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Dopamine controls Parkinson’s tremor by
inhibiting the cerebellar thalamus

Michiel F. Dirkx,"2 Hanneke E. M. den Ouden,I Esther Aar't:s,I Monique H. M. Timmer,"2
Bastiaan R. Bloem,2 Ivan Toni' and Rick C. Helmich'?

Parkinson’s resting tremor is related to altered cerebral activity in the basal ganglia and the cerebello-thalamo-cortical circuit.
Although Parkinson’s disease is characterized by dopamine depletion in the basal ganglia, the dopaminergic basis of resting tremor
remains unclear: dopaminergic medication reduces tremor in some patients, but many patients have a dopamine-resistant tremor.
Using pharmacological functional magnetic resonance imaging, we test how a dopaminergic intervention influences the cerebral
circuit involved in Parkinson’s tremor. From a sample of 40 patients with Parkinson’s disease, we selected 15 patients with a
clearly tremor-dominant phenotype. We compared tremor-related activity and effective connectivity (using combined electromyog-
raphy-functional magnetic resonance imaging) on two occasions: ON and OFF dopaminergic medication. Building on a recently
developed cerebral model of Parkinson’s tremor, we tested the effect of dopamine on cerebral activity associated with the onset of
tremor episodes (in the basal ganglia) and with tremor amplitude (in the cerebello-thalamo-cortical circuit). Dopaminergic medi-
cation reduced clinical resting tremor scores (mean 28%, range —12 to 68%). Furthermore, dopaminergic medication reduced
tremor onset-related activity in the globus pallidus and tremor amplitude-related activity in the thalamic ventral intermediate
nucleus. Network analyses using dynamic causal modelling showed that dopamine directly increased self-inhibition of the ventral
intermediate nucleus, rather than indirectly influencing the cerebello-thalamo-cortical circuit through the basal ganglia. Crucially,
the magnitude of thalamic self-inhibition predicted the clinical dopamine response of tremor. Dopamine reduces resting tremor by
potentiating inhibitory mechanisms in a cerebellar nucleus of the thalamus (ventral intermediate nucleus). This suggests that altered
dopaminergic projections to the cerebello-thalamo-cortical circuit have a role in Parkinson’s tremor.
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Introduction

Parkinson’s disease is a progressive neurodegenerative dis-
order characterized by bradykinesia, rigidity and a 4-6 Hz
resting tremor. The pathological hallmark of Parkinson’s
disease is nigro-striatal dopamine depletion (Kish et al.,
1988). However, in contrast to bradykinesia and rigidity,
the relation between tremor and dopamine (depletion) is
unclear. For example, the response of tremor to dopamin-
ergic medication varies greatly between patients, with some
patients exhibiting a remarkable dopamine-resistant tremor
(Pogarell et al., 2002; Fishman, 2008). Furthermore, unlike
other motor symptoms, tremor does not correlate with stri-
atal dopamine depletion (Pirker, 2003). Instead, it has been
suggested that resting tremor is linked to pallidal dopamine
depletion (Mounayar et al., 2007; Helmich et al., 2011) or
to abnormalities in the noradrenergic (Isaias et al., 2011)
and serotonergic systems (Doder et al., 2003; Qamhawi
et al., 2015). Here we aimed to resolve these discrepancies
by investigating the cerebral mechanisms underlying the
effect of dopaminergic medication on resting tremor in pa-
tients with Parkinson’s disease.

We previously reported that resting tremor results from
an interaction between the basal ganglia and a cerebello-
thalamo-cortical motor loop consisting of motor cortex,
ventral intermediate part of the thalamus (VIM) and cere-
bellum (Helmich et al., 2011). Specifically, we found that
the internal globus pallidus (GPi) drives tremulous activity
in a cerebello-thalamo-cortical motor loop through the
motor cortex (Dirkx et al., 2016). However, it remains
unclear how dopamine influences this circuit, and why
there are such considerable interindividual differences in
the clinical response of resting tremor to dopaminergic
medication. Given that the basal ganglia receive massive
dopaminergic projections from the midbrain (Lindvall and
Bjorklund, 1974), and that pallidal dopamine depletion is
correlated with tremor severity (Helmich et al., 2011), this
region appears the most likely target for dopaminergic
medication. However, there is evidence that the regions of
the cerebello-thalamo-cortical motor loop are also sensitive
to dopamine. More specifically, the presence of the dopa-
mine transporter (DAT) in the human VIM (Sanchez-
Gonzalez et al., 2005; Garcia-Cabezas et al., 2009) indi-
cates that the ventrolateral thalamus receives dopaminergic
projections. Furthermore, there is widespread dopaminergic
innervation of the cerebral cortex in primates, with the
primary motor cortex being most densely targeted (Berger
et al., 1991). Indeed, dopaminergic medication has been
found to specifically reduce tremor-related oscillatory cou-
pling between thalamus and motor cortex in Parkinson’s
disease (Pollok et al., 2009). Finally, dopaminergic recep-
tors are also present in the cerebellum, albeit more sparsely
(Hurley et al., 2003).

Here, we investigate the effects of dopamine on tremor-
related activity in a cerebral network consisting of basal
ganglia (internal and external globus pallidus, subthalamic
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nucleus) and a cerebello-thalamo-cortical motor loop in pa-
tients with Parkinson’s disease (Helmich et al., 2012; Dirkx
et al., 2016). Specifically, we investigated the effects of
dopamine on tremor-related cerebral activity and effective
connectivity (i.e. the influence that neural nodes exert over
another) within the tremor network, and related these ef-
fects to individual clinical tremor improvements.
Furthermore, we distinguished between cerebral activity
related to fluctuations in tremor amplitude and changes
in tremor amplitude (Helmich et al., 2011). To this end,
we used concurrent functional MRI and EMG recordings
acquired during resting tremor episodes of Parkinson’s dis-
ease patients both OFF and ON dopaminergic medication.

