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abstract

Background: Although involvement of the cerebello-thalamo-cortical network, has often 
been suggested in essential tremor, the source of oscillatory activity remains largely unknown. 
To elucidate mechanisms of tremor generation, it is of crucial importance to study the dy-
namics within the cerebello-thalamo-cortical network. Using a combination of electromyo-
graphy and functional Magnetic Resonance Imaging, it is possible to record the peripheral 
manifestation of tremor simultaneously with brain activity related to tremor generation. Our 
first aim is to study the intrinsic activity of regions within the cerebello-thalamo-cortical 
network using Dynamic Causal Modelling to estimate effective connectivity driven by the 
concurrently recorded tremor signal. Our second aim is to objectify how the functional integ-
rity of the cerebello-thalamo-cortical network is affected in essential tremor. 
Methods: We investigated the functional connectivity between cerebellar and cortical mo-
tor regions showing activations during a motor task. Twenty-two essential tremor patients 
and 22 healthy controls were analysed. For the effective connectivity analysis, a network of 
tremor-signal related regions was constructed,  consisting of the left primary motor cortex, 
premotor cortex, supplementary motor area, left thalamus, and right cerebellar motor regions 
lobule V and lobule VIII. A measure of variation in tremor severity over time, derived from 
the electromyogram, was included as modulatory input on intrinsic connections and on the 
extrinsic cerebello-thalamic connections, giving a total of 128 models. Bayesian Model Selec-
tion and Random effects Bayesian Model Averaging were used. Separate seed-based func-
tional connectivity analyses for the left primary motor cortex, left supplementary motor area 
and right cerebellar lobules IV, V, VI and VIII were performed. 
results: We report two novel findings that support an important role for the cerebellar system 
in the pathophysiology of essential tremor. First, in the effective connectivity analysis, tremor 
variation during the motor task has an excitatory effect on both the extrinsic connection from 
cerebellar lobule V to the thalamus, and the intrinsic activity of cerebellar lobule V and thala-
mus. Second, the functional integrity of the motor network is affected in essential tremor, 
with a decrease in functional connectivity between cortical and cerebellar motor regions. This 
decrease in functional connectivity, related to the motor task, correlates with an increase in 
clinical tremor severity. Interestingly, increased functional connectivity between right cerebel-
lar lobules I-IV and the left thalamus correlates with an increase in clinical tremor severity. 
conclusion: our findings suggest that cerebello-dentato-thalamic activity and cerebello-
cortical connectivity is disturbed in essential tremor, supporting previous evidence of func-
tional cerebellar changes in essential tremor. 
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introDuction

Essential tremor is one of the most common 
neurological disorders, and is characterised 
by a progressive postural and kinetic tremor 
(1). Evidence of alleviation of tremor follow-
ing thalamic deep brain stimulation, and after 
stroke anywhere in the cerebello-thalamo-
cortical network, prompted the hypothesis 
of essential tremor as an ‘oscillating network’ 
disorder (2, 3). Evidence is accumulating that 
the cerebellum plays an important role in the 
pathophysiology of essential tremor (4-6). 
An important supportive feature is the posi-
tive effect of alcohol on essential tremor (7). 
Furthermore, emerging clinical features such 
as ataxic gait (8, 9, 10), eye movement abnor-
malities (11-13) and intention tremor (14, 
15) all point to cerebellar changes in essential 
tremor. Whether these abnormalities relate 
to structural or functional cerebellar changes 
is under debate. Pathology studies show an 
incongruent picture, but provide evidence for 
neurodegeneration of the cerebellum (16). 
There is evidence for morphometric changes 
and possibly loss of Purkinje cells (17-20). 
Moreover, changes in the dentate nucleus 
have been established, with decreased num-
bers of GABA receptors reported in essential 
tremor cases (21). On the other hand, imag-
ing studies show a striking lack of convinc-
ing structural involvement, but do provide 
evidence for functional abnormalities of the 
cerebellum (see (22) for a review). 
Although the notional involvement of the 
cerebello-thalamo-cortical network, and of 
the cerebellum in particular, is becoming 
increasingly evident, the source of oscil-
latory activity in essential tremor remains 
largely unknown (23, 24). To elucidate the 
mechanisms of tremor generation it is of 
crucial importance to study network dynam-
ics within the cerebello-thalamo-cortical 
network. Using a combination of EMG and 
functional MRI (EMG-fMRI), we can re-
cord the peripheral manifestation of tremor 

simultaneously with brain activity related to 
tremor generation. Previous studies by our 
group and others have proven that EMG-
fMRI allows identification of brain areas 
involved in the generation of tremor (25-
28).  In a recent EMG-fMRI study, we have 
demonstrated tremor-related increases in ac-
tivations in specific somatomotor regions of 
the bilateral cerebellum in essential tremor, 
as described in Chapter 4. In the current, 
complementary study, we study effective and 
functional connectivity within the tremor 
network, incorporating information from 
the concurrently recorded EMG signals to 
provide better insight into changes within 
the cerebello-thalamo-cortical network in 
essential tremor. While functional connec-
tivity describes simple correlations between 
spatially segregated neuronal events, effective 
connectivity tries to estimate the underlying, 
direct, causal connections, which is of crucial 
importance in the investigation of the under-
lying biological network (29).
Our first aim is to study intrinsic activity of 
regions within the cerebello-thalamo-corti-
cal network by using an effective connectiv-
ity analysis called Dynamic Causal Model-
ling (DCM). DCM explores how observed 
brain activations are generated by estimat-
ing the effective connectivity between and 
within specified regions of interest (30). For 
instance, DCM has been shown to be able 
to identify the correct neural driver behind 
epileptic seizures by including the occurrence 
of spike-and-wave-discharges obtained from 
concurrently recorded EEG signals into the 
model (31). We hypothesise that internal 
cerebellar feedback is altered in essential 
tremor. The cerebellum is thought to have 
multiple somatotopic representations (32). 
However, until now these have not been 
studied nor discussed separately in essential 
tremor. Hence, we will look specifically at 
intrinsic feedback changes within the ante-
rior motor regions, composed of cerebellar 
lobules I to V, and posterior motor regions, 
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mainly composed of cerebellar lobule VIII, 
of the cerebellum (32).
Our second aim is to objectify how the func-
tional integrity of the cerebello-thalamo-
cortical network is affected by any cerebellar 
changes in essential tremor, by means of a 
functional connectivity analysis, investigat-
ing the functional connections between cer-
ebellar and cortical motor regions using a 
seed-based correlation approach (32, 26). As 
suggested in a previous study, due to altered 
cerebellar functioning, we expect to find con-
sequential alterations to functional connec-
tivity between cerebellar and cortical motor 
regions in essential tremor (33). 
Advancing insights strongly suggest that 
essential tremor patients form a widely het-
erogeneous group, possibly giving rise to 
conflicting results between essential tremor 
studies (34). In this study, we have defined a 
homogeneous group of essential tremor pa-
tients, with a clear diagnosis according to the 
criteria defined by the Tremor Investigation 
Group (35) and a positive effect of proprano-
lol, a drug with level A evidence for treat-
ment of essential tremor (36).

