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Abstract
Levodopa therapy is widely recognized as an effective treatment for PD patients, however, it is rare of the study looking at effects
of levodopa therapy on the whole-brain network. This study was to evaluate the effects of levodopa on whole-brain degree
centrality (DC) and seed-based functional connectivity (FC) in PD patients. We recruited 26 PD patients and acquired their
resting-state fMRI data before (‘OFF’ state) and after (‘ON’ state) taking a dose of 400 mg levodopa. Through constructing the
voxel-based brain functional network, we calculated distant and local DC and seed-based FC. We found that compared to the
healthy controls, the PD patients at ‘OFF’ state showed significantly decreased distant DC in several occipital regions and left
postcentral gyrus, but increased distant DC in the right precentral gyrus, supplementary motor area, and several frontal regions.
Meanwhile, we detected decreased local DC in the left cuneus and bilateral insula but increased local DC in several temporal
regions in the PD patients at ‘OFF’ state compared to the controls. Using paired-sample t-tests, we found that levodopa effectively
normalized the distant DC abnormalities in the PD patients particularly in the occipital regions and postcentral gyrus.
Additionally, compared to ‘OFF’ state, the PD patients at ‘ON’ state showed decreased FC of the left median cingulate gyrus
to brain regions in default mode network. The decreased FC of the left median cingulate gyrus to right temporal pole was
associated with improved UPDRS-III score. This study provided new evidence for understanding the neural effects of levodopa
therapy on the whole-brain network in PD patients.
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Highlights
1. The PDpatients at ‘OFF’state showed altered distant DCmainly in several
occipital, frontal and motor areas compared to the healthy controls.

2. Levodopa therapy can normalize the abnormal distant DC in the PD
patients in the occipital areas and left PoCG.

3. Levodopa therapy decreased FC of the left MCG to brain regions in
DMN in the PD patients. The decreased FC of the left MCG to right
TPOmid was associated with improved UPDRS-III score.
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Abbreviations
ALFF amplitude of low-frequency oscillations
ANG angular gyrus
CUN cuneus
DC degree centrality
DMN default mode network
FWHM Full-Width at Half Maximum
FC functional connectivity
H-Y Hoehn and Yahr stage
ICA independent component analysis
INS insula
IFGoperc opercular part of inferior frontal gyrus
IFGtriang triangular part of inferior frontal gyrus
IOG inferior occipital gyrus
LING lingual gyrus
MMSE Mini-Mental State Examination
MFG middle frontal gyrus
MTG middle temporal gyrus
MCG median cingulate gyrus
MOG middle occipital gyrus
MCI mild cognitive impairment
ORBinf orbital part of inferior frontal gyrus
PMC premotor cortex
PoCG postcentral gyrus
PreCG precentral gyrus
PHG parahippocampal gyrus
PCUN precuneus
ReHo regional homogeneity
ROI region of interest
SMA supplementary motor area
STG superior temporal gyrus
SFGmed medial superior frontal gyrus
SOG superior occipital gyrus
TPOmid temporal pole of middle temporal gyrus
THA thalamus
UPDRS
-III

Unified Parkinson’s Disease Rating Scale-motor

Symbol
‘OFF’
state

before levodopa therapy

‘ON’ state after levodopa therapy
DCi degree centrality for a given voxel i
dij connection or edge weight from voxel i to voxel j
DC mean degree across all voxels in the whole brain

degree centrality map
σDC standard deviation of degree centrality
zDC z-score of degree centrality
szDC smoothed z-score of degree centrality
zFC z-score of functional connectivity
ΔDC difference in degree centrality between ‘ON’ and

‘OFF’ state
ΔFC difference in functional connectivity between

‘ON’ and ‘OFF’ state

ΔUPDRS
-III

difference in UPDRS-III score between ‘ON’
and ‘OFF’ state

ΔMMSE difference in MMSE score between ‘ON’ and
‘OFF’ state

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative
disorder associated with motor symptoms such as tremor, slow-
ness of movement (bradykinesia), rigidity, difficulty in initiat-
ing movements (akinesia), gait disturbance and postural insta-
bility (Jankovic 2008; Braak et al. 2003). PD may also lead to
non-motor symptoms, such as cognitive impairments, affective
symptoms, and hallucination (Diederich et al. 2014; Dubbelink
et al. 2014; Cardoso et al. 2009). It has been widely recognized
that the neuropathology of PD is related to degeneration of
dopaminergic neurons loss in the pars compacta of the
substantia nigra which results in dopamine depletion in the
striatum (Forno 1981; Kish et al. 1988; Braak et al. 2006).
Previous functional Magnetic Resonance Imaging (fMRI) stud-
ies (Helmich et al. 2010; Kurani et al. 2014) demonstrated
abnormal functional connectivity (FC) in the cortico-
striatothalamic-cortical loop in PD patients. Other studies (Wu
and Hallett 2005; Wu et al. 2009a) showed altered brain func-
tional activity in intensive motor regions such as the supple-
mentary motor area (SMA), lateral premotor cortex (PMC),
cerebellum, and parietal cortex in PD patients, compared to
healthy controls. The result of these studies suggested that PD
patients present a wide range of brain functional impairments
outside of the striatal system. In addition, cognitive impair-
ments in PD has also been revealed, a previous study
(Dubbelink et al. 2014) showed a loss of global resting-state
FC in several brain regions in PD, such as the superior, middle,
and inferior occipital gyrus, calcarine cortex, cuneus (CUN),
and superior temporal gyrus (STG), and found that the de-
creased FCwas associatedwith cognitive decline across 3 years.
These studies (Wu and Hallett 2005; Dubbelink et al. 2014;Wu
et al. 2009a) suggest that whole-brain FC analysis is needed to
study the abnormalities of the functional network in PD.

To date, levodopa has become one of the most widely used
therapies for PD patients to temporarily increase dopamine
level in the striatum (Xie et al. 2015; Salat and Tolosa 2013)
and is highly effective in ameliorating disease symptoms in
PD patients (Stanley Fahn 1999; Group 2004). Wu et al.
(2011) found that levodopa therapy can relatively normalize
the hypoactivation of the SMA and decrease the
overactivation of the cerebellum, and improve the motor
functions in PD patients. Other studies (Esposito et al. 2013;
Kwak et al. 2010) indicated that levodopa therapy exerted
influences on cognitive functions in PD patients. Esposito et
al. (2013) found that levodopa can modulate FC in the striatal
cognitive network, and Kwak et al. (2010) revealed that
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decreased FC between striatal and the thalamus (THA) was
related to improved cognitive performance. Overall, these
studies (Wu et al. 2011; Esposito et al. 2013; Kwak et al.
2010) suggested that levodopa therapy could influence motor
as well as cognitive functions in PD patients. However, most
of the previous studies (Kelly et al. 2009; Bell et al. 2015; Wu
et al. 2009b) focused on the motor network or striatal circuits,
and the study to explore effects of levodopa therapy on the
whole-brain FC is rare. Therefore, it is necessary to carry out a
study to explore the levodopa-induced changes on the whole-
brain FC in PD patients.