Materials and methods

Subjects and inclusion

We sampled patients from a larger database consisting of 40
patients with Parkinson’s disease that were tested ON and
OFF dopaminergic medication in two functional MRI sessions.
For this study, we only included Parkinson’s disease patients
with resting tremor during functional MRI scanning in both
sessions. This is important, because our method requires the
presence of tremor (assessed using EMG) to identify and char-
acterize tremor-related cerebral activity and connectivity (as-
sessed using functional MRI). Therefore, we included
idiopathic Parkinson’s disease patients with: (i) a clinical rest-
ing tremor [defined as Unified Parkinson’s Disease Rating Scale
(UPDRS) resting tremor score for one arm of >1 point and a
history of tremor]; and (ii) resting tremor during both func-
tional MRI sessions (defined as a 4-6 Hz peak in the EMG
power spectrum and presence of tremor bursts in the EMG).
This led to the inclusion of 15 patients [seven male; aged
56 + 2 years; average + standard error of the mean (SEM)].
None of these patients had cognitive dysfunction [Mini-Mental
State Examination (MMSE) <24], neurological/psychiatric
comorbidity, severe head-tremor or severe dyskinesias.
Additional disease characteristics are specified in Table 1.
Clinical dopamine response was defined as the absolute differ-
ence between UPDRS scores OFF and ON dopaminergic
medication.

Image acquisition and preprocessing

Functional MRI was performed on a 3T MRI system
(Siemens) in two sessions on separate days. The order of ses-
sions was pseudorandomized between patients. Patients were
asked to take their normal dopaminergic medication at 8:30
am on one occasion (‘ON’; levodopa equivalent daily dos-
age = 389 + 63 mg, mean &+ SEM), and to abstain from this
medication (‘relative OFF’) for at least 18 h prior to testing
on the other occasion (48 h for ropinirole prolonged release
tablets). The average time of intake of dopaminergic medication
to start of scanning was 2h 4min + 8 min [mean =+ standard
deviation (SD)]. Subjects were instructed to lie still with eyes
open, which we confirmed with online eye-tracking. We used a
multi-echo echo planar imaging sequence (echo time
1=9.4ms; echo time 2 =21.2ms; echo time 3 =33 ms/echo
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Characteristic Mean (+SD)

Disease duration (years) 42 (2.2)

Hoehn and Yahr 2 (1-3)

FAB 17.1 (0.9)

UPDRS OFF ON P
Total 27.9 (6.1) 20.7 (4.5) <0.001
Non-tremor (B +R)

Most 9.7 3.4) 7.5 (2.8) 0.001

Least 4.0 (1.8) 25 (22) 0.002
Axial 6.1 (2.4) 44 (1.4) 0.001
Rest tremor

Most 3.2 (1.5) 23 (1.3) 0.01

Least 0.9 (1.6) 0.3 (0.9) 0.03

Patient ID Medication

POI Levodopa/carbidopa 250 mg/day, pramipexole 0.357 mg/day

P02 Ropinorole 8 mg/day

P03 Ropinorole 8 mg/day

P04 Levodopa/benserazide 550 mg/day, ropinorole 12 mg/day

P05 Levodopa/carbidopa 300 mg/day

P06 Levodopa/carbidopa 125 mg/day, pramipexole 3.15 mg/day

P07 Pramipexole 4.5 mg/day

P08 Levodopa/carbidopa 125 mg/day, ropinorole 8 mg/day

P09 Levodopa/carbidopa 250 mg/day

PIO Levodopa/benserazide 250 mg/day

PII Ropinorole 12 mg/day, amantadine 200 mg/day

PI2 Levodopa/benserazide 1000 mg/day, ropinorole 4 mg/day

PI3 Levodopa/carbidopa 650 mg/day

P14 Levodopa/benserazide 150 mg/day

PIS Levodopa/benserazide 250 mg/day, pramipexole 1.5 mg/day

Disease characteristics of all patients are shown (Hoehn and Yahr: median, minimum and maximum scores in parentheses; other parameters: mean, standard deviation in

parentheses). Disease severity of each patient was measured using the Hoehn and Yahr stages (maximum is 5) stages and the UPDRS (maximum score is 108). UPDRS scores are
compared between sessions (two-sample t-test, two-tailed). B + R = limb bradykinesia and rigidity (sum of UPDRS items 22-26). Axial referrers to axial symptoms (sum of UPDRS
items 18, 19, 22, and 27-31). Rest tremor refers to UPDRS item 20. The Frontal Assessment Battery (FAB) was used as a measure of cognitive function (maximum is 18). Duration

was defined as the time since subjective symptom onset (in years).

time 4 = 45 ms; repetition time = 1820 ms; 35 axial slices; voxel
size = 3.5 x 3.5 x 3.0mm; interslice gap =0.5mm; field of
view = 224 mm; scanning time = ~8min; 300 images).
Additionally, a high-resolution T-weighted anatomical image
was obtained. The first 30 volumes collected were used to
estimate weights for a blood oxygenation level-dependent
(BOLD) contrast-to-noise ratio map (CNR map) for each
echo. Weighted summation was then used to combine all
four echoes.

Functional MRI first-level analyses were done using SPM12
(Wellcome Trust Centre for Neuroimaging, London, UK;
http://www.fil.ion.ucl.ac.uk). All functional images were first
(i) realigned; (ii) slice time corrected to the first slice; (iii) cor-
egistered to a structural MRI image; (iv) normalized to MNI
space using unified segmentation; and (v) spatially smoothed
using an 8 mm Gaussian kernel. We used several analyses to
verify that head movements did not differ between sessions
(Supplementary Table 1).

