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ABSTRACT

Background: In Parkinson's disease (PD), dopamine replacement therapy (DRT) enhances the effective con-
nectivity of the prefrontal cortex (PFC) and supplementary motor area (SMA). The clinical effects of deep brain
stimulation (DBS) of the subthalamic nucleus (STN) go beyond DRT effects including highly beneficial tremor
suppression.

Objectives: Here, we aimed to determine DBS-related changes of a motor network using resting state fMRI in PD
patients with chronic STN DBS.

Methods: In a repeated-measurement design, 26 medicated PD patients (60.9 years (SD 8.9)) were investigated
using resting state fMRI while bipolar STN stimulation was (i) active or (ii) switched off, and dynamic causal
modelling was subsequently performed.

Results: DBS improved the MDS-UPDRS-III score by 26.4% (DBS ON/Med ON vs. DBS OFF/Med ON). Active
stimulation resulted in an increased effective connectivity from cerebellum to putamen (p = 0.00118). In ad-
dition, there was a stronger coupling from PFC to cerebellum (p = 0.021), as well as from cerebellum to SMA
(p = 0.043) on an uncorrected level. Coupling strength from PFC to cerebellum correlated with the DBS-related
change of the resting tremor subscore (r = 0.54, p = 0.031). Self-connections increased as a function of DBS in
the right PFC, PMC, SMA, M1, thalamus and left cerebellum.

Conclusions: DBS-related improvement of Parkinsonian signs appears to be driven by an interaction between the
cerebellum and the putamen. Resting tremor suppression may be related to an enhanced prefronto-cerebellar
network. Activation of the mesial premotor loop (PFC-SMA) as seen in DRT may thus be secondary due to the
primary modulation of cerebellar networks.

1. Introduction

become an important therapeutic option in patients with Parkinson's
disease (PD) and clinically relevant motor fluctuations, drug-resistant

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) has tremor, or intolerable side effects of Antiparkinsonian drugs. As one of
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the primary actions, STN DBS improves PD motor and non-motor
symptoms that also respond to dopaminergic medication with long-
term efficacy whereas axial signs as seen in later disease stages do not
respond [1]. Aside from the effects that mimic dopamine replacement
therapy (DRT), STN DBS also effectively alleviates resting tremor that
frequently does not sufficiently respond to Anti-Parkinsonian medica-
tion [1]. Further evidence that DBS-related effects go beyond the effect
of DRT is provided by the observation that DBS improves sequence
learning whereas DRT does not affect learning performance [2]. The
improvement was associated with increased activity in a broad neu-
ronal network including the lateral cerebellum, dorsal premotor cortex,
and supplementary motor area suggesting that improvements are re-
lated to changes in a premotor-cerebellar network as a function of STN
DBS but not of DRT. In keeping, a recent fMRI study revealed an in-
creased interconnectedness in the left and right cortex and an increase
of connectivity with the thalamus and cerebellum as a result of active
DBS but not of levodopa [3]. These findings collectively argue for DBS-
related effects independent of actions that simply mimic DRT.

The mechanisms that are involved in the facilitating effects of STN
DBS in PD are not well understood and complicated by the fact that the
STN is connected to several different brain regions, including the pre-
frontal-subthalamic hyperdirect pathway [4], basal ganglia, thalamus,
substantia nigra, brainstem [4], and the cerebellum [5,6]. In line with
the complexity of DBS actions, the response to STN DBS is predicted by
the localization of the DBS lead in the STN and the related connectivity
profile to remote brain regions [4,7]. Structural connectivity between
the active electrode and a widespread network including the superior
frontal gyrus [4,7] and the SMA [7], but also the thalamus [4] and the
cerebellum [7] predicted a beneficial outcome of DBS. The findings on a
role of the cerebellum in mediating DBS-related effects is corroborated
by animal data reporting increased cerebellar activity in hemi-
parkinsonian rats due to STN DBS [8]. Recent PET studies and a single
fMRI study in a limited number of PD patients confirmed DBS-related
changes of the cortico-basal ganglia network but also an involvement of
the cerebello-thalamic pathway [9-12].

Here, we performed two sessions of resting state functional MRI (rs-
fMRI) in medicated PD patients with chronic bilateral STN DBS and
compared neural network dynamics between active stimulation and
inactive stimulation conditions. According to strong hypotheses on
changes in basal ganglia-thalamo-cortical and cerebello-thalamo-cor-
tical circuits as a function of active DBS, we used resting state fMRI to
study DBS effects in vivo without the influence of motor preparation,
action control, and movement execution during the execution of a
motor task.