Previous neuroimaging studies (Bell et al. 2015; Tessitore
et al. 2012b) explored the altered resting-state FC in PD pa-
tients using region of interest (ROI) based temporal correla-
tion analysis and independent component analysis (ICA) ap-
proaches. However, the ROI-based approach depends on the
selected region which is quite subjective, and the connectivity
patterns derived from the ICA approach depends on the input
number of components which is also quite subjective.
Recently, several studies (Bullmore and Sporns 2009;
Rubinov and Sporns 2010) used voxel-based degree centrality
(DC) to characterize FC in the whole-brain network and sug-
gested that DC is a very reliable metric among several nodal
network metrics (Buckner et al. 2009; Wang et al. 2011). DC
measures the number of functional connections between a
voxel and rest voxels of the entire brain (Hagmann et al.
2008; Takeuchi et al. 2015). It provides novel insights into
the patterns of FC of brain functional network (Tomasi and
Volkow 2010; Di Martino et al. 2013; Wang et al. 2014; Wang
et al. 2015). Furthermore, to describe interactions between
adjacent brain regions and interactions between distantly dis-
tributed brain regions in the whole brain, several studies
(Sepulcre et al. 2010; Achard et al. 2006; Liu et al. 2015;
Beucke et al. 2013) proposed distant and local DC, which is
defined by using anatomical distance as a cutoff. By now, it is
rare of the study to explore distant and local DC in PD patients
(Zhang et al. 2015). The aim of this study was to evaluate
levodopa-induced acute changes on the whole-brain DC and
seed-based FC in PD patients.

Materials and methods

Subject

Thirty-nine PD patients were recruited between April 2012
and February 2015 from Guangdong General Hospital in
Guangzhou. The patients were diagnosed by an experienced
neurologist according to clinical diagnostic criteria of the UK
Parkinson’s Disease Society Brain Bank (Gibb and Lees
1988). All PD patients were evaluated with the Unified
Parkinson’s Disease Rating Scale-motor (UPDRS-III) (Fahn
and Elton 1987), Mini-Mental State Examination (MMSE)

(Folstein et al. 1975), and the Hoehn and Yahr (H-Y) stage
(Hoehn and Yahr 1998). The exclusion criteria for the PD
patients were (1) acute cerebrovascular disease history in the
recent 3 months; (2) history of mental illness such as delirium,
depression, or anxiety disorders; (3) diagnosed with atypical
Parkinsonian disorders or secondary Parkinson syndrome; (4)
severe claustrophobia or contraindications to MRI (e.g., pace-
maker, metallic foreign bodies); (5) MRI findings of severe
cerebral atrophy; (6) MRI findings of severe impairments or
intracranial space-occupying lesions (such as tumors, para-
sites, or vascular malformations) or other brain lesions. We
also recruited 28 age- and gender-matched healthy subjects
as a control group. All healthy controls (HC) were assessed
with the MMSE. The exclusion criteria for the HC were (1)
abnormal neurological examination; (2) history of any psychi-
atric or neurological disease; (3) MRI finding of cerebral at-
rophy. We excluded 13 PD patients and 7 HC from the sample
pool due to the following reasons, 5 PD patients and 2 HC
were excluded because of excessive head motion (our criteria
were displacement < 2 mm in any plane and rotation < 2° in
any direction), 3 PD patients and 2 HCwere excluded because
of poor spatial normalization to the EPI template, 2 PD pa-
tients and 3 HCwere excluded due to severeMRI artifacts and
frontal lobe deformation, and 1 PD patient was excluded for
severe cerebral atrophy, 2 patients were excluded for tumor.
Thus, we obtained 26 PD patients (9 M / 17 F, aged 45–
79 years old, mean ± SD = 63.77 ± 8.89 years) and 21 HC
(7 M /14F, aged 50-81 years old, mean ± SD = 63.67 ±
10.32 years) for further analyses.

All subjects were right-handed according to the Edinburgh
Handedness Inventory (Oldfield 1971). Akinesia was the pre-
dominant symptom in PD patients, which was dominant on
the binary sides in 15 patients, on the right side in 6 patients
and on the left side in 5 patients. All PD patients had an
obvious delay in movement initiation and a mild tremor. The
demographic and clinical characteristics of both patients and
controls are shown in Table 1.

The protocol of this study was approved by the Institutional
Review Board of Guangdong General Hospital. Written in-
formed consents were obtained from all PD patients and HC
prior to the study.

Medication procedure

Each PD patient underwent two fMRI scans on two consecutive
days corresponding to before (‘OFF’ state) and after (‘ON’
state) levodopa therapy, respectively. The ‘OFF’ state was with-
drawal from treatment for more than 12 h (PD patients took the
levodopa before 7:00 pm the day before the testing day to avoid
disturbing for clinical therapy). The ‘ON’ state was defined as
60–90 min after the patient received a dose of 400 mg levodo-
pa, which is consistent with the expected time peaks of plasma
levodopa levels (Contin and Martinelli 2010).
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MRI data acquisition

AllMRI datawere acquired on a 3TGESigna Excite II HDMRI
scanner equipped with a standard 8-channel phased-array head
coil. Foam padding and earplugs were used to limit head move-
ment and to reduce scanner acoustic noise. The resting-state
fMRI data were obtained by using a single-shot gradient-echo
EPI sequence with the following parameters: repetition time
(TR) = 2000 ms, echo time (TE) = 30 ms, flip angle (FA) = 80°,
field of view (FOV) = 240 × 240 mm2, data matrix = 64 × 64,
slice thickness = 4 mm, interslice gap = 1 mm, voxel size =
3.75 × 3.75 × 4 mm3, 30 axial interleaved slices covering the
whole brain, and 186 volumes acquired in 6 min 12 sec.
During fMRI acquisition, subjects were instructed to keep their
eyes closed and tomove as little as possible, but not to fall asleep.
In addition, we also acquired high-resolution brain structural im-
ages by using a T1-weighted 3D rapid interference phase gradi-
ent echo flip recovery pulse sequence (FSPGRIR) for each sub-
ject. The sequence parameters were as follows: TR= 7.58 ms,
TE = 3.31 ms, FA= 13°, FOV= 240 × 240 mm2, data matrix =
256 × 256, slice thickness = 1 mm, voxel size = 0.94 × 0.94 ×
1 mm3, and 146 sagittal slices covering the whole brain. The
high-resolution brain structural images were used to check for
brain structural anomalies, such as atrophies, cysts, and tumors.

Preprocessing of fMRI data

All images were preprocessed by using SPM8 (http://www.fil.
ion.ucl.ac.uk/spm) and DPARSF (Yan and Zang 2010). For
each subject, the first 5 volumes of functional data were

discarded for the signal equilibrium and adaptation to scan-
ning noise. Then the remaining functional images were proc-
essed using the following steps: corrected for the acquisition
time delay between slices in the same TR, realigned to the first
volume to correct for inter-TR head motions, spatial normal-
ization to the standard Montreal Neurological Institute (MNI)
EPI template in SPM8 and resample to 3 × 3× 3 mm3,
detrending and bandpass filtering within 0.01–0.08 Hz to re-
duce the effect of low-frequency drift and high-frequency
physiological noise. The realignment calculation provided a
record of head motions. All subjects in this study satisfied our
criteria for head motions, displacement < 2 mm in any plane
and angular rotation < 2° in any direction. Finally, we
regressed out nuisance variables, including head motion pro-
files derived from the Friston 24-parameter model, signals of
the brain white matter and cerebrospinal fluid in each voxel in
the whole brain. In this study, we did not perform spatial
smoothing in the data preprocessing as it may introduce arti-
ficial local correlations between voxels which are unrelated to
the real connectivity (Zuo et al. 2012).