methoDs

participants

In total, forty patients and twenty-two 
healthy controls were included. This study 
was conducted in two academic hospitals 
in the Netherlands: the Academic Medical 
Center in Amsterdam and the University 
Medical Center Groningen. Patients with a 
definite diagnosis of essential tremor accord-
ing to criteria defined by the Tremor Inves-
tigation Group were selected if they fulfilled 
the following criteria (35): bilateral upper 
limb tremor, an age at onset <65 years, and 
a disease duration >5 years. Furthermore, pa-
tients had to be right handed and report a 
positive effect of propranolol on the tremor. 
Healthy controls, matched for age, gender 
and handedness, were selected. Exclusion 

criteria were: a score <26 on the Mini Men-
tal State Examination, neurological disorders 
(for patients: other than essential tremor), 
age < 18 years, the use of medication affect-
ing the central nervous system and MR-re-
lated contra-indications. Tremor severity was 
assessed off medication by an experienced 
movement disorders neurologist ( JDS) using 
the Fahn-Tolosa-Marin Tremor Rating Scale 
(TRS) parts A and B (37). Medication was 
discontinued at least 3 days before the study. 
Item A on the TRS represents tremor sever-
ity of the arms in rest, posture and during ac-
tion. Item B represents clinical assessment of 
tremor severity during tremor-inducing task 
performance. Finally, tremor severity was as-
sessed using a visual analogue scale (VAS). 
The study was approved by the local medical 
ethical committees and conducted according 
to the Declaration of Helsinki (Seoul, 2008). 
All participants gave written informed con-
sent.

functional Mri task 

An fMRI scan was performed, while EMG 
was recorded simultaneously, off-medication. 
Participants executed a motor task in which 
they were instructed to alternate 21 peri-
ods of 30 seconds rest with 20 periods of 30 
seconds performing the task. Before scan-
ning, subjects were first carefully instructed 
about the motor task and then practised it 
outside the scanner to ascertain correct task 
performance. ET patients performed right 
hand and arm extension, the aim being to 
induce action tremor. Healthy controls were 
instructed to mimic a tremor during all task 
blocks by extending the right arm and per-
forming self-paced wrist flexion-extension. 
Since essential tremor is known to aggra-
vate during mental tasks, an additional silent 
reading task was presented during half of all 
action blocks, with the aim to evoke more 
variation in tremor amplitude (38). During 
the other half of action blocks, a visual task 
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instruction “stretch out your arm” was pre-
sented during scanning, which elicited trem-
or as well. All instructions were presented 
using slides projected onto a screen located 
outside the scanner bore and visible by way 
of a mirror. Correct task performance was as-
sessed by visual inspection during scanning.

data acquisition and pre-processing

For full details of fMRI and EMG acqui-
sition and pre-processing see supplemen-
tary material. Images were acquired using 
a Philips 3T Magnetic Resonance (MR) 
scanner at both sites. T2*-weighted, 3D 
functional images were obtained using mul-
tislice echo planar imaging (EPI) with an 
echo time (TE) of 30 ms and a repetition 
time (TR) of 2000 ms. EMG was recorded 
simultaneously (BrainProducts GmbH, Mu-
nich, Germany (UMCG) and MicroMed, 
Italy (AMC)) from five right arm muscles. 
EMG data were corrected for MR artefacts 
using the MR-artefact correction algorithms 
(Imaging Artefact Reduction method (39); 
UMCG data) embedded in the BrainVision 
Analyzer software (BrainProducts GmbH, 
Munich, Germany) and FARM (fMRI arte-
fact reduction for motion (40); AMC data). 
FMRI data was analysed using SPM12 
(Wellcome Trust Centre for Neuroimaging, 
UCL, London, UK; http://www.fil.ion.ucl.
ac.uk/spm, v6225, DCM version 12), and in-
cluded standard pre-processing (supplemen-
tary material). Inspection of the EMG was 
used to correct the block design regressor for 
actual on- and offsets of the motor task. For 
each subject, scan-by-scan EMG power was 
calculated in a 5-Hz band around the peak 
tremor frequency. Finally, this EMG ‘tremor’ 
vector was orthogonalised with respect to the 
block regressor, scaled to the maximum value 
per subject to ensure that the variance was 
similar between subjects, convolved with the 
canonical hemodynamic response function 
and used as a regressor (residual-EMG) in 

the General Linear Model (27). As motion-
related and other non-neuronal signal chang-
es are effectively reduced by global signal re-
gression, tissue-based signals and their first 
derivative were also used as nuisance regres-
sors and were calculated as the average signal 
across all voxels within the whole-brain mask 
(41). Each single-subject first-level model 
thus consisted of two block regressors for the 
motor task, a residual-EMG regressor, six 
movement regressors and two global signal 
regressors. For the functional connectivity 
analysis, the residual-EMG regressor was 
excluded from the first-level models since 
the objective of this analysis was to primarily 
look at the integrity of the motor network 
without concurrently assessing tremor se-
verity. Brain activations during motor task 
execution and tremor-related (EMG-based) 
activations are reported in more detail in 
Chapter 4. In short, motor task-related ac-
tivations were found in the well-known up-
per-limb motor network, i.e. both for essen-
tial tremor patients and healthy controls in 
motor, premotor and supplementary motor 
areas.  In essential tremor patients, we found 
tremor-related (EMG-based) activations in 
the left primary motor cortex, supplemen-
tary motor area, premotor cortex and thala-
mus, and bilaterally in the cerebellum: in left 
lobules VI and V, and in right lobules V, VI, 
and VIII, and in the brainstem. Ipsilateral 
cerebellar activity was related to mimicked-
tremor in healthy participants. Tremor based 
activations are used in the effective connec-
tivity analysis; motor-task-based activations 
are used in the functional connectivity analy-
sis. Finally, the amount of head movement 
during scanning was estimated by calculating 
the summed Euclidean distance between the 
first and last scan per individual subject for 
translation (i.e. x, y and z direction) and rota-
tion (i.e. pitch, roll, yaw) separately, and com-
pared between patients and healthy controls 
using two-sample two-tailed t-tests (26).
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effective connectivity - dynaMic causal 
Modelling

DCM models how neural activity within a 
network of brain regions is driven by external 
perturbations that result from experimentally 
controlled manipulations (30). These pertur-
bations are described by means of external 
inputs u that can enter the model in one of 
two ways (30). First, they can elicit responses 
through direct influences on specific regions 
and can be described as “driving” inputs or 
“stimulus-bound perturbations”. An example 
would be the command to stretch out your 
arm. Second, they can change the strength 
of coupling among or within regions, and 
can be described as “modulatory” inputs or 
“contextual perturbations”. For example fluc-
tuations in tremor severity over time could 
change the intrinsic activity within regions of 
the cerebello-thalamo-cortical network. An 
important concept in DCM is that regions 
contain self-inhibitory properties, mediated 
by self-connections (“intrinsic” or within-re-
gion connections), preventing runaway out-
bursts of neural activity. The left primary mo-
tor cortex (M1), left premotor cortex (PMC), 
left supplementary motor area (SMA), left 
ventral lateral nucleus of the thalamus, right 
cerebellar lobule V/VI and right cerebel-
lar lobule VIII were included in our models 
since these regions have been associated with 
tremor previously using fMRI (42, 33) and 
showed tremor-related (EMG-based) acti-
vations in the patient group, as mentioned 
previously (Chapter 4). Regions were defined 
for each patient individually, based on acti-
vations associated with the residual-EMG 
regressor, and centred at the location of the 
local maxima with a 4 mm radius, within 10 
mm of the group maximum (MNI coordi-
nates: M1 x -36 y -22 z 61; PMC x -28 y -22 
z 54; SMA x -2 y -14 z 55; thalamus x -12 y 
-24 z -1 ;cerebellar lobule V/VI x 34 y -50 z 
-25; cerebellar lobule VIII x 21 y -52 z -56). 
We assumed full endogenous connectivity 