Tremor-related EMG activity

Muscle activity of the most-affected forearm (wrist flexors and
extensors) was measured using magnetic resonance-compatible
EMG (Brain Products; sampling frequency = 5000 Hz) during

scanning in all 15 patients. We used Brainvision Analyzer 2.0
(Brain Products, Germany) for preprocessing and FieldTrip
(Oostenveld et al., 2011) for time-frequency analyses. We per-
formed the same analysis as described in our previous study
(Helmich et al., 2011). Preprocessing included (i) magnetic res-
onance artefact correction; (ii) downsampling to 1000 Hz; (iii)
filtering with a 20-200Hz bandpass filter to remove move-
ment artefacts; and (iv) rectifying the signal to enhance the
information on EMG burst-frequency (tremor) of the signal.
Subsequently, we calculated the time—frequency representations
between 1-20 Hz in steps of 0.1s using a 2-s Hanning taper,
resulting in a 0.5Hz resolution. By averaging over all time
points we obtained an average power spectrum across seg-
ments. For each patient, we calculated the time course of
EMG power at each subject’s individual tremor frequency.
The average tremor frequency across subjects was not signifi-
cantly different between sessions (OFF: 4.6 + 0.2Hz; ON:
4.5 + 0.1 Hz; mean + SEM). This resulted in patient-specific
regressors describing fluctuations in tremor amplitude (EMG-
amp). To remove outliers, we calculated the logarithmic values
of the EMG-amp and z-normalized the data within subjects.
To capture activity related to changes in tremor amplitude, we
calculated the first temporal derivative of the EMG-amp
regressor (EMG-change). Importantly, there were no
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significant differences in EMG variance [as determined by the
coefficient of variation (COV)] between both sessions [EMG-
amp, OFF COV =67.1, ON COV =35.1 (P = 0.77; two-tailed
t-test); EMG-change, OFF COV = —-32.2, ON COV = —45.8
(P =0.92; two-tailed #-test)].

Tremor-related brain activity

After convolution of both EMG regressors with a haemo-
dynamic response function, we considered EMG-amp and
EMG-change as explanatory variables in a multiple regression
analysis. The first-level general linear model (GLM) also
included separate regressors of no interest: average signal
across the whole brain (global signal to correct for head
motion; Power et al., 2014), in the bilateral ventricles, and
over a blank portion of the magnetic resonance images (Out-
of-Brain signal). Furthermore, we included 36 regressors
describing head motion based on linear, quadratic and cubic
effects of the six movement parameters belonging to each
volume as well as the first and second derivative of each of
those regressors (to control for spin-history effects) (Lund
et al., 2005). Each GLM contained both sessions. Parameter
estimates for all regressors were then obtained by maximum
likelihood estimation.

First level contrast images were entered into second-level one
sample #-tests (random effects analysis) to test for group effects
for the following contrasts: tremor-related activity (EMG-amp
and EMG-change per session and averaged over sessions) as
well as dopaminergic effects on tremor-related activity (EMG-
amp and EMG-change in OFF > ON).

Regions of interest

We tested for tremor-related cerebral activity in predefined
regions based on a previously defined tremor network in
Parkinson’s disease (Dirkx et al, 2016). Specifically, we
looked for (effects of dopamine on) tremor amplitude-related
activity in the cerebello-thalamo-cortical motor circuit, i.e.
the motor cortex [Brodmann area (BA)4/BA6, 3712 mm?],
VIM (968 mm>) and cerebellum (Lobule V/VI; 1416 mm?)
(Timmermann et al., 2003; Helmich et al., 2011).
Furthermore, we looked for (effects of dopamine on) activity
related to changes in tremor amplitude in the basal ganglia
(Helmich et al., 2011). Therefore, we used the GPi and GPe
regions from the Basal Ganglia Human Area Template toolbox
(Prodoehl et al., 2008) where we previously found activity
related to changes in tremor amplitude (Helmich et al.,
2011). Statistics were performed at the voxel level, and we
corrected for multiple comparisons within our regions of
interest.

For the Dynamic Causal Modelling (DCM) analyses (see
below) we used inclusion masks to define the region of interest
to extract the time series. We included the same five regions of
interest as described above, and added the subthalamic nucleus
(STN) as a hidden node (Mnearreiros et al., 2013; Kahan
et al., 2014). The choice for these six regions was motivated
by strong a priori evidence from previous work (Helmich
et al., 2011; Dirkx et al., 2016). First, all of these regions
show consistent tremor-related activity (Table 2) (Helmich
et al., 2011). Second, their inclusion allows us to model the
three major pathways connecting motor cortex and basal
ganglia (direct pathway, indirect pathway, hyperdirect
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pathway) (Redgrave et al., 2010). We included the STN as a
hidden node because the human STN has an estimated volume
of +£240mm® (Hardman et al., 2002), which amounts to six
voxels in native space. This leads to major partial volume ef-
fects and an unreliable BOLD time series.

BOLD functional MRI time series were extracted from five
regions of interest (excluding the STN) by calculating the first
eigenvariate of all voxels in the region of interest.

Localization of tremor-related
activity within the ventrolateral
thalamus

We tested whether the thalamic activity we report can be loca-
lized to the VIM. The VIM is analogous to the posterior
ventrolateral thalamus (VLp), using the thalamic nomenclature
according to Jones (Percheron et al., 1996). The VLp consists
of a dorsal (VLpd) and ventral (VLpv) part. In Parkinson’s
disease, tremor cells are mainly located in the VLpv (Magnin
et al., 2000). In contrast, the anterior ventrolateral thalamus
(VLa) receives pallidal input.

First, we used the Morel atlas, which is based on a post-
mortem examination of nine human thalami (Morel et al.,
1997) and has been brought in MNI space (Niemann et al.,
2000). We calculated the overlap between the thalamus cluster
used for our DCM analyses [based on Helmich ez al. (2011)]
and thalamic nuclei derived from this atlas (Table 3). Next we
statistically compared tremor amplitude-related activity (aver-
age beta value) between thalamic nuclei and sessions, using a
2 x 2 ANOVA with factors Region (VLpv versus VLa) and
Dopamine (OFF versus ON) in SPSS. To gain optimal spatial
resolution, we performed these analyses on data that were
smoothed with a 4 mm kernel.

Second, we performed a functional connectivity analysis to
verify that the VLa and VLpv (derived from the Morel atlas)
are indeed functionally connected to the GPi and the cerebel-
lum. To this end, we performed a multiple regression analysis
in all 40 Parkinson’s disease patients that were measured in
this study (OFF session only). Our first level model included
the time courses of the VLa and the VLpv (band-pass filtered
between 0.008 and 0.1 Hz) and the same nuisance regressors
described for our other analyses. We tested for differential
thalamic connectivity (VLa versus VLpv) with the GPi and
the cerebellum (see ‘Regions of interest’ section).

