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Separate neural representations of 
depression, anxiety and apathy in 
Parkinson’s disease
Rotem Dan  1,2, Filip Růžička3, Ondrej Bezdicek3, Evžen Růžička  3, Jan Roth3,  
Josef Vymazal4, Gadi Goelman2 & Robert Jech3

Depression, anxiety and apathy are distinct neuropsychiatric symptoms that highly overlap in 
Parkinson’s disease (PD). It remains unknown whether each symptom is uniquely associated with 
a functional network dysfunction. Here, we examined whether individual differences in each 
neuropsychiatric symptom predict functional connectivity patterns in PD patients while controlling 
for all other symptoms and motor function. Resting-state functional connectivity MRI were 
acquired from 27 PD patients and 29 healthy controls. Widespread reduced functional connectivity 
was identified in PD patients and explained by either the neuropsychiatric or motor symptoms. 
Depression in PD predicted increased functional connectivity between the orbitofrontal, hippocampal 
complex, cingulate, caudate and thalamus. Apathy in PD predicted decreased caudate-thalamus and 
orbitofrontal-parahippocampal connectivity. Anxiety in PD predicted three distinct types of functional 
connectivity not described before: (i) increased limbic-orbitofrontal cortex; (ii) decreased limbic-
dorsolateral prefrontal cortex and orbitofrontal-dorsolateral prefrontal cortices and (iii) decreased 
sensorimotor-orbitofrontal cortices. The first two types of functional connectivity suggest less voluntary 
and more automatic emotion regulation. The last type is argued to be specific to PD and reflect an 
impaired ability of the orbitofrontal cortex to guide goal-directed motor actions in anxious PD patients.

Neuropsychiatric symptoms constitute an integral part of Parkinson’s disease (PD) and include depression, anx-
iety and apathy1. Neuropsychiatric symptoms of PD have considerable impact on quality of life, progression of 
disability and are associated with negative health outcomes2. Cumulative evidence shows that these symptoms are 
not merely a reaction to psychological distress due to motor disability, but are more likely a direct consequence 
of the pathology of the disease3. Their incidence in PD exceeds the rates in general population as well as in other 
chronic and/or neurodegenerative diseases4,5 with up to 89% of PD patients having at least one symptom6.

In addition to their prevalence, depression, anxiety and apathy are highly comorbid in PD. Depression and 
anxiety were reported to coexist in up to 26% of all PD patients7. Apathy shows considerable comorbidity with 
depression8. This complex clinical picture highlights the importance of examining the neurobiological basis of 
each neuropsychiatric symptom in PD while assessing the presence of all others. Otherwise, findings may be 
biased due to hidden contributions from other symptoms. However, this is not common practice with no imaging 
study to date addressing the separate functional neural underpinnings of all the above neuropsychiatric symp-
toms in PD. In particular, the neural basis of anxiety in PD remains largely unexplored9. Moreover, it is unknown 
whether individual differences in these symptoms are associated with a functional network dysfunction.

To help fill in these gaps, we aimed to determine whether individual differences in each neuropsychiatric 
symptom among PD patients predict the strength of intrinsic functional connectivity, i.e. the synchronization 
of BOLD fluctuations between brain regions in the absence of external stimuli, while accounting for the indi-
vidual differences in all other neuropsychiatric symptoms and motor function. For these purposes, resting-state 
functional MRI data were acquired from 27 PD patients with varying degrees of depression, anxiety and apathy 
and a multiple linear regression model was tested. The whole range of individual differences in neuropsychiatric 
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symptoms was considered, from very mild to moderate-severe, obviating the need to define a cutoff score differ-
entiating normal and pathological states. A matched group of 29 healthy control subjects was recruited to evaluate 
whole-brain functional connectivity patterns associated with PD.

Results
Clinical and neuropsychological evaluation. For PD patients, the Beck Depression Inventory, second 
edition (BDI-II) and Starkstein apathy scores were significantly correlated (r = 0.418; P = 0.029) while state anx-
iety as measured by the Spielberger State-Trait Anxiety Inventory (STAI-state) and BDI-II scores showed a ten-
dency for correlation (r = 0.334; P = 0.088). No significant correlation was found for PD patients between Hoehn 
and Yahr stage or disease duration and any of the neuropsychiatric scales. PD patients and healthy controls dif-
fered significantly in STAI-state (t = 2.85; P = 0.006) and BDI-II scores (t = 2.15; P = 0.035) with no significant 
difference in apathy scores (t = 0.3; P = 0.764).

