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a b s t r a c t 

Tremor is thought to be an effect of oscillatory activity within the sensorimotor network. To date, the under- 

lying pathological brain networks are not fully understood. Disentangling tremor activity from voluntary mo- 

tor output and sensorimotor feedback systems is challenging. To better understand the intrinsic sensorimotor 

fingerprint underlying tremor, we aimed to disentangle the sensorimotor system into driving (motor) and feed- 

back/compensatory (sensory) neuronal involvement, and aimed to pinpoint tremor activity in essential tremor 

(ET) and tremor-dominant Parkinson’s disease (PD) with a novel closed-loop approach. 

Eighteen ET patients, 14 tremor-dominant PD patients, and 18 healthy controls were included. An MR- 

compatible wrist manipulator was employed during functional MRI (fMRI) while muscle activity during 

(in)voluntary movements was concurrently recorded using electromyography (EMG). Tremor was quantified 

based on EMG and correlated to brain activity. Participants performed three tasks: an active wrist motor task, a 

passive wrist movement task, and rest (no wrist movement). 

The results in healthy controls proved that our experimental paradigm activated the expected motor and 

sensory networks separately using the active (motor) and passive (sensory) task. ET patients showed similar 

patterns of activation within the motor and sensory networks. PD patients had less activity during the active 

motor task in the cerebellum and basal ganglia compared to ET and healthy controls. EMG showed that in 

ET, tremor fluctuations correlated positively with activity in the inferior olive region, and that in PD tremor 

fluctuations correlated positively with cerebellar activity. 

Our novel approach with an MR-compatible wrist manipulator, allowed to investigate the involvement of 

the motor and sensory networks separately, and as such to better understand tremor pathophysiology. In ET 

sensorimotor network function did not differ from healthy controls. PD showed less motor-related activity. Fo- 

cusing on tremor, our results indicate involvement of the inferior olive in ET tremor modulation, and cerebellar 

involvement in PD tremor modulation. 
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. Introduction 

Tremor disorders, including essential tremor (ET) and Parkinson’s

isease (PD), are common and have a negative impact on quality of life

 Louis and Machado, 2015 ). Overlapping symptoms and limited diag-

ostic tools can result in misdiagnosis ( Jain et al., 2006 ; Schrag et al.,

000 ), especially in doubtful cases and early disease stages ( Jain et al.,

006 ; Rizzo et al., 2016 ). Although challenging, understanding and com-

aring underlying tremor pathophysiologies is crucial and may enable
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n earlier diagnosis. Many studies have indicated involvement of the

ensorimotor (cerebello-thalamo-cortical) network in several tremor dis-

rders, irrespective of the underlying pathophysiological mechanisms

 Gallea et al., 2015 ; Helmich et al., 2011 ; Sharifi et al., 2014 ). For

ifferent tremor disorders however, different areas within the network

eem to play a pivotal role. The olivo-cerebellar network is thought to

lay an important role in tremor generation in ET ( León et al., 2021 ;

harifi et al., 2014 ), whereas changes in the basal ganglia and its in-

eraction with the cerebello-thalamo-cortical circuit may lead to tremor

n PD ( Dirkx and Bologna, 2022 ). These findings suggest that different
ogy, Amsterdam UMC, Amsterdam Neuroscience, University of Amsterdam, 
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rain activation patterns within the sensorimotor network specific to

hese disorders are likely present, possibly leading to an intrinsic senso-

imotor “fingerprint ” per tremor disorder. 

Tremor is thought to be an effect of alterations within the senso-

imotor network, where efferent motor activity and sensory feedback

re tightly linked ( Bucher et al., 1997 ). As yet, it has proven difficult

o separate activity related to voluntary motor output and sensorimotor

eedback mechanisms, and to pinpoint a pathological neuronal origin.

specially in ET differentiation of tremor activity from normal senso-

imotor brain activity is challenging because of the co-occurrence of

remor and voluntary movement with overlapping brain networks. But

lso, in PD during rest tremor, neuronal activity due to afferent sen-

ory input and activity associated with tremor are not easily differenti-

ted. Additionally, although previous studies have led to more insight

nto the pathophysiology of tremor in both groups, results are heteroge-

eous and overlap ( van der Stouwe et al., 2020 ). Varying inclusion cri-

eria, including phenotypical heterogeneous groups with possible differ-

nt pathophysiology, especially in ET, are thought to play an important

ole in the heterogeneous results ( Holtbernd and Shah, 2021 ). Further-

ore, only a very limited number of studies have directly compared

rain activations between ET and Parkinsonian tremor ( Li et al., 2020 ;

ovaes et al., 2021 ; Rowland et al., 2015 ). One reason might be that

remor types, namely action tremor in ET and rest tremor in PD, ham-

er direct comparison in a task design. 