2. Materials and methods
2.1. Patients and study design

Thirty-seven patients diagnosed with idiopathic PD according to the
clinical diagnostic criteria of the Movement Disorder Society were re-
cruited. Stereotactic bilateral DBS electrode implantation was per-
formed at University hospitals in Liibeck, Hannover, and Magdeburg.
MRI data from 11 patients had to be excluded for the reasons men-
tioned below. Therefore, MRI datasets of 26 patients had a sufficient
quality for further analysis (eTable 1). Twenty-four of the 26 patients
took dopaminergic medication with a levodopa equivalence dose of
552 + 351 mg/day. All patients continued to take their dopaminergic
medication throughout the study. Bilateral STN DBS had been per-
formed 3-78 months prior to the study (mean 25.5 + 20.8). In all
patients, pulse generators of the Medtronic Activa series were im-
planted (PC or RC). As we were interested in the DBS-related effects on
resting state connectivity, we investigated the patients under two
conditions in counterbalance: (i) with active stimulation (ON) and (ii)
while stimulation was switched off (OFF). For the head motion, there
was no significant difference between ON and OFF measurements.
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Table 1

Regions selected for the left and the right hemisphere for DCM analysis based
on T-statistic testing for evoked responses in the motor task. Regions are de-
fined as contiguous voxels in SPM, surviving a threshold of p < 0.001 (un-
corrected) within 4 mm of the locations. The anatomical designations are ac-
cording to the AAL Atlas.

Left hemisphere Region of Interest Location (mm)

CB (Contralateral) Cerebellum -27 —45 —-24
M1 Primary motor cortex 36 —-18 54
PMC Premotor cortex 42 —-12 54
PFC Prefrontal cortex 42 42 27
SMA Supplementary motor area 12 6 45
Put Putamen 22 3 5
Thal Thalamus 13 -14 2
Right hemisphere Region of Interest Location (mm)

CB (Contralateral) Cerebellum 27 —-57 —-21
M1 Primary motor cortex -33 -17 57
PMC Premotor cortex —-33 -9 57
PFC Prefrontal cortex -33 39 24
SMA Supplementary motor area -3 3 45
Put Putamen -30 -3 6
Thal Thalamus -18 —-12 6

Some patients had greater head movement during the ON condition,
others more during the OFF condition. Before an MRI session, patients
were neurologically examined by a movement disorders specialist ac-
cording to the Unified Parkinson's Disease Rating Scale part III (MDS-
UPDRS-III). The examinations were videotaped and additionally rated
by a second movement disorder specialist (A.M.) blinded to the sti-
mulation mode. For rigidity, the ratings from the onsite examiner were
used. After both MRI sessions, the stimulation parameters were set to
the initial settings and treatment impedances were tested. The neuro-
logical examination was repeated to confirm that patients had returned
to their initial clinical baseline. Handedness was assessed using the
Edinburgh Handedness scale. Cognitive functions were tested by using
Montreal Cognitive Assessment. The study was approved by the local
ethics committee of the University of Liibeck, Germany (AZ15-212),
and all participants gave their written consent prior to their inclusion.

2.2. Dynamic causal modelling

Information on exclusion criteria, MRI data acquisition, fMRI pre-
processing and ROI selection are described in the Suppl. Material
(eMethods 1) and in Table 1. We used spectral DCM to estimate a motor
network consisting of regions of interest (ROIs) that were previously
implicated in PD pathophysiology (Fig. 1, eMethods 2). In contrast to
classical DCM, spectral DCM aims to reveal intrinsic connectivity from
resting state fMRI data without task-related input. We decided against
Bayesian Model Selection for the following reasons: (i) both states of
the experimental factor (DBS) could not be applied during the same
MRI session, (ii) concatenation of both fMRI time series that allowing
the combination of both experimental states was problematic due to a
break of 60 min between both sessions, (iii) the input region (STN)
could not be defined due the loss-of-signal artefact and (iv) the inter-
actions between our seven selected ROIs is highly complex resulting in
an enormous number of possible models, of which many may be bio-
logically plausible.

We thus decided to analyze a full spectral DCM model which means
that all endogenous connections (DCM.A) were estimated and analyzed
except for connectivity between PFC and M1. This approach allowed us
to evaluate DBS-related connectivity changes in the basal ganglia-tha-
lamo-cortical and cerebello-thalamo-cortical circuits and to determine
their interactions.

