task (WCST) has been widely used in PD to 
assess executive dysfunction, specifically cognitive flexibility that re-
quires establishing and then shifting response rules, or task-sets (Grant 
and Berg, 1948). PD patients with NPS including apathy (Pluck and 
Brown, 2002; Varanese et al., 2011), depression (Starkstein et al., 1989) 
and impulse control disease (Vitale et al., 2011) revealed impairment on 
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WCST performance compared to those without. The WCST requires a 
multifactorial cognitive process, such as updating the cognitive set, 
inhibiting the incorrect cognitive set, consolidating and maintaining the 
correct cognitive set. The neural processes in various brain regions un-
derlying WCST performance that were identified in previous functional 
neuroimaging studies seem in line with the complexity of the WCST. 
Healthy volunteers displayed significant activation in the fronto-striatal 
loop while performing the WCST. Specifically, the caudate nucleus and 
prefrontal cortex (PFC) revealed significant activation when planning a 
set-shift, while significant activation in the putamen and premotor 
cortex was found when executing a set-shift (Monchi et al., 2004, 2001). 
The set-shifting deficits in PD are associated with reduced recruitment 
the fronto-striatal loops (Monchi et al., 2004), and reduced activity in 
those fronto-striatal areas were prominent in PD patients with MCI 
compared to those without (Nagano-Saito et al., 2014). Meta analyses of 
neuroimaging studies have highlighted the involvement of a distributed 
frontoparietal network to support attention, working memory, and in-
hibition during performing the WCST (Buchsbaum et al., 2005; Kim 
et al., 2012). In healthy volunteers, dopamine depletion reduced the 
degree of deactivation in the medial PFC, posterior cingulate cortex, and 
hippocampus as well as the degree of fronto-striatal connectivity when a 
set-shift was required (Nagano-Saito et al., 2008). Also, a functional 
connectivity analysis found that the caudate and hippocampus interact 
indirectly via the medial orbitofrontal area during cognitive set-shifting 
in healthy controls (HC) (Graham et al., 2009). Those studies of HC 
support the role of task-negative network or default mode network and 
hippocampal learning system in the WCST. The WCST would therefore 
allow us for the evaluation of activity in various brain regions in terms of 
cognitive function related with MBI in PD. 

We focused here on comparing patterns of brain activation during 
performing two stages of the WCST, planning and executing the set-shift, 
between PD patients with and without MBI. For this purpose, we divided 
the PD patients into two groups, PD-noMBI and PD-MBI using MBI 
checklist (MBI-C) scores. The MBI-C is a simple and efficient MBI case 
ascertainment tool designed to elicit emergent NPS in accordance with 
the MBI criteria. Because MBI and cognitive impairment can co-exist in 
PD (Baschi et al., 2019; Yoon et al., 2019), the patients also performed 
neuropsychological assessment and divided into two groups, PD-noMCI 
and PD-MCI, in order to assess the differential effect of cognitive 
symptoms on activity patterns during WCST compared with MBI in PD 
patients. Based on impairment in all cognitive function domains in PD- 
MBI (Baschi et al., 2019; Lang et al., 2020; Yoon et al., 2019) along with 
activation patterns in distributed brain networks during WCST (Buchs-
baum et al., 2005; Graham et al., 2009; Kim et al., 2012; Monchi et al., 
2004, 2001; Nagano-Saito et al., 2008), we hypothesized that the PD- 
MBI group would reveal impairment in WCST performances and 
related activation changes in distributed brain regions of fronto-striatal, 
frontoparietal and default mode networks in both the planning and 
execution stages of the set-shift compared to the PD-noMBI group. 

2. Materials and methods 

2.1. Participants 

Fifty-nine non-demented PD patients at Hoehn & Yahr II-III and 26 
HC were included in this study. Patients were diagnosed by movement 
disorders neurologists and met the UK Brain Bank criteria for idiopathic 
PD (Hughes et al., 1992). All PD patients received dopaminergic medi-
cation and were responsive to it. No patient was asked to change her/his 
medication for this study. The severity of motor symptoms was rated 
using the motor section of the unified PD rating scale (UPDRS-III). 
Exclusion criteria were alcohol dependency, presence or history of 
psychiatric disorders diagnosed according to the Diagnostic and Statis-
tical Manual of Mental Disorders, Fifth Edition (DSM-5) criteria, 
neurological disorders other than PD, cerebrovascular disorders, and 
general anesthesia in the past 6 months. All participants provided 

written informed consent according to the declaration of Helsinki and 
the study was approved by the Conjoint Health Research Ethics Board at 
the University of Calgary. Group demographic and clinical characteris-
tics are listed in Table 1. 