To gain insight in the intrinsic sensorimotor fingerprints in tremor

isorders, we aimed to separately identify the efferent motor network

nd the afferent sensory network using external perturbations. The sen-

orimotor system can be considered a closed-loop system. The closed-

oop approach is a well-known approach in biomechanics, helping

o identify the dynamics of the system by using a simplified-model

 Schouten and Mugge, 2018 ). Inside the closed-loop sensorimotor sys-

em, different feedback loops of the central nervous system can be dis-

inguished ( Schouten and Mugge, 2018 ). External perturbations can be

sed to investigate a closed-loop system. This would give the oppor-

unity to study the properties within the sensorimotor loop. We hy-

othesized that the application of controlled external perturbations dur-

ng functional brain imaging allows for identification of disease-specific

rain activations. 

The current proof-of-principle study is to determine the potential

f our closed-loop approach using a custom-made MR-compatible wrist

anipulator ( Bode et al., 2017 ; Vlaar et al., 2016 ) during fMRI while

easuring (in)voluntary movement with electromyography (EMG).

irst, to validate our approach, we studied healthy individuals during

wo conditions controlled by the wrist manipulator. The conditions in-

lude an active motor task, thus activating the sensorimotor network,

nd a passive sensory task, to trigger the sensory network. Our second

im was to investigate differences in brain activations related to an ac-

ive motor task and passive sensory perturbation in ET and PD, and

ompared to healthy controls. Our third aim was to identify specific

remor-related regions per group using EMG to indicate tremor fluctua-

ion. 

. Materials and methods 

.1. Participants 

Three groups of participants (ET, tremor dominant PD and healthy

ontrols) were included in this study. The monocenter study was con-

ucted at the Amsterdam UMC, location Academic Medical Center. All

articipants were 18 years of age or older and right hand dominant. The

T patients were diagnosed according to criteria defined by the Tremor

nvestigation group ( Bain et al., 2000 ). Eighteen propranolol-sensitive

T patients were included, with familial bilateral postural arm tremor.

remor severity was assessed using the TETRAS scale ( Elble et al., 2012 ).

ourteen PD patients with rest tremor were included and were diag-

osed without severe motor fluctuations and severe dyskinesia, accord-
2 
ng to the UK Brain Bank Criteria ( Bain et al., 2000 ). Tremor severity

as assessed using the UPDRS scale part III ( Goetz et al., 2008 ). All clin-

cal evaluations were recorded on video and scored blindly by an expe-

ienced neurologist. To rule out the effects of medication, both groups

ere asked to temporarily stop or reduce anti-tremor medication at least

hree days before recording according to individualized schemes. Fur-

hermore, eighteen healthy controls with no history of familial tremor

r neurological disorders participated. The study protocol was approved

y the medical–ethical board of the Academic Medical Center, Amster-

am, according to the Declaration of Helsinki. Informed written consent

as obtained from each subject prior to participation. Seven partici-

ants (three ET patients, one PD patient, and three healthy controls)

ere excluded because of technical issues, leaving 15 ET patients, 13

D patients and 15 healthy controls for final analyses. For more details,

ee Table 1 . 

.2. Experimental protocol 

Participants performed tasks in the MR scanner with their right hand.

he tasks in the MRI were performed using an MR-compatible wrist ma-

ipulator (details described below). Participants were asked to hold the

andle of the manipulator which was attached to the scan table ( Fig. 1 ).

he task included three conditions: (1) an active motor (sensorimotor)

ask: an intentional isometric motor task performed by counteracting

he movement induced by the wrist manipulator; (2) a passive (sen-

ory) movement task undergoing the movement induced by the wrist

anipulator, resulting in mainly sensory input; and (3) rest, without any

rist movement or activity. All tasks were explained, demonstrated and

racticed before scanning. During scanning, instructions projected on a

creen placed behind the scanner could be seen via a mirror mounted on

he head coil. Participants were presented visual cues including a black

rosshair, a green circle and a red cross ( Fig. 1 and supplementary ma-

erial Fig. 1A). During the active task, participants were asked to apply

orce on the handle to keep the crosshair in the circle. During the pas-

ive task, a red cross appeared illustrating that no force was required.

he conditions were tested in random order, in nine blocks and lasted

0 s each. Before the start of each condition, an instruction screen was

resented that lasted for five seconds, during which the patients could

ecome accustomed to the condition. During the tasks, muscle activity

ia EMG and torque were continuously monitored to measure tremor

s well as to ensure correct task performance. The total duration of the

ecorded session was 16 min. 

In healthy controls, the active motor task is supposed to mainly acti-

ate the motor network, but inevitably, it will also activate the sensory

etwork (includes sensory feedback). Passive movement, thus without

ntentional movement or force, is expected to mainly activate the sen-

ory network (no intentional motor output). Consequently, the experi-

ent was set up to identify sensorimotor activity (by comparing an ac-

ive motor task to rest), sensory activity (by comparing a passive task to

est), and isolated motor activity (by comparing an active task to a pas-

ive task). Comparisons between groups per contrast allow for further

dentification of disease-specific brain activations. In addition, tremor

as measured with EMG. A tremor derivative embedded in a task de-

ign as a variable, helps to pinpoint brain activations specifically related

o involuntary tremor, as described previously ( Buijink et al., 2015b ;

irkx et al., 2016 ), and explained in more detail below. 

