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Abstract
Levodopa has been the mainstay of symptomatic therapy for Parkinson’s disease (PD) for the last five decades. However, it is
associated with the development of motor fluctuations and dyskinesia, in particular after several years of treatment. The aim of
this study was to shed light on the acute brain functional reorganization in response to a single levodopa dose. Functional
magnetic resonance imaging (fMRI) was performed after an overnight withdrawal of dopaminergic treatment and 1 h after a
single dose of 250 mg levodopa in a group of 24 PD patients. Eigenvector centrality was calculated in both treatment states using
resting-state fMRI. This offers a new data-driven and parameter-free approach, similar to Google’s PageRank algorithm, revealing brain connectivity alterations due to the effect of levodopa treatment. In all PD patients, levodopa treatment led to an
improvement of clinical symptoms as measured with the Unified Parkinson’s Disease Rating Scale motor score (UPDRS-III).
This therapeutic effect was accompanied with a major connectivity increase between cerebellar brain regions and subcortical
areas of the motor system such as the thalamus, putamen, globus pallidus, and brainstem. The degree of interconnectedness of
cerebellar regions correlated with the improvement of clinical symptoms due to the administration of levodopa. We observed
significant functional cerebellar connectivity reorganization immediately after a single levodopa dose in PD patients. Enhanced
general connectivity (eigenvector centrality) was associated with better motor performance as assessed by UPDRS-III score. This
underlines the importance of considering cerebellar networks as therapeutic targets in PD.
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Introduction
The impact of Parkinson’s disease (PD) on quality of life is
severe for patients and their families [1] and goes along with a
substantial economic burden that already amounts to USD 23
billion annually for the USA alone [2]. Along with the current
demographic development, it is to be expected that the number of affected individuals will further increase [3]. Since its
early introduction 50 years ago [4], levodopa ( L -3,4dihydroxyphenylalanine) has become the most effective and
widespread symptomatic PD treatment. Though the remarkable clinical efficacy of levodopa is unquestionable, its detailed mechanisms of action in the brain are still matter of
debate and its use still presents some controversies [5].
Additionally, after a prolonged treatment―usually 5 to
10 years [6]―the clinical response to levodopa progressively
degrades and leads to the emergence of motor complications,
such as dyskinesia and the wearing-off phenomenon [7].
Interestingly, levodopa produces both short- and long-term
effects in the brain [8]. The former is associated with the
immediate and dramatic motor improvement, typically observed after a single levodopa dose and is tightly linked to
the drug pharmacodynamics. The latter, instead, builds up
over time and is the outcome of a prolonged levodopa administration that leads to neuroplastic brain reorganization. It remains controversial whether the decline of treatment efficacy
and the onset of severe dyskinesia over time are results of the
progressing underlying disease or a response to direct neurotoxic effects of levodopa itself [9]. While other pharmacological as well as interventional therapies are available, levodopa
remains irreplaceable in the therapeutic regimen for the majority of PD patients at least at some stages over the course of
the disease. Thus, the investigation of levodopa-induced neural effects and functional brain changes using neuroimaging
techniques promises to incite much needed new perspectives
to optimize future therapeutic approaches for PD.
The pathophysiology of PD is characterized by a depletion
of dopaminergic neurons in the substantia nigra pars compacta
that leads to dopamine deficiency and promotes impairment in
basal ganglia projections, in particular in the striatum [10].
From the molecular point of view, levodopa acts as a dopamine precursor protein, thus increasing dopamine availability
and restoring, at least temporally, the dopaminergic signaling
in the striatum of PD patients [11]. Indeed, the dopaminergic
denervation of the striatum is one of the main pathological
changes observed in PD. Both PD animal models and, more
recently, human in vivo positron emission tomography (PET)
studies with the D2 receptor agonist [11C]raclopride have
shown the efficacy of levodopa in restoring striatal dopaminergic levels [12, 13]. However, there is no evidence that the
striatum is the exclusive mediator of the levodopa response
[14]; thus, a more systemic investigation of levodopa-induced
brain changes is advisable.

During the last decade, resting-state functional magnetic resonance imaging (fMRI) has been implemented to investigate brain
connectivity changes in PD patients [15, 16] and their modulation
following levodopa administration [17]. This approach is of upmost interest, considering that many neurodegenerative disorders,
including PD, have been recently conceptualized as brain disconnection syndromes or “nexopathies” [18]. However, heterogeneous results have been reported so far, likely due to the clinical
heterogeneity of the studied PD cohorts and due to the methods
applied for the study of brain connectivity [19].
In the present study, we investigated both general and selective functional connectivity within the motor network by
means of eigenvector centrality [20] and seed-based methods.
Investigating the functional brain response to levodopa may
pave the way to a better understating of its therapeutic properties and mechanisms of action, possibly leading to improved
treatment protocols. The aim of the present study is to shed
light on the motor network functional connectivity changes
following the acute administration of a single dose of levodopa in PD patients, combining resting-state fMRI and advanced
data-driven graph-theory data analysis. In addition, we hypothesize an association between levodopa-induced functional connectivity modulation and clinical efficacy of levodopa.

Methods
Data Acquisition
In order to study the effect of dopaminergic treatment on functional brain connectivity in PD, resting-state fMRI was performed in a group of 24 PD patients (Hoehn-Yahr stages II–
III, 19 males, age 55.5 ± 7.9 years (mean ± standard deviation), disease duration 12.4 ± 2.6 years, levodopa treatment
duration 8.9 ± 3.1 years) in a longitudinal study design. A
detailed description of the patient cohort is shown in
Table 1. The selection of young patients was based on the
rationale that younger PD patients show a better response to
levodopa treatment [21]. Specifically, it has been reported that
age is a significant modulator of the magnitude of treatment
response in PD, i.e., the younger the patients, the stronger the
response [22]. All procedures conformed to the Declaration of
Helsinki. The study protocol was approved by the Ethics
Committee of the General University Hospital in Prague,
Czech Republic. All patients gave informed written consent.
For each patient, clinical assessment and MRI were performed in two different sessions, without dopaminergic medication and after acute levodopa challenge: OFF and ON. Four
days before all measurements, dopamine agonists were
substituted by equivalent doses of levodopa in each patient
[23]. Other anti-PD medications (selegiline, amantadine, anticholinergics) were suspended. After an overnight withdrawal
of levodopa (at least 12 h), clinical and MRI data were
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Table 1