Resting state fMRI. Depression in PD and functional connectivity. The associations between BDI-II scores 
and region of interest (ROI)-ROI functional connections (Fisher’s transformed values) in PD patients are shown 
in Fig. 1 and Supplementary Table S1 (see Fig. 2 for partial regression plots for a sample functional connection). 
An increase in the severity of depression in PD predicted an increase in the functional connectivity between the 
bilateral gyrus rectus (part of the orbitofrontal cortex) and the right hippocampus and parahippocampal gyrus, 
the bilateral anterior cingulate cortex and right supramarginal gyrus, the left caudate and bilateral thalamus, the 
right inferior frontal gyrus and right posterior cingulate cortex. In particular, associations between BDI-II scores 
and functional connectivity were only found in the right hemisphere and midline regions.

Anxiety in PD and functional connectivity. The associations between STAI-state scores and ROI-ROI functional 
connections (Fisher’s transformed values) in PD patients are shown in Fig. 3 and Supplementary Table S1. Both 
positive and negative associations were found. An increase in the severity of anxiety in PD predicted an increase 
in the functional connectivity between the orbitofrontal cortex (OFC) (including the gyrus rectus) and the amyg-
dala, hippocampus and parahippocampal gyri (42% of positive associations, 16/38). Positive associations with 
anxiety were also found between the inferior-middle temporal gyri and the OFC, amygdala, hippocampus and 
parahippocampal gyri (32% of positive associations, 12/38). Note that the majority of positive associations were 
with connections of the OFC (82% of positive associations, 31/38).

An increase in anxiety predicted a decrease in the functional connections of the sensorimotor cortex: the pre-
central gyri, postcentral gyri, paracentral lobule and supplementary motor areas (49% of negative associations, 
26/53). Most of these connections were with the OFC (62% of sensorimotor cortex connections, 16/26) in addi-
tion to connections with the parahippocampal gyri, amygdala and caudate (23% of sensorimotor cortex connec-
tions, 6/26). The sensorimotor cortical region with the largest amount of connections was the left precentral gyrus 
(38% of sensorimotor cortex connections, 10/26). Another pattern of negative associations with anxiety was 
found for functional connections between the lateral middle-superior frontal gyri and paralimbic-limbic-OFC 
regions: amygdala, parahippocampal, hippocampus, temporal poles and OFC (36% of negative associations, 
19/53). Overall, 45% of all negative associations were with the OFC (24/53).

Figure 1. Illustration of functional connections predicted by depression in PD patients. Functional connections 
predicted by depression while controlling for other neuropsychiatric scales and UPDRS-III are indicated by 
arrows on a 3D brain template. The significant associations were all positive. The width of the arrows represents 
the number of functional connections between the regions (see Supplementary Table S2 for the full list of 
connections). Note, that significant associations were found in the right hemisphere and midline regions. 
Abbreviations: ACC, anterior cingulate cortex; Hippocampus, hippocampus and parahippocampal gyrus; IFG, 
inferior frontal gyrus; IPL, inferior parietal lobule; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; 
L, left; R, right. P < 0.05, FDR corrected for multiple comparisons.
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Figure 2. Partial regression plots for a sample ROI-ROI functional connection in PD patients. Partial 
regression plots are presented to illustrate in PD patients the incremental effect of each neuropsychiatric 
scale on Fisher’s transformed values by removing the effects of all other scales. The right gyrus rectus - right 
parahippocampal gyrus functional connection was chosen arbitrarily as an example. The associations are shown 
between Fisher’s transformed values and (A) BDI-II; (B) STAI-state; (C) apathy; (D) PD-MCI and (E) UPDRS-
III. The y-axis shows the residuals from regressing Fisher’s transformed values against all neuropsychiatric scales 
other than the scale of interest, and the x-axis shows the residuals from regressing the scale of interest against 
all other neuropsychiatric scales. The linear fits are shown in solid lines and confidence intervals in dotted lines. 
Partial r = square root of coefficient of partial determination. The BDI-II, STAI-state and apathy scales are 
significantly associated with the right gyrus rectus - right parahippocampal gyrus functional connection.