Third, we used DCM analysis to show that the optimal lo-
cation of the thalamic region of interest within the tremor-
related network was located between the cerebellum and
motor cortex. We statistically compared two different models
where our thalamic “VIM’ nucleus had either a ‘VLa-like’ con-
figuration or a ‘VLpv-like’ configuration (Fig. 5D). We tested
these two models across 15 subjects (OFF session).

Fourth, we tested whether the observed tremor-related thal-
amic activity was localized in a region that is anatomically
connected to the cerebellum and the motor cortex. As we
did not have tractography data available for our patients, we
compared our functional MRI findings to a recently published
study that localized the VIM wusing DTI tractography
(Sammartino et al., 2016). Thus, we compared the Euclidean
distance between thalamic activity in our cohort (Table 2) and
the tractographically defined VIM in MNI space (see also
Helmich et al., 2011).
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Table 2 Tremor amplitude-related brain activity per session

Contrast MNI(xyz) T P-value MNI (xyz) T P-value MNI (x y z) T P-value
(FWE corr.) (FWE corr.) (FWE corr.)
EMG amplitude
MC (contralateral) VIM (contralateral) Cerebellum (ipsilateral)
OFF +28 —26 50 4.96 0.014 +12 —-182 4.12 0.019 +18 —56 —20 4.19 0.018
ON +36 —20 48 6.10 0.003 +16 —20 4 402 0.024 +12 —56 —20 460 0.011
OFF>ON  £26 —24 50 1.26 0.86 +12 —182 3.96 0.025 +14 —48 —16 1.99 036
EMG change
GPi (contralateral) GPe (contralateral)
OFF +20 4 -6 292 0.091 +22 —4-6 308 0.6
ON +1202 1.21 0.60 +1880 1.99 059
OFF>ON  £20 —4 —6  3.02 0.087 +£22 -2 -6 394 0.048

Table showing the statistical values of the tremor amplitude and changes in tremor amplitude (first temporal derivative of tremor amplitude) related activity. All values are at the voxel
level and P-values are FWE-corrected for multiple comparisons within each region of interest. Brackets behind every region of interest indicate if it concerned the contralateral or
ipsilateral side of the brain with respect to the tremor. Significant values are expressed in bold; trend significant values in bold plus italics. MC = motor cortex.

Table 3 Overlap of the tremor-related thalamus cluster
with the thalamic nuclei according to the Morel atlas

Thalamic nucleus according to the
Morel atlas in MNI space
(Niemann et al., 2000)

Overlap with thalamus
region of interest

used in DCM

(Helmich et al., 2011)

Ventral lateral posterior nucleus (VLp) 45.5%
Dorsal division (VLpd) 19.0%
Ventral division (VLpv) 28.1%

Ventral posterior medial nucleus (VPM) 10.7%

Central lateral nucleus (CL) 10.7%

Ventral posterior lateral nucleus (VPL) 14.2%
Anterior division (VPLa) 4.1%
Posterior division (VPLp) 9.0%

Ventral lateral anterior nucleus (VLa) 4.3%

Centre median nucleus (CM) 4.1%

Lateral dorsal nucleus (LD) 4.1%

Ventral medial nucleus (VM) 3.3%

Mediodorsal nucleus, parvocellular 2.5%

division (MDpc)

Anteroventral nucleus (AV) 1.7%

Anterior pulvinar (PuA) 0.8%

The overlap of the thalamic cluster used for the DCM analyses [based on Helmich et al.
(201 1)] with the cytoarchitectonically defined thalamic nuclei according to the Morel
atlas in MNI space (Niemann et al., 2000).

Dynamic causal modelling

Defining model space

To test for the effects of dopamine on the tremor network in
terms of effective connectivity we used DCM, which has been
indicated as a valid method for studying cerebral effects of
dopaminergic treatment in patients with Parkinson’s disease
(Rowe et al., 2010) and has also been used to investigate ef-
fective connectivity regarding essential tremor (Buijink et al.,
2015; Gallea et al., 2015). DCM is a Bayesian method of
inference where one defines models based on predefined
hypotheses to model the causal influence that one neuronal
system exerts over another (Friston et al., 2003). These
models of interacting brain regions are built by specifying

connectivity parameters between included regions of interest,
including (i) fixed connections between nodes; (ii) modulation
of these fixed connections by exogenous inputs; and (iii) ex-
ogenous inputs that directly cause perturbations of included
nodes. These parameters are used to estimate the neural activ-
ity in each node, while haemodynamic parameters are used to
translate this into a BOLD response using the haemodynamic
state equation. Subsequently, these parameters are estimated
into a forward model such that the predicted BOLD response
provides an accurate but parsimonious explanation for
observed responses—as scored by variational free energy or
model evidence. The model evidence is therefore simply the
probability of observing the data y under a particular model
m. This model evidence can then be used for Bayesian Model
Selection (BMS), a method for determining the most likely
among a set of competing hypotheses (Penny et al., 2004).

Here, we use a DCM model representing the cerebral tremor
network based on a recently published study (Dirkx et al.,
2016). As in our previous study, we used stochastic DCM
(Dirkx et al., 2016). This is particularly important, given evi-
dence that dopamine affects steady state stochastic BOLD dy-
namics within the basal ganglia (Piray et al., 2016). In our
previous study we investigated how the basal ganglia interact
with the cerebello-thalamo-cortical circuit (variation of the en-
dogenous connections, i.e. matrix A), and through which of
the network nodes tremor is initiated (variation of the EMG-
change as input, i.e. matrix C). We found consistent evidence
across two independent cohorts of Parkinson’s disease patients
that cerebral activity associated with changes in tremor amp-
litude drove network activity through the GPi, and that the
basal ganglia effectively influenced the cerebello-thalamo-cor-
tical circuit through the motor cortex (but not the cerebellum).
Here we continue with this winning model to determine the
effects of dopamine onto this circuit by varying the modulation
of dopamine onto endogenous connections (matrix B). As in
our previous study, we used two-state DCM to specify inhibi-
tory and excitatory connections between regions (Mnearreiros
et al., 2013; Kahan et al., 2014).