.3. Data acquisition 

.3.1. fMRI recordings 

Blood oxygenation level-dependent (BOLD) images were acquired

ith a 3T MRI (Achieva, Amsterdam) and SENSE 16-channel head re-

eive coil. The functional acquisitions consisted of a gradient echo pla-

ar T2 ∗ –weighted EPI sequence (echo time 30 ms; repetition time 2 s;

ip angle 70°; field of view: 224 × 224 mm; voxel size 3.5 mm 

3 ). Thirty-

ine axial slices covering the entire brain and cerebellum were obtained
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Table 1 

Age and gender overview of the participants included for analyses. 

Group Age (y) Number Male/female Disease duration (y) TETRAS UPDRS (part III) 

Essential tremor 59.6 (18.2) 11/4 28 (18.2) 19.4 (8.0) –

Parkinson’s disease 64.2 (11.4) 9/4 5.2 (2.0) – 16.1 (7.2) 

Healthy controls 55.4 (13.1) 8/7 – – –

Categorical data are presented as number of patients and continuous data as mean(std), y year. 

Fig. 1. (A) Schematic representation of the experimental setup. The participants were positioned inside the bore of an MRI scanner with their right hand around to 

the handle of the manipulator. Through a mirror located on the head coil, the participants watched the visual instructions projected on the projection screen. In the 

passive task, the red cross indicated that no torque was required. The green circle and black crosshairs were static during the task. In the active task, the participants 

were asked to apply torque to keep the black crosshair inside the green circle. The black crosshair indicated the exerted torque level by moving, thus providing visual 

feedback. (B) Schematic visualization of the closed loop approach, disentangling the motor efferent activity from the sensory afferent feedback by manipulating the 

motor and sensory system separately. (C) An illustrative example of EMG regressor representing tremor variability during different tasks in an ET patient (active 

task: blue line against solid blue background; passive task: blue line against checkered gray background; rest: blue line against solid white background), as a function 

of time. For visualization purposes, we only demonstrated a selection of 13 blocks (of a total of 27). 

3 
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or a total of 520 vol. In addition, a high–resolution anatomical T1-

eighted scan of the entire brain was obtained (echo time 3.64 ms; rep-

tition time 9 ms; flip angle 8°; field of view 256 × 256 mm; voxel size

 mm 

3 ; number of slices 170). Foam padding was used to stabilize the

ead and reduce head movement during the performance of the tasks. 

.3.2. Wrist manipulator and EMG 

A dedicated MR–compatible wrist manipulator was developed to

pply external perturbations inducing sensory input and motor out-

ut (Delft University of Technology, Delft, Netherlands and Moog Inc,

ieuw-Vennep, Netherlands). Technical specifications have been pub-

ished elsewhere ( Bode et al., 2017 ; Vlaar et al., 2016 ). The device is

R-compatible and controlled using MATLAB (Mathworks Inc., Natick,

A, USA). The handle was connected to an electromotor via hydraulic

ubes and optic fiber cables. The electromotor and the computer were

ositioned in the control room ( Fig. 1 and supplementary material Figs.

A, and 3A). Optic fiber cables measure the position and torque of the

andle by registering the amount of light reflected. (Multi)sinusoidal

erturbations were applied. During the tasks, EMG was recorded from

hree muscles of the right lower arm (the extensor carpi ulnaris, the

exor carpi radialis, and the first dorsal interosseous muscles) using

raided wires to reduce the differential magnetic field effect on the EMG

ables ( Goldman et al., 2000 ) and an MR-compatible amplifier (Refa8,

wente Medical Systems International B.V., Oldenzaal the Netherlands).

.4. fMRI and EMG pre-processing 

The fMRI data was analyzed with the statistical parametric map-

ing software, SPM12 (Wellcome Department of Cognitive Neurology,

CL, London, UK; https://www.fil.ion.ucl.ac.uk/spm/) ( Friston et al.,

995 ) including standardized pre-processing steps containing realign-

ent, slice-timing, coregistration and normalization to MNI space. The

cans were then spatially smoothed with an isotropic 8-mm full-width at

alf maximum (FWHM) Gaussian kernel. For each recording head move-

ent were examined. Participants with more than 2 mm translation in

, y or z direction, or 1° rotation in pitch, roll and jaw axes between

ubsequent images were discarded. 