Figure 3. Illustration of functional connections predicted by anxiety in PD patients. Functional connections 
predicted by anxiety while controlling for other neuropsychiatric scales and UPDRS-III are indicated by arrows 
on a 3D brain template. Positive associations are indicated by red solid arrows and negative associations by blue 
dashed arrows. The width of the arrows represents the number of functional connections between the regions 
(see Supplementary Table S2 for the full list of connections). Abbreviations: DLPFC, dorsolateral prefrontal 
cortex; Limbic, limbic regions; OFC, orbitofrontal cortex; Sensorimotor, sensorimotor cortex; L, left; R, right. 
P < 0.05, FDR corrected for multiple comparisons.
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Apathy in PD and functional connectivity. The associations between Starkstein apathy scores and ROI-ROI func-
tional connections (Fisher’s transformed values) in PD patients are shown in Fig. 4 and Supplementary Table S1. 
An increase in apathy in PD predicted a decrease in the functional connectivity between the bilateral caudate and 
bilateral thalamus and between the right gyrus rectus and the right parahippocampal gyrus.

Neuropsychiatric symptoms in healthy controls and functional connectivity. The same multiple linear regression 
model was tested in healthy controls to evaluate whether there are ROI-ROI functional connections (Fisher’s 
transformed values) that can be predicted by a certain neuropsychiatric symptom. No functional connections 
were predicted by any of the neuropsychiatric symptoms in healthy controls (see Supplementary Fig. S1 for partial 
regression plots for a sample functional connection).

Differences between PD patients and healthy controls. Difference in whole-brain functional connectivity between 
PD patients and healthy controls were evaluated using two-sample t tests with P < 0.05, FDR corrected for multi-
ple comparisons and are presented in Fig. 5 and Supplementary Table S2. PD patients showed widespread reduced 
functional connectivity compared with healthy controls. The right caudate-right anterior cingulate was the only 

Figure 4. Illustration of functional connections predicted by apathy in PD patients. Functional connections 
predicted by apathy while controlling for other neuropsychiatric scales and UPDRS-III are indicated by arrows 
on a 3D brain template. The significant associations were all negative. The width of the arrows represents 
the number of functional connections between the regions (see Supplementary Table S2 for the full list of 
connections). Abbreviations: OFC, orbitofrontal cortex; Parahippocampal, parahippocampal gyrus; L, left; R, 
right. P < 0.05, FDR corrected for multiple comparisons.

Figure 5. Differences between PD patients and healthy controls in whole-brain functional connectivity. 
Stronger functional connections in healthy controls are indicated by blue lines and stronger functional 
connections in PD patients are indicated by red lines (see Supplementary Table S3 for the full list of 
connections). PD patients showed an extensive reduction in functional connectivity mainly in the sensorimotor, 
temporal, parietal and subcortical regions. Only the right caudate-right anterior cingulate functional 
connection was stronger in PD patients (1 out of 122 significant connections). These group-differences were 
accounted for by either the neuropsychiatric symptoms or the motor deficits of PD patients. Differences 
between PD patients and healthy controls were evaluated using two sample two-tailed t tests with a statistical 
threshold of P < 0.05, FDR corrected for multiple comparisons.
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functional connection increased in PD patients. Differences were most noted in functional connections involv-
ing the sensorimotor cortex (45% of functional connections, 55/122), cingulate cortex and insula (33%, 40/122), 
temporal cortex (32%, 39/122), parietal cortex (29%, 35/122) and the basal ganglia (15%, 18/122). Few differences 
were identified in functional connections of the prefrontal cortex (9%, 11/122). When accounting for differences 
between PD patients and healthy controls in all neuropsychiatric scales (without accounting for the motor defi-
cits) using a multiple regression model (equation (2) in methods), no between group differences in functional 
connectivity were identified. Alternatively, when accounting for the motor deficits (equation (3) in methods), no 
between group differences in functional connectivity were identified.