Voxel-based degree centrality (DC)

DC is a measure of the brain network indexing the sum of
weights from edges between a given node and the rest nodes
of the entire brain. To calculate voxel-based DC, we first con-
structed a voxel-based whole-brain functional network for
each subject. In the calculation, we restricted the voxel-based
DC analysis in a predefined gray matter (GM) mask (GM
tissue probability > 20%) (Zuo et al. 2012) to exclude artificial

Table 1 Demographic and
clinical characteristics of the
patients with Parkinson’s disease
(PD) and the healthy controls
(HC) in this study

Parameter PD (n = 26) HC (n = 21) p-value
Mean ± SD Mean ± SD

Age (years old) 63.77 ± 8.89 63.67 ± 10.32 0.97a

Gender (male/female) 9 / 17 7 / 14 0.93c

Education (years) 7.42 ± 4.50 9.62 ± 3.15 0.07a

Disease duration (years) 3.47 ± 2.40

Symptom-dominant side (bilateral / right / left) 15 / 6 / 5

H & Y stage (‘OFF’ state) 2.02 ± 0.62

UPDRS-III

‘OFF’ state 35.08 ± 13.86 0.00b

‘ON’ state 26.87 ± 10.52

MMSE

‘OFF’ state 26.50 ± 2.53 (n = 14) 29 ± 1.10 (n = 26) 0.00a

‘ON’ state 26.21 ± 2.81 (n = 14) 0.39b

Levodopa dose (mg/day) 400

UPDRS-III, Unified Parkinson’s Disease Rating Scale-motor; H & Y, Hoehn and Yahr stage; MMSE, Mini-
Mental State Examination
a The P-value was obtained by independent-sample t-test
b The P-value was obtained by paired-sample t-test
c The P-value was obtained by chi-square test

Brain Imaging and Behavior (2019) 13:1202–1219 1205

http://www.fil.ion.ucl.ac.uk/
http://www.fil.ion.ucl.ac.uk/


correlations from non-GM voxels. Then we took each voxel in
the GM mask as a node, estimated Pearson’s correlation be-
tween the time series of any two voxels across the whole brain,
and selected each significant inter-nodal Pearson’s correlation
as functional connection to define the edge weight (Buckner et
al. 2009; Di Martino et al. 2013). Thus, we obtained a weight-
ed voxel-based functional network for each subject by using
inter-nodal correlation rij = 0.3 as the threshold, which was set
to eliminate weak correlations possibly arising from noise (Liu
et al. 2015; Wang et al. 2014). In the calculation, we excluded
negative correlations as their ambiguous interpretation (Wang
et al. 2011; Murphy et al. 2009; Weissenbacher et al. 2009).
Finally, we estimatedDC value for each voxel according to the
following equation (Zuo et al. 2012)

DCi ¼ ∑
N

j¼1
dij i≠ jð Þ ð1Þ

where DCi is DC for a given voxel i, dij represents a connec-
tion or edge weight from voxel i to voxel j, and N is a number
of voxels in the GM mask. We obtained a whole-brain DC
map for each subject. A voxel has a high DC value if it has
more direct connections to other voxels.

The local and distant DC map for each subject were also
calculated to describe interactions between adjacent brain re-
gions and interactions between distantly distributed brain re-
gions, respectively, in the whole brain. For a selected voxel,
we calculated its local DC value by considering voxels inside
a sphere (radius = 12 mm) around the selected voxel, while its
distant DC value by counting voxels outside the 12-mm
sphere (Sepulcre et al. 2010; Beucke et al. 2013). In this
way, we obtained the local and distant DC map for each sub-
ject. In order to improve normality, we transformed DC indi-
ces to z-score (Di Martino et al. 2013; Zuo et al. 2012) accord-
ing to the following equation

zDCi ¼ DCi‐DC
σDC

i ¼ 1……Nð Þ ð2Þ

where DC represents the mean degree across all the voxels in
the whole-brain DCmap and σDC is the standard deviation of
the map. We then smoothed the local and distant DC map,
zDClocal and zDCdistant, for each subject by using a Gaussian
kernel with Full-Width at Half Maximum (FWHM) of 4-mm,
obtained the smoothed z-score of local and distant DC map,
szDClocal and szDCdistant, which were used as inputs for further
group-level analyses.

Seed-based FC

To trace the locations to which the altered brain clusters were
linked, we performed seed-based connectivity analysis. First,
we determined brain clusters with significant differences in

distant and local DC in the PD patients between ‘ON’ and
‘OFF’ state. Second, for each patient, we computed the differ-
ence in clinical variables in UPDRS-III and MMSE score
between ‘ON’ and ‘OFF’ state in the PD patients
(ΔUPDRS-III and ΔMMSE). We also calculated the differ-
ence in distant and local DC between ‘ON’ and ‘OFF’ state for
each identified cluster (ΔDCdistant and ΔDClocal). In the cal-
culation, the mean DC value across all voxels in each identi-
fied cluster was used. We further performed correlation anal-
yses ofΔDCdistant againstΔUPDRS-III andΔMMSE as well
asΔDClocal againstΔUPDRS-III andΔMMSE. Age, gender,
and education were considered as confounding factors. The
clusters in which theΔDCdistant orΔDClocal were significant-
ly correlated withΔUPDRS-III orΔMMSE were selected as
the seed clusters. Third, for each seed cluster, we extracted its
time series by averaging the signal time series of all voxels in
the given seed cluster, and calculated its Pearson’s correlation
coefficients with each voxel in the rest of brain, and trans-
formed the correlation coefficients to z-score. Thus, the
seed-based zFC map was obtained for each subject, which
was smoothed using a Gaussian kernel with Full-Width at
Half Maximum (FWHM) of 4-mm. The smoothed zFC maps
were used as inputs for further statistical analyses.

Statistical analysis

Distant and local DC

Independent-sample t-tests were used to determine statistical
differences in distant and local DC maps between the PD
patients and the HC. In the calculation, we regressed out
the effects of age, gender, education, and head motion.
Meanwhile, paired-sample t-tests were used to compare sta-
tistical differences in distant and local DC maps in the PD
patients between ‘ON’ and ‘OFF’ state. We used cluster-
extent thresholding at an uncorrected voxel-wise p < 0.001
and a minimum cluster size computed by Monte Carlo sim-
ulations (Ledberg et al. 1998), which was implemented with
AlphaSim utility (Yan et al. 2016), to maintain a corrected
alpha threshold at the cluster level of 0.05. Once a signifi-
cant difference was observed for the distant and local DC
between groups, we estimated the effect size (Cohen d) ac-
cording to Cohen’s definition (Cohen 1992). Levels of
small, medium and large effect size corresponding to 0.2,
0.5, and 0.8, respectively.