First, to investigate the influence of the tasks on the sensorimotor

etwork we used an explicit descriptive task block design ; the two move-

ent conditions (active and passive) were included as was rest. Addi-

ionally, the instruction blocks (5 s) of the active and passive wrist move-

ent conditions were added to the design separately (supplementary

aterial Fig. 4A). Because of a motor task-based design we included

 more extensive set of movement parameters as regressors in addi-

ion to the task ( Caballero-Gaudes and Reynolds, 2017 ; Power et al.,

013 ). The movement parameters included the realignment parameters,

quared realignment regressors, and the global (mean) signal including

heir first temporal derivatives (in total 26 additional movement regres-

ors). Global signal regression (GSR) was included in order to remove

ffects of nuisance contributors ( Liu et al., 2017 ; Power et al., 2015 ),

specially interested in brain regions that are notoriously difficult to de-

ect with fMRI because of its size and anatomical location close to ma-

or arteries and pulsatile cerebrospinal fluid filled space, making them

rone to artefacts ( Beissner et al., 2014 ; Brooks et al., 2013 ). For this

eason, including GSR was considered to be more useful than negatively

ffecting the results ( Murphy and Fox, 2017 ). 

Second, to investigate the BOLD activations related to tremor modu-

ation a second design was used, referred to as tremor block design (sup-

lementary material Fig. 5A). In this design, we added the measure for

easure representing tremor derived from EMG, in addition to the task

nd movement parameters. EMG signals were corrected for MR artefacts

sing the MR-artefact correction algorithm FARM (fMRI artefact reduc-

ion for motion) ( van der Meer et al., 2010 ). EMG was band-pass fil-

ered (zero phase, between 52 and 570 Hz, fourth order Butterworth fil-

er) and full-wave rectified. For each participant the optimal EMG chan-

el was selected showing the highest and most distinct peak in power
4 
pectral density related to tremor (around known tremor frequency and

learly above average power level). EMG was further processed to be

sed as a regressor by calculation of the average EMG power in a 5-Hz

and around the peak tremor frequency for each scan (TR) per patient

 Buijink et al., 2015b ). For the ET and PD group the EMG regressor

as orthogonalized with respect to the active and rest blocks, respec-

ively, then normalized, and finally convolved with the canonical hemo-

ynamic response function. The orthogonalized EMG regressor that is

erived using Gram-Schmidt orthogonalization, maintains additional in-

ormation (relating to tremor fluctuations) other than the task since it is

 vector relative to the mean EMG across the task ( Buijink et al., 2015b ;

an Rootselaar et al., 2008 ). Finally, we related brain activations re-

ulting from EMG fluctuations (reflecting the tremor) to overall clinical

everity. For this, we used the entire EMG recorded during scanning,

ncluding both rest and action tremor, to derive the tremor regressor.

he resulting maps for each patient were correlated with the clinical

everity (TETRAS or UPDRS III) per patient group. 

.5. Statistical analysis 

For each participant, the first-level General Linear Model (GLM) pro-

ided a conventional task block design, including the active task (mainly

ctivating the motor efferent network), the passive task (activating the

ensory afferent network), and rest. Further, the GLM included two in-

truction tasks (both the active and the passive task) and movement

arameters (supplementary material Fig. 4A). First-level contrasts were

esigned to test for the involvement of the sensorimotor network within

he effects of interest. The contrasts included the motor task vs. rest,

he passive task vs. rest and the motor task vs. the passive task (the

atter to investigate more isolated motor activity). The difference be-

ween the BOLD observations were calculated for each contrast, result-

ng in three samples for each comparison (active > rest, passive > rest and

ctive > passive). 

For the second level within group and between group compar-

sons, we performed non-parametric permutation procedures, not as-

uming a particular distribution (Statistical Non-Parametric Mapping

nPM13.1.08, http://nisox.org/Software/SnPM13/ , 10.000 permuta-

ions)( Nichols and Holmes, 2002 ). The FWE rate was controlled using

on-parametric tests and its maximum statistics. Within-group effects

ere tested with one-sample t-tests, with single subjects as input for

very contrast. All within-group activations were reported for voxels

etected at FWE corrected p value < 0.05 (if exceeding voxel > 1). To

pecifically test the sensorimotor network and its associated areas, acti-

ation maps were masked with a sensorimotor mask using the anatomy

oolbox ( Eickhoff et al., 2007 ) (including primary motor cortex, primary

omatosensory cortex, sensorimotor association areas (premotor cortex

Brodmann area 6) and secondary sensory areas (operculum), cerebel-

um (anterior lobe and lobule VIII), basal ganglia and thalamus; sup-

lementary Fig. 6A). For between-group analyses, we performed two-

ample t-tests using small volume correction. Because BOLD activities

ere expected to be weaker and limited to the hypothesized “tremor

etwork ”, small volume correction was performed using the sensori-

otor cerebral cortex (25,244 voxels), basal ganglia (2264 voxels), bi-

ateral cerebellar lobules V–VIII (4330 voxels), bilateral dentate nuclei

394 voxels), and the inferior olive nucleus (206 voxels). Activations

ere considered significant at a threshold of FWE corrected p < 0.05.