To model the effects of dopamine, we first concatenated the
region of interest time series over sessions (Kahan et al., 2014).
Subsequently, dopaminergic state was included in the models
as a modulator of one of the 12 possible interregional
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connections, or one of the five possible self-connections of the
regions of interest. In DCM, the self-connections reflect the
regional self-inhibition (Dirkx et al., 2016). This is incorpo-
rated to ensure decay of activity in the absence of input and
avoid exponential divergence from steady state (Friston et al.,
2003), which may be thought of as epileptic activity. We did
not include a model where the STN self-connection was modu-
lated by dopamine, as this was a hidden node. A hidden node
could be any brain region with the connectivity fingerprint
specified by the model, which means that detected effects
may not be representative of the actual STN. Thus, our
model space consisted of 17 models where dopamine state
modulated each of the endogenous connections in turn, and
an additional model with no modulation by dopamine (Fig. 2).

Bayesian model selection and parameter inference

Models were inverted using generalized filtering (Li et al.,
2011), which provided an estimate of the coupling parameters
and model evidence. Next, we performed a random effects
(RFX) BMS over our model space, thereby computing the
exceedance probability and protected exceedance probability
over competing models. In contrast to the exceedance prob-
ability the protected exceedance probability is more conserva-
tive as it is protected against the probability that the
alternative hypothesis (i.e. model frequencies are not equal)
is not true (Rigoux et al., 2014).

Following inference at the model level, we proceeded to
examine the parameter estimates of the winning model.
Specifically, we were interested in the link between the clinical
dopamine response to tremor (assessed using the UPDRS) and
the response of dopamine on cerebral connectivity (estimated
by DCM). Therefore, we correlated clinical tremor dopamine
responsiveness (sum of UPDRS item 20 OFF minus ON) with
the DCM.B parameter of the winning model (modulation of
the connection by dopamine). To test whether this effect was
specific for tremor we performed a partial correlation between
the clinical dopamine responsiveness of tremor and the
DCM.B parameter, while controlling for the clinical dopamine
responsiveness of both bradykinesia (sum of UPDRS items 23—
25 OFF minus ON) and rigidity (sum of UPDRS item 21 OFF
minus ON). Because clinical dopamine response is a patient-
bound trait and not limb-specific, we exploited all available
variance and calculated brain-behaviour relationships using
the total UPDRS subscores for resting tremor, bradykinesia
and rigidity. To verify this assumption, we repeated these ana-
lyses for the affected upper limb only (using Spearman’s rho),
where we found the same results.

Results

Clinical effects of dopaminergic
medication

Dopaminergic medication significantly reduced motor
symptoms: the total UPDRS motor score was reduced by
24% [SD = 13%; #(14) = 6.03; P < 0.001]. Furthermore,
symptom-specific analyses showed that limb bradykinesia
improved by 28% [SD = 16%; #(14) = 4.00; P < 0.001],
limb rigidity by 21% [SD = 12%; #(14) = 2.47; P = 0.027]

M. F Dirkx et al.

and total resting tremor by 28% [SD =40%; #(14) = 3.30;
P =0.005].

Before proceeding to the cerebral effects, we tested for
possible sources of bias in our sample. First, it is unlikely
that our inclusion criteria lead to a biased sample of rela-
tively dopamine-resistant patients: the clinical dopamine re-
sponse was similar between patients included in this study
(n=15) and the rest of the sample (n =235), both for the
total UPDRS [#(38) = 0.31; P = 0.75] and for resting tremor
[UPDRS item 20; #(38) = —0.21; P = 0.84]. Second, it is also
unlikely that the clinical dopamine response of tremor was
driven by peripheral factors (e.g. gastro-intestinal malab-
sorption): patients with a relatively dopamine-responsive
tremor (UPDRS item 20, most affected arm, OFF minus
ON > 1; n=38) and patients with a relatively dopamine-
resistant tremor (UPDRS item 20, most affected arm,
OFF minus ON <1; 7z = 7) had a similar clinical dopamine
response for limb bradykinesia [#(13)=0.074; P =0.94]
and rigidity [#(13)=—1.17; P = 0.26].

Tremor-related brain activity and
effects of dopamine

We used combined EMG and functional MRI to determine
the influence of dopaminergic medication on (i) tremor
amplitude-related activity; and (ii) changes in tremor amp-
litude-related activity. Group results are shown in Fig. 1
and corresponding statistics can be found in Table 2.
Using the predefined regions of interest, we found signifi-
cant tremor amplitude-related activity in the cerebello-tha-
lamo-cortical loop both in the OFF state, the ON state, and
averaged across sessions. Second, we found a trend towards
tremor change-related activity in the GPi only in the OFF
session. Third, dopaminergic medication significantly
reduced amplitude-related activity in the VIM, and it
reduced change-related activity in the GPe. A whole-brain
analysis revealed no additional brain areas showing an
effect of dopamine on tremor-related activity.

Dynamic causal modelling

Our model comparison showed clear evidence in favour of a
cerebral model in which dopamine modulated the self-connec-
tion of the VIM (model 14), indicated by a protected excee-
dance probability of >99% (exceedance probability of 97%;
Fig. 3A). Put simply, this means that this model is > 99 times
more likely than any of the other models, including a null-
model where no modulatory effect by dopamine was specified.

We proceeded to investigate the estimated parameters of
this winning model. The modulation by dopamine of the
VIM >VIM self-connection as estimated by DCM (ie.
Ep.B parameter) is a scaling parameter of the fixed connec-
tion strength (i.e. Ep.A parameter) where a value >1 indi-
cates an increase of the inhibitory self-connection strength
(Zeidman, 2015). A one-sample #-test showed that this scal-
ing parameter was not significantly different from 1 across
the whole group [#(14); mean=1.002, SD=0.013,
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Figure | Tremor amplitude-related activity and effects of dopamine on this activity. All images of patients with a left-sided affected
arm were flipped, so that the lateralization of the involved brain regions was the same among all subjects (i.e. corresponding to the most affected
hand). (A) Tremor amplitude-related activity in the cerebello-thalamo-cortical circuit (OFF/ON average). (B) Effects of dopamine depletion
(OFF>ON) on tremor amplitude-related activity. (C) Effects of dopamine depletion (OFF>ON) on activity related to changes in tremor
amplitude; and (D) mean beta-values of the voxels where we found dopamine-related effects. For graphical purposes, we used a statistical
threshold of P < 0.001 uncorrected. Statistical details are summarized in Table 2. *Significant effect.