Data Analysis

List of patients and demographical details

ID

Sex

Age

PD dur

PD treat

U OFF

U ON

01

M

63

15

13

21

5

02

M

53

11

7

44

9

06
07

M
M

63
53

14
9

12
8

21
42

8
11

11
13

M
M

53
45

12
14

10
6

37
47

11
21

14

M

64

13

8

31

10

15
21

M
M

53
69

12
9

9
8

43
47

10
19

23
30

M
M

49
59

13
9

12
5

65
38

18
11

31

F

44

12

3

23

4

32
33

M
M

63
60

11
13

11
9

33
29

13
17

34
35

M
F

64
70

17
12

13
5

36
30

15
13

36

F

48

13

8

28

6

37
41
43
44

M
M
M
F

55
55
60
42

16
12
14
9

10
9
14
6

43
46
18
33

23
21
8
7

45
46
47

M
M
F

55
43
50

19
9
10

15
7
6

35
34
19

5
15
6

*U Unified Parkinson’s Disease Rating Scale (UPDRS)-III score; the
notation ON and OFF denotes the state of medication; age, PD disease
duration (PD dur), and PD treatment duration (PD treat) are shown in
years

obtained in the OFF session. Clinical and imaging assessment
with medication was performed in the ON session approximately 1 h after administration of 250/50 mg of levodopa/
carbidopa, i.e., after the patient’s clinical improvement. PD
symptoms were assessed with the UPDRS motor score (part
III) in both sessions OFF and ON.
Functional MRI data were obtained using a 1.5-T
MAGNETOM Symphony scanner (Siemens Healthcare,
Erlangen, Germany) and T2*-weighted gradient echo echoplanar imaging (EPI) (repetition time, TR = 3 s; echo time,
TE = 51 ms). For every patient, two fMRI scans were obtained
without and with antiparkinsonian medication (OFF and ON).
Each data set was acquired with 200 functional volumes and 31
axial slices (thickness = 3 mm, gap = 1 mm) with a nominal inplane resolution of 3 × 3 mm2 covering the whole brain. Patients
were asked to keep still, awake, and look at a fixation cross on a
projection screen. For registration purposes, T1-weighted images
were obtained using a magnetization-prepared rapid gradient
echo (MP-RAGE) sequence (TR = 2140 ms; inversion time,
TI = 1100 ms, TE = 3.93 ms, flip angle = 15°).

All resting-state fMRI data sets were processed using
Statistical Parametric Mapping (SPM, Wellcome Trust
Centre for Neuroimaging, UCL, London, UK) and
Matlab® (The MathWorks Inc., Natick, MA). Standard
pre-processing included realignment, slice-time correction,
normalization to the Montreal Neurological Institute (MNI)
space based on the unified segmentation approach [24], and
spatial filtering using a Gaussian kernel with 8-mm full
width at half maximum.
General connectivity was computed with eigenvector
centrality (EC) using the Lipsia software package [25].
Prior to compute the EC, a baseline correction was performed using a high-pass filter with a cutoff frequency of
1/80 Hz. Thereafter, a similarity matrix was computed including Pearson’s correlation coefficient between all
resting-state fMRI time courses. In particular, we used
the positive correlations for EC computation in order to
use a similarity matrix with only positive numbers [20].
According to the theorem of Peron and Frobenius, a similarity matrix with positive entries has a unique real largest
eigenvalue, and the corresponding eigenvector has strictly
positive components [26, 27]. Finally, the EC map was
generated using the ith component of this eigenvector to
obtain the EC value for voxel i.
After computing EC maps for all patients and both experimental sessions OFF and ON, a group analysis was
performed using the general linear model with a paired ttest design including all 48 EC maps. Intra-individual EC
differences were investigated using two different contrasts
in order to check for EC increase and EC decrease with
dopaminergic treatment. Resulting statistical parametric
maps were processed using a voxel threshold of
p < 0.005. In order to correct for multiple comparisons,
significant clusters were obtained using the family-wise
error (FWE) approach with a cluster threshold of
p < 0.05. In addition to the parametric analysis and in order to prevent false-positive findings (see Fig. 1 in [28]),
the same analysis was performed using a nonparametric
approach using the threshold-free cluster enhancement
(TFCE) technique [29] and the TFCE toolbox (Structural
Brain Mapping Group, University of Jena, Department of
Psychiatry, Germany) for SPM. This approach does not
require an initial threshold to form clusters. Thus, in contrast to a two-threshold approach, TFCE is sensitive to
both focal and peripheral effects. Further, as the TFCE
approach does not rely on the Gaussian random field theory, it can handle images with varying local smoothness
(also referred to as non-stationarity), which makes TFCE
the method of choice for investigating EC differences. We
used the TFCE technique with 10,000 permutations and a
significance level of p < 0.05 (FWE-corrected).
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Due to the fact that tremor plays a dominant role in cerebellar brain connectivity in PD patients [30], we also investigated a potential effect of tremor variability within our group
of patients using the UPDRS-III tremor score in the OFF and
in the ON state of levodopa treatment. Here, we examined the
EC increase using a one-sample t-test across ON-OFF EC
difference images. To rule out a potential influence of the
tremor variability across patients, the analysis was performed
using the UPDRS-III tremor score as an additional covariate
of no interest. For each patient, the UPDRS-III tremor score
was used in the OFF and ON state of levodopa treatment in
two different analyses.
In order to detect brain regions that contribute to the intraindividual EC differences investigated above, selective connectivity was studied using seed-based correlation analyses in
addition to EC mapping. Here, correlation maps were generated computing the correlation between the blood oxygenation level-dependent (BOLD) time courses of a seed voxel and
all other voxels. Note that the seed voxel and also its neighbors contribute to the reference BOLD time course due to the
spatial filtering during image pre-processing. All seed voxels
were defined using the local maxima of the T scores obtained
by the EC analysis described above. Correlation maps were
generated for all subjects for both the OFF and the ON session
and fed into a general linear model implementing a paired ttest. Note that such an analysis was performed for each seed
voxel. Significant clusters were obtained using the same approach of cluster detection and multiple comparison correction as described above. In addition, all seed-based analyses
were repeated using nonparametric tests using the TFCE toolbox as described above.
According to our main hypothesis and in order to reduce
the number of statistical tests, we restricted all analysis to the
motor system. Therefore, the analysis was performed in brain
regions masked in a search space comprising the motor system specifically (expanded primary motor, premotor, sensorimotor cortex, basal ganglia, thalamus, brainstem, and cerebellum) based on the WFUPickAtlas. Here, we used exactly the
same mask as used in a preceding letter [31]. In addition to the
analysis within the mask, we also performed all seed-based
connectivity analyses without using any hypothesis-driven
mask in order to check the significance of our results at the
whole-brain level.