Discussion
In the current study, we identified resting-state functional connectivity patterns that vary as a function of a spe-
cific neuropsychiatric symptom in PD patients while accounting for the effect of all other neuropsychiatric symp-
toms. Depression in PD predicted the strength of functional connections of predominant regions previously 
implicated in depression in PD including the gyrus rectus, parahippocampal gyrus, anterior cingulate cortex and 
thalamus9. While there are quite a few PET and SPECT studies on depression in PD, functional connectivity MRI 
studies are relatively scarce. Previous functional connectivity studies have found in depressed PD patients an 
increased functional connectivity of the OFC10, inferior frontal gyrus11 anterior cingulate12 and posterior cingu-
late13, in accordance with our findings, in addition to decreased functional connectivity12,13, not identified here. 
We suggest that this may result from the substantial variability across studies in inclusion and exclusion criteria 
and statistical approaches. In particular, only one resting-state functional MRI study in depressed PD patients has 
considered apathy symptoms14 and none have accounted for the presence of anxiety. The right hemispheric later-
alization found here for the associations between depressive symptoms and functional connectivity is in line with 
the known hyperactivity of the right hemisphere in idiopathic depression15. Claims for the similarity of neural 
patterns of depression in PD patients and in primary unipolar depression were suggested16 yet remain debated17.

Anxiety in PD predicted three distinct types of functional connectivity patterns: (i) The first type was positively 
associated with anxiety and included functional connections between the OFC and temporal-limbic regions: 
the amygdala, hippocampus, parahippocampal gyri and inferior-middle temporal cortex. (ii) The second type 
was negatively associated with anxiety and included functional connections between the lateral superior-middle 
frontal gyri, i.e. the dorsolateral prefrontal cortex (DLPFC), and paralimbic-limbic-OFC regions: the amygdala, 
hippocampus, parahippocampal gyri, temporal poles and OFC. Note that the paralimbic-limbic-OFC regions 
involved in the second type are almost identical to the regions of the first type. (iii) The third type was negatively 
associated with anxiety and included functional connections of the sensorimotor cortex mainly with the OFC.

The few imaging studies conducted on anxiety in PD have mainly applied PET or SPECT techniques9. Most 
of these studies found associations between anxiety and striatal dopamine transporter availability or density18–20. 
No study on anxiety in PD has used functional MRI. Recently, Wang et al.21, conducted a resting-state FDG-PET 
study comparing PD patients with and without anxiety. The orbitofrontal cortex was identified as a core region 
associated with anxiety in PD, in accordance with our findings. The amygdala, hippocampus and OFC (especially 
its medial part) were all strongly implicated in idiopathic anxiety22,23. However, it is less clear how the OFC-limbic 
functional connections are affected in idiopathic anxiety24 with most studies indicating reduced connectivity25,26. 
The finding here of reduced DLPFC-limbic functional connectivity in anxiety is congruent with previous studies 
in idiopathic anxiety27 and suggests diminished top-down regulation of the DLPFC on paralimbic-limbic regions. 
Note that the OFC and DLPFC are found here to be dissociated in the presence of anxiety. Taken together, the 
first two types of connectivity patterns propose a limbic-OFC-DLPFC network modulated by anxiety in PD: an 
increase in anxiety corresponds to stronger OFC-limbic, weaker DLPFC-limbic and weaker DLPFC-OFC con-
nectivity. Considering the emotion regulation model of Phillips et al.28, these may suggest in anxious PD patients 
an impaired voluntary emotion regulation of the DLPFC along with an increased automatic emotion regulation 
of the OFC.