P =0.48], indicating no significant modulatory effect of
dopamine on the self-connection. This is perhaps at first
surprising, because this model clearly outperformed a null-
model with no modulatory effect of dopamine. However,
this finding emphasizes the power of Bayesian model com-
parison: the combination of the absence of a significant dir-
ectional effect at the parameter level across the group in
context of positive model evidence indicates that this param-
eter is highly variable across individuals, yet meaningful.
Indeed, we observed a significant relationship between the

dopaminergic modulation of the inhibitory VIM self-connec-
tion (Ep.B) and the clinical dopamine response of resting
tremor (R =0.56, P=0.03; Fig. 4A). This indicates that
dopamine increased the inhibitory VIM self-coupling most
in patients with clinically more dopamine-responsive tremor.

Next, we tested whether this brain-behaviour relationship
was specific for tremor. There were no correlations between
the dopaminergic modulation of the inhibitory VIM self-
connection (Ep.B) and the clinical dopamine response of
bradykinesia (R =0.06, P=0.83; Fig. 4B) or rigidity
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(R=0.42, P =0.11; Fig. 4C). Furthermore, when we calcu-
lated partial correlations between each clinical symptom
and dopaminergic modulation of the inhibitory VIM self-
connection (Ep.B)—while controlling for the other two
symptoms—we found a significant partial correlation only
for resting tremor (R = 0.56, P = 0.046), but not for brady-
kinesia or rigidity.

Localization of tremor-related effects
within the ventrolateral thalamus

We used several analyses to test whether the tremor-related
effects we observed in the thalamus were localized in the
cerebellum receiving nucleus (VLpv) or in the pallidal
receiving nucleus (VLa).

First, we found that the thalamic cluster used in our
DCM analyses overlapped 46% with the VLp: 28% with
the VLpv and 19% with the VLpd. In contrast, only 4% of
the cluster overlapped with the VLa (Fig. SA and Table 3).

The rest of the cluster overlapped with other thalamic
nuclei or was not labelled (Table 3). This clearly shows
that the thalamic cluster overlapped more with cerebellar
than with pallidal receiving thalamic nuclei. Moreover, the
effects of dopamine on tremor-related activity were specific
for the VLpv [Region x Dopamine interaction:
F(1,14) = 18.3, P =0.001]. Post hoc comparisons showed
that OFF dopamine, there was only significant tremor-
related activity in the VLpv [#(14)=2.0, P =0.036 one-
tailed], but not in the VLa [P =0.33; VLpv versus VLa:
t(14) = 2.9, P =0.006 one-tailed; Fig. 5B|. Taken together,
this analysis statistically localizes tremor-related activity to
the cerebellar receiving thalamic nucleus (VLpv), and it lo-
calizes dopaminergic influences onto tremor-related activity
in the VLpv.

Second, functional connectivity analyses showed signifi-
cantly larger functional connectivity of the VLa than the
VLpv with the GPi [MNI coordinates (—18 —6 2),
T=5.72, P <0.001 FWE corrected for multiple compari-
sons across the region of interest]. Conversely, we observed

1202 YOJel\ 80 UO 1sonB Aq $68//82/12.2/€/0 | /S101E/UIRIC W00 dNO"OlWapeoe)/:Sdy WO POPEOUMOQ



Cerebral effects of dopamine on Parkinson’s tremor

A Bayesian Model Selection
0.45

S o
S

BRAIN 2017: 140; 721-734 | 729

B Winning Model Coupling Parameters (Hz)

=3 Excitatory connection
=== [nhibitory connection

o
w

o
(S

o
-
[¢)]

Expected Probability
5

o
N

2 4 6 8 10 12 14 16 18

N

0.997

0.4

0.3 '5 e

0.2f i
0.1 .

2 4 6 8 10 12 14 16 18
Models

Protected Exceedance Probability

- Modulation by dopamine

0.955

MC

HER

VLp )
CBLM
(VIM)/0.99 997

0.999
0 999 ¥ Qb 0.999

0.921*1

0.950

L S

0.980
Tremor
Change

Figure 3 Results of DCM. (A) Bayesian Model Selection of all our models showing that model 14 is clearly the strongest. (B) lllustration and
coupling parameters of our winning model (model [4). The net coupling parameter of the VIM > VIM self-connection is determined by the
intrinsic coupling times modulation by dopamine (Ep.A x Ep.B = 0.921 x 1.002). MC = motor cortex.

significantly larger functional connectivity of the VLpv than
the VLa with the cerebellum [MNI coordinates (12 —54
—14), T=3.68, P =0.016 FWE corrected; Fig. 5C]. These
findings clearly show that the VLpv was functionally con-
nected to the same cerebellar region where we observed
tremor-related activity.

Third, an RFX BMS showed clear evidence in favour of a
model where our thalamic “VIM’ nucleus had a ‘VLpv-like
configuration’ as compared to a model where the VIM had
a ‘VLa-like configuration’ (exceedance probability = 98 %;
protected exceedance probability = 84%; Fig. 5D). This in-
dicates that the tremor-related activity we observed in the
thalamus is localized to the cerebellar receiving region of
the thalamus.

Fourth, the anatomical location of thalamic activity in
our study (Table 2) closely matched the anatomical loca-
tion of the VIM as identified using DTI tractography [MNI
coordinates (4 13.6—17.3 —1.0) for healthy subjects;
(£15.2 —18.7 —1.1) for patients with essential tremor]
(Sammartino et al., 2016). Specifically, the Euclidean dis-
tance between our functionally-defined VIM and the trac-
tographically-defined VIM was 3.5 mm for healthy subjects
and 4.5mm for patients with essential tremor. This

suggests that the thalamic region where we observed
tremor-related activity has anatomical connections to the
cerebellum (dentate) and motor cortex. In contrast, the
peak voxel of the VIM (Table 2) was >10 mm away
from the optimal stereotactic position for STN-DBS
[£10.5 —16.7 —8.6] (Vanegas-Arroyave et al, 2016).
Therefore, it is unlikely that the thalamic activity reported
here relates to STN.

