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Dysfunction in superior frontal gyrus associated with diphasic
dyskinesia in Parkinson’s disease
Yu-Ting Shen1,2,4, Yong-Sheng Yuan1,4, Min Wang3,4, Yan Zhi1, Jian-Wei Wang3, Li-Na Wang1, Ke-Wei Ma1, Qian-Qian Si1 and
Ke-Zhong Zhang 1✉

Alterations in brain function in Parkinson’s disease (PD) patients with diphasic dyskinesia have not been investigated. We aimed to
explore the alterations in regional brain function. Each of 53 levodopa (LD)-treated PD patients had two resting-state functional
magnetic resonance imaging (rs-fMRI) scans in the same morning, before and after taking LD. The regional homogeneity (ReHo)
approach was used to reveal local synchronization changes. Two-way factorial repeated measures analysis of covariance, with
group as a between-subject factor and LD effect as a within-subject factor, was performed to explore the two main effects and
interaction. Interactive analysis was used to show outcomes that combined disease status and LD effect. Spearman’s correlations
were used to detect associations between interactive brain regions and severity of dyskinetic symptoms, assessed by the Unified
Dyskinesia Rating Scale (UDyRS) scores, along with moderation analyses. There was no significant difference in the main group
effect analysis. Significantly different clusters obtained from main LD effect analysis were in left caudate nucleus and putamen.
ReHo values decreased in the caudate nucleus and increased in the putamen during the ON state after taking LD. Interaction
between group and LD effect was found in left medial superior frontal gyrus (mSFG), where there were the lowest ReHo values, and
was negatively correlated with UDyRS scores in the diphasic dyskinetic group during the ON state. The relationship was
independent of LD dose. Abnormal local synchronization in the mSFG is closely associated with the development of diphasic
dyskinesia in PD patients.

npj Parkinson’s Disease            (2020) 6:30 ; https://doi.org/10.1038/s41531-020-00133-y

INTRODUCTION
In levodopa-induced dyskinesia (LID), which is a common motor
complication in Parkinson’s disease (PD), levodopa (LD) has been
confirmed to be the major contributor to abnormal involuntary
movements1. LID can be subdivided into peak-dose dyskinesia,
diphasic dyskinesia, and off-period dystonia1,2. Peak-dose dyski-
nesia is the most common motor complication, followed by
diphasic dyskinesia1. Dyskinetic symptoms in patients with peak-
dose dyskinesia appear at the peak of the LD effect, whereas
diphasic dyskinesia arises at the beginning or end of the effect1,2.
Diphasic dyskinesia tends to be associated with aberrant function
in more brain regions, and is reported to be more troublesome
than peak-dose dyskinesia1. Several studies have explored the
functional changes in relevant brain regions in peak-dose
dyskinetic patients3–7, but to the best of our knowledge,
alterations in brain function in patients with diphasic dyskinesia
have not been investigated. An understanding of alterations in
brain function in diphasic dyskinesia may help search for effective
new treatments.
In the current study, we used regional homogeneity (ReHo) to

explore regional brain pathology in PD patients with diphasic
dyskinesia. ReHo is a data-driven method, which can reveal
changes in temporal neural activities in different brain regions8.
We hypothesized that aberrant regional synchronization in some
brain areas, especially those associated with somatic motor
function, might play a role in abnormal involuntary movements
in PD patients with diphasic dyskinesia.

RESULTS
Demographic and clinical data
Demographic characteristics and clinical evaluations of PD
patients with diphasic dyskinesia and without dyskinesia are
provided in Table 1. No significant effect was observed for age,
gender, or education years. There was also no significant
difference in disease duration, UPDRS-III score, H&Y stage, LD
equivalent daily dose (LEDD) or Mini Mental State Examination
(MMSE) between PD patients with diphasic dyskinesia and those
without dyskinesia. In summary, both demographic characteristics
and corresponding clinical assessments were well matched
between the two subgroups of PD patients.