ll activation maps were identified using the Automated Anatomical La-

eling extension (AAL labeling) included in SPM12 ( Rolls et al., 2020 ).

ith respect to the tremor block design (supplementary Fig. 5A), that

nvestigated the association of BOLD activation with tremor modula-

ion, statistical tests were performed in a similar manner. In addition,

n case of investigation of tremor-related areas (with additional EMG in

he block design), we applied an additional practical approach which is

ess stringent than the FWE method to decrease the chance of false neg-

tives, as the cerebellum is highly associated with tremor and withholds

mall areas in which functions might overlap with the task. Therefore,

http://nisox.org/Software/SnPM13/


S. Sharifi, F. Luft, L. de Boer et al. NeuroImage 262 (2022) 119554 

Table 2 

Local maxima of the three contrasts in healthy controls. 

Healthy controls MNI coordinates Statistical tests 

Brain region X Y Z T P FWE Cluster size 

Active > rest 

L Precentral/postcentral gyrus (M1/S1) − 36 − 34 59 18.54 0.0001 4666 

Precentral gyrus (M1) − 52 6 35 9.82 0.0005 274 

R Cerebellum lobules IV-V 20 − 52 − 19 12.12 0.0001 516 

Cerebellum lobule VIII 20 − 62 − 51 11.04 0.0001 477 

Precentral gyrus (M1) 50 8 43 9.68 0.0005 508 

Precentral 60 10 15 6.41 0.0099 12 

Inferior parietal lobule 42 − 34 47 8.18 0.0013 435 

Operculum 46 − 26 19 8.76 0.0009 196 

Passive > rest 

L Postcentral/precentral gyrus (S1/M1) − 30 − 24 65 16.89 0.0001 1803 

Precentral gyrus (M1) − 44 0 19 5.82 0.0370 3 

Parietal operculum (SII) − 42 − 34 19 10.18 0.0003 351 

Supplementary motor area − 10 − 2 55 8.11 0.0013 51 

Thalamus − 16 − 22 7 7.11 0.0068 49 

R Cerebellum lobules IV-V 22 − 50 − 21 14.55 0.0001 375 

Cerebellum lobule VIII 22 − 60 − 49 10.04 0.0003 183 

8 − 68 − 41 5.82 0.0373 3 

Operculum 40 − 30 19 10.02 0.0003 64 

Supramarginal gyrus 64 − 24 29 5.73 0.0401 2 

Active > passive 

L Precentral/postcentral gyrus (M1/S1) − 36 − 36 57 10.92 0.0001 1746 

Precentral gyrus (M1) − 56 6 33 7.90 0.0018 162 

Supplementary motor area − 8 0 61 6.99 0.0054 100 

− 16 − 12 61 5.73 0.0251 8 

R Cerebellum lobule VI 26 − 54 − 23 7.55 0.0029 136 

Cerebellum lobule VIII 10 − 70 − 41 6.70 0.0065 43 

20 − 62 − 51 6.35 0.0103 61 

Precentral gyrus (M1) 44 − 6 59 7.83 0.0022 117 

28 − 6 47 5.62 0.0295 11 

Postcentral gyrus (S1) 36 − 34 43 6.49 0.0088 61 

All within-group activations reported are statistically significant values. Voxels were detected at FWE corrected p value < 0.05 (only 

reported if voxel number exceeds 1). 
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dditional uncorrected maps of the cerebellum were analyzed with a

hreshold of p < 0.001. 

. Results 

There were no participants excluded from the analysis due to exces-

ive head movement. Participants performed the tasks correctly, as was

emonstrated by the amount of torque that was shown on the moni-

or during tasks. First, we displayed the within-group results per group

healthy controls and tremor groups: ET and PD patients), followed by

he between-group results. 

.1. Within-group results: sensorimotor task block design 

.1.1. Healthy controls 

Results are summarized in Table 2 and Fig. 2 . In healthy con-

rols, BOLD activations related to the three contrasts (active > rest,

assive > rest, and active > passive) were observed throughout the sen-

orimotor network. During the active motor task (active > rest), several

idespread sensorimotor cerebral and cerebellar cortical areas were ac-

ivated. The largest clusters included the primary motor cortex con-

ralateral to the task and unilateral cerebellum ( Table 2 ). During the pas-

ive movement task (passive > rest), mainly the primary and secondary

omatosensory cortex (the supramarginal gyrus and the superior pari-

tal lobule), supplementary motor area (SMA), thalamus and cerebellum

ere activated. The isolated motor contrast (active > passive) revealed

ore isolated motor activity than the active task (active > rest), showing

ontralateral precentral and less pronounced postcentral cortical and

erebellar activity. 
5 
.1.2. Tremor groups 

Results are summarized in Tables 3 , 4 and Fig. 2 . Related to the

ctive motor task, in ET patients, significant activation was observed

n the primary motor cortex contralateral to the movement, the SMA

nd basal ganglia (pallidum, putamen). The passive movement task

evealed mostly activity in the sensory cortical areas and bilateral

erebellum. When comparing active movement to passive movement

active > passive), there was significant activation contralateral to the

ovement in the sensorimotor cortex, SMA, and basal ganglia but no

erebellar activity. 