To minimize loss-of-signal artefacts by DBS electrodes and extension
cables we analyzed both hemispheres separately. In nine patients, both
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Fig. 1. Illustration of regions of interest, their principal eigenvariates and pre-defined connections for the DCM analysis. The figure shows the selected
regions of interest and corresponding time-series represented as principal eigenvariates.

hemispheres could be analyzed, and in the remaining patients only the
hemisphere opposite to the extension cable could be used for further
analysis. Accordingly, we created two models: one model for the left
(model 1; N = 10) and one model for the right hemisphere (model 2;
N = 25). We analyzed both hemispheres and considered them sepa-
rately because (i) PD is an asymmetric disorder, (ii) bilateral DBS may
introduce different effects in both hemispheres due to varying stimu-
lation parameters, and (iii) resting state network show an asymmetric
distribution upon resting state fMRI.

2.3. Statistical analysis of effective connectivity

After DCM definition and estimation, connectivity parameters from
each subject were analyzed. One sample t-tests were conducted to ex-
amine the consistency of the coupling parameters (different from 0). If
this was the case, paired t-tests were subsequently applied to compare
coupling parameters in the ON versus OFF condition. For the primary
analysis, Bonferroni correction was applied to account for multiple
comparisons taking 42 connections into account (p < 0.0012 (0.05/
42)). We also report connectivity changes that did not survive multiple
comparisons correction (0.00119 < p < 0.05). For the separate ana-
lysis of DBS-related changes of self-connections, we also applied
Bonferroni correction. Given a number of seven ROIs, we defined a p-
value < 0.0071 (0.05/7) as significant due to the ROI-based analysis
strategy. Since we were specifically interested in the actions of DBS on
resting tremor, coupling strengths of DBS-related connectivity altera-
tions were correlated with the MDS-UPDRS-III resting tremor score
(item 20). This analysis was done on an exploratory level. Pearson's r is
reported as the data is approximately normally distributed (assessed by
the Shapiro-Wilk test).

3. Results
3.1. Clinical effects of STN DBS

The MRI procedure was safe in all patients independent of the sti-
mulation mode. After both MRI sessions, no changes were observed in

the clinical response to DBS and in the assessment of treatment im-
pedances and current flow. The stimulation amplitude during the MRI
session was similar to the therapeutic stimulation amplitude
(2.35 = 0.79vs 2.39 * 0.85, p = 0.682, eTable 2). Bilateral STN DBS
resulted in a mean improvement of 26.4 = 15.5% of the total MDS-
UPDRS-III score (DBS ON/Med ON vs. DBS OFF/med ON, range — 3 to
63%). Resting tremor was present in 15 patients in the DBS OFF state
and improved on average by 42.4 + 43.6% (range —33 to 100%).
Active DBS also improved bradykinesia which was present in all 26
patients in the DBS OFF state and rigidity (n = 24 during OFF) by
19.5 = 17.5% (range —16 to 45%) and 59.6 = 19.7% (range
30-100%). MDS-UPDRS-III scores of the onsite examiner and the
blinded offsite examiner correlated significantly (p < 0.001) in both,
ON Condition (r = 0.813) and OFF condition (r = 0.912).

3.2. DBS OFF

In DBS OFF state, the one sample t-test revealed significant self-
connections in the left cerebellum and right PFC, PMC, SMA, M1, pu-
tamen and thalamus (all p < 0.001). In the left hemisphere, the same
trend was present for PMC (p = 0.048) and thalamus (p = 0.040).

During DBS OFF effective connectivity was significant at a trend
level from left cerebellum to right putamen (p = 0.040), left cerebellum
to right SMA (p = 0.01), right M1 to right thalamus (p = 0.009), right
PEC to left cerebellum (p = 0.021), PMC to thalamus (p = 0.039), with
mean values lower than zero. In contrast, we found significant effective
connectivity on trend level from left putamen to M1 (p = 0.047), with
mean values greater than zero. Please note that these changes did not
survive p-value correction for multiple comparisons. Details are shown
in eTable 3 and Fig. 2.