2.2. MBI checklist 

The MBI-C was structured to be consistent with the five domains of 
MBI: impaired drive/motivation, affective/emotional dysregulation, 
impulse dyscontrol, social inappropriateness, and abnormal thoughts/ 
perception (Ismail et al., 2017). Symptoms should be persistent for at 
least six months and represent a meaningful change from baseline. Based 
on a cut-off point of 7.5 (Mallo et al., 2018a, 2018b; Yoon et al., 2019), 
we divided the PD patients into two groups, one with high MBI-C scores 
referred to as PD-MBI, and the other with low MBI-C scores referred to as 
PD-noMBI. Among 59 PD participants, 21 were categorized as PD-MBI 
(35.6%). Details of MBI-C are provided in the Supplementary Methods. 

2.3. Neuropsychological assessment and MCI criteria 

All participants underwent a comprehensive neuropsychological 
assessment that targeted 5 cognitive domains: attention, executive 
function, language, memory, and visuospatial function (Details in Sup-
plementary Methods) (Litvan et al., 2012). The performance on the 
neuropsychological tests was transformed into a Z-score based on the 
age-, sex- and education-adjusted normative performance data. All the 
neuropsychological evaluations were administered before and within 
two weeks of the imaging session. 

We determined MCI status in PD patients according to the level II 
criteria of Movement Disorder Society Task Force (Litvan et al., 2012), 
requiring the following: (i) objective evidence of cognitive decline: 
performance 1.5 standard deviations below standardized mean on at 
least 2 tests within a domain or across different cognitive domains; (ii) 
subjective complaint of cognitive decline by the patient or accompa-
nying person; (iii) absence of significant decline in daily living activities 
(based on clinical observations of the referring neurologists and 
neuropsychologist); and (iv) no dementia as diagnosed by the evaluating 
neuropsychologist based on the Movement Disorder Society Task Force 
guidelines (Emre, 2003). HC were also assessed for MCI using the same 
criteria, and only participants without MCI participated the subsequent 
imaging session. The PD-MBI group had more patients with MCI than the 
PD-noMBI group (χ2 = 4.01, p = 0.045). Eleven PD patients out of 21 PD- 
MBI patients (52.4%) and 10 PD patients out of 38 PD-noMBI patients 
(26.3%) were classified as having MCI. 

2.4. MRI acquisition 

All participants were scanned using the GE DISCOVERY MR750 3.0- 
T MRI scanner at the Seaman family imaging centre at the University of 
Calgary. The session contained the following sequences: high-resolution 
T1-weighted 3D inversion recovery prepared fast spoiled gradient 
recalled (IR-FSPGR) sequence (repetition time = 7.176 ms, echo time =
2.252 ms, flip angle = 100◦, acquisition matrix = 256 × 256, voxel size 
= 1 × 1 × 1 mm3, 172 slices), three series of BOLD T2*-weighted fMRI of 
8 min 30 s each during which participants performed the WCST (repe-
tition time = 2900 ms, echo time = 30 ms, flip angle = 90◦, acquisition 
matrix = 96 × 96, voxel size = 2.5 × 2.5 × 3 mm3, 48 slices). 

2.5. Cognitive task during fMRI 

A computerized version of the WCST described in Monchi et al. 
(Monchi et al., 2004) was administered using Presentation software 
version 17.2 (Neurobehavioral Systems, Inc). At each trial of the task, 
participants were asked to match a new test card to one of the four fixed 
reference cards based either on the color, shape, or the number of the 
stimuli in each reference card. Participants had to find the rule for 
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classification using the feedback that followed each trial. A bright screen 
indicated a correct classification, and a dark screen indicated an incor-
rect classification. The feedback was presented for 2.3 s. The length of 
each matching period depended on the participant’s response time, but 
the trial ended if the participant did not answer within 8.0 s. Six 
consecutive correct matching responses were required before a change 
in classification rule occurred. Each fMRI run contained blocks of each of 
the 3 trial dimensions (color, shape, number) presented in pseudo-
random order. To evaluate the pattern of activation during the different 
stages of the WCST, four experimental periods were defined as follows: 
(1) receiving negative feedback (RNF): the period that starts immedi-
ately after an incorrect selection is made and ends when the next card is 
presented, indicating that a set-shift is required and must be planned; (2) 
matching after negative feedback (MNF): the period that starts from the 
moment new test card is presented after negative feedback and ends 
when the participant complete the choice, indicating the execution of a 
set-shift; (3) receiving positive feedback (RPF): the period starts imme-
diately after an correct selection is made and ends when the next card is 
presented, requiring that the current matching criterion must be main-
tained on the next trial; (4) matching after positive feedback (MPF): the 
period that starts from the moment new test card is presented after 
positive feedback and ends when the participant complete the choice, 
requiring selection using the same rule as in the previous trial. 