In PD patients, activations in the primary motor and sensory cor-

ices were observed during the active motor task. Also, cerebellar ac-

ivity (vermis and lobule VIII) was detected. During the passive move-

ent task, bilateral primary cortical motor activity as well as bilat-

ral primary and secondary sensory activity was observed. Also, bilat-

ral cerebellar activity was detected. During the isolated motor contrast

active > passive), the global maximum was around the precentral gyrus.

.2. Between-group results; sensorimotor tasks 

Results are summarized in Table 5 and Fig. 3 . Comparing ET pa-

ients to healthy controls, no differences were found in BOLD patterns

elated to the active motor task. Also, the BOLD activations related to

he passive task (undergoing movement) did not reach significance in

he regions of interest analyses at a voxel level. 

PD patients showed, compared to healthy controls, decreased BOLD

ctivities in the contralateral putamen and ipsilateral cerebellum during

he active motor task. With passive movement, there was an increased

ontralateral cerebellar activity. Analyzing the isolated motor contrast
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Fig. 2. Within-group results (A) active movement > rest condition; (B) Passive movement > rest condition; (C) Active > passive movement contrast. The results were 

depicted on the ch2-template using a sensorimotor network mask. The voxel threshold was set at FWE corrected p value < 0.05. 

6 
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Table 3 

Local maxima of the three contrasts in ET patients. 

Essential tremor MNI coordinates Statistical tests 

Brain region X Y Z T P FWE Cluster size 

Active > rest 

L Precentral/postcentral gyrus (M1/S1)/Supplementary motor area − 26 − 10 57 14.12 0.0001 6231 

Pallidum − 12 0 5 7.32 0.0015 6 

Putamen − 26 − 2 − 13 6.97 0.0030 166 

Midbrain − 14 − 14 − 17 6.57 0.0050 7 

Cerebellum lobule VIII − 14 − 58 − 55 6.18 0.0100 98 

R Precentral gyrus (M1) 42 − 4 − 49 8.65 0.0005 692 

Supramarginal, postcentral gyrus 36 − 34 39 9.22 0.0002 550 

Superior temporal gyrus 44 − 28 15 8.10 0.0006 54 

Temporal pole: superior temporal gyrus 54 4 − 3 7.32 0.0015 19 

Cerebellum lobules IV-V 10 − 54 − 15 6.25 0.0074 295 

Cerebellum lobule VIII 6 − 70 − 35 6.22 0.0077 221 

Passive > rest 

L Operculum − 38 − 32 21 17.31 0.0001 394 

Postcentral/precentral gyrus (S1/M1)/Supplementary motor area − 30 − 12 59 12.33 0.0001 2499 

Cerebellum lobuleVIII − 24 − 66 − 55 6.87 0.0122 33 

R Cerebellum lobuleVIII 24 − 62 − 53 7.95 0.0047 221 

Cerebellum lobules V-VI/dentate nucleus 18 − 56 − 25 7.03 0.0102 179 

Operculum 46 − 30 17 8.85 0.0018 185 

Precentral gyrus (M1) 56 8 37 6.47 0.0179 73 

Active > passive 

L Postcentral/precentral gyrus (S1/M1)/ superior parietal lobule − 40 − 42 61 10.18 0.0001 971 

Precentral gyrus (M1) − 52 2 35 5.14 0.0271 16 

Postcentral gyrus (S1) 46 − 40 59 6.99 0.0019 277 

Supplementary motor area − 4 0 67 8.22 0.0003 911 

Pallidum − 14 0 − 5 6.71 0.0030 2 

Putamen − 14 0 − 5 6.74 0.0035 57 

Inferior parietal lobule − 56 − 22 43 5.69 0.0133 15 

R Precentral gyrus (M1) 42 − 6 59 7.12 0.0017 121 

Postcentral gyrus (S1) 36 − 48 63 5.52 0.0160 5 

Supplementary motor area 14 − 16 61 5.25 0.0233 6 

All within-group activations reported are statistically significant values. Voxels were detected at FWE corrected p value < 0.05 (only 

reported if voxel number exceeds 1). 

Fig. 3. Group comparison; (A) Decreased contralateral putamen and 

ipsilateral cerebellar activity (lobule V) in Parkinsons disease patients 

compared to healthy controls during the active motor task. Small vol- 

ume correction, FWE corrected p value < 0.05. (B) Decreased dentate 

nucleus activity in Parkinsons disease patients compared to essential 

tremor patients during active > passive contrast. Small volume correc- 

tion, FWE corrected p value < 0.05. 

(  

c

 

t  

d  

c  

t  

i

3

 

w  

c  

p  

i  
active > passive) less activity was detected in the ipsilateral dentate nu-

leus. 