The third type of negative associations between anxiety and the sensorimotor cortex-OFC functional connec-
tivity has not been reported in idiopathic anxiety. We argue that it may be a unique characterization of anxiety in 
PD and inherently related to its motor dysfunction. There is conflicting evidence as to whether the goal-directed 
or habitual decision making route is impaired in PD. Loss of dopamine in PD occurs mainly in the sensorimotor 
part of the striatum which is thought to be responsible for habitual behavior29. As a result, it has been hypothe-
sized that there is a primary deficit in PD in habitual control which leads to more reliance on goal-directed con-
trol30. However, a study directly investigating this hypothesis31 showed that habit formation is preserved in PD 
and found a deficit in goal-directed behavior. The current results may thus reflect the impaired ability of the OFC 
to guide goal-directed motor actions in anxious PD patients, with a proportional relationship between the level 
of anxiety and level of impairment in goal-directed behavior. The OFC is known to play a fundamental role in 
goal-directed behavior32,33. In addition, research has shown that stress leads to less goal-directed and more habit-
ual behavior34,35. This hypothesis could be further tested experimentally through a task probing goal-directed 
behavior in PD patients and examining whether a negative association emerges between anxiety and perfor-
mance of goal-directed behavior and whether the latter is positively associated with sensorimotor-OFC syn-
chrony. Finally, it is noteworthy that most functional connections of the sensorimotor cortex, OFC and DLPFC 
in anxiety were from these regions at the left hemisphere (69%, 73% and 74% respectively). This left hemisphere 
lateralization was not found for connections of the temporal, paralimbic or limbic regions (only 49% of these 
regions were at the left hemisphere).

The findings here of negative associations between apathy in PD and functional connectivity of the gyrus rec-
tus (part of the OFC), caudate and thalamus are congruent with the view that apathy may reflect a dysfunction in 
the prefrontal cortex-basal ganglia circuits36,37. The only functional connectivity MRI study to date on apathy in 
PD has found negative correlations between fronto-striatal functional connections and apathy while controlling 
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for depression and cognitive impairment38 (but not controlling for anxiety), in accordance with our findings. The 
majority of studies on apathy in PD have been PET and SPECT studies which mainly found inverse associations 
between apathy in PD and cerebral metabolism in the striatum, prefrontal and limbic regions39–41 but positive 
associations were also found39.

Several functional connections were found to be uniquely associated with more than one neuropsychiat-
ric scale. These functional connections included the bilateral gyrus rectus-right parahippocampal gyri, right 
gyrus rectus-right hippocampus, left caudate-bilateral thalamus, and left orbitofrontal gyrus-left frontal medial 
orbital cortex. Remarkably, anxiety and depression had opposite effects compared with apathy on the right gyrus 
rectus-right parahippocampal gyrus and the left caudate-bilateral thalamus functional connections. While the 
strength of these connections increased with higher levels of anxiety or depression, it decreased with higher 
levels of apathy. This highlights the importance of considering simultaneously the impact of all neuropsychiatric 
symptoms on brain measures.

Compared with healthy controls, PD patients showed an extensive reduction in functional connectivity 
mainly in the sensorimotor, temporal, parietal and subcortical regions. These differences were accounted for by 
either the neuropsychiatric symptoms or the motor deficits of PD patients. Decreased functional connectivity in 
PD patients relative to healthy controls has been previously demonstrated for drug naïve PD patients in limbic 
and motor regions42 and for patients ON dopaminergic medication in the temporal and parietal cortices43 and in 
the cortical and subcortical motor system44,45.

Limitations
PD patients were tested ON dopaminergic medication and possible pharmacological effects on functional con-
nectivity measures cannot be ruled out. However, some PD patients suffer from mood symptoms predominantly 
during their OFF medication state46. Therefore, assessment of patients ON medication was preferred. The rela-
tively modest sample size may limit the generalizability of the findings and studies with greater number of patients 
are needed to strengthen the results. The lack of testing for unique functional networks associated with cognitive 
impairment is a limitation. Due to different domains composing the cognitive assessment and great variability 
within these domains in PD patients, a cognitive summary metric was considered general and not appropriate 
to identify meaningful neural functional networks. Thus, the cognitive summary score was not used to predict 
functional networks and only included as a covariate to control for overall differences in cognitive status. In addi-
tion, the range of neuropsychiatric symptoms in our sample of patients was wider for anxiety and included some 
individuals with more severe anxious symptoms compared to the range of other symptoms. Finally, future studies 
comparing anxious PD patients with a matched group of idiopathic anxious subjects are needed and may further 
shed light on the specific neural mechanisms of anxiety in PD.