3.3. DBS on

In DBS ON state, the one sample t-test showed significant self-con-
nections in the PFC, PMC, SMA, M1, thalamus and cerebellum bilat-
erally and right putamen (all p < 0.005). There was a similar trend for
the left putamen (p = 0.0096). Significant effective connectivity on
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Fig. 2. DBS-related changes of effective connectivity in the right hemisphere. STN DBS resulted in an increased coupling between the cerebellum and putamen
(solid line). Cerebello-SMA output and PFC-cerebellar connectivity were also increased on an exploratory level (dotted line). The quantitative changes in effective
connectivity are plotted on the left side. The diagram on the right side demonstrates that resting tremor improved with increasing coupling between PFC and
cerebellum. Bars are presented as mean + SEM. ** p < 0.01, * p < 0.05, () uncorrected for multiple comparisons.

trend level was observed from right cerebellum to left PFC (p = 0.021),
SMA (p = 0.048), putamen (p = 0.023) and M1 (p = 0.034), with
mean values lower than zero, as well as from the left cerebellum to right
putamen and from M1 to PMC in both directions (p = 0.016/0.049)
with mean values greater than zero. Please note that these changes did
not survive p-value correction for multiple comparisons. Details are
shown in eTable 3 and Fig. 2.

3.4. Specific actions of DBS (DBS on vs. OFF)

Active STN DBS resulted in stronger coupling from left cerebellum
to right putamen (p = 0.00118, Fig. 2, eTable 3). Effective connectivity
also tended to increase from right PFC to left cerebellum (p = 0.021), as
well as from left cerebellum to right SMA (p = 0.043) (Fig. 2, eTable 3).
Self-connections tended to increase as a function of DBS in the left PFC,
PMC, SMA, M1, thalamus and left cerebellum (all p < 0.05, Fig. 3,
eTable 4).

To check to which degree the changes in effective connectivity can
predict the clinical outcome of DBS treatment, coupling strength from
PFC to the cerebellum was correlated with the DBS-related change of

Coupling strength

1x10°-

1x107=

the resting tremor subscore. Indeed, patients with stronger coupling
between PFC and cerebellum showed a higher degree of resting tremor
improvement (r = 0.54, p = 0.031, Fig. 2). No such changes in resting
tremor severity or total MDS-UPDRS-III scores were observed for the
other significant connections.

4. Discussion

Investigating the mechanisms of DBS in movement disorders in-
cluding PD contributes not only to a better understanding of DBS-re-
lated changes in neural networks, but also provides an avenue for
gaining insights into the underlying disease. Here, we performed resting
state fMRI in medicated PD patients in whom STN DBS was previously
established and used effective connectivity in a pre-specified model of
the motor network to unravel neural connectivity changes as a result of
DBS. Active STN DBS resulted in various changes in network con-
nectivity that collectively argue for an interaction of prefronto-cere-
bellar, striato-thalamic, intracerebellar, and cerebello-striatal circuits.
These complex interactions add to previous evidence of an increased
connectivity between cortex and both, thalamus and cerebellum due to
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Fig. 3. DBS-related changes on the ‘within region’ ROI connectivity. The self-connections of the left PFC, PMC, SMA, M1, thalamus and right cerebellum clearly

increases when the neurostimulator is switched on (DBS ON vs. DBS OFF). Bars are presented as mean

comparisons.
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STN DBS [3]. Our study additionally corroborates previous functional
studies showing changes of both, the cortico-basal ganglia and the
cerebello-thalamic pathway [9-12]. It may help to better understand
the magnitude of interactions between the basal-ganglia-thalamo-cor-
tical and the cerebello-thalamo-cortical circuits and changes in those
interactions as a result of STN DBS. Moreover, our results argue for a
direct interaction between both circuits deemed to successfully imple-
ment goal-directed actions. These findings challenge the concept of two
distinct pathways that modulate thalamo-cortical output in isolation.
Given the direct structural connections between basal ganglia and
cerebellum, these two systems should be understood as acting in close
coordination, both in the healthy brain and in the context of movement
disorders.