The responses were scored according to Heaton’s criteria (Heaton, 
1981) with one exception, the first wrong classification following a 
change in rule was not scored as an error because the participant could 
not yet have received feedback indicating that the previously correct 
rule was now incorrect. If cards sorted according to the previously 
correct rule after the first classification following a change in rule, the 
incorrect responses were referred to as perseverative errors. Other 
incorrect responses that do not match the principle for perseverative 
errors were scored as non-perseverative errors. 

2.6. fMRI data analysis 

2.6.1. Preprocessing and whole brain analysis 
Preprocessing and analysis of the task-based fMRI data were per-

formed using FSL FEAT (fMRI Expert Analysis Tool version 6.00). Image 
preprocessing details are found in Supplementary Methods. A general 
linear model (GLM) was employed at three levels of analyses. At the first 
level, the following two contrasts were computed individually for each 
run of each participant: (1) RNF vs. RPF: reflecting the planning of the 
set-shift and (2) MNF vs. MPF: reflecting the execution of the set-shift. 
The hemodynamic response function was modeled with a gamma- 
function and its temporal derivatives and six motion parameters were 
included as covariates of no interest. At the second level, a fixed effects 
analysis combined three runs of each participant. At the group level 
analysis, individual subjects’ activation maps for each of the two con-
trasts were entered into mixed-effects GLM models. Because age and 
medication may alter vascular function (Tsvetanov et al., 2015) and 
UPDRS-III scores revealed difference between PD groups, age was 
included as a covariate of no interest for all group comparisons and 
UPDRS-III and levodopa equivalent daily dose (LEDD) were included as 
additional covariates for comparisons between PD groups. Correlation 
analyses between BOLD data and MBI-C total score were performed in 
all PD patients, adjusting for age, UPDRS-III and LEDD. In subsequent 
analyses, we aimed to assess the brain activity pattern independent from 
cognitive impairment in PD. For this purpose, we repeated the com-
parison between PD groups and correlation analyses with MBI-C after 
adding MoCA score as a covariate of no interest and performed 2-way 
analysis of covariance (ANCOVA) to estimate main effects of MBI and 
MCI, and their interaction. In all imaging analyses, a cluster-forming 
threshold of Z > 2.58 and a cluster-corrected significance of p < 0.05 
were applied. 

Table 1 
Demographic and clinical characteristics of participants.  

Characteristics Healthy Control (n =
26) 

PD-noMBI (n = 38) PD-MBI (n = 21) P-value 

HC vs PD- 
noMBI 

HC vs PD- 
MBI 

PD-noMBI vs PD- 
MBI 

Age, mean ± SD (range), yearsa 68.6 ± 6.1 (60.1–80.9) 69.9 ± 6.3 (58.5–80.1) 70.9 ± 6.6 (57.9–81.3) 0.816 0.533 0.826 
Female, No. (%)b 16 (62) 15 (39) 5 (24) 0.204 0.037 0.263 
Education, mean ± SD (range), yearsc 16.4 ± 2.8 (12–21) 15.4 ± 2.6 (9–21) 14.1 ± 3.4 (9–20) 0.180 0.024 0.176 
Disease duration, mean ± SD (range), 

yearsd 
na 5.0 ± 3.5 (0.7–12.5) 5.0 ± 2.7 (1.2–10.2) na na 0.733 

LED, mean ± SD (range), mg/dayd na 681.1 ± 272.2 
(225–1350) 

882.8 ± 478.0 
(300–1925) 

na na 0.198 

UPDRS-III, mean ± SD (range)d na 15.3 ± 7.8 (4–34) 21.9 ± 8.4 (6–40) na na 0.003 
PD subtype, No. (%)e    na na 0.055 
Tremor  12 (32) 1 (5)    
Mixed  3 (8) 3 (14)    
A/R  23 (60) 17 (81)    
MoCA, mean ± SDa 27.6 ± 1.8 (23–30) 26.6 ± 2.4 (20–30) 23.5 ± 4.4 (16–30) 0.367 <0.001 <0.001  

MBI-C, mean ± SD (range)c 

Total 0.0 ± 1.4 (0–7) 1.6 ± 2.0 (0–7) 15.1 ± 9.3 (8–44) <0.001 <0.001 <0.001 
Drive/Motivation 0.1 ± 0.4 (0–2) 0.6 ± 0.9 (0–3) 3.4 ± 2.9 (0–11) 0.004 <0.001 <0.001 
Mood/Anxiety 0.1 ± 0.4 (0–2) 0.5 ± 1.0 (0–4) 4.5 ± 2.3 (1–9) 0.079 <0.001 <0.001 
Impulse dyscontrol 0.2 ± 0.8 (0–4) 0.4 ± 0.8 (0–4) 5.0 ± 5.4 (0–21) 0.072 <0.001 <0.001 
Social inappropriateness 0.0 ± 0.0 0.1 ± 0.3 (0–1) 1.5 ± 2.3 (1–10) 0.134 <0.001 <0.001 
Abnormal perception/thought 0.0 ± 0.0 0.2 ± 0.7 (0–4) 0.7 ± 1.0 (0–3) 0.082 <0.001 0.006 