Relationship between univariate and
dynamic causal modelling results

We investigated the effects of dopamine on tremor-related
cerebral activity using both univariate (BOLD response cor-
related with tremor signal) and multivariate (DCM)
analyses.

Importantly, both analyses are consistent in that they
point towards the VIM as a key target of dopaminergic
medication, even though both analyses are fundamentally
different. More specifically, the univariate analysis reports
the effect of dopamine on the statistical dependency among
tremor amplitude (EMG) and cerebral activity (functional
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MRI BOLD). This type of analysis does not take inter-re-
gional dependencies into account. Thus, dopamine may in-
fluence one brain area (e.g. the basal ganglia) that in turn
produces downstream effects in another brain region (e.g.
the VIM). To test whether the effect of dopamine on the
VIM was mediated by other nodes in the tremor circuitry,
we used DCM. DCM is a multivariate approach that takes
into account the tremor-related and spontaneous (stochas-
tic) dynamics of the entire network. Therefore, statistical
evidence for a particular model is not dependent on signifi-
cant effects of dopamine in individual nodes (i.e. the uni-
variate effects, Fig. 1). We compared multiple models in
which we varied the site where dopamine was allowed to
affect network activity. The model in which dopamine dir-
ectly influenced the VIM won convincingly from other
models in which dopamine influenced the basal ganglia
(>99 times likely). This suggests that dopaminergic medi-
cation influenced the VIM directly, instead of indirectly
through the basal ganglia.

Discussion

We investigated the cerebral mechanisms underlying the
effects of dopamine on tremor. The findings show that
dopaminergic medication reduced tremor amplitude-related
activity in the thalamic VIM nucleus. Using DCM, we fur-
ther specified the cerebral mechanisms underlying this
effect: dopaminergic medication influenced VIM activity
by potentiating thalamic self-inhibition, rather than acting
indirectly through the basal ganglia. Furthermore, the mag-
nitude of thalamic self-inhibition by dopamine predicted
the clinical dopamine responsiveness of resting tremor.
This relationship was specific for resting tremor: it was
absent for the other two cardinal Parkinson’s disease symp-
toms, bradykinesia and rigidity. Finally, we found that
dopaminergic medication reduced cerebral activity related

to tremor changes in the pallidum. This further specifies
our previous findings that tremulous activity starts in the
pallidum (Dirkx et al., 2016) and that dopamine depletion
in the pallidum is associated with tremor severity (Helmich
et al., 2011). Taken together, we show that dopamine con-
trols Parkinson’s resting tremor by acting both on the pal-
lidum and on the cerebellar thalamus.

Dopamine modulates Parkinson’s
tremor through the VIM and
pallidum

The VIM plays a causal role in the generation of Parkinson’s
tremor, as shown by the ability of VIM deep brain stimula-
tion to reduce tremor (Lyons et al., 2001; Atkinson et al.,
2002). Furthermore, cerebral activity in the entire cerebello-
thalamo-cortical-circuit is reduced after VIM-DBS, as shown
by FDG-PET (Fukuda et al., 2004). Accordingly, based on
functional MRI data, we have previously suggested that the
VIM is involved in modulating resting tremor amplitude,
analogous to a light dimmer (Helmich et al., 2012). The
current results show that dopamine reduces tremor-related
activity in the VIM, possibly by increasing thalamic self-in-
hibition. In turn, this may disrupt tremor amplification by
the VIM, resulting in tremor suppression. This finding fits
with previous observations that levodopa specifically reduced
thalamo-cortical oscillatory coupling in tremor-dominant
Parkinson’s disease patients (Pollok et al., 2009), and that
it increased the participation of the thalamus to a sensori-
motor network in drug-naive Parkinson’s disease patients
(Esposito et al., 2013).

At a first glance, an effect of dopamine onto a cerebellar
nucleus of the thalamus seems counter-intuitive, as dopa-
mine is the major neurotransmitter of the basal ganglia
(Garnett et al., 1983). However, there is also evidence for
direct dopaminergic projections from the midbrain to the
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parison showing that a model where our thalamic cluster had a ‘VLp-

like’ effective connectivity profile was more likely than a model where our thalamic cluster had a ‘VLa-like’ effective connectivity profile.

ventrolateral thalamus, including the cerebellar nuclei. For
example, fluorescence spectroscopy has shown the presence
of dopamine molecules in the primate thalamus (Brown
et al., 1979) and retrograde tracer studies in primates
have demonstrated widespread dopaminergic projections
to the entire thalamus, including the ventrolateral nuclei
(Sanchez-Gonzalez et al., 2005). Moreover, post-mortem
studies in humans have shown that several thalamic

nuclei exhibit DAT immunoreactive axons, including the
VIM (Sanchez-Gonzalez et al., 2005). In fact, DAT density
in the human ventrolateral thalamus was similar to that in
the primary motor cortex (Sanchez-Gonzalez et al., 2005),
the cortical area with the most dense dopaminergic innerv-
ations (Lewis et al., 2001). In the healthy state, dopamin-
ergic projections to the cerebello-thalamo-cortical circuit
may have an important functional role: to encode the
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value of forward models, enabling efficient motor learning
(Schweighofer et al., 2004). In primate models of
Parkinson’s disease, these dopaminergic projections to the
motor cortex (Gaspar et al., 1991) and thalamus (Freeman
et al., 2001) are degenerated.

In addition to the VIM, the pallidum is also one of the
key players in the generation of tremor (Prodoehl et al.,
2013), e.g. GPi-DBS is very effective in reducing tremor
(Kumar et al., 2000). Accordingly, we previously showed
that the GPi drives tremulous activity in a cerebello-tha-
lamo-cortical motor loop (using functional MRI), and
that pallidal (but not striatal) dopamine depletion was cor-
related with resting tremor severity (Helmich et al., 2011;
Dirkx et al., 2016). The current finding that dopamine
reduced tremor-related activity in the pallidum provides
further support for the idea that pallidal dopamine deple-
tion leads to tremor-related activity.