PD patients showed, compared to ET patients, decreased BOLD ac-

ivation in the contralateral putamen and decreased cerebellar activity

uring the active motor task, including decreased bilateral dentate nu-

leus activity. There was no significant difference found in the passive

ask. Analyzing the isolated motor contrast decreased bilateral activity
n the dentate nuclei remained. I  

7 
.3. Tremor-related activation; tremor fluctuation based on EMG regressor 

In the tremor block design, we related the tremor (EMG-)regressor

ith simultaneously measured brain activity. In line with the inclusion

riteria, in ET patients a distinct peak in the power spectral density was

resent around known tremor frequency during the active task, whereas

n PD patients the tremor peak was predominantly present during rest.

n ET patients, the tremor regressor derived from EMG during the ac-



S. Sharifi, F. Luft, L. de Boer et al. NeuroImage 262 (2022) 119554 

Table 4 

Local maxima of the three contrasts in PD patients. 

Parkinson’s disease MNI coordinates Statistical tests 

Brain region X Y Z T P FWE Cluster size 

Active > rest 

L Precentral/postcentral gyrus (M1/S1) − 40 − 6 57 22.75 0.0001 2577 

Postcentral gyrus (S1) 28 48 61 14.63 0.0009 260 

Supramarginal gyrus − 54 − 26 15 14.06 0.0002 375 

R Operculum 58 − 16 15 13.53 0.0002 190 

Supramarginal, postcentral gyrus 60 − 20 33 10.08 0.0022 82 

Precentral gyrus 40 − 6 49 9.81 0.0026 137 

Operculum 62 10 21 9.24 0.0037 40 

Cerebellum lobule VIII 20 − 64 − 53 7.01 0.0190 24 

B Vermis 6 − 70 35 8.49 0.0062 9 

Passive > rest 

L Precentral gyrus (M1) − 42 6 49 11.42 0.0007 326 

Postcentral gyrus (S1) − 50 − 22 49 10.14 0.0010 367 

Operculum − 44 –30 15 11.69 0.0006 448 

Supplementary motor area − 8 − 4 59 7.99 0.0066 62 

Cerebellum lobule VIII − 32 − 54 − 51 7.04 0.0155 15 

R Precentral gyrus (M1) 46 8 35 12.69 0.0002 195 

Postcentral gyrus (S1) 62 − 14 39 7.33 0.0115 48 

62 − 16 17 10.58 0.0009 189 

Cerebellum Lob VIII 24 − 60 − 53 7.26 0.0123 33 

Active > passive 

L Precentral gyrus (M1) − 42 − 6 55 11.33 0.0007 180 

Postcentral, supramarginal gyrus − 38 − 42 53 9.34 0.0023 106 

Supplementary motor area 0 − 6 63 7.95 0.0082 128 

R Precentral gyrus (M1) 42 − 8 55 7.75 0.0104 18 

Precentral 62 8 19 6.78 0.0272 3 

Postcentral gyrus (S1) 32 − 36 55 6.78 0.0271 17 

All within-group activations reported are statistically significant values. Voxels were detected at FWE corrected p value < 0.05 (only 

reported if voxel number exceeds 1). 

Table 5 

Between group differences of the three contrasts. 