HC, healthy controls; PD, Parkinson’s disease; MBI, Mild Behavioral Impairment; PD-noMBI, PD without MBI; PD-MBI, PD with MBI; LED, levodopa equivalent dose; 
UPDRS-III, motor section of the unified Parkinson’s disease rating scale; MoCA, Montreal cognitive assessment; A/R, akinetic/rigidity; MBI-C, MBI checklist; SD, 
standard deviation; na, not applicable. 

a One-way ANOVA with Tukey’s post hoc test. 
b Chi-square test with Bonferroni correction, p < 0.016 was considered significant (p = 0.05/3). 
c Kruskal-Wallis test followed by Mann-Whitney U test using Bonferroni correction, p < 0.016 was considered significant (p = 0.05/3). 
d Mann-Whitney U test. 
e Motor phenotypes were identified based on the ratio of mean tremor to the mean akinetic/rigid score of UPDRS-III. Patients with a ratio greater than 1.0, <0.80, 

and between 0.80 and 1.0 were classified into tremor, akinetic/rigid, and mixed types respectively (Schiess et al., 2000). The group difference was evaluated using Chi- 
square test. 
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2.6.2. ROI analysis 
To complement the whole-brain analyses, we also performed a ROI 

analysis on the key regions for performing the WCST, the caudate and 
ventrolateral PFC for the contrast of RNF vs. RPF, putamen and pre-
motor cortex for the contrast of MNF vs. MPF, and hippocampus for both 
contrasts in each hemisphere, based on previous functional neuro-
imaging studies of the WCST (Graham et al., 2009; Monchi et al., 2004; 
Nagano-Saito et al., 2016, 2014). Details of the ROIs are found in the 
Supplementary Methods. The BOLD changes in ROIs were analyzed in 
the same manner as whole-brain analyses using mixed-effect GLM, 2- 
way ANCOVA and Spearman’s partial correlations using SPSS 25.0, 
with Bonferroni correction to correct for multiple comparisons across 
ROIs (p = 0.05/6 ROIs; p < 0.008). 

We investigated whether the percent signal change estimates in 
significant clusters showing group differences or correlations with MBI- 
C scores correlated with error rates on the WCST. The correlation ana-
lyses were performed using Spearman’s partial correlations while con-
trolling for age, UPDRS-III, LEDD as appropriate using SPSS 25.0, with 
Bonferroni correction to correct for multiple comparisons across ROIs (p 
= 0.05/4 ROIs; p < 0.0125). 

3. Results 

3.1. Behavioral results during fMRI 

HC completed an average of 77.5 experimental WCST trials (Color, 
25.8; Number, 25.6; shape, 26.1) and 28.8 control trials during the three 
runs. The PD-noMBI group completed an average 75.2 experimental 
trials (Color, 23.6; Number, 24.2; Shape, 27.4) and 21.9 control trials. 
The PDMBI group completed an average 75.1 experimental trials (Color, 
22.8; Number, 18.7; Shape, 33.7), and 13.5 control trials. 

Mixed-effects GLM models with age, UPDRS-III and LEDD as cova-
riates of no interest were performed to evaluate the group differences in 
error rates. Compared with HC, The PD-MBI group made significantly 
more perseverative errors (F(2,81) = 7.04, p = 0.001), and non- 
perseverative errors (F(2,81) = 15.04, p < 0.001), but there were no 
significant group differences between the PD-noMBI group and HC in 
two types of errors. The PD-MBI group made significantly more non- 
perseverative errors than the PD-noMBI group (F(1,54) = 5.22, p =
0.026), but there was no significant difference in the average rate of 
perseverative errors between the two PD groups (F(1,54) = 0.88 , p =
0.352). When we compared the error rates on each experimental 
dimension, color, number and shape, the PD-noMBI group did not reveal 
any differences compared with HC in all three dimensions. The PD-MBI 
group made significantly more perseverative errors in color and shape 
dimensions and more non-perseverative errors in in all dimensions 

Fig. 1. Brain regions with significant activation in the contrast receiving negative feedback (RNF) vs. receiving positive feedback (RPF), corresponding to planning 
the set-shift. A) healthy controls (HC), B) Parkinson’s disease patients (PD) without mild behavioral impairment (MBI, PD-noMBI), and C) PD with MBI (PD-MBI). 
Red-to-yellow color means more activation in the RNF than RPF, and blue-to-light blue color means less activation in the RNF than RPF. D) Brain regions showing 
significant reduced activity in the PD-MBI group compared with HC and E) compared with PD-noMBI. F) The comparison between the PD-noMBI and PD-MBI groups 
after controlling for Montreal cognitive assessment (MoCA). The number under each slice is a z-coordinate. Rh, right hemisphere; Lh, left hemisphere. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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compared with HC. Compared with PD-noMBI, the PD-MBI group 
revealed significantly higher rate of non-perseverative error in the shape 
dimension. Details of all the error rates are presented in the Supple-
mentary Table 1. 