between regions, with the exemption of con-
nections between cerebellar regions and the 
thalamus (only unidirectional from cerebel-
lum to thalamus) and between cortical and 
cerebellar regions (only unidirectional from 
cortical to cerebellar regions) based on neu-
ronal tracing studies in macaque monkeys 
(Fig. 1) (43), leaving 28 endogenous con-
nections. We furthermore assumed a direct 
effect of the motor task on the activity of all 
premotor regions (left SMA, left PMC) (44, 
45). The task regressor was divided into two 
separate regressors to compare the direct ef-
fects of the motor task and the motor plus 
silent reading task to each other.
The residual EMG regressor, which repre-
sents variations in tremor amplitude over 
time, was included as a modulatory input on 
the intrinsic connections of all regions (Fig. 
2A). In this manner, the residual EMG re-
gressor functions as a modifier of the ‘state’ 
a region is in depending on the intensity of 
tremor. Since the dentate nucleus is an im-
portant region within the tremor network, 
but not included as a node in our network, 
additional interest was focused on the cer-
ebello-thalamic connections. These connec-
tions represent the net effect of the cerebello-
dentatal output onto the thalamus. Therefore, 
modulatory input of tremor onto the cere-
bello-thalamic connections was added to the 
model space (Fig. 1). This gave a total of 27 
= 128 models. Figure 1 gives an overview of 
the DCM framework for this study; a list of 
models and their modulatory inputs is pro-
vided in the supplementary material. Models 
were compared using Bayesian model selec-
tion (BMS) on group level (46-47). Subse-
quently, a post hoc BMS family analysis was 
used to evaluate the exceedance probabilities 
of a modulatory effect on each region or con-
nection. The exceedance probability (F) cor-
responds to the belief that a model or family 
is more likely than any other, given the data 
from all subjects (46).
We then used random effects Bayesian mod-
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el averaging (BMA) on the winning halve of 
model space, in which parameter estimates 
are weighted by the model evidence to com-
pare resulting coupling parameters (47,48). 
This method is convenient when many mod-
els are compared and when there is no obvi-
ous winning model. The posterior densities 

of the parameters are calculated across sub-
jects and across the winning halve of mod-
els. More weight is given to the models with 
the highest posterior probability according 
to Bayes’ rule (46). The resulting coupling 
parameters represent connection strengths 
(30). The posterior distributions are calcu-

Figure 5.1. Overview of the model space  A. Anatomy of the tremor network as derived from (Helmich et al., 2013). 
B. Simplified model derived from the anatomical tremor network to be used for the DCM analysis. Task input (the 
command to stretch out the arm) entered the model on SMA and PMC. C. The residual EMG regressor, or ‘tremor 
variability’, entered the model as modulatory input, affecting the intrinsic connections within regions and affecting 
the extrinsic cerebello-thalamic connections. 128 models in total were set up. M1 = left primary motor cortex; SMA 
= left supplementary motor area; PMC = left premotor cortex; CB lob V = right cerebellar lobule V; CB lob VIII = 
right cerebellar lobule VIII.
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lated using a Gibbs sampling approach by 
drawing samples from a multinomial distri-
bution of posterior beliefs for the included 
models (46). Subsequently, posterior means 
and standard deviations of parameters were 

obtained and tested for significance using 
one-sample two-tailed t-tests. Because we 
tested forty parameters of interest (28 en-
dogenous, 8 modulatory and 4 task inputs) 
we have adjusted the significance threshold 

table 5.1. Patients’ characteristics.
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1 21 Male 10 8 11 + 40 5.4 +
2 22 Male 7 6 10 - 20 5.2 +
3 27 Male 7.5 16 27 - 160 8.7 +
4 30 Female 8 7 15 + 20 2.9 ?
5 35 Male 8 11 28 + 80 7.8 ?
6 46 Male 7.5 10 41 + 80 4.4 +
7 47 Male 7 10 32 + 40 6.0 +
8 48 Female 7 27 38 + 120 5.4 -
9 53 Female 7.5 22 25 + 30 7.8 +
10 62 Female 8.5 5 57 + 100 8.5 ?
11 63 Male 7 11 20 + 40 3.4 +
12 63 Female 7.5 21 24 + 80 7.4 +
13 64 Male 6.5 7 52 + 20 4.0 +
14 65 Female 7.5 4 5 + 80 2.7 ?
15 69 Male 7.5 8 29 + 40 9.2 -
16 73 Female 5 21 55 + 80 2.6 +
17 74 Male 9 23 24 - 80 6.6 ?
18 80 Female 6 29 20 + 80 6.9 +
Excluded from the effective connectivity analysis:
19 32 Female 7 10 29 + 40 6.0 ?
20 53 Male 8 15 37 + 50 8.6 +
21 57 Female 7 17 40 + 10 4.0 ?
22 72 Male 6 31 62 + 320 9.2 +
Median 
(range)

59.5 
(21-80)

M: 12 
F: 10

7.5 
(5-10)

11  
(4-31) 

30.5  
(5-62)

+: 19 
-: 3

65 
(20-
320)

6.0 
(2.6 – 
9.2)

+: 13 
-: 2 
?: 7

 
Four patients were excluded for the effective connectivity analysis due to absent significant tremor-related activations 
at an uncorrected threshold of p < 0.001. VAS: Visual Analogue Scale, range 0-10. TRS: tremor rating scale (off 
medication). TRS A + B scores were assessed while off medication. + = positive; - = negative; ? = unknown.
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using the Bonferroni method (a = 1-(1- 
a)1/40) = 0.001282). Positive coupling pa-
rameters suggest a facilitation of neural ac-
tivity, whereas negative coupling parameters 
can be interpreted as inhibition of neural 
activity. Coupling parameters are reported 
in Hz, reflecting the amount of activity that 
‘flows’ from one region to another per sec-
ond. For the effective connectivity analysis, 
we chose to include only essential tremor pa-
tients and not to include a group comparison 
as the two “tasks” performed by both groups 
(mimicking tremor vs. real tremor) are quali-
tatively different.