ReHo analysis
The effects of dyskinesia and LD effect on ReHo values in PD
patients with diphasic dyskinesia, and those without dyskinesia,
are shown in Table 2 and Figs 1 and 2. There was no significant
difference in the main group effect (with group as a between-
subject factor). In other words, irrespective of medication, ReHo in
the whole brain of PD patients with diphasic dyskinesia was the
same as that in PD patients without dyskinesia. Significantly
different clusters obtained from the main LD effect (with LD effect
as a within-subject factor) were in the left caudate nucleus (F=
17.22, p < 0.01, corrected) and putamen (F= 15.57, p < 0.01,
corrected) (Fig. 1A). This means that after taking antiparkinsonian
drugs, there was the same trend towards change of ReHo values
in the left caudate nucleus in patients with diphasic dyskinesia
(p= 0.061, corrected) as in patients without dyskinesia (p= 0.003,
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corrected). Alterations in ReHo values in the left putamen of
patients with diphasic dyskinesia (p= 0.074, corrected) were the
same as those in patients without dyskinesia (p= 0.001,
corrected). Specifically, ReHo values in the left putamen increased,
whereas ReHo values in the left caudate nucleus decreased (Fig.
1B). Interaction between group and LD effect was also found in
the left medial superior frontal gyrus (mSFG) (F= 15.64, p < 0.01,
corrected) (Fig. 2A). Videlicet, after taking antiparkinsonian drugs,
the trend towards altered ReHo values in the left mSFG of PD
patients with diphasic dyskinesia was notably different from that
in patients without dyskinesia. In PD patients with diphasic
dyskinesia, ReHo values in the left mSFG showed a trend towards

decrease after taking antiparkinsonian drugs (p= 0.057, corrected)
whereas, in patients without dyskinesia, ReHo values in the left
mSFG showed a trend towards increase after taking antiparkinso-
nian drugs (p= 0.064, corrected). After taking antiparkinsonian
drugs, ReHo values in the left mSFG were significantly lower in PD
patients with diphasic dyskinesia than in patients without
dyskinesia (p= 0.003, corrected) (Fig. 2B).

Correlation analysis
Correlation analysis of interactions between group and LD effect
indicated that ReHo values in the left mSFG were negatively
associated with UDyRS scores (r=−0.60, p < 0.001) in diphasic
dyskinetic patients (Fig. 2C).

Moderation analysis
Moderation analyses showed that LEDD did not significantly
moderate the association between ReHo values in the left mSFG
and UDyRS scores, regardless of whether UDyRS scores were taken
as predictor (X) (t=−0.76, p= 0.45) or outcome (Y) (t=−1.48, p
= 0.15), as shown in Fig. 3. In other words, the relationship
between ReHo values and UDyRS scores was independent of LD
dose.

DISCUSSION
Our study provides a new perspective on the neural mechanisms
underlying diphasic dyskinesia using ReHo, an approach that can
be used to examine the complex effects of local functional
specialization9.
Analysis of the main LD effect showed that ReHo values

increased in the left putamen and decreased in the left caudate
nucleus after taking antiparkinsonian drugs, including LD. LD, the
precursor to dopamine, is the most effective medication to
improve motor symptoms in PD patients10. Dopamine has a role in
modulating firing of medium spiny neurons in the striatum,
including the putamen and caudate nucleus11,12. Dopamine has
opposite effects on the direct and indirect pathways13, and
between cortical areas and the striatum pathway, and ultimately
enhances movement14. The putamen, which is especially seriously
affected by dopaminergic denervation in PD15, has been shown to
be activated after taking LD16. This is consistent with our own
finding that ReHo values in the left putamen increased when LD
was effective. Conversely, ReHo values in the left caudate nucleus
decreased after taking antiparkinsonian drugs. It has been
proposed that the caudate nucleus may be involved in response
inhibition17,18. Impaired suppression in subcortical regions may
contribute to hyperactivation in cortical regions19. Previous
studies have also shown that appropriate corticostriatal connec-
tivity may be restored after dopaminergic replacement ther-
apy20,21, which helps to normalize disrupted brain networks22.
Notably, ReHo values in either the putamen or caudate nucleus
were significantly changed in patients without dyskinesia but only
showed a trend towards change in patients with diphasic
dyskinesia. This may be because of lack of regularity in the
appearance of diphasic dyskinetic symptoms following LD
medication. In our study, patients with diphasic dyskinesia
received the ON-state fMRI scan just as dyskinetic symptoms
were expected to occur, based on previous diaries, which means
that this occurrence of dyskinetic symptoms may not be typical.
Most importantly, the interactive analysis revealed that ReHo