Motion Effects
Generally, head motion during MR scanning might bias the
connectivity analysis and, finally, the EC values due to
motion-induced signal fluctuations. This could be a particular
problem if the degree of motion-related artifacts would vary
between the individual scanning sessions, for example, as a
consequence of treatment. Therefore, we checked for differences in head motion between both scanning sessions by

computing the framewise displacement (FD) as introduced
in [32]. As an input, we used the translational and rotational
motion parameters obtained by SPM’s motion correction. For
the whole series of 200 functional images, motion between
volumes was characterized using 199 FD values for each session and subject. Finally, for each session and subject, all FD
time courses were characterized by the mean FD, the maximum FD, the maximum FD after eliminating the largest 5% of
the FD values, and the number of FD values exceeding 2 mm.

Results
Clinical Assessment
After the overnight withdrawal of dopaminergic treatment,
patients showed moderate PD symptoms in the OFF session
with a UPDRS-III score of 35.1 ± 10.8. One hour after the
single dose of 250/50 mg of levodopa/carbidopa, all patients
improved in the ON session showing less PD symptoms
resulting in a decreased UPDRS-III score for all participants
(11.9 ± 5.5). A paired t-test showed a significant decrease with
p < 10−10. A more detailed analysis of PD symptoms was performed using the UPDRS-III sub-scores showing akinesia as
the most prominent symptom (OFF 18.4 ± 5.9; ON 6.4 ± 3.2;
p < 10−10). The other UPDRS-III sub-scores decreased also
significantly: rigidity (OFF 8.2 ± 3.3; ON 2.1 ± 2.1,
p < 10−10), tremor (OFF 2.2 ± 2.1; ON 0.8 ± 0.9, p < 0.005),
and postural stability (axial; OFF 6.3 ± 2.7; ON 2.4 ± 1.1,
p < 10−7).

Brain Connectivity Analysis
Investigating the impact of dopaminergic treatment to general
connectivity in PD patients, we observed a significant EC
increase in cerebellum and brainstem with a pairwise comparison of the EC maps in the OFF and the ON condition.
Figure 1 shows the significant result (p < 0.05 with FWE correction at the cluster level) using the maximum intensity projection (glass brain view). Note that we did not find any significant treatment-related EC decrease.
Table 2 presents a list of all local maxima of T scores within
the cluster of general connectivity increase in cerebellar brain
regions and brainstem after dopaminergic treatment. EC increase was obtained in the anterior and posterior lobe of the left
and right cerebellum and particularly in lobuli V, VI, VIIIa, and
IX. In the brainstem, local maxima were found in the pons and
in the tegmentum. Figure 2 also shows this EC increase with
orthogonal brain sections for several selected maxima (see first
and fourth row, color-coded in red/yellow). The same EC increase was also obtained with the nonparametric approach and
the TFCE toolbox with 10,000 permutations. Figure 3 shows a
direct comparison between analyses (p < 0.05 with FWE-
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Fig. 1 General connectivity
increase in cerebellum and
brainstem after levodopa in PD
patients (N = 24) compared to
OFF condition. Result based on
eigenvector centrality analysis of
resting-state fMRI restricted by a
mask involving expanded
primary motor, premotor,
sensorimotor cortex, basal
ganglia, thalamus, brainstem, and
cerebellum (blue region). Gray
cluster shows the pairwise ON vs.
OFF difference (p < 0.05 with
family-wise error correction at the
cluster level)

correction at the cluster level). All 16 local maxima obtained
with the parametric analysis (see Table 2) were also found to be
significant with the nonparametric analysis.
In addition to our EC findings with levodopa treatment, we
observed the same EC increase when using a one-sample t-test
across ON-OFF EC difference images (Fig.S1, top row).
Remarkably, we obtained the same result regardless of adding
the UPDRS-III tremor score as an additional covariate of no
interest. The analysis was performed twice using the tremor
score obtained with and without levodopa medication (see
Fig. S1, middle and bottom row, respectively). Thus, the tremor score did not explain significant variance of EC change.
To investigate which brain regions are stronger connected
to the brainstem and left and right cerebellar regions leading to
a treatment-related increase in EC, additional seed-based connectivity analysis was performed. Here, we used all local maxima 1–16 obtained with the contrast ON-OFF to define the
seed regions. To show pairwise differences with levodopa
treatment, resulting correlation maps were fed into a statistical
analysis with a paired t-test using the general linear model. In
total, 16 group analyses were performed using paired t-tests in
order to detect changes in selective connectivity with levodopa treatment using all 16 local maxima as seed regions. We
obtained an increase of selective connectivity, that is, an increase of correlation of the BOLD time courses between cerebellum and subcortical regions as the thalamus, globus
pallidus, and putamen and also in the brainstem
(mesencephalon) (see local maxima 1–3, 5, 7–10, and 12–16

in Table 2 and also selective connectivity shown in Fig. 2). We
also observed an increase of selective connectivity between
cerebellum and cortical regions as the left and the right sensorimotor cortex and the supplementary motor area (see local
maxima 11 and 12 in Table 2 and Fig. 2). Besides cerebellum,
we found a treatment-related increase of selective connectivity
between the tegmentum (see maximum 4 in Table 2 and
Fig. 2) and many other motor regions as the left and the right
mesencephalon (substantia nigra), the left and the right ventrolateral posterior thalamus, the left globus pallidus, the left
supplementary motor area, and the left premotor cortex. We
also detected increased connectivity between pons and subcortical structures such as thalamus, putamen, and globus
pallidus (see maximum 6 in Table 2 and in Fig. 2). As described above, all 16 group analyses were repeated using a
nonparametric approach using the TFCE toolbox. The permutation tests yielded the same results showing an increase of
selective connectivity with levodopa treatment. This analysis
confirms our findings obtained with the parametric approach.
Overall, we detected an increase of BOLD signal correlations between cerebellum and brainstem and other brain regions within the motor system in response to dopaminergic
treatment. Note that we also investigated potential decreases
of selective connectivity using all maxima listed in Table 2,
however, without any significant result.
In addition to study intra-individual differences of general
and selective connectivity using a paired design, we also performed a correlation analysis between EC and the total
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Table 2 Resting-state fMRI connectivity increase of general and selective connectivity in PD patients (N = 24) in the ON condition compared to the
OFF condition*
Maximum
1