4.1. Basal ganglia-cerebellar crosstalk

The traditional concept of basal ganglia and cerebellar loops sti-
pulates an indirect link between both circuits due to converging pro-
jections to distinct thalamic nuclei, and an interaction between striato-
pallido-thalamo-cortical and cerebello-thalamo-cortical pathways only
on the neocortical level. This view has been challenged by the evidence
of direct anatomical connections between basal ganglia and cerebellum
in animals [13,14] and humans [6]. Transneuronal transport of Rabies
viruses demonstrated disynaptic pathways between the dentate nucleus
and the striatum [14], as well as the STN and cerebellar cortex [13] in
brains of Macaque monkeys. The connections were shown to be dense
and to affect both, motor and non-motor domains of the basal ganglia
and the corresponding regions in the cerebellum. Recently, the presence
of connections between STN and cerebellar cortex was confirmed in
humans using DTI [5,6]. Connections were also found between the
dentate nucleus and both, the substantia nigra and pallidum, high-
lighting that reciprocal connections between both circuits exist and that
cerebellar output may have a direct impact on basal ganglia functions
and operations. In addition, recent fMRI studies using DCM in healthy
subjects demonstrated a relationship between increased coupling of the
putamen and the cerebellum with M1 and movement speed [15] and
striato-cerebellar interactions during encoding of a motor sequence task
[16]. The close interaction of the cortico-basal ganglia and the cere-
bello-thalamic pathway is furthermore supported by the observation
that patients with essential tremor and thalamic DBS had more bene-
ficial DBS outcome when a specific cluster within the cerebello-tha-
lamo-cortical tract was targeted [17]. Moreover, patients following
thalamotomy showed an increased coupling between the frontal eye
field and the cerebellum [18].

With regard to PD, functional connectivity of the cerebellum with
the striatum is reported to be increased in drug-naive PD patients or
medicated patients during the OFF state [19,20], although unchanged
connectivity was also seen in comparison to healthy controls [21]. 1-
dopa exposure reduced striato-cerebellar connectivity to levels which
were comparable with healthy controls [20] or resulted even in de-
creased connectivity [22]. The degree of connectivity between the
posterior putamen and the cerebellum was strongly associated with
motor performance [20,23], independent of whether 1-dopa was given
or not [20]. These findings suggest that the increased coupling between
striatum and cerebellum during the OFF state represents a compensa-
tory mechanism that counteracts dopaminergic depletion in PD. In our
study, we were able to show that the connectivity between cerebellum
and striatum was strengthened as a function of STN DBS. Using DCM,
we were furthermore able to demonstrate a causal relationship, namely,
that the cerebellum exerted an influence on the striatum. Increased
cerebellar output due to DBS could either represent a normalization of
cerebellar connectivity with re-connection of a functionally ‘dis-
connected’ cerebellum or a distinct effect of DBS that goes beyond re-
storation of a more physiological state in a PD-diseased brain. As the
patients were medically treated during the study it cannot be concluded
that the findings are specific for DBS as the medication effect may have
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the same direction but to a smaller degree. Further, given the lack of a
control group, we were not able to show differences in cerebellar-
striatal connectivity across PD patients and controls. In addition to the
cerebellar involvement as shown here, DBS also modulates the con-
nection between cortex and basal ganglia including the direct and in-
direct pathway as well as the hyperdirect, cortico-subthalamic projec-
tion [12]. In this previous resting state fMRI study, DCM was used with
the difference that different a priori models were compared and the
cerebellum was not considered.

4.2. Cerebellar pathology in Parkinson's disease

The source of cerebellar dysfunction and altered intrinsic con-
nectivity in PD remains elusive. Recently, anatomical alterations in-
cluding gray matter loss in motor and cognitive territories have been
described [24,25] that correlated with cerebellar-cortical functional
connectivity [24] and seemed to be more pronounced in patients pre-
senting with tremor [26]. In keeping with a neurodegenerative aspect,
synuclein pathology was found in the cerebellum of PD brains [27], and
loss of cerebellar neurons and synapses was identified in a rat model of
PD [28]. Another source of impairment may be due to a direct influence
of the dysregulated basal ganglia circuit given the evidence of anato-
mical connections between striatum, subthalamic nucleus and cere-
bellum [13,14]. Dopamine deficiency of the striatum could thus in-
directly affect cerebellar function and give rise to abnormal network
activity that can be restored by the administration of dopaminergic
drugs [10-12]. Accordingly, the modulatory influence of the STN on
intracerebellar connectivity is thought to be lost in PD as compared to
controls [24], and the degree of nigral degeneration correlates with
persistent hyperactivation of Purkinje cells [29]. Dopamine deficiency
may also have a direct impact on cerebellar function as the cerebellum
receives dopaminergic projections from the ventral tegmental area and
substantia nigra pars compacta and expresses dopamine D1-D3 re-
ceptors [30,31]. Lastly, altered cerebellar activity could correspond to a
compensatory mechanism that aims to counteract the progressive dys-
function of the striato-pallido-thalamo-cortical circuit in PD [32].