values in the left mSFG of patients with diphasic dyskinesia
decreased after taking antiparkinsonian drugs, and were nega-
tively correlated with UDyRS scores. UDyRS is a comprehensive
evaluation scale for dyskinesias in PD and reflects the severity of
dyskinetic symptoms with acceptable internal consistency, inter-
and intra-rater reliability and temporal stability23,24. Less synchro-
nization in the mSFG was thus associated with more serious

Table 1. Demographic and clinical data for PD patients with diphasic
dyskinesia and without dyskinesia.

Items PD patients with
diphasic dyskinesia

PD patients
without dyskinesia

P values

(n= 30) (n= 23)

Age (years) 63.83 ± 9.08 61.52 ± 8.23 0.34a

Gender (F/M) 13/17 8/15 0.53b

Education (years) 10.23 ± 3.88 10.57 ± 2.69 0.87c

Disease duration
(years)

9.80 ± 4.63 9.09 ± 3.32 0.50c

UPDRS-III
(OFF state)

36.80 ± 13.51 34.30 ± 17.53 0.56a

H&Y stages 2.47 ± 0.59 2.27 ± 0.81 0.39c

LEDD 743.67 ± 290.21 706.90 ± 399.64 0.43c

MMSE 27.70 ± 1.97 27.96 ± 2.01 0.54c

UDyRS 52.43 ± 30.10 NA NA

PD Parkinson’s disease, F female, M male, UPDRS-III motor component of
Unified Parkinson’s Disease Rating Scale, H&Y Hoehn and Yahr stages, LEDD
levodopa equivalent daily dose, MMSE mini mental state exam, UDyRS
Unified Dyskinesia Rating Scale, NA not applicable.
Values were expressed as mean±standard deviation.
aTwo-sample t test.
bChi-square test.
cMann–Whitney U test.

Table 2. Group × levodopa effect ANCOVA of ReHo.

Brain region (AAL) Peak MNI Peak Cluster size

Coordinates
x, y, z (mm)

F value (voxels)

(1) Main effect of group

None

(2) Main effect of levodopa

Caudate_L −9 21 −6 17.22 32

Putamen_L −21 9 3 15.57 24

(3) Groups × levodopa effect interaction

Frontal_Sup_Medial_L −3 39 54 15.64 26

Repeated measures analysis of covariance (ANCOVA), with group (PD
patients with diphasic dyskinesia or PD patients without dyskinesia) as a
between-subject factor and levodopa effect (before or after taking
levodopa medication) as a within-subject factor, was performed after
adjusting for age, gender, and education years, to explore the two main
effects and interaction. All statistical thresholds were set at a corrected p <
0.01, determined by Monte Carlo simulation for multiple comparisons.
PD Parkinson’s disease, ReHo regional homogeneity, AAL anatomical
automatic labeling, MNI Montreal Neurological Institute, L left, Sup superior.
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dyskinetic symptoms. Converging lines of evidence have also
confirmed that SFG has an important role in regulation of
response inhibition25–27. Deficient inhibitory control or dysfunc-
tional inhibitory processes may contribute to overly impulsive

behavior28, with similar pathological mechanisms to LID6,29.
Specifically, the SFG has been shown to have a specific role in
the control of impulsive responses by regulating the inhibitory
process30,31. Taking these data together, we hypothesized that

Fig. 1 Main effect of levodopa. a Significantly different clusters obtained from the main effect of levodopa (before or after taking levodopa
medication) were in the left caudate nucleus and putamen. The color bar indicates F values from repeated measures analysis of covariance
(ANCOVA), with group (PD patients with diphasic dyskinesia or PD patients without dyskinesia) as a between-subject factor and levodopa
effect (before or after taking levodopa medication) as a within-subject factor, adjusting for age, gender, and education years. Thresholds were
set at a corrected p < 0.01, determined by Monte Carlo simulation. b **Post hoc tests were corrected by Bonferroni correction with a significant
different p < 0.013 (0.05/4 [number of pair‐comparisons]). Error bars indicate standard deviations. PD Parkinson’s disease, ReHo Regional
homogeneity, R right, L left.