Structure

Corrected

− 26

5.74

0.00001

***

7

8.22

0.00001

**

− 16
5

− 17
− 23

4
−9

4.21
3.91

0.001
0.001

***
***

−8

− 24

−9

4.11

0.001

***

Left globus pallidus
Left SMA, BA6

− 19
− 21

−5
− 22

−6
55

4.65
6.29

0.001
0.000001

***

Left premotor, BA6

−6

17

64

3.79

0.001

6
9

− 52
− 13

− 14
−5

5.53
3.27

0.00001
0.01

−6

− 10

−5

4.22

0.001

Right cerebellum—AL, vermis (culmen), lobule V (92%)
Right subthalamus

***

3

− 55

− 11

5.48

0.00001

***

3

−7

−5

4.95

0.0001

***

Left subthalamus
Right posterior and mediodorsal thalamus

−3
11

−7
− 27

Left posterior and mediodorsal thalamus
Brainstem

− 12
11

− 28
− 26

−5
6
6
− 26

4.59
4.32
3.72
3.85

0.0001
0.0001
0.001
0.001

***
***
***
***

Right mesencephalon (substantia nigra)
Left mesencephalon (substantia nigra)
Right ventrolateral posterior thalamus

−3
8
−7
18

− 31
− 19
− 20
− 22

− 14
− 17
− 17
10

5.45
3.86
3.64
3.87

0.00001
0.001
0.001
0.001

***
***
***
*

Left ventrolateral posterior thalamus
Left globus pallidus

− 13
− 18

− 22
5

12
−8

4.23
4.24

0.001
0.001

***

Left SMA BA6
Left premotor

3
− 33

−1
−1

64
58

3.81
4.08

0.001
0.001

Right cerebellum—AL, vermis (culmen), lobule V (54%)
Right subthalamus

Tegmentum

Right cerebellum—AL, hemisphere (lingual), lobule V (86%)
Right ventral anterior thalamus
Left ventral anterior thalamus
Left globus pallidus
Tegmentum

6

p

− 46

Left subthalamus

5

T

− 19

Left mesencephalon (red ncl.)

4

z

9

Left ventrolateral posterior thalamus
Right mesencephalon (red ncl.)

3

y

15

Right cerebellum—AL, cerebellar nuclei
Right ventrolateral posterior thalamus

2

x

Left inferior posterolateral pons
Right posterior and ventrolateral posterior thalamus
Left posterior and ventrolateral posterior thalamus
Left posterior putamen
Left anterior putamen
Right globus pallidus
Brainstem

9

− 49

− 17

5.43

0.00001

***

6
−6
− 12
4

− 14
− 15
0
− 31

−1
−2
−5
− 10

3.03
3.65
4.05
4.16

0.01
0.001
0.001
0.001

***
***
***
***

− 12
15
− 15
− 29
− 20
23
6

− 34
− 20
− 21
− 10
6
−5
−25

− 38
9
9
−1
−5
−5
−28

4.81
4.44
4.16
4.23
4.39
4.15
3.63

0.0001
0.0001
0.001
0.001
0.001
0.001
0.001

***
***
***
***
***
***
***

7

Right cerebellum—PL, vermis, lobule IX (68%)
Right ventral thalamus
Left ventral thalamus
Pons

6
10
−9
−6

− 58
− 16
− 16
− 16

− 41
0
−2
− 35

4.59
3.97
3.84
5.43

0.0001
0.001
0.001
0.00001

***
***
***
***

8

Left cerebellum—PL, hemisphere (tonsil)
Left posterior thalamus (pulvinar)

− 21
− 15

− 55
− 28

− 41
10

4.35
4.00

0.0001
0.001

***
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Table 2 (continued)
Maximum

Structure

9

Left cerebellum—PL, hemisphere, nuclei, lobule VI (72%)
Left globus pallidus, putamen

10

Left cerebellum—PL, vermis, lobule VIIIa (56%)
Right posterior and ventrolateral posterior thalamus

11

Right cerebellum—PL, vermis, lobule IX (56%)
Left SM1, BA 4
Right SMA, BA 6

12

Left cerebellum—PL, vermis, lobule IX (78%)
Right SM1, BA 4
Left SM1, BA 4
Left globus pallidus, putamen

13

Left cerebellum—AL, cerebellar nuclei
Right anterior thalamus
Left anterior thalamus

14

Left cerebellum—PL, hemisphere (tonsil), lobule IX (55%)
Left ventrolateral posterior thalamus
Right ventral anterior thalamus
Left ventral anterior thalamus
Right posterior thalamus
Left posterior thalamus

15

Left cerebellum—PL, vermis, lobule VI (50%)
Right mediodorsal thalamus
Left ventrolateral thalamus

16

Left cerebellum—AL, hemisphere (sup. quadrangular), lobule V (64%)
Right posterior and ventrolateral posterior thalamus
Left posterior thalamus

x

y

z

T

p

Corrected

− 12
− 12

− 55
5

− 20
8

4.28
4.19

0.0001
0.001

***

−6

− 67

− 38

4.27

0.0001

***

18

− 25

1

4.03

0.001

***

3
− 36

− 49
− 31

− 44
61

4.27
5.09

0.0001
0.0001

***

9

−25

61

3.96

0.001

6
18

− 46
− 28

− 47
64

4.20
3.66

0.001
0.001

− 24
− 18

28
−1

55
−2

5.11
3.58

0.0001
0.001

−9

− 46

− 32

4.12

0.001

6
−3

−4
−4

1
1

3.43
3.00

0.001
0.01

−9
− 15
12
−9

− 58
− 22
−7
−7

− 44
7
1
1

4.07
4.73
3.00
3.24

0.001
0.0001
0.01
0.001

***
***
***
***

16
− 12

− 27
− 28

−2
−2

3.00
3.85

0.01
0.001

***
***

−3

− 61

− 26

4.00

0.001

***

12
− 15

− 18
−7

6
7

3.88
4.02

0.001
0.001

− 12
18
− 12

− 49
− 19
− 31

− 11
7
7

3.97
4.48
3.93

0.001
0.0001
0.001

***

***

*
***
***

*Maxima 1–16 (values in bold) denote the local maxima of general connectivity increase (based on the EC analysis) located in the cerebellum and
brainstem after levodopa administration compared to condition without dopaminergic treatment. The analysis was restricted by mask involving
expanded primary motor, premotor, sensorimotor cortex, basal ganglia, thalamus, brainstem, and cerebellum. Selective connectivity increase (based
on correlation analysis) for all extra-cerebellar brain structures within the mask with each seed region in the ON as compared to the OFF condition is
shown in non-bold values. All seed regions (maxima 1–16) are sorted according to the T-score in descending fashion. x, y, z local maxima of clusters in
MNI coordinates derived from the contrast ON vs. OFF condition, T T-score, p uncorrected level of significance; *p < 0.05, **p < 0.01, ***p < 0.001—
significance with family-wise error correction at cluster level; AL anterior lobe of the cerebellum, PL posterior lobe of the cerebellum