4.3. Strengths and limitations

Our study benefits from a high number of participants with a wide
range of age, disease duration and clinical symptoms. Further, the
clinical assessment was highly standardized and the evaluation of
motor symptoms was done in a blinded manner. The loss-of-signal ar-
tefacts prevented us, however, to use a whole brain approach to in-
dependently confirm our results. Further, the patients were scanned
while they were still taking their dopaminergic medication. This could
have mask actions of DBS similar to DRT, i.e. an influence on the mesial
premotor loop and interactions between the striatum and the prefrontal
and premotor cortex.

5. Conclusions

Our results highlight distributed effects of STN DBS on Parkinsonian
resting motor network activity. DBS-related improvement of
Parkinsonian signs, i.e. resting tremor, seemed to be driven by a pre-
fronto-cerebellar network bypassing the striatum. DBS-related mod-
ulation of cerebellar activity resulted in an implementation of DBS ef-
fects via a cerebello-striatal loop. Activation of the mesial premotor
loop may thus be secondary due to the primary modulation of cere-
bellar networks. Our results strengthen the notion that the striato-pal-
lido-thalamic and the cerebello-thalamic loop are strongly inter-
connected which is corroborated by animal studies that show direct
disynaptic connection between both, STN and putamen and cerebellum.



H. Hanssen, et al.

Financial disclosures

The authors do not have any conflict of interest.
Conflicts of interest

The authors report no competing interests.
Author's contribution

1. Research project: A. Conception, B. Organization, C. Execution.

2. Statistical Analysis: A. Design, B. Execution, C. Review and
Critique.

3. Manuscript: A. Writing of the first draft, B. Review and Critique.

Henrike Hanssen 1A, 1B, 1C, 2A, 2B, 3B

Julia Steinhardt 1C, 2A, 2B, 2C, 3A

Alexander Miinchau 1C, 2C, 3B

Arkan Al-Zubaidi 2A, 2C, 3B

Marcus Heldmann 1A, 1C, 2A, 2C, 3B

Elinor Tzvi 2A, 2C, 3B

Peter Schramm 1B, 2C, 3B

Alexander Neumann 1B, 2C, 3B

Dirk Rasche 1B, 2C, 3B

Assel Saryyeva 1B, 2C, 3B

Jiirgen Voges 1B, 2C, 3B

Imke Galazky 1B, 2C, 3B

Lars Biintjen 1B, 2C, 3B

Hans-Jochen Heinze 1B, 2C, 3B

Joachim K. Krauss 1B, 2C, 3B

Volker Tronnier 1B, 2C, 3B

Thomas Miinte 1B, 2C, 3B

Norbert Briiggemann 1A, 1B, 1C, 2A, 2B, 3A

Acknowledgements

We gratefully thank all participants for their invaluable collabora-
tion. This study was supported by funding by the Deutsche
Forschungsgemeinschaft (GRK1957).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.parkreldis.2019.09.003.

References

[1] G. Deuschl, Y. Agid, Subthalamic neurostimulation for Parkinson's disease with
early fluctuations: balancing the risks and benefits, Lancet Neurol. 12 (2013)
1025-1034.

H. Mure, C.C. Tang, M. Argyelan, M.F. Ghilardi, M.G. Kaplitt, V. Dhawan, et al.,
Improved sequence learning with subthalamic nucleus deep brain stimulation:
evidence for treatment-specific network modulation, J. Neurosci. 32 (2012)
2804-2813.

K. Mueller, R. Jech, F. Ruzicka, S. Holiga, T. Ballarini, O. Bezdicek, et al., Brain
connectivity changes when comparing effects of subthalamic deep brain stimulation
with levodopa treatment in Parkinson's disease, Neuroimage Clin 19 (2018)
1025-1035.

N. Vanegas-Arroyave, P.M. Lauro, L. Huang, M. Hallett, S.G. Horovitz,

K.A. Zaghloul, et al., Tractography patterns of subthalamic nucleus deep brain
stimulation, Brain 139 (2016) 1200-1210.

E.A. Pelzer, A. Hintzen, M. Goldau, D.Y. von Cramon, L. Timmermann,

M. Tittgemeyer, Cerebellar networks with basal ganglia: feasibility for tracking
cerebello-pallidal and subthalamo-cerebellar projections in the human brain, Eur. J.
Neurosci. 38 (2013) 3106-3114.