Fig. 2 Interaction between group and levodopa effect, along with correlation analysis. a Interaction between group and levodopa effect
was found in the left medial superior frontal gyrus (mSFG). Thresholds were set at a corrected p < 0.01, determined by Monte Carlo simulation.
The color bar indicates F values from repeated measures analysis of covariance (ANCOVA), with group (PD patients with diphasic dyskinesia or
PD patients without dyskinesia) as a between-subject factor and levodopa effect (before or after taking levodopa medication) as a within-
subject factor, adjusting for age, gender, and education years. b **Post hoc tests were corrected by Bonferroni correction with a significant
different p < 0.013 (0.05/4 [number of pair‐comparisons]). Error bars indicate standard deviations. c ReHo values in left mSFG were negatively
associated with UDyRS scores in diphasic dyskinetic patients. PD Parkinson’s disease, ReHo regional homogeneity, R right, L left; UDyRS
Unified Dyskinesia Rating Scale.
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altered mSFG synchronization in patients with diphasic dyskinesia
during the ON state after LD medication may reflect the close
relationship between deficits in inhibitory control of the mSFG and
severity of dyskinetic symptoms. The mSFG, which is located in
the prefrontal cortex (PFC), has been shown to be a key node in
the cortico-striato-cortical circuit32 and dysfunction in this circuit
has been reported to contribute to LID in PD patients2,33. Based on
this evidence, we further speculated that abnormal synchroniza-
tion in the mSFG might induce diphasic dyskinesia by damaging
cortico-striato-cortical circuits.
However, the interactive analysis showed increased ReHo values

in the left mSFG during the ON state in patients without
dyskinesia when compared with those patients with diphasic
dyskinesia. Our results show that these two types of PD patient
have different changes in functional synchronization in the left
mSFG during the response to LD. Apart from modulating the
inhibition response, the SFG, as part of the PFC, is also critically
involved in goal-directed processes34. The SFG is also a core node
in the executive control network35, which activates or generates
actions36,37. When LD is having an effect, the activated mSFG
would thus facilitate improvements in motor symptoms in
patients, without dyskinesia. Poorer performance of the mSFG in
patients with diphasic dyskinesia, on the other hand, triggered the
appearance of dyskinetic symptoms during the ON state. Both
previous studies38 and our present study indicate that some PD
patients can obtain motor benefits from LD for a long time
without developing LID, showing that LD medication and
dyskinesia do not always coexist. Taking these results together,
we inferred that different changes in functional synchronization in
the left mSFG triggered by the LD response in the early stage of
PD might reflect the risk of diphasic dyskinesia in the later stages.
This hypothesis needs to be confirmed in a longitudinal study.
Interestingly, moderation analyses showed that LEDD was not a

significant moderator in the above interactive relationship. That is
to say, the association between pathological inhibitory control of
the mSFG and the severity of diphasic dyskinetic symptoms was
independent of LD dose. In agreement with the present study,
long-term LD treatment has been shown to result in maladaptive
plastic alterations in the brain and, once LID had emerged, the
involuntary movements gradually increased no matter how many
doses of LD were used39. The severity of peak-dose dyskinesia,
which is different from diphasic dyskinesia, was, however,
correlated with LEDD and duration of LD use1,40.
Almost all previous studies focused on alterations in cerebral

function in peak-dose dyskinesia. Cerasa et al.4–6 found that
dysfunction in the inferior frontal gyrus is associated with peak-
dose dyskinesia, whereas Herz et al.16,41 found that aberrant
dopaminergic modulation between the putamen and primary