Additionally, we determined brain clusters show a signifi-
cant difference in either distant or local DC between the PD
patients at ‘OFF’ state and the HC. To explore if the distant or
local DC correlates with the disease severity in the PD pa-
tients, we performed partial correlation analyses of the DC
value against the clinical variables (duration, H-Y stage,
UPDRS-III score, and MMSE score) in the PD patients at
‘OFF’ state. In the calculation, we used the mean DC value
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across all voxels in each identified cluster and regressed out
the effects of age, gender and education.

Seed-based FC

Paired-sample t-tests were used to compare differences in
seed-based FC maps between ‘ON’ and ‘OFF’ state in the
PD patients. We used cluster-extent thresholding at an uncor-
rected voxel-wise p < 0.001 and a minimum cluster size com-
puted by Monte Carlo simulations (Ledberg et al. 1998),
which was implemented with AlphaSim utility (Yan et al.
2016), to maintain a corrected alpha threshold at the cluster
level of 0.05.

For each PD patient, we calculated the difference in FC
between ‘ON’ and ‘OFF’ state for each identified brain cluster
(ΔFC). Then, we performed correlation analyses between
ΔFC and ΔUPDRS-III as well as between ΔFC and
ΔMMSE. In the calculation, we used the mean FC value
across all voxels in each identified cluster and regressed out
the effects of age, gender and education.

Robustness

Inter-nodal correlation threshold When computing voxel-
based DC above, we selected a threshold of the correlation
coefficient (rij = 0.3) to eliminate weak correlations possibly
arising from noise (Wang et al. 2014; Liu et al. 2015). To
check if our main results depended on the choices of the
threshold of inter-nodal correlation, we recomputed voxel-
based distant and local DC in the same GMmask by selecting
two different thresholds of inter-nodal correlation, rij = 0.2 and
0.4, and repeated the network analysis.

Global signal regressionWe reanalyzed the resting-state fMRI
data by regressing out the global signal (GS) to examine the
robustness of our main results. Recent studies suggested that
the GS is related with the oscillatory neuronal signal and may
be biologically meaningful (Schölvinck et al. 2010) and the
removal of the GS can dramatically shift the resting-state cor-
relation patterns (Saad et al. 2012). We also noticed that sev-
eral studies suggested that the GS is associated with physio-
logical noise (Birn et al. 2006; Chang and Glover 2009) and
should be removed (Fox et al. 2009). In fact, regressing out the
GS or not in analyzing resting-state fMRI data is still in dis-
pute (Anderson et al. 2011).

Network type In the constructing of the voxel-based whole-
brain functional network, we obtained a weighted voxel-based
functional network for each subject. To verify if our main
results were robust in terms of network type, we recalculated
distant and local DC by using the binary network (Wu et al.
2015). For a binary network, the DC of a node is calculated as
the number of edges connecting to the node.

Results

Demographic and clinical characteristics

Table 1 lists demographic and clinical information for both the
PD patients and the HC. No significant difference was found
in age, gender and years of education between the PD patients
and the HC, while a significant difference was found in
MMSE score between the PD patients at ‘OFF’ state and the
HC (p < 0.05). Paired-sample t-test showed a significant dif-
ference in UPDRS-III score in the PD patients between ‘ON’
and ‘OFF’ state (p < 0.05).

Abnormal distant and local DC in the PD patients
at ‘OFF’ state

Figure 1 shows 9 clusters with significantly altered distant DC
between the patients at ‘OFF’ state and the HC. Compared to
the HC, the PD patients at ‘OFF’ state had significantly de-
creased distant DC in 5 clusters, the right inferior occipital
gyrus (IOG), left middle occipital gyrus (MOG), left cuneus
(CUN), left lingual gyrus (LING) and left postcentral gyrus
(PoCG), but significantly increased distant DC in 4 clusters,
the left medial superior frontal gyrus (SFGmed), right trian-
gular part of inferior frontal gyrus (IFGtriang), right precentral
gyrus (PreCG) and right supplementary motor area (SMA).
The size and the locations of these clusters are listed in
Table 2.

Figure 2 shows 7 clusters with significantly altered local
DC in the patients at ‘OFF’ state compared to the HC. Four
clusters with significantly decreased local DC are located in
the left CUN, bilateral insula (INS) and right middle temporal
gyrus (MTG). Three clusters with significantly increased local
DC are located in the right parahippocampal gyrus (PHG), left
MTG and left superior temporal gyrus (STG). The size and the
locations of these clusters are listed in Table 3.

The relationship between brain network parameters
and clinical variables

No significant correlation was found between the clinical var-
iables (duration, H-Y stage, UPDRS-III score, and MMSE
score) and distant DC or local DC of any of the altered clusters
in the PD patients.

Effects of levodopa therapy on distant and local DC
in the PD patients

Figure 3a shows the effects of levodopa therapy on distant DC
in the PD patients. We detected 6 clusters with significantly
altered distant DC between ‘ON’ and ‘OFF’ state in the PD
patients. Compared to ‘OFF’ state, the patients at ‘ON’ state
had significantly increased distant DC in the right IOG, right
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LING, left superior occipital gyrus (SOG) and left PoCG, but
significantly decreased local DC in the right INS and left
median cingulate gyrus (MCG). The size and the locations
of these clusters are listed in Table 2.

Figure 4 shows the effects of levodopa therapy on local DC
in the PD patients. We detected 9 clusters with significantly
altered local DC between ‘ON’ and ‘OFF’ state in the PD
patients. Compared to ‘OFF’ state, the patients at ‘ON’ state
had significantly increased local DC in 3 clusters, the left
cerebellum (lobule VII B), right PoCG and right STG, but
significantly decreased local DC in 6 clusters, the right

opercular part of inferior frontal gyrus (IFGoperc), left orbital
part of inferior frontal gyrus (ORBinf), right angular gyrus
(ANG), right SMA and bilateral middle frontal gyri (MFG).
The size and the locations of these clusters are reported in
Table 3.

Effects of levodopa therapy on seed-based FC
in the PD patients

Figure 3b shows a significant positive correlation between
ΔUPDRS-III and ΔDCdistant in the left MCG (r = 0.487,

Fig. 1 Comparison of distant degree centrality (DC) between the PD
patients at ‘OFF’ state and the healthy controls (HC). Clusters with a
significant group difference in distant DC were detected at the threshold
of voxel-wise p < 0.001 and cluster level p < 0.05 (Monte Carlo
simulations). Warm (cold) color indicates significantly increased
(decreased) distant DC in the PD patients at ‘OFF’ state compared to
the HC. The bar plots show distant DC values for these clusters. The

bar height indicates the mean value and the error bar indicates the
standard deviation for a given group. **, p < 0.01; ***, p < 0.001.
PreCG, precentral gyrus; PoCG, postcentral gyrus; MOG, middle
occipital gyrus; IOG, inferior occipital gyrus; CUN, cuneus; SFGmed,
medial superior frontal gyrus; LING, lingual gyrus; SMA, supplementary
motor area; IFGtriang, triangular part of inferior frontal gyrus; L (R), left
(right) hemisphere
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p = 0.018) in the PD patients. No significant correlation was
found between ΔMMSE or ΔUPDRS-III and ΔDClocal of
any of the altered clusters in the PD patients.