UPDRS-III score in order to investigate the relationship between connectivity and clinical symptoms. This correlation
included all 48 EC maps of both the OFF and the ON session.
We found a relationship between disease severity and general
connectivity. In particular, a significant negative correlation
between the UPDRS-III score and EC was obtained in the
cerebellum (p < 0.05, FWE-corrected at the cluster level).
The better the motor state of patients, the more are cerebellar
regions connected with other brain areas of the motor system.
Figure 4 shows these cerebellar regions (color-coded in red/
yellow) and a dot plot for the global T score maximum.

Motion Effects
The analysis of head motion during MR scanning yielded overall
very subtle effects. The mean FD of all subjects showed a maximum of 0.7 mm. When excluding the subject showing the largest mean FD value, the mean FD was below 0.5 mm for all
remaining subjects and sessions. When disregarding the 5% largest FD values, the maximum remaining FD was less than 2 mm,
which is well below the nominal voxel dimension of our fMRI
study. Only 17 out of 9552 frames from the entire study (i.e., 24
patients × 2 sessions × 199 image volumes) indicated single head
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Resting-state fMRI connectivity increase of general and selective
connectivity in PD patients (N = 24) in the ON compared to the OFF
condition. The general connectivity increase (eigenvector centrality
analysis; contrast ON vs. OFF condition) in cerebellum and brainstem
are shown in the first and the fourth row of images (red-yellow clusters).
The selective connectivity increase (correlation analysis; contrast ON vs.
OFF condition) between eight seed voxels and extra-cerebellar brain
structures are shown in rows 2 and 3 and in rows 5 and 6 (rainbow
color clusters). The columns are sorted with respect to the z coordinate
of each seed voxel displayed as color spheres on the general connectivity
maps. Seed voxel locations and positions of the coronal and axial slices
are shown using the coordinates in the MNI space. Color-coded clusters
show areas with connectivity increase in the ON as compared to the OFF
condition. All analyses were restricted by mask shown on Fig. 1;
however, results of all seed-based correlations were also significant in
full-brain analyses including family-wise error (FWE) correction at the
whole-brain level (p < 0.05 at the cluster level). C connectivity, GP globus
pallidus, Pu putamen, SM1 primary sensorimotor cortex, SN substantia
nigra, STh subthalamus, RN red nucleus, Th thalamus

Discussion

movements by more than 2 mm, corresponding to < 0.2%.
Moreover, there were no consistent differences in the motion
parameters between the OFF and the ON condition. We note that
we exclusively recruited patients of akinetic-rigid type in the
current study but no tremor-dominant patients, which explains
why motion-related bias was not an issue in this particular cohort.

We investigated brain connectivity alterations in PD patients
related to acute treatment effect. Overall, the instant beneficial
effect of levodopa on the clinical motor symptoms was related
to the modulation of functional connectivity within the motor
network. In sum, we found short-term general connectivity
increases in the cerebellum and brainstem after the administration of a single levodopa dose. These were related to further
selective connectivity increases between those regions and
both cortical and subcortical motor structures. Interestingly,
we found specific connectivity patterns between different cerebellar regions and the thalamus as well as different parts of
the basal ganglia related to levodopa. Some of the connections
are contralateral, some are ipsilateral, and some are bilateral.
This multifaceted connectivity pattern is the major finding of
our work showing the complexity of cerebellar interconnectedness in PD in response to levodopa treatment.
After years of neglect, the role of the cerebellum in PD has
been recently brought to light [33]. The cerebellum is a complex and heterogeneous brain region, and recent studies in
non-human primates have demonstrated that it forms an integrated bidirectional functional network with the basal ganglia

Fig. 3 Resting-state fMRI connectivity increase of general connectivity
in PD patients (N = 24) in the ON compared to the OFF condition. The
general connectivity increase (eigenvector centrality analysis; contrast
ON vs. OFF condition) in cerebellum and brainstem are shown with
both parametric and nonparametric analysis (red-yellow clusters).
Nonparametric analysis was performed using the threshold-free cluster

enhancement (TFCE) technique with 10,000 permutations and a
significance level of p < 0.05 (family-wise error corrected).
Interestingly, the same result was obtained with both approaches. Note
that all 16 local maxima obtained with the parametric analysis (see
Table 2) were also detected as significant in the nonparametric analysis.
A analysis, EC Eigenvector centrality
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by two dots (with the OFF and the
ON condition)

z = -8

2.8

-0.1
-0.2
-0.3

L

y = -58

R

-0.4

10

20

30

40

50

60

UPDRS-III

[34, 35]. The modulatory activity of levodopa on resting-state
basal ganglia networks has been tested in a double-blind placebo-controlled study in healthy subjects using seed-based
analysis [36]. In line with our findings, levodopa mainly led
to significant connectivity increases between the putamen and
both the cerebellum and the brainstem in healthy subjects
[36]. Additionally, connectivity reductions between ventral
striatal and dorsal caudate seeds and default-mode network
structures were also described in the same subjects. As for
studies in PD patients, heterogeneous results have been reported concerning cerebellar connectivity during task-free fMRI.
For example, Helmich and colleagues [37] did not report
changes in connectivity between cerebellum and basal ganglia
in de novo and mild PD patients (average disease duration 6.0
± 0.6 years) as compared to controls. Wu and colleagues [38]
reported increased regional homogeneity in the cerebellum of
unmedicated early PD patients (disease duration 4.1 ±
1.8 years) as compared to controls. This increased connectivity was attenuated by levodopa intake. These authors also
reported significant and extensive regional homogeneity reductions encompassing the basal ganglia, thalamus, and supplementary motor cortex. Applying the same connectivity
analysis in early PD (disease duration 1.6 ± 1.1 years), a similar pattern was reported by Yang and colleagues [39], showing widespread changes in the patients group including regional homogeneity increases in the cerebellum and subthalamic nucleus and decreases in putamen and inferior frontal
gyrus. Another study reported increases in cerebellar connectivity by means of resting-state fMRI in unmedicated PD patients in moderate disease stages (disease duration 6.6 ±
3.3 years) and subsequent normalization in the medicated state
[40]. On the contrary, an opposite pattern, characterized by