motor cortex, or the pre-supplementary motor area, plays a key
underlying role in peak-dose dyskinesia. Peak-dose dyskinesia and
diphasic dyskinesia are both types of LID, which may suggest
some similarities between the two. The notion that underactivity
in prefrontal areas contributes to the development of dyskinetic
symptoms is supported both by previous studies in peak-dose
dyskinesia4,5,42 and by our study in diphasic dyskinesia. In terms of
clinical manifestations, however, there are many differences
between peak-dose dyskinesia and diphasic dyskinesia. For
example, peak-dose dyskinesia occurs around the time of peak
plasma levels of LD, whereas diphasic dyskinesia occurs at the
beginning or end of the LD effect1. As another example, the
appearance of peak-dose dyskinesia is usually choreoathetoid, but
can also be ballistic or dystonic1,40, whereas diphasic dyskinesia
often presents as repetitive alternating stereotypic movements1. It
can, therefore, be inferred that the mechanism underlying
diphasic dyskinesia is different from that underlying peak-dose
dyskinesia5. Our study supports the idea that deficits in inhibitory
control in the mSFG are related to the development of dyskinetic
symptoms in patients with diphasic dyskinesia, whereas dysfunc-
tion in the inferior frontal gyrus is reported to be associated with
peak-dose dyskinesia5. Although deficits in the right hemisphere
have been reported to contribute to peak-dose dyskinesia4,5, we
found that diphasic dyskinesia was associated with damage in the
left hemisphere. The difference in alterations of brain function
between patients with diphasic dyskinesia and those with peak-
dose dyskinesia should be explored in further studies.
Some limitations should be taken into consideration when

interpreting our results. First, only PD patients with diphasic
dyskinesia were recruited in the study. To really understand the
differences in pathophysiology between diphasic dyskinesia and
peak-dose dyskinesia, a group of patients with peak-dose
dyskinesia should be included in a future study. Second, we only
explored neural functional alterations using the ReHo approach in
rs-fMRI. Future studies should collect more comprehensive
information using multimodal techniques, for example, functional
connectivity or dynamic causal modeling in fMRI and cortical
thickness or diffusion tensor imaging in structural MRI. Third, a
comprehensive neuropsychological evaluation was not obtained
in our study, reducing our ability to find specific cognitive
impairment. We will recruit larger samples and use comprehensive
neuropsychological testing to determine the underlying associa-
tions in cognitive status between PD patients with and without
diphasic dyskinesia in the future work. Finally, the present cross-
sectional study cannot show causal relationships, which need to
be explored more thoroughly in a longitudinal study. In
conclusion, the present study demonstrates that abnormal local
synchronization in the left mSFG is a likely mechanism underlying
diphasic dyskinesia and may provide new perspectives for further
studies.

METHODS
Participants
In total, 30 PD patients with diphasic dyskinesia and 23 PD patients
without any type of LID, all of whom were treated with antiparkinsonism
drugs including LD and were right-handed, participated in our study.
Inclusion criteria were: (1) clinical diagnosis of PD according to UK
Parkinson’s Disease Society Brain Bank criteria43; (2) positive longstanding
response to LD and stable dose of antiparkinsonism drugs for at least
4 weeks prior to study; (3) presence or absence of diphasic dyskinesia
(occurring at the beginning and end of the LD effect), observed by two
experienced neurologists, following acute LD test or during chronic LD
treatment, at last visit at least one week before MRI examination, together
with previous relevant clinical symptoms; (4) no history of peak-dose
dyskinesia (occurring at the peak of the LD effect) or off-period dystonia;
(5) no current use of antidepressants, anxiolytics or antipsychotic drugs; (6)
MMSE scores >24; (7) no evidence of other severe acute or chronic
diseases, including stroke, brain tumor or psychiatric disease, and no