The mean reaction time for MNF was significantly longer in the PD- 
noMBI and PD-MBI groups compared with HC, whereas there was no 
significant difference between groups in the reaction time for MPF 
(Supplementary Table 1). 

3.2. Whole brain analysis 

3.2.1. Planning the set-shift 
When RNF was compared with RPF (RNF minus RPF), the brain re-

gions showing significant activation were similar between HC and the 
PD-noMBI group. Both groups revealed significant activation in the 
bilateral dorsolateral and ventrolateral PFC, caudate, thalamus, poste-
rior parietal cortex, lateral occipital cortex and occipitotemporal gyrus 
and deactivation in the medial PFC and anterior cingulate cortex. The 
PD-noMBI group also revealed significant deactivation in the right 
hippocampus (Fig. 1A, B). On the other hand, the PD-MBI group showed 
significant activation in the bilateral posterior parietal cortex, dorso-
lateral PFC, and occipitotemporal cortex only (Fig. 1C). In group com-
parisons, the PD-MBI group showed significantly less activation in the 
right dorsolateral PFC and inferior parietal lobule compared with HC, 
but no significant differences in activation were observed between HC 
and the PD-noMBI group (Fig. 1D). In the PD groups comparison, the PD- 
MBI group showed significantly less activation in the right dorsolateral 
PFC and inferior parietal lobule than in the PD-noMBI group (Fig. 1E; 
Supplementary Table 2 for Fig. 1A− E). However, after adding MoCA as 
a covariate of no interest, significantly reduced activation in the PD-MBI 
group was only found in the right inferior parietal lobule (Fig. 1F; MNI 
coordinates, x = 52, y = − 42, z = 54; z-value = 3.81). The 2-way 
ANCOVA (MBI × MCI groups) revealed a main effect of MBI on the 
right inferior parietal lobule (Fig. 2A; x = 42, y = − 60, z = 54; z-value =
4.27), and of MCI on the left ventral striatum (Fig. 2B; x = − 20, y = − 16, 
z = − 14; z-value = 4.59) with no significant interaction. The left ventral 
striatum showed increased deactivation during planning the set-shift in 
the PD patients with MCI compared to the PD patients without MCI 
(Supplementary Fig. 1). There was no significant correlation between 
activity patterns while planning the set-shift and MBI-C total scores 
whether or not MoCA added as a covariate of no interest. 

3.2.2. Executing the set-shift 
When MNF was compared to MPF (MNF minus MPF), the HC and the 

PD-noMBI group showed significant brain activation in similar regions. 
Both groups revealed significant activation in the bilateral dorsolateral 
PFC, lateral frontopolar and posterior parietal cortex, and lateral oc-
cipital cortex (Fig. 3A, B). However, the PD-MBI group did not reveal 
any significant activation when executing the set-shift. In group 

comparisons, the activation in the left lateral frontopolar area was 
significantly less in the PD-MBI group compared to HC (Fig. 3C; Sup-
plementary Table 3 for Fig. 3A− C). No significant difference in brain 
activation was observed between HC and the PD-noMBI group. In the 
comparison between the PD-noMBI and PD-MBI groups, there was no 
significant difference whether or not MoCA was added as a covariate of 
no interest. The 2-way ANCOVA did not reveal any main effect and 
interaction. For the correlation analysis between brain activity during 
executing the set-shift and MBI-C total scores, there was no significant 
correlation without MoCA as a covariate of no interest, but after adding 
MoCA as the covariate, the left supramarginal gyrus together with the 
adjacent postcentral cortex revealed positive correlation with MBI-C 
total score (Fig. 3D; MNI coordinates, x = − 60, y = − 36, z = 44; z- 
value = 3.68). 

3.3. ROI analysis 

Compared to HC, the PD-noMBI and PD-MBI groups did not reveal 
any group differences in activation in the ventrolateral PFC, caudate, 
premotor cortex, putamen, and hippocampus while planning or 
executing the set-shift. In the comparisons between the PD-noMBI and 
PD-MBI groups, there were no significant group differences in all ROIs 
whether or not MoCA was added as a covariate of no interest (Fig. 4A). 
The hippocampus activation during planning the set-shift was greater in 
the PD-MBI group compared with the PD-noMBI group (F(1,54) = 4.10, 
p = 0.048; F(1,54) = 6.64, p = 0.013, with MoCA as a covariate of no 
interest), but it was not significant after Bonferroni correction. For all 
ROIs, there were no significant main effects of MBI and MCI and inter-
action of them in the 2-way ANCOVA. 