functional connectivity – seed Based 
correlation analysis

To assess the functional integrity of the 
motor network in essential tremor, we per-
formed separate seed-based functional con-
nectivity analyses between six areas showing 
the strongest response relating to the motor 
task in essential tremor patients and healthy 
controls: left M1, left SMA and right cer-
ebellar hemisphere lobules IV, V, VI and 
VIII (supplementary material). We chose to 
look at activations related to the motor task 
because this allowed us to compare essential 
tremor patients to healthy controls, and be-
cause functional coupling between cerebellar 
and cortical motor regions is most specific 
during motor tasks (42). Time-courses of all 
regions were obtained by extracting the first 
eigenvariates with SPM12, adjusted for ef-
fects of interest, for significant voxels using a 
threshold of P < 0.001 (uncorrected) (32, 29, 
26). Regions were defined for each subject, 
individually centred at the location of the lo-
cal maxima with a 4 mm radius, within 10 
mm of the group maximum (MNI coordi-
nates: M1 x -28, y -28, z 53; SMA x -2, y -8, 
z 57; cerebellar lobule I-IV x 4 y -64 z -21, 
cerebellar lobule V x 14 y -50 z -19, cerebel-
lar lobule VI x 22 y -50 z -25, cerebellar lob-
ule VIII x 24 y -58 z -49). For each subject 

and each region, we then entered this time-
course as a regressor in a multiple regression 
analysis together with the task regressor and 
nuisance regressors. The task regressor was 
added to exclude activations related to the 
motor task. For the second-level between 
group comparisons, nonparametric permuta-
tion tests were performed; this is preferred 
over parametric methods as this does not 
require that the data is normally distributed 
(49)(Statistical non-Parametric Mapping 
13b, http://www.sph.umich.edu/ni-stat/
SnPM/ (50), 10,000 permutations). Con-
trasts were built to test (i) for significant 
between group differences in functional con-
nectivity, and (ii) for significant correlations 
of functional connectivity within the patient 
group with clinically assessed tremor sever-
ity (TRS A+B), subjectively assessed tremor 
severity (VAS) and disease duration. Cor-
relations between objective (i.e. TRS A+B) 
and subjective (i.e. VAS) measures of tremor 
severity are known to be limited (51; Chap-
ter 7). We expect TRS A+B to give the best 
representation of tremor amplitude, whereas 
VAS scores entail several entities such as 
tremor severity, psychological and social fac-
tors (51; Chapter 7). A cluster-wise infer-
ence was used (P < 0.05 (FWE corrected), 
cluster-forming threshold P < 0.001). To 
test specifically for changes in cerebellar-
cortical correlations, seed-based correlations 
were masked with either the whole cerebel-
lum (for the M1 and SMA seed) (52) or a 
cerebral motor mask including left M1, left 
PMC, left SMA and left thalamus (for the 
cerebellar seeds) (52). The probabilistic atlas 
of the cerebellar cortex and the AAL toolbox 
were used to define anatomical locations of 
activations (52, 53).

results

participants

Eighteen patients and one healthy control 
were excluded for further analysis. Reasons 
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for exclusion of datasets were sudden ex-
cessive head movements during scanning 
causing striping artefacts (one patient, one 

healthy control), insufficient tremor during 
fMRI data collection (16 patients) or failure 
of equipment during scanning (one patient). 

table 5.2. local maxima of grouP Differences in cerebello-cortical functional 

connectiVity

region Voxels (k) r/l t-Value x y z

Controls > ET - left M1 seed
Cerebellar lobule V 86 R 4.68 14 -50 -13
Cerebellar lobule V sc R 3.95 22 -46 -23
Cerebellar lobules VI sc R 3.93 18 -54 -21
Cerebellar lobules VI 43 R 4.36 30 -64 -27
Controls > ET - left SMA seed 
Cerebellar vermis VI 29 R 4.49 2 -62 -27
Cerebellar lobules VI 128 R 4.41 24 -50 -25
Cerebellar lobule V sc R 4.24 16 -46 -25
Cerebellar lobule V 102 R 4.40 12 -48 -13
Cerebellar lobule V sc R 4.03 12 -60 -13
Cerebellar lobules VI 38 L 4.35 -12 -74 -25
Controls > ET - right cerebellar lobule IV seed
Primary motor cortex 85 L 6.46 -32 -22 49
Supplementary motor area 24 L 4.33 -2 2 59
Controls > ET - right cerebellar lobule V seed

Supplementary motor area 26 L 4.89 0 4 61

Primary motor cortex 34 L 4.68 -32 22 45

Controls > ET - right cerebellar lobule VI seed
Primary motor cortex 49 L 5.59 -34 -24 49
Supplementary motor area 72 L 4.92 -2 2 61
Supplementary motor area sc L 3.81 0 4 51
Primary motor cortex 29 L 4.58 -44 -4 49
Controls > ET - right cerebellar lobule VIII seed
Supplementary motor area 27 L 4.02 -2 2 59
Supplementary motor area sc L 3.68 0 10 55
Primary motor cortex 23 L 3.80 -50 -5 51
Primary motor cortex L 3.67 -44 -2 53

 
Stereotactic coordinates of local maxima of cerebello-cortical functional connectivity in essential tremor patients 
compared to controls (p > 0.05, FWE corrected, cluster-defining threshold of p < 0.001), coordinates in MNI space. 
ET: essential tremor, SMA: supplementary motor cortex, sc: same cluster. 
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Healthy controls (14 male) had a median age 
of 56.5 years (range 20-72). For the effective 
connectivity analysis, four additional patients 
were excluded because they did not show 
significant tremor-related activations at an 
uncorrected threshold of p < 0.001, a prereq-
uisite for the DCM analysis, thus 18 patients 
were included in the effective connectivity 
analysis. See table 1 for a full overview of 
included essential tremor patients. Included 
patients and healthy controls exhibited simi-
lar amounts of head movement during scan-
ning (mean translation parameters; patients: 
2.64 mm (SD 1.36), healthy controls: mean 

translation parameters  2.68 mm (SD 0.97), 
t[42] = 0.2720, p = 0.92 & mean rotation pa-
rameters patients 0.056 degrees (SD 0.03), 
healthy controls 0.052 degrees (SD 0.03), 
t[42] = 0.43, p = 0.67).

effective connectivity - Bayesian Model 
selection

Figure 2B gives an example of observed and 
predicted BOLD time-courses of one sub-
ject, based on the DCM estimation. Model 
124 showed the highest posterior exceedance 
probability (F = 0.0128), but is closely fol-
lowed by several other models. Based on the 

EXAMPLE OF THE OBSERVED AND PREDICTED TIME-SERIES OF ALL INCLUDED REGIONS

A                                                 RESIDUAL EMG REGRESSOR OR ‘TREMOR VARIABILITY’ INPUT

B                                        

Primary motor cortex

Supplementary motor area

Premotor cortex

�alamus

Cerebellar lobule V

Cerebellar lobule VIII

Tremor variability
(orthogonalized with
respect to the mean 
EMG during all 
movement blocks)

Observed         Predicted

Figure 5.2. Example of the included residual EMG regressor and observed and predicted BOLD time-courses 
based on DCM. (A) Scaled residual EMG regressor or ‘tremor variability’ input displayed as a function of time, 
representing changes in EMG power over scans of one subject. Grey bars represent the motor task during which 
subjects had to stretch out their arm. (B) Example of model fit of the same subject; observed and predicted BOLD 
time-courses of all regions included in the model based on the DCM estimation. Green = observed, blue = predicted.
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BMS there was no obvious winning model 
(Fig. 3A). The post-hoc family analysis, 
where models are grouped by the presence of 
modulatory effects on the six tremor regions 
and cerebello-dentato-thalamic pathway, 
showed quite convincingly that modulatory 
input on the cerebello-thalamic connections 
(F > 99) was more likely than no input on 
the cerebello-thalamic connections (Fig. 3B). 
The thalamus (F = 0.74), cerebellar lobule V 
(F = 0.71), SMA (F = 0.74) and PMC (F = 
0.63) were also more likely to be modulated 
by tremor variation (Fig. 3B). The primary 
motor cortex (F = 0.52) and cerebellar lobule 
VIII (F = 0.45) showed no clear preference 
for models with or without modulatory input 
of tremor variation.