Fig. 3 Moderation analysis. LEDD did not significantly moderate
the association between ReHo values in the left medial superior
frontal gyrus (mSFG) and UDyRS scores, regardless of whether
UDyRS scores were taken as predictor (X) (t=−0.76, p= 0.45) or
outcome (Y) (t=−1.48, p= 0.15). LEDD Levodopa equivalent daily
dose; ReHo Regional homogeneity, UDyRS Unified Dyskinesia
Rating Scale.
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contraindications for MRI scans. All patients had to be able to tolerate
withdrawal of medication before scanning. We calculated the total LEDD
for each PD patient44.
Each PD patient was fasted and received two resting-state functional

magnetic resonance imaging (rs-fMRI) scans in the same morning. In order
to determine the appropriate time for the second rs-fMRI scan, the patients
were instructed to complete a diary card for one week before the scans. PD
patients with diphasic dyskinesia who were taking antiparkinsonian drugs
were asked to record on the diary card when the drugs began to work and
stopped working, and when diphasic dyskinetic symptoms emerged and
disappeared. PD patients without any type of LID who were taking
antiparkinsonian drugs were asked to record on the diary card when the
drugs worked and stopped working. The first rs-fMRI scan on each PD
patient (functionally OFF) was performed at least 12 h after withdrawal of
antiparkinsonian drugs. The patients then underwent clinical assessments,
including MMSE, Hoehn and Yahr staging scale (H&Y) and motor
component of the Unified Parkinson’s Disease Rating Scale (UPDRS-III),
and afterwards took their antiparkinsonian drugs as usual. Patients with
diphasic dyskinesia received a second fMRI scan (functionally ON) when
dyskinetic symptoms were expected to occur, based on the previously
completed diary cards. The fMRI scan was immediately stopped if
abnormal involuntary movements would affect the scanning quality.
However, no patient had severe dyskinetic symptoms that would influence
the fMRI scan. Patients without dyskinesia received the second fMRI
session when the antiparkinsonian drugs were working. Immediately after
the ON-state fMRI scan, the severity of dyskinetic symptoms in patients
with diphasic dyskinesia was evaluated using the Unified Dyskinesia Rating
Scale (UDyRS).
All participants gave written informed consent before the start of the

study, which was approved by the ethics committee of the First Affiliated
Hospital of Nanjing Medical University.

MRI acquisition
Participants were scanned using a 3.0 T Siemens MAGNETOM Verio whole-
body MRI scanner (Siemens Medical Solutions, Germany), as described in
our previous studies45,46. Tight foam padding was used to minimize head
movement and ear-plugs were used to reduce noise. Participants were
asked to remain as still as possible, close their eyes but remain awake, and
try not to think about anything particular during the whole scanning
procedure. Before acquiring functional scans, three-dimensional T1-
weighted anatomical images were obtained using the following volumetric
3D magnetization-prepared rapid gradient-echo (MP-RAGE) sequence:
(repetition time (TR)= 1900 ms, echo time (TE)= 2.95 ms, flip angle (FA)=
9°, slice thickness= 1mm, slices= 160, field of view (FOV)= 230 ×
230mm², matrix size= 256 × 256). The first resting-state functional images
on each participant were acquired using an echo-planar imaging sequence
with the following parameters: TR= 2000 ms, TE= 21ms, FA= 90°, FOV=
256 × 56mm², in-plane matrix= 64 × 64, slices= 35, slice thickness=
3mm, no slice gap, total volumes= 240. After taking antiparkinsonian
drugs as mentioned above, only resting-state functional images were
acquired during the second fMRI scan.

Preprocessing of fMRI data
Preprocessing of fMRI data was similar to our previous study46. The images
were preprocessed and analyzed using DPARSF software (http://www.
restfmri.net/forum/dparsf)47. The first 10 time points were disregarded and
the remaining 230 volumes were used for slice timing correction and head
motion correction. Participants with head motions exceeding 2mm, or 2°
of translation, or rotation in any direction would be excluded, but no
participant was excluded from the current study. We calculated mean head
translation, mean head rotation and frame-wise displacement48. Analysis of
these head motion parameters did not reveal any difference between the
two groups during OFF or ON state (P > 0.05). High-resolution T1 structural
images were coregistrated to functional images using a nonlinear image
registration approach and segmented using a new segment algorithm
with diffeomorphic anatomical registration through exponentiated lie
algebra (DARTEL), followed by a 24 parameter Volterra expansion. Finally,
fMRI images were spatially normalized into the Montreal Neurological
Institute (MNI) template and resampled into a spatial resolution of 3 × 3 ×
3mm³. A temporal filter (0.01 Hz < f < 0.08 Hz) was used to remove low-
frequency drifts and physiological high-frequency noise, with a finite
impulse response filter.