The correlation analyses revealed positive correlation between the 
hippocampal activation during planning the set-shift with the MBI-C 
total score in all PD patients (Spearman’s rho = 0.369; p = 0.006; 
Spearman’s rho = 0.409; p = 0.002, with MoCA as a covariate of no 
interest; Fig. 4B). There was no significant correlation with the MBI-C 
total score in other ROIs whether or not MoCA was added as a covari-
ate of no interest. 

3.4. Correlations between brain activity and error rates while performing 
the WCST 

The correlations with error rates on the WCST were evaluated in the 
four significant clusters, right dorsolateral PFC, right inferior parietal 
lobule and the hippocampus in the RNF versus RPF contrast, and the left 
frontopolar area in the MNF versus MPF contrast. When averaging the 
three groups together, the activity in the right inferior parietal lobule 
while planning the set-shift showed significant negative correlations 
with both perseverative error rates (inferior parietal lobule, Spearman’s 
rho = -0.314, p = 0.004) and non-perseverative error rates (rho =
-0.322, p = 0.003). The activity in the dorsolateral PFC revealed 

Fig. 2. Brain regions showing significant main effect of A) mild behavioral impairment (MBI) and B) mild cognitive impairment (MCI) in 2-way analysis of 
covariance. The number under each slice is a z-coordinate. Rh, right hemisphere; Lh, left hemisphere. 
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significant a negative correlation with rates of non-perseverative error 
(rho = -0.361, p = 0.001) in all participants. When we evaluated cor-
relations between the error rates on the WCST and the four significant 
clusters for each group, HC, PD-noMBI, and PD-MBI, there were no 

significant correlations between them (Supplementary Fig. 2). 

Fig. 3. Brain regions with significant activation in the contrast matching after negative feedback (MNF) vs. matching after positive feedback (MPF), corresponding to 
executing the set-shift. A) healthy controls (HC) and B) Parkinson’s disease patients (PD) without mild behavioral impairment (MBI, PD-noMBI). For the PD with MBI 
(PD-MBI) group, there was no significant activation. Red-to-yellow color means more activation in the MNF than MPF. C) Brain regions showing significant reduced 
activity in the PD-MBI group compared with HC. D) Brain regions showing significant correlation with MBI-C total score during executing the set-shift after con-
trolling for Montreal cognitive assessment (MoCA). The number under each slice is z-coordinate for the axial slice and x-coordinate for the sagittal slice. Rh, right 
hemisphere; Lh, left hemisphere. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Results of ROI analysis. A) Group differences in percent signal changes in each ROI, B) correlations between MBI-C total scores and the hippocampal activity 
during planning the set-shift in all Parkinson’s disease (PD) patients. HC, healthy controls; PD-noMBI, PD without mild behavioral impairment (MBI); PD-MBI, PD 
with MBI; VLPFC, ventrolateral prefrontal cortex; PMC premotor cortex; HPC, hippocampus; Plan, planning a set-shift; Exe, executing a set-shift; MBI-C, 
MBI checklist. 
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4. Discussion 

In the current study, we evaluated the effect of MBI on brain acti-
vation during a set-shifting task in PD patients. PD patients were cate-
gorized into two groups, PD-noMBI and PD-MBI using MBI-C scores and 
their BOLD activation was compared during planning and executing the 
set-shift. 

While planning the set-shift, both the HC and PD-noMBI group had 
significantly increased activity in the dorsolateral and ventrolateral PFC, 
posterior parietal cortex, caudate nucleus, and thalamus, in line with 
previous results reported in HC and PD without MCI (Monchi et al., 
2004, 2001; Nagano-Saito et al., 2014). However, the PD-MBI group 
revealed a lack of brain activation in those regions including the 
ventrolateral and dorsolateral PFC and caudate nucleus, similarly to 
what was reported previously in PD patients with MCI (Nagano-Saito 
et al., 2014). 

In the group comparisons, the PD-MBI group revealed significantly 
less activation in the right dorsolateral PFC and inferior parietal lobule 
compared to both HC and the PD-noMBI group. Functional neuro-
imaging studies have identified distributed frontal and parietal regions 
including dorsolateral PFC, ventrolateral PFC and posterior parietal 
cortex often work together to support adaptive behavioral control across 
a broad range of cognitive demands. Therefore, these brain areas are 
often referred to as the frontoparietal control network (Cocchi et al., 
2013; Duncan, 2010). In patients with PD, activities in the prefrontal 
and posterior parietal areas were decreased in patients with MCI 
compared to those without MCI (Nagano-Saito et al., 2014), and 
correlated significantly with accuracy of WCST (Nagano-Saito et al., 
2016). Cognitive flexibility, a core component of cognitive control, is 
thought to be reflected by the perseverative errors on the WCST (Lange 
et al., 2016a). In a event related potential study, perseverative errors on 
the WCST in PD was correlated with the fronto-central P3a whose 
generation likely involves prefrontal cortical areas and the sustained 
parietal positivity that likely reflects the activation of fronto-parietal 
brain networks (Lange et al., 2016b). We found higher rates of persev-
erative errors in the PD-MBI group compared with HC, and the activities 
in the right dorsolateral frontal and inferior parietal cortices during 
planning the set-shift were correlated with rates of perseverative error in 
all participants. These results suggest that MBI in PD is associated with 
impaired cognitive flexibility likely due to dysfunction in the fronto-
parietal control network. 