reduced cerebellar connectivity, was reported in advanced
PD patient in the on state (disease duration 12.9 years) [41].
Considering these and our findings, we agree with Simioni
et al. that the cerebellum might have a compensatory role in
PD in mild-to-moderate stages, but in later stages, the progressive neurodegeneration would eventually hinder this mechanism [40]. Here, we report data in patients with moderate-toadvanced disease state where the endogenous compensatory
mechanism might be already derailed. We thus hypothesize
that the levodopa administration in PD re-establishes, at least
in the short-term, the compensatory effect of the cerebellum.
By means of correlation analysis, we showed that a higher
interconnectedness of the cerebellum is paired with a better
motor outcome. However, further studies, preferably with a
longitudinal design, would be needed to verify this hypothesis. Increased resting-state connectivity between the basal ganglia and regions of the cerebello-thalamo-cortical network has
been also reported by Helmich et al. as associated with tremor
in PD [10]. However, our sample consisted of mainly akineticrigid patients, and differences in the pathophysiology of the
two motor phenotypes are well known [42, 43]. Moreover, it
has been proposed that the neural compensatory mechanisms
to counteract akinesia and rigidity arising from striatal denervation might be the source of tremor in PD [10, 33, 42]. The
compensatory role of the cerebellum in PD is also supported
by a number of task-based fMRI studies, which have shown
cerebellar hyperactivation in PD patients as compared to controls during simple movement execution and motor learning
tasks [33].
Besides the cerebellum, we also found an interconnectedness increase following levodopa in the brainstem that was in
turn selectively connected with subcortical (i.e., substantia

Cerebellum

nigra, ventrolateral posterior thalamus, and globus pallidus)
and cortical (i.e., supplementary motor area) motor regions.
Our findings emphasize the role of the brainstem in PD in
context of brain pathology [44]. Interestingly, Hacker et al.
previously identified impaired functional connectivity between the brainstem and the basal ganglia [41] with restingstate fMRI. In addition, diffusion tensor imaging studies reported selective alterations in the structural connectivity of the
caudal portion of the substantia nigra that might also serve as
an early PD biomarker [45]. According to our results, levodopa increases the functional connectivity within this crucial
pathological network in PD, thus compensating, at least in
the short-term, for the core pathological changes in PD. Note
that our findings also show an increased cerebellar connectivity together with an improvement of motor performance as
assessed by UPDRS-III score. In this respect, our results are
in line with recent findings by Guan and colleagues [46] who
reported a negative correlation between parameter estimates
measured by ICA algorithm in the posterior cerebellum and
motor impairments in the form of akinesia and rigidity. The
comparison of our results with those of Guan et al. is justified
since our cohort consisted of mainly akinetic-rigid PD patients
and it is thus conceivable that the alterations in overall
UPDRS-III highly reflect akinesia and rigidity. While mainly
akinetic-rigid PD patients were included in our study, Dirkx
and colleagues [47] investigated 15 patients of a tremordominant phenotype. In particular, they studied tremorrelated connectivity patterns with and without levodopa medication showing that levodopa influenced tremor by acting on
the cerebellar thalamus.
It has to be taken into consideration that we investigated
the short-term effects following a single levodopa dose in a
patient cohort in moderate-to-advanced PD stages. Thus, we
cannot exclude that the prolonged use of dopaminergic therapy for several years might have induced long-term brain
neuroplasticity phenomena that eventually influence the
brain response to a single treatment dose [8]. A further limitation is the same OFF-ON order for all patients that might
introduce a possible confound. We note that this has been a
common limitation in similar previous studies [38, 48, 49],
and we believe that our results within the motor network are
predominantly related to the levodopa effect, consistent with
our hypotheses. Moreover, in this study, we specifically investigated the effects of levodopa on the motor symptoms
and on the brain motor network. However, it is now
established that PD is additionally characterized by several
non-motor features and by the impairment of other neurotransmitters besides dopamine [50]. Notably, the cerebellum
is also functionally connected with prefrontal and posterior
parietal associative brain regions, possibly mediating higher
order cognitive functions [51, 52]. Further studies might thus
focus on the potential impact from treatment-induced modulation of cerebellar functional connectivity on non-motor

symptoms in PD. Additionally, future treatment strategies
in PD should take into account that restoring the dopaminergic transmission within the nigrostriatal dopaminergic pathway might not be enough for treating the wide spectrum of
different symptoms [14]. Finally, it has to be mentioned that
the young age of our PD cohort might represent a limit for
the generalizability of our findings to older patients. We
would expect that individuals with later PD onset would
present similar but less pronounced treatment-induced effects. However, this topic needs further investigation, because age does not only modulate the response to levodopa,
but also the motor phenotype and the degree of dopaminergic dysfunction [21, 22, 53].
Taken together, our data indicate that the effect of levodopa on functional connectivity changes in particular in
the cerebellum and brainstem may represent an important
determinant in the modulation of clinical motor performance outcomes of PD patients as assessed by UPDRSIII and emphasize the notion of resting-state fMRI being a
powerful tool for the investigation of treatment-related
brain changes in PD.
Author Contributions
(1) Research project: conception: RJ KM MLS; organization: RJ KM;
data acquisition: RJ FR.
(2) Statistical analysis: design: KM; execution: RJ KM; table and figures:
RJ KM; review and critique: RJ KM.
(3) Manuscript: writing of the first draft: KM; refinement: KM RJ TB;
review and critique: KM RJ TB SH FR FAP HEM JV ER MLS.
Funding Information Open access funding provided by Max Planck
Society. This study is supported by the Czech Science Foundation (grant
16-13323S), the Charles University in Prague (project PROGRES Q27),
the Parkinson’s Disease Foundation (project PDF-IRG-1307), and the
Michael J. Fox Foundation (project MJFF-11362).
Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References
1.