ReHo processing
Data without spatial smoothing were subjected to ReHo analysis using
DPARSF software. In brief, as introduced previously49, ReHo maps were
produced on a voxel-by-voxel basis by calculating Kendall’s coefficient of
concordance (KCC) to compare the similarity of the time series of a given
voxel with those of its nearest neighbors (26 voxels). To reduce the
influence of individual variations in KCC value, the ReHo maps were
normalized by dividing the KCC for each voxel by the average KCC for the
whole brain. Finally, the data were smoothed with a Gaussian filter of
6 mm full width at half-maximum to suppress noise and effects due to
residual differences in functional and gyral anatomy during inter-subject
averaging.

Statistical analysis
Demographic and clinical data were analyzed using IBM SPSS statistics v
20.0.0 software (SPSS, Chicago, IL, USA). Comparisons were made between
diphasic dyskinetic and non-dyskinetic patients. A Kolmogorov–Smirnov
test was used to test for normality in continuous variables and a two-
sample t test was used for normally distributed data. Asymmetrically
distributed variables were tested using the Mann–Whitney U test, as
appropriate. A chi-square test was used for gender. A significance
threshold was set at two-tailed p < 0.05.
Two-way factorial repeated measures analysis of covariance was

performed with group (PD patients with diphasic dyskinesia or PD patients
without dyskinesia) as a between-subject factor and LD effect (before or
after taken antiparkinsonian drugs) as a within-subject factor, after
adjusting for age, gender and education years, to explore two main
effects and interaction. Specifically, the main group effect was determined
by comparing ReHo values in diphasic dyskinetic patients with those in
non-dyskinetic patients. Similarly, the main LD effect was assessed using
ReHo values before or after taking antiparkinsonian drugs, regardless of
disease status. Most importantly, the interactive analysis combined disease
status and LD effect. All statistical thresholds were set at a corrected p <
0.01, determined by Monte Carlo simulation for multiple comparisons
(http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf). Afterwards,
post hoc analyses were performed and corrected by the Bonferroni
correction with a significant different p < 0.013 (0.05/4 [number of pair-
comparisons]). In addition, Spearman’s correlative analyses, with signifi-
cance thresholds set at two-tailed p < 0.05, were performed between
UDyRS scores and ReHo values of the clusters showing significant
interaction between group and LD effect.
It has been proposed that the emergence of LID is associated with

numerous factors, including non-modifiable risk factors, such as age,
gender and disease duration, along with modifiable risk factors, such as
LEDD40. As LEDD is the most important modifiable risk factor associated
with the occurrence of LID50,51, in this study, we recruited closely matched
diphasic dyskinetic and non-dyskinetic groups to minimize the possible
influence of these clinical variables. To further explore the potential
moderating effect of LEDD on associations between severity of dyskinetic
symptoms and local synchronization changes in the above clusters,
moderation analyses were performed using the SPSS macro PROCESS52.
Within PROCESS, model 1 was selected and the confidence interval was set
to 95%. For one cluster, two moderation models were built. In one
moderation model, ReHo values were entered as the predictor (X), UDyRS
scores as the outcome (Y), and LEDD was added as the moderator (M). In
the second moderation model, LEDD was also added as the moderator (M),
but UDyRS scores were entered as the predictor (X) and ReHo values as the
outcome (Y). If a significant interaction between the predictor (X) and the
moderator (M) emerged, the Johnson-Neyman Technique was then used
to identify a significant influence of the moderator (M) on the association
between the predictor (X) and the outcome (Y)52. All significance
thresholds were set at two-tailed p < 0.05.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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CODE AVAILABILITY
As previously mentioned in the MRI subsection, ReHo analysis was performed on Data
Processing Assistant for Resting-State fMRI (DPARSF) and REST (http://restfmri.net).
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