effective connectivity - Bayesian Model 
averaging 

Modulatory inputs on the six intrinsic and 

two extrinsic, cerebello-dentato-thalamic, 
connections were extracted. Modulatory 
input of tremor variation exhibited a sig-
nificant excitatory influence on the intrinsic 
thalamic (mean 1.26, SD 0.42, p < 0.0000) 
and cerebellar lobule V (mean 0.32,  SD 0.32, 
p = 0.0006) connections, and on the extrinsic 
connection from cerebellar lobule V to the 
thalamus (mean 0.82, SD 0.89, p = 0.00128). 
Modulatory input of tremor variation exhib-
ited a significant inhibitory influence on M1 
(mean -0.30, SD 0.25, p < 0.0000), SMA 
(mean -0.91, SD 0.27, p < 0.0000), PMC 
(mean -0.55, SD 0.29, p < 0.0000) and cer-
ebellar lobule VIII (mean -0.28, SD 0.27, p = 
0.0003). Results are summarized in Figure 3.
There was a significant driving force of task 
on SMA and PMC (see supplementary ma-
terial for full details of coupling parameters). 
Furthermore, there was a difference in driv-
ing force on the SMA between the motor 

table 5.3. local maxima of cerebello-cortical functional connectiVity correlateD 

With tremor seVerity

region Voxels (k) r/l t-Value x y z

ET correlated negatively with TRS A+B - left M1 seed
Cerebellar lobule crus II 645 L 5.98 -28 -78 -51
Cerebellar lobule VIIb sc L 5.29 -6 -74 -39
Cerebellar lobule crus II sc R 5.09 4 -80 -35
Cerebellar vermis VI 38 M 4.51 0 -70 -23
Cerebellar lobule VI sc R 3.66 10 -72 -29
Cerebellar lobule VI 34 R 4.38 18 -56 -27
ET correlated negatively with TRS A+B - right cerebellar lobule VIII seed

Primary motor cortex 41 L 5.37 -6 -22 73
Primary motor cortex sc L 4.66 -4 -14 71
ET correlated positively with TRS A+B - right cerebellar vermis seed
Thalamus 23 L 5.40 -10 -20 11
Thalamus sc L 3.78 -10 -28 9

Stereotactic coordinates of local maxima of cerebello-cortical functional connectivity in essential tremor patients 
correlated with tremor severity (p > 0.05, FWE corrected, cluster-defining threshold of p < 0.001), coordinates in 
MNI space. M1: primary motor cortex, ET: essential tremor, TRS: tremor rating scale, sc: same cluster.
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task with reading versus without reading 
(t[34] = 10.79, p < 0.0000). There was no dif-
ference in driving force between tasks on the 
PMC (t[34] = 0.13, p = 0.39).

functional connectivity results in es-
sential treMor and healthy controls

In essential tremor patients, the M1 and 
SMA seeds showed reduced functional con-
nectivity with right cerebellar lobules V and 
VI compared to healthy controls (Fig. 4A, 
Table 2).  Right cerebellar lobules I-IV, V, VI 

and VIII seeds all showed reduced functional 
connectivity with M1 and SMA compared 
to healthy controls (Table 2). 
For the M1 seed, functional connectivity with 
right cerebellar lobules VI, crus II, vermis VI 
and lobule VIII, and left cerebellar lobule 
VIIb, crus II and lobule VIII, correlated neg-
atively with tremor severity (TRS A+B). For 
the cerebellar lobule VIII seed, functional 
connectivity with the primary motor cortex 
correlated negatively with tremor severity 
(TRS A+B) (Fig. 4B, Table 3). M1 and cer-
ebellar lobule VIII thus show a reciprocally 

A          BAYESIAN MODEL SELECTION (RANDOM EFFECTS)       B    MODEL FAMILY ANALYSES 

C  SIGNIFICANT MODULATORY INPUT OF TREMOR VARIATION 
Models

M
od
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 e

xc
ee
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nc

e 
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Modulation
No modulation

Figure 5.3. Results of Bayesian model selection and Bayesian model averaging in essential tremor patients. (A) 
Exceedance probabilities of all 128 models. Models 1-64 have no modulatory input on the cerebello-thalamic con-
nections, models 65-128 have modulatory input on the cerebello-thalamic connections. (B) Post hoc family analysis 
identified a preference for models with a modulatory effect on the cerebellar-thalamic connections (F > 99%) (C) 
Graphical representation of the significant estimated connectivity parameters resulting from Bayesian Model Aver-
aging in essential tremor. For clarity reasons only modulatory influences are depicted. Coupling parameter strength is 
depicted in red (excitatory effect) and blue (inhibitory effect). Significant modulatory input is depicted in Hz. M1 = 
left primary motor cortex; SMA = left supplementary motor area; PMC = left premotor cortex; Thal = left thalamus; 
CB lob V = right cerebellar lobule V; CB lob VIII = right cerebellar lobule VIII. For full coupling parameter details 
see supplementary material.
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Right cerebellar lobule I-IV seed

Right cerebellar lobule I-IV seed

Right cerebellar lobule V seed

Right cerebellar lobule VI seed

Left primary motor cortex seed

Left primary motor cortex seed

Left supplementary motor area seed

Right cerebellar lobule VIII seed

Right cerebellar lobule VIII seed

T 3.5                              5.5

A         FUNCTIONAL CONNECTIVITY - HEALTHY CONTROLS > ESSENTIAL TREMOR PATIENTS

B                   FUNCTIONAL CONNECTIVITY CORRELATED WITH TRS A+B SCORES

y -20                   y 2

y -20                   y 2

y -22                   y 4

y -6                    y 4

y -64                y -50y -64                y -50

y -62              y -56 y -22

z 10

Negative 
correlation

Positive 
correlation

Figure 5.4. Decreased cerebellar-cortical functional connectivity in essential tremor. (A) between group differences 
illustrating areas of decreased connectivity in essential tremor patients compared to healthy controls for the M1, 
SMA, cerebellar lobule I-IV, V, VI and VIII seeds. (B) Correlation between connectivity and TRS A+B scores for the 
M1, cerebellar lobule I-IV and VIII seed. Results are projected on the ch2better-template using MRIcroN. Cluster-
wise inference is used (p < 0.05 FWE corrected, cluster-defining threshold of p < 0.001).



essential tremor: a functional anD effectiVe connectiVity stuDy

79

5

observed functional disconnection correlated 
to increasing tremor severity. For the right 
cerebellar lobule I-IV seed, functional con-
nectivity with the left thalamus correlated 
positively with tremor severity (TRS A+B) 
(Fig. 4B, Table 3). None of the seed regions’ 
functional connectivities correlated with 
VAS scores or disease duration.