[6] D. Milardi, A. Arrigo, G. Anastasi, A. Cacciola, S. Marino, E. Mormina, et al.,

[2]

[3]

[4]

[5]

104

[7]

[8]

[91

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Parkinsonism and Related Disorders 67 (2019) 99-104

Extensive direct subcortical cerebellum-basal ganglia connections in human brain
as revealed by constrained spherical deconvolution tractography, Front. Neuroanat.
10 (2016) 29.

A. Horn, M. Reich, J. Vorwerk, N. Li, G. Wenzel, Q. Fang, et al., Connectivity
Predicts deep brain stimulation outcome in Parkinson disease, Ann. Neurol. 82
(2017) 67-78.

A.C. Sutton, K.A. O'Connor, J.G. Pilitsis, D.S. Shin, Stimulation of the subthalamic
nucleus engages the cerebellum for motor function in parkinsonian rats, Brain
Struct. Funct. 220 (2015) 3595-3609.

K. Asanuma, C. Tang, Y. Ma, V. Dhawan, P. Mattis, C. Edwards, et al., Network
modulation in the treatment of Parkinson's disease, Brain : J. Neurol. 129 (2006)
2667-2678.

A.M. Mubeen, B. Ardekani, M. Tagliati, R. Alterman, V. Dhawan, D. Eidelberg,

et al., Global and multi-focal changes in cerebral blood flow during subthalamic
nucleus stimulation in Parkinson’s disease, J. Cereb. Blood Flow Metab. 38 (4)
(2017) 697-705.

C. Cao, H. Zhang, D. Li, S. Zhan, J. Zhang, X. Zhang, et al., Modified fluorodeox-
yglucose metabolism in motor circuitry by subthalamic deep brain stimulation,
Stereotact. Funct. Neurosurg. 95 (2017) 93-101.

J. Kahan, M. Urner, R. Moran, G. Flandin, A. Marreiros, L. Mancini, et al., Resting
state functional MRI in Parkinson's disease: the impact of deep brain stimulation on
'effective' connectivity, Brain 137 (2014) 1130-1144.

A.C. Bostan, R.P. Dum, P.L. Strick, The basal ganglia communicate with the cere-
bellum, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 8452-8456.

E. Hoshi, L. Tremblay, J. Feger, P.L. Carras, P.L. Strick, The cerebellum commu-
nicates with the basal ganglia, Nat. Neurosci. 8 (2005) 1491-1493.

E.M. Pool, A.K. Rehme, G.R. Fink, S.B. Eickhoff, C. Grefkes, Network dynamics
engaged in the modulation of motor behavior in healthy subjects, Neuroimage 82
(2013) 68-76.

E. Tzvi, A. Stoldt, K. Witt, U.M. Kramer, Striatal-cerebellar networks mediate con-
solidation in a motor sequence learning task: an fMRI study using dynamic causal
modelling, Neuroimage 122 (2015) 52-64.

B. Al-Fatly, S. Ewert, D. Kubler, D. Kroneberg, A. Horn, A.A. Kuhn, Connectivity
profile of thalamic deep brain stimulation to effectively treat essential tremor, Brain
(2019), https://doi.org/10.1093/brain/awz236 ([Epub ahead of print]).

C. Tuleasca, E. Najdenovska, J. Regis, T. Witjas, N. Girard, J. Champoudry, et al.,
Clinical response to Vim's thalamic stereotactic radiosurgery for essential tremor is
associated with distinctive functional connectivity patterns, Acta Neurochir (Wien)
160 (2018) 611-624.

W. Yang, B. Liu, B. Huang, R. Huang, L. Wang, Y. Zhang, et al., Altered resting-state
functional connectivity of the striatum in Parkinson's disease after levodopa ad-
ministration, PLoS One 11 (2016) e0161935.

A.C. Simioni, A. Dagher, L.K. Fellows, Compensatory striatal-cerebellar connectivity
in mild-moderate Parkinson's disease, Neuroimage Clin 10 (2016) 54-62.

R.C. Helmich, L.C. Derikx, M. Bakker, R. Scheeringa, B.R. Bloem, I. Toni, Spatial
remapping of cortico-striatal connectivity in Parkinson's disease, Cerebr. Cortex 20
(2010) 1175-1186.

C.D. Hacker, J.S. Perlmutter, S.R. Criswell, B.M. Ances, A.Z. Snyder, Resting state
functional connectivity of the striatum in Parkinson's disease, Brain 135 (2012)
3699-3711.