Figure 5a shows significantly altered FC between ‘ON’ and
‘OFF’ state in the PD patients. We found that the left MCG
was significantly connected to 8 clusters in the PD patients at
‘ON’ state compared to ‘OFF’ state, the left IFGtriang, left
cerebellum (crus I), left SFG, left PoCG, left MTG, right tem-
poral pole of middle temporal gyrus (TPOmid), right ANG
and right precuneus (PCUN). All these 8 connections were
significantly decreased in the PD patients at ‘ON’ state com-
pared to ‘OFF’ state. The size and the locations of these clus-
ters are reported in Table 4. Figure 5b shows a significant
positive correlation between ΔUPDRS-III and ΔFC of the
left MCG to right TPOmid (r = 0.577, p = 0.004) in the PD
patients.

Robustness

Our main results were largely preserved after selecting differ-
ent correlat ion thresholds and a binary network
(Supplementary Materials Fig. S1 and S2). In contrast to the

main results without GSR (global signal regression), the re-
sults with GSR showed that the pattern of local DC was not
influenced, but the pattern of distant DC was changed a lot.
With GSR, we observed that the PD patients at ‘OFF’ state
had significantly altered distant DC in several brain regions
(cerebellum, bilateral PreCG, and temporal regions) compared
to the HC, and levodopa therapy changed distant DC in the
right ORBinf and vermis in the PD patients. From these re-
sults, we infer that performing GSR in the preprocessing may
bias the pattern of distant DC, although it exerted a negligible
effect on the local DC.

Discussion

In this study, we constructed the voxel-based whole-brain
functional network, estimated the distant and local DC, and
analyzed the effects of levodopa therapy on distant and local
DC as well as seed-based FC in the PD patients. We reached
the following results: (a) Compared to the HC, the PD patients
at ‘OFF’ state showed significantly decreased distant DC in
several occipital regions and left PoCG, but increased distant

Table 2 Brain clusters showing
significantly altered distant
degree centrality (DC) in the PD
patients compared to the healthy
controls (HC)

Region Cluster size
(voxels)

MNI coordinate
(x, y, z)

t-value Cohen d

PD (‘OFF’ state) vs. HC

L medial superior frontal gyrus 95 −6 35 60 4.27 1.13

R triangular part of inferior frontal gyrus 233 51 30 6 3.87 1.35

R precentral gyrus 93 45 3 36 3.32 1.17

R supplementary motor area 81 6 0 74 2.89 0.83

R inferior occipital gyrus 204 36 −78 −15 −3.63 1.22

L postcentral gyrus 87 −57 −9 48 −3.71 1.24

L middle occipital gyrus 96 −48 −75 6 −3.88 1.21

L cuneus 291 −9 −81 27 −4.37 1.06

L lingual gyrus 318 −6 −72 3 −4.77 1.44

PD (‘ON’ state) vs. HC

R orbital part of superior frontal gyrus 354 30 60 −3 4.32 1.41

L supplementary motor area 94 −6 −11 75 4.04 0.92

L orbital part of inferior frontal gyrus 85 −48 45 −9 3.42 0.88

L superior temporal gyrus 122 −42 −12 −2 −3.97 1.35

PD (‘ON’ state) vs. PD (‘OFF’ state)

R inferior occipital gyrus 113 42 −78 −3 4.20 0.97

R lingual gyrus 131 6 −75 −3 3.98 0.92

L superior occipital gyrus 327 −24 −78 36 3.76 0.98

L postcentral gyrus 113 −51 −27 54 3.42 0.71

R insula 129 42 12 3 −4.16 0.82

L median cingulate gyrus 530 −12 21 36 −5.25 1.09

The coordinates correspond to the peak voxel location of t-value map in the MNI space. The t-value indicates a
significant level of between- and within- group difference in distant DC. Positive (negative) t-value means
significantly increased (decreased) distant DC in the PD patients compared to the healthy controls or in the PD
patients at ‘ON’ state compared to ‘OFF’ state. L (R), left (right) hemisphere
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DC in frontal area and several motor regions, including the
right PreCG and right SMA. Meanwhile, we detected de-
creased local DC in the left CUN and bilateral INS but in-
creased local DC in several temporal regions in the PD patients
at ‘OFF’ state compared to the HC. (b) Levodopa therapy
is capable of reversing the DC abnormality in the PD patients

at ‘OFF’ state. Levodopa increased distant DC in the occipital
regions and PoCG in the PD patients at ‘ON state compared to
‘OFF’ state. (c) Compared to ‘OFF’ state, the PD patients at
‘ON’ state showed decreased FC of the left MCG to brain
regions in DMN, including the precuneus, angular gyrus, tem-
poral and frontal regions. The decreased FC of the left MCG to

Fig. 2 Comparison of local degree centrality (DC) between the PD
patients at ‘OFF’ state and the healthy controls (HC). Clusters with a
significant group difference in local DC were detected at the threshold
of voxel-wise p < 0.001 and cluster level p < 0.05 (Monte Carlo
simulations). Warm (cold) color indicates significantly increased
(decreased) local DC in the PD patients at ‘OFF’ state compared to the

HC. The bar plots show local DC values for these clusters. The bar height
indicates the mean value and the error bar indicates the standard deviation
for a given group. **, p < 0.01; ***, p < 0.001. STG, superior temporal
gyrus; INS, insula; MTG, middle temporal gyrus; CUN, cuneus; PHG,
parahippocampal gyrus; L (R), left (right) hemisphere
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right TPOmid was correlated with improved UPDRS-III score
in the PD patients at ‘ON’ state relative to ‘OFF’ state. These
findings reflect the neural effects of levodopa therapy on
the voxel-based whole-brain network in PD patients.

Abnormal distant DC in the PD patients at ‘OFF’ state

In this study, we found abnormal distant DC in motor areas,
including increased distant DC in the right supplementary
motor area (SMA) and precentral gyrus (PreCG), while de-
creased in the left postcentral gyrus (PoCG) in the PD patients
at ‘OFF’ state compared to the HC (Fig. 1, Table 2). The SMA
plays a role in movement selection, preparation, and initiation
(Tanji and Hoshi 2001; Jenkins et al. 2000; Roland et al.
1980). The PreCG is suggested involving in hand action, fin-
ger movements or object grasping (Buccino et al. 2004), and
PoCG is involved in sensory feedback during the motor plan-
ning and execution (Chéron et al. 2000). Our observations are
in line with several previous studies (Kwak et al. 2012; Fang

et al. 2017; Tuovinen et al. 2018). Kwak et al. (2012) analyzed
amplitude of low-frequency fluctuations (ALFF) in the whole
brain and found increased FC in SMA and PreCG in PD
patients at ‘OFF’ state compared to healthy controls. Using
graph theory, several studies (Fang et al. 2017; Tuovinen et al.
2018) showed decreased nodal degree centrality in PoCG in
PD patients at ‘OFF’ state compared to controls. We also no-
ticed different results from other studies (Hou et al. 2014; Wu
et al. 2009a). Wu et al. (2009a) found decreased regional ho-
mogeneity (ReHo) in the SMA, and Hou et al. (2014) detected
weakened ALFF in both the left PreCG and pre-SMA either in
slow-4 (0.027–0.073 Hz) or slow-5 (0.01–0.027 Hz) frequen-
cy bands in PD patients at ‘OFF’ state compared to controls.
The discrepancy may due to different patient samples or dif-
ferent methods. We assume that the alterations in the motor
regions in this study may indicate sensory and motor function-
al abnormalities in PD patients.