Discussion

This study provides two novel findings that 
support an important role for the cerebellum, 
the thalamus, and the cerebello-dentato-tha-
lamic tracts in the pathophysiology of essen-
tial tremor. First, the effective connectivity 
analysis demonstrated a significant excitatory 
modulating effect of tremor variation on the 
extrinsic cerebello-dentato-thalamic connec-
tion and on intrinsic thalamic and cerebellar 
lobule V activity. Furthermore, we have rep-
licated and expanded findings of decreased 
cerebello-cortical functional connectivity, 
related to a motor task, between the motor 
cerebellum and cortical motor areas in es-
sential tremor patients compared to controls 
(33). More importantly, decreased functional 
coupling between the primary motor cortex 
and posterior cerebellum was associated with 
an increase in clinically assessed tremor se-
verity during the motor task. Additionally, an 
increase in clinically assessed tremor sever-
ity was associated with increased functional 
connectivity between cerebellar lobule I-IV 
and the motor thalamus in patients with es-
sential tremor.

altered cereBellar output

Our findings advocate that modulatory 
tremor input is associated with activity with-
in the cerebello-dentato-thalamic network. 
During the motor task, inducing action 
tremor, all included motor regions exhibited 
self-inhibiting properties. When incorporat-
ing tremor variation during the motor task, 
intrinsic inhibitory activity of the cortical 

motor regions and cerebellar lobule VIII 
increased. However, tremor modulation ex-
hibited an excitatory modulating effect on 
the cerebello-dentato-thalamic tract, leading 
from cerebellar lobule V to the thalamus, and 
intrinsic cerebellar lobule V and thalamic ac-
tivity. Our results do not give a direct answer 
as to whether this excitation would give rise 
to tremor. It is important to note that this ex-
citation does not directly represent a neuro-
physiological correlate, but is modelled based 
on the fMRI and EMG signals. Our results 
do indicate that cerebello-dentato-thalamic 
activity is perturbed in essential tremor, 
which can be placed in a broader framework 
of evidence regarding the pathophysiology 
of essential tremor. Previously, GABAer-
gic neurotransmission dysfunction within 
the cerebellum has been observed, with in-
creased 11C-flunazenil binding to GABA-
receptors in the cerebellar cortex, increasing 
with tremor severity (54). Pathology studies 
also show evidence for cerebellar changes, 
with Purkinje cell loss and axonal swelling 
(19, 20, 55), and simultaneous remodelling 
of the cerebellar cortex  (17, 18, 56). Purkinje 
cells form the sole output channel from the 
cerebellar cortex, and lead to the deep cer-
ebellar nuclei, including the dentate nucleus. 
GABAergic Purkinje cell synapses constitute 
the majority of all synapses in the dentate 
nucleus, with their action strongly regulating 
the intrinsic activity of the dentate nucleus 
(57). Besides pathological changes in the cer-
ebellar cortex, altered dentate nucleus func-
tion has been postulated in essential tremor 
(58, 4, 21). Whether the cerebellar cortical 
pathology is secondary to changes in the 
dentate nucleus, or vice versa, remains con-
troversial. Altered 11C-flunazenil binding to 
GABA-receptors (58) and a decrease in the 
number of GABA receptors in the dentate 
nucleus in essential tremor patients (21) both 
suggest abnormal functionality of GABA re-
ceptors within the dentate nucleus. Electro-
physiology data indicate that neurons within 
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the dentate nucleus possess a pacemaker-like 
activity, with the ability to generate sponta-
neous inhibitory postsynaptic potentials, that 
can be increased or decreased depending on 
GABAergic Purkinje cell input (59). Tremor 
could consequently result from a disinhibited 
dentate nucleus and subsequent pathological 
entrainment of the cerebello-thalamo-corti-
cal network (60). This may be explained as a 
result of loss of GABAergic tone in the cer-
ebellar system (Fig. 5). A recent fMRI study 
using a finger-tapping task showed increased 
activity of the dentate nucleus with increas-
ing clinical tremor severity, in line with this 
hypothesis (4). 

functional integrity of the Motor net-
work

Essential tremor patients demonstrate de-
creased functional coupling between cer-

ebellar motor areas and cortical motor areas 
compared to controls during a motor task. 
Furthermore, a decrease in functional cou-
pling between the primary motor cortex and 
posterior cerebellum is correlated with an in-
crease in tremor severity. Two recent fMRI 
studies employing a motor task showed de-
creased activity of cerebellar motor regions 
related to a motor task in essential tremor (4, 
33). Increased functional coupling between 
cerebellar lobule I-IV and the thalamus is 
correlated with an increase in tremor sever-
ity. It is possible that the previously men-
tioned altered cerebellar output gives rise 
to changes in cerebello-cortical connectiv-
ity. The positive correlation between tremor 
severity and functional coupling between 
cerebellar lobule I-IV and the thalamus in 
essential tremor patients, together with the 
excitatory effect of tremor modulation on 
the cerebellum, cerebellar outflow tracts and 

Figure 5.5 Hypothetical chain of pathological events inducing tremor. Firstly, neurodegeneration and neurotrans-
mission dysfunction within the cerebellar cortex lead to altered GABAergic cerebellar cortical output. Secondly, this 
causes disinhibition of the dentate nucleus, altering its pacemaker-like activity. Consequently and thirdly, patho-
logical activity is passed onward towards the thalamus through dentate nucleus efferents, disrupting physiological 
motor-related connectivity within the cortex. 
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the thalamus during the motor task as ob-
served in the effective connectivity analysis, 
support the idea of pathological entrainment 
within the cerebellar-thalamic system. In the 
case of tremor interference, and tremor oscil-
lations throughout the motor network, one 
would also expect increased cerebello-corti-
cal coupling due to entrainment of the cer-
ebello-thalamo-cortical network. However, 
an EEG-EMG coherence study has shown 
that cortical involvement in tremor is only 
intermittent, and therefore does not seem 
to be a crucial player within the tremor net-
work (61). Alternatively, perturbed cerebel-
lar output could generate improper thalamic 
activity and consequently disrupt physiologi-
cal motor-related connectivity with the mo-
tor cortex (59, 60). Our results support the 
hypothesis that increasing tremor sever-
ity proportionally disrupts cerebello-cortical 
connectivity. Moreover, continuous increased 
input from the dentate nucleus via the thala-
mus could cause amplification of inhibitory 
mechanisms within the cerebral cortex. In-
hibitory circuits within the motor cortex are 
reported to be aberrant and less modifiable in 
essential tremor (62). In addition, increased 
11C-flunazenil binding to GABA-receptors 
has also been found in the ventrolateral thal-
amus and lateral premotor cortex in essential 
tremor (58).

differential involveMent of the anterior 
and posterior cereBelluM in essential 
treMor

The anterior cerebellum is formed by lobules 
I to V/VI, and is divided by the primary fis-
sure from the posterior cerebellum, formed 
by lobules VI/VII to X (63, 64). Interestingly, 
to our knowledge, the anterior and posterior 
cerebellum, although both involved in mo-
tor control, are not discussed separately in 
essential tremor research, even though the 
physiological, developmental and genetic 
properties of each are quite different (63-

65). Our functional and effective connectiv-
ity results suggest that both the anterior and 
posterior cerebellum are involved in essential 
tremor. There is however a discrepancy in re-
duced functional connectivity between M1 
and the posterior cerebellum associated with 
increasing tremor severity, and an apparent 
lack of this reduced functional connectivity 
between M1 and regions within the anterior 
cerebellum. On the other hand, an excitatory 
modulatory effect of tremor was observed in 
cerebellar lobule V (anterior cerebellum) and 
on the connections between cerebellar lobule 
V and the thalamus. We currently have no 
clear explanation for this observed difference. 
Although this discrepancy could be due to 
insufficient sample size, for future pathology 
studies, it would be of interest to divorce the 
involvements of the anterior and posterior 
cerebellum by assessing them separately.