Conclusions
Anxiety in PD predicted three types of functional connectivity patterns not described before: (i) increased 
limbic-OFC; (ii) decreased DLPFC-limbic and DLPFC-OFC and (iii) decreased sensorimotor cortex-OFC. The 
first two types suggest less voluntary and more automatic emotion regulation in anxious PD patients. The dimin-
ished sensorimotor-OFC connectivity is argued to be specific to PD and reflect an impaired ability of the OFC 
to guide goal-directed motor actions in anxious PD patients. Widespread reduced functional connectivity was 
identified in PD patients compared with healthy controls and explained by either the neuropsychiatric or motor 
symptoms. This study provides further insights into the separate mechanisms involved in neuropsychiatric symp-
toms of PD and particularly those of anxiety.

Methods
Patients. The sample was composed of 37 patients (16 women, age: 64.6 ± 7.51 years) with a diagnosis of idio-
pathic PD based on the United Kingdom Parkinson’s disease Society Brain Bank Diagnostic Criteria for PD47. All 
patients were in the intermediate phase associated with motor complications48. Inclusion criteria were: treatment 
with levodopa in monotherapy or in combination with a dopamine agonist, stable medication for the previous 
four weeks and Hoehn and Yahr stage below III while on dopaminergic medication. Exclusion criteria were: a 
history of psychotic symptoms, treatment with antipsychotics, treatment with deep brain stimulation, dementia 
or any concomitant disease or condition compromising the cognitive state. Ten patients were not included in 
the final group of subjects due to a change in diagnosis (one subject with multiple system atrophy), missing 
neuropsychiatric data, severe vascular lesions, atrophy or any single time point of head motion >3 mm or 3° 
during the MRI scan, which yielded a final sample of 27 patients (12 women, age: 64.9 ± 7.9 years). All patients 
were right handed according to the Edinburgh Handedness Inventory. Patients were evaluated on their regular 
dopaminergic medication (“ON” condition) and their motor function and disease severity were assessed using 
the Unified Parkinson’s Disease Rating Scale motor examination (UPDRS-III)49 and the Hoehn and Yahr rating 
scale. In addition, a matched group of 41 healthy controls (22 women, age: 63.9 ± 8.1 years) was recruited. Twelve 
control subjects were not included in the final group of subjects due to the presence of moderate neuropsychiatric 
symptoms, severe vascular lesions or atrophy which yielded a final sample of 29 control subjects (14 women, age: 
63.3 ± 8 years). This study was approved by the Ethical Committee of the General University Hospital in Prague, 
Czech Republic. All participants provided written informed consent prior to inclusion in the study in compliance 
with the Declaration of Helsinki and all methods were performed in accordance with the relevant guidelines and 
regulations.

Clinical evaluation. All study subjects, PD patients and controls, underwent clinical evaluations by a neurol-
ogist and a neuropsychologist prior to inclusion in the study. Depression was measured using the Beck Depression 
Inventory, second edition (BDI-II)50. Anxiety was measured using the Spielberger State-Trait Anxiety Inventory 
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(STAI)51. Apathy was assessed on the Starkstein Apathy Scale (AS)52 as recommended in PD neuropsychiatric 
research53. Montreal Cognitive Assessment (MoCA)54 was administered followed by a neuropsychological battery 
to measure cognitive function in PD as recommended by Litvan et al.55,56 (level II- comprehensive assessment, 
see supplementary methods for the full list of tests used). In the comprehensive assessment two neurophysiolog-
ical tests were used for each of the following five domains: attention and working memory, executive function, 
language, short term memory and visuospatial function. The results of the neuropsychological evaluation as a 
function of cognitive domain are summarized in Supplementary Table S3. The score on each test was transformed 
into a z-score using the Rankit formula57. Patients who scored >1.5 standard deviations below the average z-score 
derived from the group of matched healthy controls were considered impaired on the test and a “PD-MCI” com-
posite score was computed by the linear sum of the number of deficits on the ten neurophysiological tests. The 
PD-MCI score was used in the regression analysis as a covariate to control for variance in cognitive impairment. 
The main demographic and clinical characteristics of the subjects are summarized in Table 1. Cognitive assess-
ment and completion of BDI-II and apathy scales were carried out during a preliminary visit approximately two 
weeks before the MRI scan. UPDRS-III and STAI were evaluated immediately before the MRI scan, to account for 
state symptoms and confirm the ON condition for PD patients.