Moreover, previous studies have emphasized that the frontoparietal 
control network is a flexible hub, meaning it has a high degree of con-
nectivity with other brain networks across the brain and can rapidly 
modify functional connections according to the current goals (Cole et al., 
2010). Recent studies have reported alterations of this hub across a 
range of NPS (Cole et al., 2014). Specifically, functional connectivity at 
rest was decreased within the frontoparietal control network in late-life 
depression (Alexopoulos et al., 2012). Also, depressive symptoms 
severity in adults who had not been diagnosed with depression nega-
tively correlated with between-network global connectivity of the 
frontoparietal network (Schultz et al., 2019). In individuals with social 
anxiety disorders, functional connectivity in the frontoparietal network 
showed disrupted and the connectivity correlated with their symptom 
severity (Liao et al., 2010). In light of these previous studies, our current 
results suggest that the decreased activation in the dorsolateral PFC and 
inferior parietal cortex during planning the set-shift in the PD-MBI group 
reflects disruptions of cognitive control functions associated with their 
NPS. 

In the present study, because MBI associated with impairment in 
cognitive function, such as significantly low MoCA score and higher 
proportion of MCI in the PD-MBI group, we tried to evaluate the effect of 
MBI on brain activation during performing WCST independently from 
cognitive function. The reduced activity in the right dorsolateral PFC in 
the PD-MBI group was not found in the analysis with adjustment of 
MoCA and in the main effect of MBI of the 2-way ANCOVA, whereas the 

reduced activity in the right inferior parietal cortex was still significant 
in both cases. These results suggest that the activation of the dorsolateral 
PFC during planning the set-shift is related to impaired global cognitive 
ability in PD patients, whereas the inferior parietal cortex is relatively 
more associated with their behavioral impairment. In line with this idea, 
evidence suggests dissociated roles of two brain regions in the fronto-
parietal network during executive control processes. The posterior pa-
rietal cortex is implicated in sustained attention in preparation of 
upcoming stimuli and the working memory capacity, whereas the PFC is 
involved in the ability to assess goal-directed attention, and away from 
goal irrelevant information (Dodds et al., 2011; Li et al., 2017). Further 
study should be performed in the future to clarify the distinct neural 
mechanisms between behavioral and cognitive impairments in PD. 

In ROI analyses, the hippocampus showed negative percent signal 
changes while planning the set-shift in HC and the PD-noMBI group, but 
the deactivation was not present in the PD-MBI group. Moreover, the 
reduced deactivation in the hippocampus was significantly correlated 
with the high MBI-C total score. A previous study found that the hip-
pocampal activity during a set-shifting task was relatively decreased 
during shifting from the old rule and generating new rules compared to 
maintaining the rule, and the hippocampus interacted with the caudate 
indirectly via the medial prefrontal and posterior cingulate cortex dur-
ing the task (Graham et al., 2009). During the WCST, reduced dopamine 
levels in HC were associated with reduced deactivation in the hippo-
campus as well as impairment in the fronto-striatal connectivity 
(Nagano-Saito et al., 2008). The deactivation of the hippocampus during 
attention-demanding cognitive tasks is thought to reflect the suppres-
sion of stimulus-independent thoughts or ruminations (Fox et al., 2005). 
These previous studies suggest that the deactivation in the hippocampus 
during planning the set-shift is associated with preventing interference 
of memory of previous trials with current trials, and that the hippo-
campal function interacts with the fronto-striatal system. The impaired 
deactivation of the hippocampus in our PD-MBI group indicates that 
MBI in PD is associated with hippocampal memory function as well as 
frontal executive function. 

Moreover, the hippocampus is involved in the default mode network, 
which is functionally defined as being activated during rest and deac-
tivated during attention-demanding cognitive tasks (van den Heuvel and 
Hulshoff Pol, 2010). While performing a set-shifting task, the more set- 
shifts were being performed, the more the activity in the fronto-striatal 
regions was increased, while the default mode network was more 
deactivated (Provost and Monchi, 2015). Also, previous evidence sug-
gests that the frontoparietal control network negatively regulates ac-
tivity in the default mode network (Chen et al., 2013). Therefore, 
together with the reduced activation in the PFC and posterior parietal 
areas in the PD-MBI group, the less deactivation in the hippocampus 
could be associated with the disrupted interaction between frontopar-
ietal and default mode networks during planning the set-shift in the PD- 
MBI group. 