We found decreased distant DC in several occipital regions,
including the left lingual gyrus (LING) and left cuneus

Table 3 Brain clusters showing
significantly altered local degree
centrality (DC) in the PD patients
compared to the healthy controls
(HC)

Region Cluster size
(voxels)

MNI coordinate
(x, y, z)

t-value Cohen d

PD (‘OFF’ state) vs. HC

R parahippocampal gyrus 172 21 −9 −30 3.92 1.19

L middle temporal gyrus 100 −66 −9 −21 3.61 1.24

L superior temporal gyrus 84 −63 −21 14 3.59 0.85

R middle temporal gyrus 150 54 −57 3 −3.18 1.12

L insula 104 −39 −18 3 −3.18 0.97

R insula 76 44 −12 4 −3.42 0.97

L cuneus 92 0 −78 36 −3.60 1.06

PD (‘ON’ state) vs. HC

L inferior temporal gyrus 211 −54 −15 −24 4.52 1.67

R median cingulate gyrus 105 1 −30 33 4.32 1.15

L cerebellum (lobule VII B) 90 −38 −70 −54 4.07 0.97

R inferior temporal gyrus 92 48 −12 −36 3.26 1.13

L insula 109 −33 −21 15 −3.11 1.06

L median cingulate gyrus 75 −6 15 33 −3.19 1.09

PD (‘ON’ state) vs. PD (‘OFF’ state)

L cerebellum (lobule VII B) 98 −39 −70 −53 3.72 0.70

R postcentral gyrus 78 26 −27 56 3.39 0.56

R superior temporal gyrus 88 45 −21 3 3.23 0.93

R opercular part of inferior frontal gyrus 102 60 9 12 −3.29 0.76

R middle frontal gyrus 111 36 21 51 −3.53 0.75

L orbital part of inferior frontal gyrus 139 −24 51 −9 −3.71 0.87

R angular gyrus 107 54 −48 30 −4.32 0.77

L middle frontal gyrus 234 −36 42 27 −4.34 1.12

R supplementary motor area 376 6 12 48 −4.54 1.00

The coordinates correspond to the peak voxel location of t-value map in the MNI space. The t-value indicates a
significant level of between- and within-group difference in local DC. Positive (negative) t-value means signif-
icantly increased (decreased) local DC in the PD patients compared to the healthy controls or in the PD patients at
‘ON’ state compared to ‘OFF’ state. L (R), left (right) hemisphere
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(CUN), in the PD patients at ‘OFF’ state compared to the HC
(Fig. 1, Table 2). This result is consistent with previous studies
(Luo et al. 2015; Zhang et al. 2013). Zhang et al. (2013)
acquired resting-state fMRI data of PD patients following
overnight withdrawal from levodopa medication and healthy
controls, performed analysis of ALFF in two different fre-
quency bands, and showed that the PD patients had lower
ALFF value in several occipital regions in the slow-4 band
(0.027–0.073 Hz) compared to the controls. Similarly, Luo et
al. (2015) analyzed ALFF and seed-based FC and showed that
PD patients at ‘OFF’ state had decreased functional activity in

the left occipital and lingual regions. It has been suggested that
abnormal functional activity in occipital regions is related to
cognitive dysfunction, particularly visual dysfunction in PD
patients (Young et al. 2010; Meppelink et al. 2009), mean-
while, the impaired visual cognition has been reported in PD
patients frommild to moderate stage (Uc et al. 2005), thus, our
observation of changed distant DC in several occipital regions
may be associated with cognitive deficits, especially, the ab-
normal processing of visual information in PD patients.

We also observed increased distant DC in frontal regions,
including the left medial superior frontal gyrus (SFGmed) and

Fig. 3 Effects of levodopa therapy on distant degree centrality (DC) in
the PD patients. a Clusters with a significant difference in distant DC in
the PD patients at ‘ON’ state compared to ‘OFF’ state (voxel-wise p <
0.001, cluster level p < 0.05, Monte Carlo simulations). Warm (cold)
color indicates significantly increased (decreased) distant DC in the PD
patients at ‘ON’ state compared to ‘OFF’ state. The bar plots show distant
DC values for these clusters. The bar height indicates the mean value and

the error bar indicates the standard deviation for a given group. b Scatter
plot showing the correlation between clinical difference and difference in
distant DC. The plot shows a significant positive correlation between
ΔUPDRS-III and ΔDCdistant in the left MCG in the PD patients. **, p
< 0.01; ***, p < 0.001. PoCG, postcentral gyrus; SOG, superior occipital
gyrus; MCG, median cingulate gyrus; IOG, inferior occipital gyrus; INS,
insula; LING, lingual gyrus; L (R), left (right) hemisphere
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right triangular part of inferior frontal gyrus (IFGtriang) in the
PD patients at ‘OFF’ state compared to the HC (Fig. 1, Table
2). This result is in line with the study of Kwak et al. (2012),
they compared ALFF between healthy controls and PD pa-
tients and found increased ALFF in the frontal regions in the
PD patients at ‘OFF’ state compared to the controls. In

contrast, other structural imaging studies (Zarei et al. 2013;
Melzer et al. 2012; Jubault et al. 2011) found that there is a
gradually gray matter (GM) loss in frontal and other brain
regions from mild to severe stage in PD patients, and
resting-state fMRI studies, using the measurement of ReHo
(Wu et al. 2009a), ALFF (Skidmore et al. 2013) and graph