MRI data acquisition. Magnetic resonance images were acquired with a 3T MR scanner (Magnetom Skyra, 
Siemens, Germany). Patients were evaluated on their regular dopaminergic medication. Each participant under-
went 10-minute resting-state functional MRI during which they were instructed to fixate on a visual crosshair, 
remain still and awake. Wakefulness was monitored during the whole scan using an MRI compatible camera. 
Functional images were acquired using T2

*-weighted gradient-echo echo-planar imaging (GE-EPI) sequence 
with TR = 2 sec, TE = 30 ms, image matrix = 64 × 64, field of view = 192 × 192 mm, flip angle = 90°, resolu-
tion = 3 × 3 × 3 mm, interslice gap = 0.45 mm. Each brain volume comprised 30 axial slices, and each functional 
run contained 300 image volumes. High resolution anatomical images were acquired using a sagittal T1-weighted 
MP-RAGE sequence with TR = 2.2 sec, TE = 2.43 ms, resolution = 1 × 1 × 1 mm; and a T2-weighted 2D sequence 
with TR = 3.2 sec, TE = 9 ms, resolution = 0.9 × 0.9 × 3 mm. T1-weighted images were acquired for coregistration 
and normalization of the functional images and T2-weighted images were acquired for diagnostic purpose to rule 
out significant atrophy or any other pathological brain changes.

Functional MRI data preprocessing and functional connectivity analysis. Standard initial pre-
processing of functional MRI data used Statistical Parametric Mapping (SPM8, Wellcome Trust Centre for 
Neuroimaging, London, United Kingdom, http://www.fil.ion.ucl.ac.uk/spm/software/spm8). First, functional 
images were spatially realigned, coregistered to high resolution T1 anatomical images, normalized to Montreal 
Neurological Institute space and resampled at an isotropic voxel size of 2 mm. The normalized images were 
smoothed with an isotropic 8 mm full-width-at-half-maximum Gaussian kernel. Functional MRI data were fur-
ther preprocessed using CONN toolbox58. The six motion parameters were removed by regression and despiking 
was applied. Furthermore, the aCompCor method59 was applied to regress out the first principal component of the 
CSF and white matter signals. This was done to minimize the effects of potential physiological and non-neuronal 
signals such as cardiac and respiratory signals, without the risk of artificially introducing anticorrelations into the 
functional connectivity estimates. Specifically, the principal components of the CSF and white matter were chosen 
and not their average signals, as the aCompCor was shown to remove motion artifacts more effectively along with 
preserving signals of interest better than other nuisance removal strategies60,61. In the next steps, linear detrending 
and band-pass filtering (0.01–0.1 Hz) were applied.

Region of interest (ROI)-ROI functional connectivity analysis was done using 84 cerebral Automated 
Anatomical Labeling (AAL)62 regions as ROIs. Primary visual and auditory regions were excluded from analysis; 
i.e. the bilateral cuneus, calcarine cortex and Heschl’s gyri, since they were hypothesized not to be involved in the 

Demographic and clinical variables PD patients, Mean ± SD (range) Healthy controls, Mean ± SD (range)

Age, years 64.9 ± 7.9 (46–82) 63.3 ± 8 (46–83)

Gender (male/female) 15/12 15/14

Education, years 13.5 ± 2.7 (8–18) 14.7 ± 3.5 (11–25)

Disease duration, years 11.1 ± 3.7 (4–18) —

H/Y stage ON medication 2 ± 0.5 (1–3) —

UPDRS-III ON medication 14.4 ± 7.1 (4–31) —

LEDD 1306.1 ± 616.7 (450–2371) —

BDI-II 10 ± 4.8 (2–21) 6.9 ± 5.2 (0–19)

STAI-X1 (state) 38.7 ± 9.4 (28–64) 32.7 ± 5.7 (20–47)

STAI-X2 (trait) 41.8 ± 8.9 (27–56) 35.1 ± 8.2 (22–55)