Chrischilles EA, Rubenstein LM, Voelker MD, Wallace RB,
Rodnitzky RL. The health burdens of Parkinson’s disease. Mov
Disord. 1998;13(3):406–13. https://doi.org/10.1002/mds.870130306.
2. Huse DM, Schulman K, Orsini L, Castelli-Haley J, Kennedy S,
Lenhart G. Burden of illness in Parkinson’s disease. Mov Disord.
2005;20(11):1449–54. https://doi.org/10.1002/mds.20609.
3. Dorsey ER, Constantinescu R, Thompson JP, Biglan KM,
Holloway RG, Kieburtz K, et al. Projected number of people with
Parkinson disease in the most populous nations, 2005 through
2030. Neurology. 2007;68(5):384–6. https://doi.org/10.1212/01.
wnl.0000247740.47667.03.

Cerebellum
4.
5.

6.

7.
8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Cotzias GC, Van Woert MH, Schiffer LM. Aromatic amino acids and
modification of parkinsonism. N Engl J Med. 1967;276(7):374–9.
Olanow CW, Agid Y, Mizuno Y, Albanese A, Bonuccelli U,
Damier P, et al. Levodopa in the treatment of Parkinson’s disease:
current controversies. Mov Disord. 2004;19(9):997–1005. https://
doi.org/10.1002/mds.20243.
Ahlskog JE, Muenter MD. Frequency of levodopa-related dyskinesias and motor fluctuations as estimated from the cumulative literature. Mov Disord. 2001;16(3):448–58.
Obeso JA, Olanow CW, Nutt JG. Levodopa motor complications in
Parkinson’s disease. New York City: Elsevier; 2000.
Zhuang X, Mazzoni P, Kang UJ. The role of neuroplasticity in
dopaminergic therapy for Parkinson disease. Nat Rev Neurol.
2013;9(5):248–56. https://doi.org/10.1038/nrneurol.2013.57.
Olanow CW, Obeso JA. Levodopa toxicity and Parkinson disease:
still a need for equipoise. Neurology. 2011;77(15):1416–7. https://
doi.org/10.1212/WNL.0b013e318232ac0a.
Helmich RC, Janssen MJ, Oyen WJ, Bloem BR, Toni I. Pallidal
dysfunction drives a cerebellothalamic circuit into Parkinson tremor. Ann Neurol. 2011;69(2):269–81. https://doi.org/10.1002/ana.
22361.
Nutt JG. Pharmacokinetics and pharmacodynamics of levodopa.
Mov Disord. 2008;23(Suppl 3):S580–4. https://doi.org/10.1002/
mds.22037.
Whitfield AC, Moore BT, Daniels RN. Classics in chemical neuroscience: levodopa. ACS Chem Neurosci. 2014;5(12):1192–7.
https://doi.org/10.1021/cn5001759.
Tedroff J, Pedersen M, Aquilonius S, Hartvig P, Jacobsson G,
Långström B. Levodopa-induced changes in synaptic dopamine
in patients with Parkinson’s disease as measured by [11C]
raclopride displacement and PET. Neurology. 1996;46(5):1430–6.
Lang AE, Obeso JA. Challenges in Parkinson’s disease: restoration
of the nigrostriatal dopamine system is not enough. Lancet Neurol.
2004;3(5):309–16. https://doi.org/10.1016/s1474-4422(04)00740-9.
Prodoehl J, Burciu RG, Vaillancourt DE. Resting state functional
magnetic resonance imaging in Parkinson’s disease. Curr Neurol
Neurosci Rep. 2014;14(6):448. https://doi.org/10.1007/s11910014-0448-6.
Tahmasian M, Eickhoff SB, Giehl K, Schwartz F, Herz DM,
Drzezga A, et al. Resting-state functional reorganization in
Parkinson’s disease: an activation likelihood estimation meta-analysis. Cortex. 2017;92:119–38. https://doi.org/10.1016/j.cortex.
2017.03.016.
Tahmasian M, Bettray LM, van Eimeren T, Drzezga A,
Timmermann L, Eickhoff CR, et al. A systematic review on the
applications of resting-state fMRI in Parkinson’s disease: does dopamine replacement therapy play a role? Cortex. 2015;73:80–105.
https://doi.org/10.1016/j.cortex.2015.08.005.
Warren JD, Rohrer JD, Schott JM, Fox NC, Hardy J, Rossor MN.
Molecular nexopathies: a new paradigm of neurodegenerative disease. Trends Neurosci. 2013;36(10):561–9. https://doi.org/10.1016/
j.tins.2013.06.007.
Cerasa A, Novellino F, Quattrone A. Connectivity changes in
Parkinson’s disease. Curr Neurol Neurosci Rep. 2016;16(10):91.
https://doi.org/10.1007/s11910-016-0687-9.
Lohmann G, Margulies DS, Horstmann A, Pleger B, Lepsien J,
Goldhahn D, et al. Eigenvector centrality mapping for analyzing
connectivity patterns in fMRI data of the human brain. PLoS One.
2010;5(4):e10232. https://doi.org/10.1371/journal.pone.0010232.
Levy G. The relationship of Parkinson disease with aging. Arch
Neurol. 2007;64(9):1242–6. https://doi.org/10.1001/archneur.64.9.
1242.
Durso R, Isaac K, Perry L, Saint-Hilaire M, Feldman RG. Age
influences magnitude but not duration of response to levodopa. J
Neurol Neurosurg Psychiatry. 1993;56(1):65–8.

23.

24.

25.