Fig. 4 Effects of levodopa therapy on local degree centrality (DC) in the
PD patients. Clusters with a significant difference in local DC in the PD
patients at ‘ON’ state compared to ‘OFF’ state were determined at the
threshold of voxel-wise p < 0.001 and cluster level p < 0.05 (Monte Carlo
simulations). Warm (cold) color indicates significantly increased
(decreased) local DC in the PD patients at ‘ON’ state compared to
‘OFF’ state. The bar plots show local DC values for these clusters. The

bar height indicates the mean value and the error bar indicates the stan-
dard deviation for a given group. **, p < 0.01; ***, p < 0.001. MFG,
middle frontal gyrus; ORBinf, orbital part of inferior frontal gyrus;
CER, cerebellum (lobule VII B); PoCG, postcentral gyrus; ANG, angular
gyrus; STG, superior temporal gyrus; IFGoperc, opercular part of inferior
frontal gyrus; SMA, supplementary motor area; L (R), left (right)
hemisphere
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Fig. 5 Effects of levodopa therapy on seed-based functional connectivity
(FC) in the PD patients. a Clusters with a significant difference in FC in
the PD patients at ‘ON’ state compared to ‘OFF’ state (voxel-wise p <
0.001, cluster level p < 0.05, Monte Carlo simulations). Warm (cold)
color indicates significantly increased (decreased) FC in the PD patients
at ‘ON’ state compared to ‘OFF’ state. The bar plot shows FC values for
these clusters. The bar height indicates the mean value and the error bar
indicates the standard deviation in a given group. ***, p < 0.001. b Scatter

plot showing the correlation between clinical difference and difference in
FC. The plot shows a significant positive correlation betweenΔUPDRS-
III and ΔFC of the left MCG to right TPOmid in the PD patients. SFG,
superior frontal gyrus; PoCG, postcentral gyrus; MTG, middle temporal
gyrus; IFGtriang, triangular part of inferior frontal gyrus; ANG, angular
gyrus; TPOmid, temporal pole of middle temporal gyrus; PCUN,
precuneus; CERcr, cerebellum (crus I); MCG, median cingulate gyrus;
L (R), left (right) hemisphere

Table 4 Brain clusters showing significantly altered functional connectivity (FC) in the PD patients at ‘ON’ state compared to ‘OFF’ state

Seed region Location Cluster size
(voxels)

MNI coordinate
(x, y, z)

t-value

L median cingulate gyrus L triangular part of inferior frontal gyrus 366 −45 21 9 −4.26
R temporal pole of middle temporal gyrus 511 30 18 −36 −4.35
L cerebellum (crus I) 153 −54 −51 −30 −4.50
L superior frontal gyrus 370 −19 36 30 −4.55
L postcentral gyrus 1132 −48 −12 27 −4.82
L middle temporal gyrus 438 −51 −60 0 −5.41
R angular gyrus 2773 45 −54 24 −6.44
R precuneus 3862 12 −60 51 −7.93

The coordinates correspond to the peak voxel location of t-value map in the MNI space. The t-value indicates a significant level of within-group
difference in FC. Positive (negative) t-valuemeans significantly increased (decreased) FC in the PD patients at ‘ON’ state compared to ‘OFF’ state. L (R),
left (right) hemisphere
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theory based analysis (Pereira et al. 2015), consistently
showed decreased FC in frontal regions in PD patients at
‘OFF’ state, compared to controls.

Abnormal local DC in the PD patients at ‘OFF’ state

The current study observed increased local DC in temporal
brain regions in the PD patients at ‘OFF’ state compared to the
HC (Fig. 2, Table 3). Increased ALFF power in the slow-5
frequency band has been observed in temporal regions previ-
ously, including the left superior and inferior temporal gyrus,
in PD patients at ‘OFF’ state relative to controls (Zhang et al.
2013). However, we also noticed different results from other
resting-state fMRI studies (Dubbelink et al. 2013, 2014).
Dubbelink et al. (2013) used magnetoencephalography and
characterized whole-brain functional network with graph-
theory based analysis, and found a reduction in nodal efficien-
cy in temporal regions in PD patients. In their study, during
brain imaging acquisition, patients were at the ‘ON’ medica-
tion state, therefore, the decreased functional activity in tem-
poral regions in the PD patients was likely to be influenced by
levodopa medication. Given pathogenesis of visual hallucina-
tions in PD patients is related to the higher Lewy body in the
temporal lobe (Kempster et al. 2010; Harding et al. 2002;
Gallagher et al. 2011), we assume that the increased local
DC in temporal brain regions detected here may be related
to disruption in visual perception in PD patients.

We found decreased local DC in the bilateral insula (INS) in
the PD patients at ‘OFF’ state compared to the HC (Fig. 2,
Table 3). INS is acted as a central hub for processing informa-
tion related to cognitive and mood states (Christopher et al.
2014a). Several previous studies also observed structural and
functional abnormalities in the INS in PD patients. Shine et al.
(2014) acquired MRI data from 22 PD patients while
performing a task related to hallucinations identity, and found
that the PD patients with impaired performance on the task had
significantly decreased GM density in the bilateral INS.
Christopher et al. (2014b) used positron emission tomography
(PET) to study cortical D2 receptor availability among PD-
MCI (PD patients withmild cognitive impairment), PD patients
with normal cognitive function and controls, while the PD pa-
tients underwent overnight withdrawal from levodopa medica-
tion before PET scans, they found decreased dopaminergic D2
receptors in the INS in PD-MCI compared to other groups.

Effects of levodopa therapy on distant DC in the PD
patients

We found that levodopa therapy increased the abnormally
decreased distant DC in the left PoCG in the PD patients at
‘ON’ state, compared to ‘OFF’ state (Fig. 3a, Table 2).
Levodopa-induced functional activity increase in PoCG has
been reported before, in the study of Chen et al. (2015), the

technique of arterial spin labeling (ASL) was used to measure
cerebral blood flow (CBF) in PD patients, they found that
levodopa increased CBF in motor network, including bilateral
PoCG in the PD patients at ‘ON’ state compared to ‘OFF’
state. Gao et al. (2017) chose globus pallidus (GPi) as a region
of interest (ROI) and revealed increased FC between GPi and
left PoCG in PD patients at ‘ON’ state compared to ‘OFF’
state. In the current study, increased distant DC in the left
PoCGmay indicate the effects of levodopa therapy on sensory
and motor functions in PD patients.

We also found that levodopa therapy increased the abnormal-
ly lower distant DC in multiple occipital regions, including
the LING, in the PD patients at ‘ON’ state compared to ‘OFF’
state (Fig. 3a, Table 2). This finding is consistent with previous
studies (Kwak et al. 2012; Chen et al. 2015). Kwak et al. (2012)
acquired healthy controls and PD patients before and after tak-
ing a dose of 200 mg levodopa, compared ALFF with whole-
brain analysis between groups, and found increasedALFF value
in occipital gyrus in the PD patients at ‘ON’ state compared to
‘OFF’ state. Chen et al. (2015) used the technique of ASL,
examined CBF changes in PD patients, and found that levodopa
therapy increased CBF in occipital areas in the PD patients at
‘ON’ state compared to ‘OFF’ state. In contrast, other studies
(Göttlich et al. 2013; Dubbelink et al. 2014) compared PD pa-
tients at ‘ON’ state to healthy controls. Dubbelink et al. (2014)
examined FC in PD patients at ‘ON’ state and controls in a 3-
year follow-up study, and demonstrated that the PD patients at
‘ON’ state showed decreased FC in occipital regions across the
time, this change is associative with cognitive decline. Of note,
the PD patients in these studies (Dubbelink et al. 2014; Göttlich
et al. 2013) were at a relatively advanced disease stage, with
average disease duration varied from 6.5 to 9.24 years, in con-
trast, the average disease duration is 3.47 years in our study,
which may account for the discrepancy of the result.