While executing the set-shift, the PD-MBI group revealed reduced 
activation in the left frontopolar area compared to HC. The left fronto-
polar area was associated with updating process of executive function 
that refers to the process of constantly monitoring and rapidly adding or 
deleting information from the working-memory contents (Collette et al., 
2005). Similarly, in a previous study using a modified WCST, the left 
frontopolar cortex was more active in the interference trials in which 
subjects were required to inhibit proactive interference than in dual- 
match trials in which both the current selection rule and the previ-
ously learned rule led to the same response (Konishi et al., 2005). In line 
with these previous studies, the higher rates of perseverative and non- 
perseverative errors in the PD-MBI group compared to HC in the pre-
sent study may indicate the impaired updating and inhibition processes 
linked with reduced activation in the frontopolar area during executing 
the set-shift. These findings, together with reduced activation in the 
dorsolateral PFC during planning the set-shift, suggest that the MBI in 
patients with PD has an effect on the multiple prefrontal processes 
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subserving successful performance of cognitive set-shifting. 
Interestingly, we found significant positive correlation between MBI- 

C scores and activation in the left supramarginal gyrus and postcentral 
cortex during executing the set-shift only after adjusting MoCA. In a 
previous study, the inferior parietal and postcentral cortices revealed 
increased activation during set-shift trials in drug-naïve PD patients 
compared to HC and behaviorally the PD patients did not make more 
errors compared to HC. This suggests that the increased activity might 
reflect a compensatory role of the parietal brain areas (Gerrits et al., 
2015). Although the PD-MBI group made relatively more errors in the 
present study, we hypothesize that the PD patients with high MBI-C 
scores recruited the left parietal cortex during executing the set-shift 
in order to compensate for the decreased activity in the frontopolar 
cortex. Moreover, the fact that the correlation was significant only after 
controlling for MoCA suggests that the compensatory activation of the 
left parietal area may function properly with normal global cognitive 
ability only. 

It should be noted that the PD-noMBI group did not reveal any 
different activity compared to HC, which might seem to contradict 
previous studies where PD patients had significant reduced activation in 
the frontal and striatal areas when planning and executing a set-shift 
compared to HC (Monchi et al., 2004, 2007). This discrepancy likely 
originates in the fact that those studies did not differentiate between PD 
patients with and without NPS. Furthermore, previous studies found 
different activity cross-sectionally and longitudinally in PD with MCI 
compared to PD without MCI, although there were no comparisons with 
HC (Nagano-Saito et al., 2016, 2014). In this respect, we suggest that 
changes in brain activity during performing the WCST might be unique 
to PD with behavioral or cognitive impairment. 

There are several limitations to be discussed in the current study. 
First, we evaluated the brain activation during the ON-dopamine 
replacement therapy state. Dopamine depletion in healthy participants 
was associated with reduced activity in front-striatal regions and their 
connectivity while performing the WCST (Nagano-Saito et al., 2008), 
and dopamine replacement therapy can normalize some part of aberrant 
functional connectivity patterns during resting state in PD (Tomasi and 
Volkow, 2011). These suggest that our results in PD group might be 
associated with their dopamine levels. However, a previous study 
identified that the dopamine medication in PD patients helped restoring 
motor corticostriatal loop but was not associated with the pattern of 
activity in cognitive corticostriatal loop during performing WCST 
(Jubault et al., 2009). Also, all analyses in the present study were per-
formed with LEDD as a covariate of no interest. Therefore, the abnormal 
activity in the PD-MBI group could not be accounted for dopamine 
medication. Second, in this study, we only focused on MBI-C total score, 
but individual MBI domains may have different effects on cognitive set- 
shifting and related brain activation. Further large cohort study will be 
required to evaluate the associations with individual MBI domains. 

In summary, during a cognitive set-shifting task, we found that PD 
patients with high MBI-C scores revealed deficiency of activation in the 
prefrontal and posterior parietal cortices and reduced degree of deacti-
vation in the medial temporal region. These results suggest that MBI is 
associated with impairment in frontoparietal control network and hip-
pocampal memory system as well as frontal executive impairment in PD. 
Therefore, MBI might be an important marker for cognitive impairment 
in PD and capture a risk group for incident cognitive decline and de-
mentia in patients with PD, in parallel with its utility in non-PD de-
mentias. The ease of MBI case ascertainment provides promise to 
improve screening for cognitive risk in patients with PD to help guide 
subsequent neuropsychological testing and imaging investigations. 
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