Starkstein apathy scale 10 ± 4.7 (0–19) 9.58 ± 4.4 (1–21)

MoCA 26 ± 2.2 (20–29) 26.6 ± 2.2 (22–30)

PD-MCI score 2 ± 2.1 (0–7) 0.14 ± 0.3 (0–1)

Table 1. Demographic and clinical characteristics of PD patients and healthy control subjects. Abbreviations: 
H/Y, Hoehn and Yahr; LEDD, Levodopa equivalent daily dose65; BDI-II, Beck Depression Inventory, second 
edition; STAI, Spielberger State-Trait Anxiety Inventory; MoCA, Montreal Cognitive Assessment.

http://S3
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neuropsychiatric symptoms. The primary sensorimotor and motor cortices were included in the analysis since 
they are implicated in the pathophysiology of PD and they were posited to show associations with neuropsychiat-
ric symptoms (for the same analysis when including all 90 AAL regions, see Supplementary Table S4. This analysis 
did not introduce any qualitative changes in the findings for any of the neuropsychiatric symptoms). Pearson’s 
correlations were computed between each pair of ROIs and Fisher’s transform was applied to the correlation val-
ues. BrainNet Viewer63 was used for visualization of the results.

Statistical analysis. A multiple linear regression model was tested in CONN to evaluate the unique 
ROI-ROI functional connections (Fisher’s transformed values) predicted by each neuropsychiatric symptom in 
PD patients while statistically controlling for the contribution of all other neuropsychiatric scales and the motor 
deficits. The following regression model was used:

= β + β ⋅ + β ⋅ + β ⋅ + β ⋅ + β ⋅ + εFC X X X X X (1)j j,0 j,1 1 j,2 2 j,3 3 j,4 4 j,5 5 j

where FCj is the vector of Fisher’s transformed values for functional connection ‘j’ between a pair of AAL regions 
across subjects, = …Xi 1, ,5 are the BDI-II, STAI-state, apathy, PD-MCI and UPDRS-III scores, βji′s are the regres-
sion coefficients for functional connection ‘j’ and εj is the error term. PD-MCI and UPDRS-III were included in 
the model as covariates of no interest, to account for variance in cognitive impairment and motor function, 
respectively, among PD patients. STAI-trait was not included in the regression model due to its high correlation 
with STAI-state (r = 0.778, P < 0.00001). A least-squares method was applied to fit the model to the data. One 
sample two-tailed t tests with a statistical threshold of P < 0.05, FDR corrected for multiple comparisons were 
used64.

Differences in whole-brain functional connectivity between PD patients and healthy controls were evaluated 
between the AAL ROIs using two sample two-tailed t tests with a statistical threshold of P < 0.05, FDR corrected 
for multiple comparisons. To further examine the basis of these between group differences, two different multiple 
regression models were tested:

= β + β ⋅ + β ⋅ + β ⋅ + β ⋅ + β ⋅ + εFC X X X X X (2)j j,0 j,1 group j,2 2 j,3 3 j,4 4 j,5 5 j

where FCj is the vector of Fisher’s transformed values for functional connection ‘j’, Xgroup is a categorical variable 
encoding the two groups of subjects, X , X , X , X2 3 4 5 are the BDI-II, anxiety, apathy and PD-MCI scores for both 
groups, βji′s are the regression coefficients for functional connection ‘j’ and εj is the error term. This model was 
chosen to examine whether the differences between PD patients and healthy controls can be explained by the 
neuropsychiatric symptoms. In addition, an alternative multiple regression model was tested:

= β + β ⋅ + β ⋅ + εFC X X (3)j j0 j1 group j2 2 j

where FCj is the vector of Fisher’s transformed values for functional connection ‘j’, Xgroup is a categorical variable 
encoding the two groups of subjects, X2 is a vector of the UPDRS-III scores, βji′s are the regression coefficients 
for functional connection ‘j’ and εj is the error term. This model was chosen to examine whether the differences 
between PD patients and healthy controls can be explained by the motor symptoms of PD patients.

Data availability. The datasets analyzed during the current study are available from the corresponding 
author on reasonable request.
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