We also observed that levodopa therapy decreased distant
DC in the left median cingulate gyrus (MCG) in the PD pa-
tients at ‘ON’ state compared to ‘OFF’ state (Fig. 3a, Table 2),
although we did not detect alteration in this brain regions in
the PD patients at ‘OFF’ state. Decreased distant DC in the left
MCG was related to improved UPDRS-III score in the PD
patients at ‘ON’ state relative to ‘OFF’ state (Fig. 3b). The
effects of levodopa on MCG in PD patients has been reported
previously, Chen et al. (2015) used ASL and examined chang-
es in CBF before and after levodopa therapy in PD patients,
they found CBF changes in the left MCG was negatively
correlated with improved bradykinesia subscore of UPDRS-
III. Other studies (Hu et al. 2015; Dubbelink et al. 2014) also
reported altered functional activity in MCG in PD patients, in
these studies, PD patients at ‘ON’medication state were com-
pared to healthy controls. Hu et al. (2015) compared ALFF
among depressed, non-depressed PD patients and healthy
controls, and found increased ALFF in the left MCG in the
depressed PD patients. As was suggested, the MCG plays an
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important role in cognitive and affective processes (Bressler
and Menon 2010; Vogt et al. 2003), but the current study
observed that the decreased distant DC in MCG was associ-
ated with improved motor functions in the PD patients, further
researches may be required to understand the underlying
mechanisms of levodopa therapy in MCG in PD patients.

Effects of levodopa therapy on local DC in the PD
patients

We found that levodopa therapy increased local DC in the left
cerebellum, right PoCG and decreased local DC in the right
SMA in the PD patients at ‘ON’ state compared to ‘OFF’ state
(Fig. 4, Table 3). This result is consistent with the study of Kwak
et al. (2012), they measured ALFF among healthy controls, PD
patients at ‘OFF’ and ‘ON’ state, and found increased ALFF in
cerebellum, decreased ALFF in SMA in the PD patients at ‘ON’
state compared to ‘OFF’ state.We also noticed different findings
from other studies (Wu et al. 2009a, 2009b), Wu et al. (2009b)
analyzed the connectivity degree of motor network in PD pa-
tients before and after levodopa therapy, and found that the PD
patients at ‘OFF’ state had decreased FC in the SMA, and
increased FC in the cerebellum, compared to the healthy
controls, while levodopa therapy relatively normalized these
FC patterns in the PD patients. The methodological differences
may result in this discrepancy, first, different doses of levodopa
have been used, Wu et al. (2009b) reported a dose of 200 mg
levodopa, while the PD patients in our study received a dose of
400 mg levodopa. Second, we did not regress out the global
signal in the preprocessing, while the study of Wu et al. did
not give this information.

We also found decreased local DC in several frontal re-
gions, including bilateral middle frontal gyri (MFG) in the
PD patients at ‘ON’ state compared to ‘OFF’ state (Fig. 4,
Table 3). Miller and Cohen (2001) reviewed that MFG is
involved in performing a variety of high-level cognitive func-
tions, such as working memory, abstract reasoning, decision
making and attentional control. Our observation is in line with
previous studies (Kwak et al. 2012; Tessitore et al. 2012a).
Kwak et al. (2012) compared ALFF among healthy controls,
PD patients at ‘OFF’ state and ‘ON’ state, and found decreased
ALFF in MFG in the PD patients at ‘ON’ state compared to
‘OFF’ state. Tessitore et al. (2012a) evaluated resting-state
brain networks of PD patients with and without freezing of
gait (FOG), and found that the PD patients with FOG during
levodopa medication showed decreased FC in the right MFG
compared to healthy controls.

Effects of levodopa therapy on seed-based FC
in the PD patients

The current study showed that compared to ‘OFF’ state, the PD
patients at ‘ON’ state had decreased FC between the left MCG

and several nodes of the default mode network (DMN) (Fig. 5a,
Table 4). Particularly, decreased FC between the left MCG and
right TOPmid was associated with improved UPDRS-III score
in the PD patients at ‘ON’ state relative to ‘OFF’ state (Fig. 5b).
Several previous studies (Hu et al. 2015; Tessitore et al. 2012b;
Krajcovicova et al. 2012) have reported the effects of levodopa
therapy on FC in DMN in PD patients. It should be noted that
these studies compared PD patients at ‘ON’ state to healthy
controls, but did not make a direct comparison between ‘ON’
and ‘OFF’ state in PD patient. Hu et al. (2015) found that
compared to non-depressed PD patients at ‘ON’ state and
healthy controls, the depressed PD patients had increased FC
between the left MCG and several brain regions in the DMN. In
contrast, Tessitore et al. (2012b) found decreased FC of DMN
in cognitively unimpaired PD patients compared to healthy
controls. However, Krajcovicova et al. (2012) found no signif-
icant difference between cognitively unimpaired PD patients at
‘ON’ state and healthy controls on FC of DMN. Given these
controversies, the effects of levodopa therapy on DMN in PD
patients needs to be further studied.

Limitations

Several limitations should be taken into consideration in the
current study. First, we did not set up a placebo group due to
ethics review in this study, which may induce several noise
factors, such as the placebo effect. In the future, we need to
include unmedicated PD patients as a matched placebo group
to confirm the reliability of the result (Esposito et al. 2013).
Second, we selected a correlation coefficient threshold rij =
0.3 to eliminate weak correlations possibly arising from noise,
which may affect the generality of the result (Zuo et al. 2012).
We will further investigate the robustness of our results to a
broader range of thresholds criteria, such as calculation of the
negative correlations. Third, we used the multiple comparison
correction of uncorrected voxel-wise p < 0.001 together with a
cluster size threshold to maintain a corrected threshold at the
cluster level of 0.05. Although this correction has been used in
many previous studies (Cha et al. 2016; Felger et al. 2016;
Rice et al. 2016), it is not as conservative as FDR correction.
We did not claim that the Type I (false positive) error was
strongly controlled in this study. Fourth, we presented the
results with and without GSR, and chose the results without
GSR as the main results, although the discrepancy between
the results with and without GSR have been consistently re-
ported (Qing et al. 2015; Hayasaka 2013), two potential issues
are still needed to address, i.e., whether the discrepancy ob-
served can be reached by using other methods to correct for
the GS, and whether the discrepancy can be found in other
brain imaging parameters. Finally, we used real cortical dis-
tance with Euclidean distance (12 mm) to differentiate the
distant and local DC, which may underestimate the true cor-
tical distance (Sepulcre et al. 2010). The reason is that if two
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nodes are located in two adjacent gyri, the Euclidean distance
will be smaller than the true cortical distance.

Conclusion

The current study examined voxel-based distant and local DC
as well as seed-based FC in PD patients before and after levo-
dopa therapy. We found that levodopa therapy increased dis-
tant DC in the occipital and motor regions in the PD patients,
but failed to normalize abnormal local DC in the PD patients.
These results suggested that distant DC rather than local DC is
more sensitive to levodopa therapy. We also detected de-
creased FC of the left median cingulate gyrus to brain regions
in DMN in the PD patients after levodopa therapy. Our find-
ings provided new evidence of the neural effects of levodopa
therapy on the voxel-based whole-brain network in PD
patients.
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