Methodological considerations

A known and persistent problem with fMRI 
studies is their limited temporal resolution. 
This makes the identification of a tremor 
generator challenging. However, it is a useful 
technique for studying properties of regions 
within the cerebello-thalamo-cortical net-
work, especially when combined with EMG 
recordings. This is the first time EMG sig-
nals were incorporated in a DCM analysis. It 
needs to be stressed that the residual EMG 
regressor is not the EMG signal as recorded 
from the muscle. It is a reflection of the wax-
ing and waning EMG signal with respect 
to the task, i.e., the involuntary movements, 
and does not necessarily say something about 
clinical severity. Further studies employing 
electrophysiological techniques may be re-
quired to provide deeper insights into the 
synaptic mechanisms involved. Although 
our results appear robust, they will need to 
be replicated in the future. For this study, 
the parameters characterizing the cerebello-
thalamic connections were chosen as indirect 
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measures to assess the possible involvement 
of the dentate nucleus and the cerebello-
dentato-thalamic tract in essential tremor. 
These connections represent the net effect 
of the cerebello-dentato-thalamic tracts. No 
tremor-related activity was observed in the 
dentate nucleus in individual subjects, pos-
sibly due to the high iron-content of the 
dentate nucleus and resulting low signal-to-
noise ratio of its BOLD signal (66). To be 
able to include the dentate nucleus in future 
models, studies with a higher spatial and 
temporal resolution are warranted to repro-
duce our observed excitatory effect on the 
cerebello-dentato-thalamic pathway.
A common difficulty in functional imaging 
studies lies in selecting a suitable task for 
healthy controls that corresponds well with 
the patients’ task. For this study, a mimicked 
tremor was chosen. Consequently, the two 
groups were actually performing a qualita-
tively different task. These tasks were cho-
sen to allow optimal distinction of brain 
networks for the functional connectivity 
analysis, involved in involuntary tremor as 
opposed to compensation or afferent feed-
back by deliberate, mimicked tremor move-
ments. However, due to this qualitative dif-
ference, for the effective connectivity analysis 
the patient group was not compared with a 
healthy control group. Future studies could 
circumvent this problem by employing other 
techniques such as enforcing passive wrist 
oscillations as an additional control condi-
tion, as has been used previously by Bucher 
and colleagues (42). One could then addi-
tionally assess whether there are differences 
within the tremor circuitry in excitatory and 
inhibitory connections between patients and 
healthy controls.
Finally, as mentioned in the methods section, 
a silent reading task was offered during half 
of the task blocks, which may have influ-
enced activity within the motor network and 
could therefore have affected our effective 
connectivity results. There was a significant 

difference in driving effect of the two tasks 
on the SMA and not on the PMC, as ob-
served in the effective connectivity analysis. 
However, the motor task with silent reading 
had merely an additional excitatory effect 
compared to the motor task in which only 
the command to stretch the right arm was 
given. We expect that this will not have af-
fected the final conclusions of the effective 
connectivity analysis.

In conclusion, our findings suggest that cere-
bello-dentato-thalamic activity and cerebel-
lar-cortical connectivity are perturbed in es-
sential tremor, supporting previous evidence 
of cerebellar pathology in essential tremor. 
This perturbed cerebello-dentato-thalamic 
activity could subsequently affect the rest 
of the cerebello-thalamo-cortical network, 
leading to tremor on the one hand and possi-
bly less effective physiological output on the 
other hand. Investigating effective connec-
tivity changes in essential tremor represents 
a new avenue of study that may shed light on 
its underlying pathophysiology. 
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1 0 0 0 0 0 0 0 45 0 1 0 1 1 0 0 89 1 0 1 1 0 0 0
2 0 0 0 0 0 0 1 46 0 1 0 1 1 0 1 90 1 0 1 1 0 0 1
3 0 0 0 0 0 1 0 47 0 1 0 1 1 1 0 91 1 0 1 1 0 1 0
4 0 0 0 0 0 1 1 48 0 1 0 1 1 1 1 92 1 0 1 1 0 1 1
5 0 0 0 0 1 0 0 49 0 1 1 0 0 0 0 93 1 0 1 1 1 0 0
6 0 0 0 0 1 0 1 50 0 1 1 0 0 0 1 94 1 0 1 1 1 0 1
7 0 0 0 0 1 1 0 51 0 1 1 0 0 1 0 95 1 0 1 1 1 1 0
8 0 0 0 0 1 1 1 52 0 1 1 0 0 1 1 96 1 0 1 1 1 1 1
9 0 0 0 1 0 0 0 53 0 1 1 0 1 0 0 97 1 1 0 0 0 0 0
10 0 0 0 1 0 0 1 54 0 1 1 0 1 0 1 98 1 1 0 0 0 0 1
11 0 0 0 1 0 1 0 55 0 1 1 0 1 1 0 99 1 1 0 0 0 1 0
12 0 0 0 1 0 1 1 56 0 1 1 0 1 1 1 100 1 1 0 0 0 1 1
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17 0 0 1 0 0 0 0 61 0 1 1 1 1 0 0 105 1 1 0 1 0 0 0
18 0 0 1 0 0 0 1 62 0 1 1 1 1 0 1 106 1 1 0 1 0 0 1
19 0 0 1 0 0 1 0 63 0 1 1 1 1 1 0 107 1 1 0 1 0 1 0
20 0 0 1 0 0 1 1 64 0 1 1 1 1 1 1 108 1 1 0 1 0 1 1

21 0 0 1 0 1 0 0 65 1 0 0 0 0 0 0 109 1 1 0 1 1 0 0

22 0 0 1 0 1 0 1 66 1 0 0 0 0 0 1 110 1 1 0 1 1 0 1

23 0 0 1 0 1 1 0 67 1 0 0 0 0 1 0 111 1 1 0 1 1 1 0
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27 0 0 1 1 0 1 0 71 1 0 0 0 1 1 0 115 1 1 1 0 0 1 0
28 0 0 1 1 0 1 1 72 1 0 0 0 1 1 1 116 1 1 1 0 0 1 1
29 0 0 1 1 1 0 0 73 1 0 0 1 0 0 0 117 1 1 1 0 1 0 0
30 0 0 1 1 1 0 1 74 1 0 0 1 0 0 1 118 1 1 1 0 1 0 1
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37 0 1 0 0 1 0 0 81 1 0 1 0 0 0 0 125 1 1 1 1 1 0 0
38 0 1 0 0 1 0 1 82 1 0 1 0 0 0 1 126 1 1 1 1 1 0 1
39 0 1 0 0 1 1 0 83 1 0 1 0 0 1 0 127 1 1 1 1 1 1 0
40 0 1 0 0 1 1 1 84 1 0 1 0 0 1 1 128 1 1 1 1 1 1 1
41 0 1 0 1 0 0 0 85 1 0 1 0 1 0 0
42 0 1 0 1 0 0 1 86 1 0 1 0 1 0 1
43 0 1 0 1 0 1 0 87 1 0 1 0 1 1 0
44 0 1 0 1 0 1 1 88 1 0 1 0 1 1 1
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controls
5. Supplementary references

1. list of Models and Modulatory inputs 
(See previous page.)