Interestingly, the mesencephalic retrorubral area, which is
specifically degenerated in tremor-dominant Parkinson’s dis-
ease patients (as compared to non-tremulous Parkinson’s dis-
ease patients) (Hirsch et al., 1992), sends dopaminergic
projections to both the ventrolateral thalamus and pallidum
(Jan et al., 2000; Sanchez-Gonzalez et al., 2005). This sug-
gests that degeneration of dopaminergic projections from the
retrorubral area may cause thalamic and pallidal dopamine
depletion, and that this could be a critical factor in the de-
velopment of Parkinson’s resting tremor.

Impaired thalamic self-inhibition in
patients with a dopamine-resistant
tremor

The connectivity results suggest that dopamine increases
thalamic inhibition, predicting dopamine-responsiveness of
the tremor. There is conflicting evidence as to whether
tremor-related activity in the thalamus is caused by an in-
crease or decrease of inhibition. It has been suggested that
the hyperpolarized cells in the thalamus might act as a
tremor pacemaker. This idea is based on in vitro studies
showing that the intrinsic biophysical properties of thalamic
neurons allow them to serve as relay cells or as single cell
oscillators. Specifically, slightly depolarized thalamic cells
tend to oscillate at 10 Hz, while hyperpolarized cells oscillate
at 6 Hz (Jahnsen and Llinas, 1984). However, the presence
of this 6 Hz oscillatory mode, which is associated with low
threshold calcium spike bursts, has been questioned in pa-
tients with Parkinson’s disease (Zirh et al., 1998).

The finding that successful tremor suppression was asso-
ciated with increased thalamic self-inhibition contradicts
the idea that increased thalamic inhibition causes
Parkinson’s tremor. In contrast, dopamine-dependent thal-
amic self-inhibition may be a physiological mechanism that
protects the thalamus from a permanent oscillatory state.
This mechanism could be represented by the thalamic re-
ticulate nucleus or local circuit neurons, which both use
GABA to inhibit the VIM (Kultas-Ilinsky ez al., 2003)
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and are sensitive to dopamine (Sanchez-Gonzalez et al.,
2005). More specifically, the reticulate nucleus has been
proposed to be an important modulator of thalamo-cortical
communication (Lam and Sherman, 2011), and has been
recently hypothesized to play a role in Parkinson’s tremor
(Duval et al., 2015). The idea that dopamine suppresses
tremor by potentiating thalamic inhibition suggests that it
works similar to VIM deep brain stimulation, which has
been suggested to reduce tremor by inducing local inhibi-
tory mechanisms (Dostrovsky and Lozano, 2002).
Dopamine only increased thalamic inhibition in patients
with a relatively dopamine-responsive tremor. This suggests
that there may be non-dopaminergic brain regions contri-
buting to dopamine-resistant tremor. One possibility is that
the degeneration of other neurotransmitter systems, such as
the noradrenergic (Isaias et al., 2011) or serotonergic
(Doder et al., 2003) systems, may have more significant
contributions to dopamine-resistant tremor than the dopa-
mine system. This is supported by the fact that the reticu-
late nucleus is modulated not only by the dopaminergic
system, but also by the noradrenergic and serotonergic sys-
tems (Pratt and Morris, 2015). The fact that VIM-DBS is
an effective treatment in both dopamine-resistant and dopa-
mine-responsive patients (Lozano et al., 2002) suggests that
it is able to increase thalamic self-inhibition independent of
the underlying neurotransmitter abnormality. Future stu-
dies might focus on alternative (pharmacological) therapies
targeting thalamic inhibition in dopamine-resistant patients.

Interpretational issues

We included the STN as a hidden node in the network,
given our limited spatial resolution. In this way, we incor-
porated the influence of STN onto the network given its
location within the circuit, without using the own region’s
measured BOLD signal (Kahan et al., 2014). We verified
that addition of the STN as a hidden node did not critically
influence our results, by repeating the analyses without the
STN (i.e. by directly connecting the GPi to the GPe via an
inhibitory connection). This gave the same results: the
model where dopamine influenced the VIM was signifi-
cantly stronger than all others (protected exceedance prob-
ability of >98%).

Head motion may be a major confound when comparing
functional MRI data across sessions. However, head
motion did not significantly differ between sessions, sub-
jects did not abruptly move their heads during scanning,
and we regressed out motion artefacts by including a global
signal (Power et al., 2014) and an extensive set of move-
ment parameters into our analysis (Lund et al., 2005).
Thus, we are confident that our results are not biased by
motion artefacts.

The nature of our study prevented us from using a group
of healthy subjects as control group. However, our main
aim was to test for the interaction between dopamine and
tremor-related activity, and this interaction cannot be tested
in subjects without tremor (i.e. healthy controls). A
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previous study has shown that tremor-related activity in
Parkinson’s disease patients is different from activity related
to mimicked tremor in healthy subjects (Muthuraman
et al., 2012). This difference may relate to the fact that
resting tremor in Parkinson’s disease is involuntary,
whereas mimicked tremor is voluntary per definition.
Furthermore, investigating what the influence of dopamine
is on a voluntary-related tremor network in healthy, non-
dopamine depleted subjects seems even more problematic.

The results of a DCM analysis depend explicitly upon the
models evaluated. Here we contrasted different models
where dopamine modulates a single node or a single effect-
ive connection. Thus, we tested where in the circuit dopa-
mine has the largest effect, rather than exploring all
possible modulations within our model.

Conclusion

The findings suggest that dopamine controls Parkinson’s
tremor by acting on the cerebellar thalamus (VIM) and
on the pallidum. We propose that dopamine suppresses
resting tremor by potentiating thalamic inhibition, thereby
preventing tremor amplification in this region. This contra-
dicts the hypothesis that tremor is caused by thalamic
hyperpolarization, i.e. increased inhibition. We propose
that patients with a relatively dopamine-resistant tremor
have impaired dopaminergic control over the thalamus,
possibly due to changes in other neurotransmitter systems.
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