26.
27.
28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

Tomlinson CL, Stowe R, Patel S, Rick C, Gray R, Clarke CE.
Systematic review of levodopa dose equivalency reporting in
Parkinson’s disease. Mov Disord. 2010;25(15):2649–53. https://
doi.org/10.1002/mds.23429.
Ashburner J, Friston KJ. Unified segmentation. NeuroImage.
2005;26(3):839–51. https://doi.org/10.1016/j.neuroimage.2005.
02.018.
Lohmann G, Muller K, Bosch V, Mentzel H, Hessler S, Chen L,
et al. LIPSIA–a new software system for the evaluation of functional magnetic resonance images of the human brain. Comput Med
Imaging Graph. 2001;25(6):449–57.
Frobenius G. On matrices from non negative elements. Sitzber K
Preuss Aka. 1912:456–77.
Perron O. On the theory of matrices. Math Ann. 1907;64:248–63.
https://doi.org/10.1007/Bf01449896.
Eklund A, Nichols TE, Knutsson H. Cluster failure: why fMRI
inferences for spatial extent have inflated false-positive rates. Proc
Natl Acad Sci U S A. 2016;113(28):7900–5. https://doi.org/10.
1073/pnas.1602413113.
Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing problems of smoothing, threshold dependence and
localisation in cluster inference. NeuroImage. 2009;44(1):83–98.
https://doi.org/10.1016/j.neuroimage.2008.03.061.
Helmich RC. The cerebral basis of Parkinsonian tremor: a network
perspective. Mov Disord. 2018;33(2):219–31. https://doi.org/10.
1002/mds.27224.
Jech R, Mueller K, Schroeter ML, Ruzicka E. Levodopa increases
functional connectivity in the cerebellum and brainstem in
Parkinson’s disease. Brain. 2013;136(Pt 7):e234. https://doi.org/
10.1093/brain/awt015.
Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE.
Spurious but systematic correlations in functional connectivity
MRI networks arise from subject motion. NeuroImage.
2012;59(3):2142–54. https://doi.org/10.1016/j.neuroimage.2011.
10.018.
Wu T, Hallett M. The cerebellum in Parkinson’s disease. Brain.
2013;136(Pt 3):696–709. https://doi.org/10.1093/brain/aws360.
Bostan AC, Dum RP, Strick PL. The basal ganglia communicate
with the cerebellum. Proc Natl Acad Sci U S A. 2010;107(18):
8452–6. https://doi.org/10.1073/pnas.1000496107.
Hoshi E, Tremblay L, Feger J, Carras PL, Strick PL. The cerebellum communicates with the basal ganglia. Nat Neurosci.
2005;8(11):1491–3. https://doi.org/10.1038/nn1544.
Kelly C, de Zubicaray G, Di Martino A, Copland DA, Reiss PT,
Klein DF, et al. L-dopa modulates functional connectivity in striatal
cognitive and motor networks: a double-blind placebo-controlled
study. J Neurosci. 2009;29(22):7364–78. https://doi.org/10.1523/
JNEUROSCI.0810-09.2009.
Helmich RC, Derikx LC, Bakker M, Scheeringa R, Bloem BR,
Toni I. Spatial remapping of cortico-striatal connectivity in
Parkinson’s disease. Cereb Cortex. 2010;20(5):1175–86. https://
doi.org/10.1093/cercor/bhp178.
Wu T, Long X, Zang Y, Wang L, Hallett M, Li K, et al. Regional
homogeneity changes in patients with Parkinson’s disease. Hum
Brain Mapp. 2009;30(5):1502–10. https://doi.org/10.1002/hbm.
20622.
Yang H, Zhou XJ, Zhang MM, Zheng XN, Zhao YL, Wang J.
Changes in spontaneous brain activity in early Parkinson’s disease.
Neurosci Lett. 2013;549:24–8. https://doi.org/10.1016/j.neulet.
2013.05.080.
Simioni AC, Dagher A, Fellows LK. Compensatory striatalcerebellar connectivity in mild-moderate Parkinson’s disease.
Neuroimage Clin. 2016;10:54–62. https://doi.org/10.1016/j.nicl.
2015.11.005.
Hacker CD, Perlmutter JS, Criswell SR, Ances BM, Snyder AZ.
Resting state functional connectivity of the striatum in Parkinson’s

Cerebellum

42.

43.

44.

45.

46.

47.

disease. Brain. 2012;135(Pt 12):3699–711. https://doi.org/10.1093/
brain/aws281.
Zaidel A, Arkadir D, Israel Z, Bergman H. Akineto-rigid vs. tremor
syndromes in Parkinsonism. Curr Opin Neurol. 2009;22(4):387–
93. https://doi.org/10.1097/WCO.0b013e32832d9d67.
Jankovic J. Parkinson’s disease: clinical features and diagnosis. J
Neurol Neurosurg Psychiatry. 2008;79(4):368–76. https://doi.org/
10.1136/jnnp.2007.131045.
Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, Braak
E. Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol Aging. 2003;24(2):197–211.
Vaillancourt D, Spraker M, Prodoehl J, Abraham I, Corcos D, Zhou
X, et al. High-resolution diffusion tensor imaging in the substantia
nigra of de novo Parkinson disease. Neurology. 2009;72(16):1378–
84.
Guan X, Zeng Q, Guo T, Wang J, Xuan M, Gu Q, et al. Disrupted
functional connectivity of basal ganglia across tremor-dominant
and akinetic/rigid-dominant Parkinson’s disease. Front Aging
Neurosci. 2017;9:360. https://doi.org/10.3389/fnagi.2017.00360.
Dirkx MF, den Ouden HE, Aarts E, Timmer MH, Bloem BR, Toni
I, et al. Dopamine controls Parkinson’s tremor by inhibiting the
cerebellar thalamus. Brain. 2017;140(3):721–34. https://doi.org/
10.1093/brain/aww331.

48.

Esposito F, Tessitore A, Giordano A, De Micco R, Paccone A,
Conforti R, et al. Rhythm-specific modulation of the sensorimotor
network in drug-naive patients with Parkinson’s disease by levodopa. Brain. 2013;136(Pt 3):710–25. https://doi.org/10.1093/brain/
awt007.
49. Wu T, Wang L, Chen Y, Zhao C, Li K, Chan P. Changes of functional connectivity of the motor network in the resting state in
Parkinson’s disease. Neurosci Lett. 2009;460(1):6–10. https://doi.
org/10.1016/j.neulet.2009.05.046.
50. Brichta L, Greengard P, Flajolet M. Advances in the pharmacological treatment of Parkinson’s disease: targeting neurotransmitter
systems. Trends Neurosci. 2013;36(9):543–54. https://doi.org/10.
1016/j.tins.2013.06.003.
51. Bostan AC, Dum RP, Strick PL. Cerebellar networks with the cerebral cortex and basal ganglia. Trends Cogn Sci. 2013;17(5):241–
54. https://doi.org/10.1016/j.tics.2013.03.003.
52. Buckner RL. The cerebellum and cognitive function: 25 years of
insight from anatomy and neuroimaging. Neuron. 2013;80(3):807–
15. https://doi.org/10.1016/j.neuron.2013.10.044.
53. Pagano G, Ferrara N, Brooks DJ, Pavese N. Age at onset and
Parkinson disease phenotype. Neurology. 2016;86(15):1400–7.
https://doi.org/10.1212/WNL.0000000000002461.