2. full details dcM coupling paraMeters 
Based on Bayesian Model averaging

The posterior densities of the parameters are 
calculated across subjects and across the win-
ning half of models. More weight is given to 
the models with the highest posterior proba-
bility according to Bayes’ rule (1). The result-
ing coupling parameters represent connec-
tion strengths (2). The posterior distributions 
are calculated using a Gibbs sampling ap-
proach by drawing samples from a multino-
mial distribution of posterior beliefs for the 
included models (1). Subsequently, posterior 
means and standard deviations of parameters 
were obtained and tested for significance us-
ing two-tailed t-test. Because we tested forty 
parameters of interest (28 endogenous, 8 
modulatory and 4 task inputs) we have ad-
justed the significance threshold using the 
Bonferroni method (a = 1-(1- a)1/40) = 
0.001282). Positive coupling parameters sug-
gest a facilitation of neural activity, whereas 
negative coupling parameters can be inter-
preted as inhibition of neural activity. The 
coupling parameter unit is Hertz (Hz), re-
flecting the amount of activity that flows 
from one region into another per second. 

suPPlementary table 5.2. Dcm a-matrix 
– enDogenous connectiVity baseD on 
bayesian moDel aVeraging

PArAmeter 
eStImAte: meAn Sd t-vALue P-vALue

M1 à M1 -0.45 0.04 51.4 <0.001
M1 à SMA -0.13 0.05 10.5 <0.001
M1 à PMC -0.03 0.04 3.5 0.003
M1 à Thal -0.15 0.04 16.1 <0.001
M1 à CB V -0.13 0.03 16.3 <0.001
M1 à CBVIII -0.13 0.03 15.4 <0.001
SMA à SMA -0.43 0.03 53.8 <0.001
SMA à M1 0.29 0.03 40.7 <0.001
SMA à PMC 0.14 0.04 14.3  <0.001
SMAàThal 0.25 0.03 29.9  <0.001
SMA à CB V 0.26 0.04 30.7  <0.001
SMA à CB 
VIII 0.19 0.03 29.2  <0.001

PMC à PMC -0.47 0.04 53.5  <0.001
PMC à M1 0.09 0.04 9.2  <0.001
PMC à SMA 0.08 0.05 7.1  <0.001
PMC à Thal 0.08 0.05 7.0  <0.001
PMC à CBV 0.11 0.05 10.0  <0.001
PMC à CB 
VIII 0.15 0.04 14.9  <0.001

Thal à Thal -0.62 0.03 75.4  <0.001
Thal à M1 0.13 0.05 12.1  <0.001
Thal à SMA 0.50 0.08 25.0  <0.001
Thal à PMC 0.31 0.07 19.3  <0.001
CBV à CBV -0.42 0.03 50.1  <0.001
CBV à Thal -0.06 0.04 6.2  <0.001
CB V à CB 
VIII 0.04 0.05 3.0 0.009

CB VIII à 
CB VIII -0.43 0.04 46.5  <0.001

CB VIII à 
Thal -0.05 0.05 3.8 0.002

CB VIII à 
CB V 0.07 0.05 6.1  <0.001
Statistical significance determined by one sample two-tailed 
t-test. Full endogenous connectivity was assumed with the 
exemption of connections between cerebellar regions and the 
thalamus (only unidirectional from cerebellum to thalamus) and 
between cortical and cerebellar regions (only unidirectional from 
cortical to cerebellar regions) based on neuronal tracing studies 
in macaque monkeys (3), leaving 28 connections. M1: primary 
motor cortex, SMA: supplementary motor area, PMC: premotor 
cortex. Thal: thalamus, CB: cerebellar lobule.
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suPPlementary table 5.3. Dcm b-matrix – moDulatory tremor Variation inPut

moduLAtory InPut on: meAn Sd t-vALue P-vALue

Primary motor cortex (intrinsic) -0.30 0.25 5.1  <0.001
Supplementary motor area (intrinsic) -0.91 0.27 14.3  <0.001
Premotor cortex (intrinsic) -0.53 0.29 7.7  <0.001
Thalamus (intrinsic) 1.26 0.42 12.6  <0.001
Cerebellar lobule V (intrinsic) 0.31 0.32 4.2  <0.001
Cerebellar lobule VIII (intrinsic) -0.28 0.27 4.5  <0.001
Cerebellar lobule V to thalamus (extrinsic) 0.82 0.89 3.9 0.001
Cerebellar lobule VIII to thalamus (extrinsic) 0.60 1.38 1.8 0.08

 
Posterior means and standard deviations of the estimated modulatory effect of tremor variation on all regions and 
cerebello-dentato-thalamic tracts. Tested for significance using two-tailed t-tests. Bonferroni-corrected significant 
p-values in bold (p > 0.00128). Results are summarized graphically in Figure 3 within the main text.

suPPlementary table 5.4. Dcm c-matrix – Direct (task) inPut

PArAmeter eStImAte: meAn Sd t-vALue P-vALue

Task input SMA (with silent reading task) 0.10 0.01 43.3  <0.001
Task input SMA (without silent reading task) 0.07 0.01 33.4  <0.001
Task input PMC (with silent reading task) 0.04 0.01 18.6  <0.001
Task input PMC (without silent reading task) 0.05 0.01 22.5  <0.001

Mean influence of task input. statistical significance determined by one sample two-tailed t-test. Bonferroni-
corrected significant parameters in bold (p > 0.00128). SMA = supplementary motor area. PMC = premotor cortex. 
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 3. one saMple t-test – Motor task conjunction analysis of essential treMor patients 
and healthy controls

reGIon voXeLS r/L t-vALue X y Z

Cerebellar lobule IV 3841 Right 14.9 4 54 -21
Cerebellar lobule V Right 14.1 14 -50 -19
Cerebellar lobule VI Right 13.9 22 -50 -25
Primary motor cortex 5048 Left 14.5 -28 -28 53
Supplementary motor 
area Left 14.0 -2 -8 57

Primary motor cortex Left 13.5 -36 -32 61

Task-related activity - results of a one sample T-test – conjunction analysis of essential tremor patients and healthy 
controls. The six most significant peak-voxels are listed. Cerebellar lobule VIII is located within the most significant 
cluster with peak-region cerebellar lobule IV.



chaPter 5

90

4. one saMple t-test – functional connectivity Maps per seed region, conjunction 
analysis of essential treMor patients and healthy controls
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