K. Baik, J. Cha, J.H. Ham, G.M. Baek, M.K. Sunwoo, J.Y. Hong, et al., Dopaminergic
modulation of resting-state functional connectivity in de novo patients with
Parkinson's disease, Hum. Brain Mapp. 35 (2014) 5431-5441.

C. O'Callaghan, M. Hornberger, J.H. Balsters, G.M. Halliday, S.J. Lewis, J.M. Shine,
Cerebellar atrophy in Parkinson's disease and its implication for network con-
nectivity, Brain 139 (2016) 845-855.

L.L. Zeng, L. Xie, H. Shen, Z. Luo, P. Fang, Y. Hou, et al., Differentiating patients
with Parkinson's disease from normal controls using gray matter in the cerebellum,
Cerebellum 16 (2017) 151-157.

D.H. Benninger, S. Thees, S.S. Kollias, C.L. Bassetti, D. Waldvogel, Morphological
differences in Parkinson's disease with and without rest tremor, J. Neurol. 256
(2009) 256-263.

K. Seidel, M. Bouzrou, N. Heidemann, R. Kruger, L. Schols, W.F.A. den Dunnen,
et al., Involvement of the cerebellum in Parkinson disease and dementia with Lewy
bodies, Ann. Neurol. 81 (2017) 898-903.

C. Wu, G. Fan, C. Wu, G. Yu, Z. Li, Morphologic changes within the cerebellar cortex
in the unilateral 6-hydroxydopamine lesioned rat model for Parkinson disease,
Histol. Histopathol. 31 (2016) 1337-1346.

P. Heman, C. Barcia, A. Gomez, C.M. Ros, F. Ros-Bernal, J.E. Yuste, et al., Nigral
degeneration correlates with persistent activation of cerebellar Purkinje cells in
MPTP-treated monkeys, Histol. Histopathol. 27 (2012) 89-94.

T. Wu, M. Hallett, The cerebellum in Parkinson's disease, Brain 136 (2013)
696-709.

M.J. Hurley, D.C. Mash, P. Jenner, Markers for dopaminergic neurotransmission in
the cerebellum in normal individuals and patients with Parkinson's disease ex-
amined by RT-PCR, Eur. J. Neurosci. 18 (2003) 2668-2672.

S.J. Palmer, J. Li, Z.J. Wang, M.J. McKeown, Joint amplitude and connectivity
compensatory mechanisms in Parkinson's disease, Neuroscience 166 (2010)
1110-1118.


https://doi.org/10.1016/j.parkreldis.2019.09.003
https://doi.org/10.1016/j.parkreldis.2019.09.003
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref1
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref1
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref1
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref2
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref2
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref2
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref2
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref3
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref3
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref3
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref3
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref4
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref4
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref4
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref5
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref5
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref5
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref5
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref6
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref6
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref6
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref6
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref7
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref7
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref7
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref8
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref8
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref8
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref9
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref9
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref9
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref10
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref10
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref10
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref10
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref11
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref11
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref11
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref12
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref12
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref12
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref13
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref13
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref14
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref14
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref15
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref15
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref15
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref16
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref16
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref16
https://doi.org/10.1093/brain/awz236
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref18
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref18
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref18
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref18
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref19
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref19
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref19
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref20
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref20
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref21
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref21
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref21
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref22
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref22
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref22
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref23
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref23
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref23
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref24
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref24
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref24
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref25
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref25
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref25
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref26
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref26
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref26
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref27
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref27
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref27
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref28
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref28
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref28
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref29
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref29
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref29
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref30
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref30
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref31
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref31
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref31
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref32
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref32
http://refhub.elsevier.com/S1353-8020(19)30378-5/sref32

	Cerebello-striatal interaction mediates effects of subthalamic nucleus deep brain stimulation in Parkinson's disease
	Introduction
	Materials and methods
	Patients and study design
	Dynamic causal modelling
	Statistical analysis of effective connectivity

	Results
	Clinical effects of STN DBS
	DBS OFF
	DBS on
	Specific actions of DBS (DBS on vs. OFF)

	Discussion
	Basal ganglia-cerebellar crosstalk
	Cerebellar pathology in Parkinson's disease
	Strengths and limitations

	Conclusions
	Financial disclosures
	Conflicts of interest
	Author's contribution
	Acknowledgements
	Supplementary data
	References