Contrast Groups Brain region X Y Z T P FWE P uncorr Cluster size 

Active > 

Rest 

ET > HC – – – – – – –

HC > ET – – – – – – –

PD > HC – – – – – – –

HC > PD Right Cerebellum lobule V 16 − 50 − 19 4.42 0.007 24 

Left Putamen − 18 4 3 3.61 0.028 16 

Left Dentate nucleus − 20 − 52 − 39 2.90 0.035 5 

ET > PD Left Putamen − 24 6 13 4.10 0.010 6 

Right Cerebellum lobule V 12 − 52 − 15 3.21 0.041 5 

Right Dentate nucleus 8 − 66 − 37 2.81 0.009 19 

Left Dentate nucleus − 22 − 56 − 41 3.06 0.002 80 

PD > ET – – – – – – –

Passive > 

Rest 

HC–ET – – – – – – –

ET > HC Left Cerebellum lobule VIII 26 64 55 3.45 0.045 2 

PD > HC Left Cerebellum lobule VIII − 30 − 54 − 51 3.52 0.035 5 

HC > PD – – – – – – –

ET > PD – – – – – – –

ET > PD – – – – – – –

PD > ET – – – – – – –

Active > 

Passive 

HC > ET – – – – – –

ET > HC – – – – – – –

PD > HC – – – – – – –

HC > PD Right Dentate nucleus 8 − 66 − 37 2.75 0.038 10 

ET > PD Right Dentate nucleus 6 − 62 − 35 2.69 0.012 47 

Left Dentate nucleus − 22 − 60 − 41 2.89 0.016 113 

Left Cerebellum lobule VIII − 20 − 54 − 49 3.16 0.046 2 

PD > ET – – – – – – –

Tremor ET Both Inferior olive 0 − 32 − 51 4.00 0.003 0.0002 36 

PD Right Cerebellum Crus/VI 26 − 76 − 29 5.68 – 0.0005 60 

TETRAS ET Right Cerebellum lobule VIII 20 − 50 − 51 4.02 0.040 0.0003 1 

Left Cerebellum lobule VIII − 22 − 60 − 49 4.45 0.017 0.0003 34 

Right Dentate nucleus 16 − 58 − 35 3.68 0.030 0.0018 6 

Left Dentate nucleus − 22 − 60 − 35 4.61 0.009 0.0002 22 

-ET Left Midbrain − 4 − 10 − 15 − 5.65 – 0.0004 18 

UPDRS – – – – – – –

8 
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Fig. 4. Tremor-fluctuation related activation with help of EMG regres- 

sor; (A) In PD cerebellar activity (lobule crus1) correlated with the 

tremor-regressor. Whole brain uncorrected p value < 0.001. (B) In ET 

brainstem activity (inferior olive) correlated with the tremor-regressor. 

Small volume correction, FWE corrected p value < 0.05. 

Fig. 5. Tremor-severity related activation using TETRAS score in 

ET; (A) Positive association between tremor severity and cerebel- 

lum. Small volume correction, FWE corrected p value < 0.05. (B) 

Negative correlation with tremor severity and contralateral mesen- 

cephalon. Whole brain, uncorrected p value < 0.001. 
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ive motor task showed a significant correlation with the inferior olive

 Table 5 and Fig. 4 ). For the PD patients, the tremor regressor was de-

ived from EMG during rest periods. The regressor in PD did not yield

ignificant activity with stringent multiple comparisons correction in

he regions of interest. However, analyzing regions within the cerebel-

um ( p < 0.001 uncorrected), increased cerebellar activity was observed.

here was a positive correlation with mainly the ipsilateral cerebellar

ortex (Crus/ lobule VI). 

.4. Tremor-related activation; tremor severity based on clinical scores 

For correlation with overall clinical tremor severity, we used brain

egions revealed by the tremor (EMG-)regressor. In ET patients, bilateral

erebellum, including the dentate nucleus ( Table 5 and Fig. 5 ) correlated

ositively with tremor severity (TETRAS). Furthermore, apart from the

redefined regions of interest, the analysis showed negative correlation

n the contralateral pedunculus cerebri ( p < 0.001 uncorrected). BOLD

ctivity in the PD patients did not correlate with the UPDRS score. 

. Discussion 

Our imaging study is the first to perturb the motor control and sen-

ory loops separately using a wrist manipulator in order to investigate

haracteristics of the closed-loop sensorimotor system, and to assess if

ifferent tremor disorders have distinct sensorimotor fingerprints. In

ealthy controls, specific activations within the sensorimotor network

ere related to the different tasks. As expected, active motor tasks

ere associated with widespread activity of the contralateral sensori-

otor cortices and ipsilateral cerebellar activity ( Sahyoun et al., 2004 ;
9 
eiller et al., 1996 ). Passive movement was predominantly associated

ith increased widespread activity in the sensory cortices, including

he primary sensory cortex, secondary cortical areas involved with so-

atosensory processing, the contralateral thalamus and ipsilateral cere-

ellum. These findings prove that, in our experimental paradigm, the

ensorimotor network could be disentangled, “separating ” the motor

nd sensory parts of the network, thereby achieving our first aim. 

Differences between tremor groups for the different contrasts indi-

ated a possible intrinsic sensorimotor fingerprint related to the specific

remor disorders. Although there is a tight communication within the

ensorimotor network, it is unclear how the areas interlock and lead

o tremor. With this experimental set-up, we were able to identify spe-

ific areas that have a one-to-one relation with tremor fluctuation. Be-

ween ET patients and healthy controls, sensorimotor network activa-

ions related to the wrist manipulation tasks showed no differences (no

ifferences in ‘sensorimotor fingerprint’), however tremor modulation,

erived from EMG, revealed involvement of the inferior olive in ET. In

D however, the sensorimotor fingerprint is altered, showing activations

hich are in line with neurodegenerative anatomical changes described

n literature ( Armstrong and Okun, 2020 ). Furthermore, tremor modu-

ation in PD seems to be associated with cerebellar involvement. Yet,

e have to keep in mind the complexity of the intertwined oscillations,

ncluding pathological oscillations, in which the sensory and motor sys-

ems influence each other. This will be discussed in more detail below. 

.1. Sensorimotor fingerprint 

Sensorimotor system functioning (voluntary motor output and sen-

ory feedback) does not seem to be affected by the underlying tremor
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athophysiology in ET, as ET patients and healthy controls showed a

imilar pattern of brain network activations during active and passive

ovements. On visual inspection of the within-group analyses ( Fig. 2 )

T patients seem to demonstrate less cerebellar activation compared to

ealthy controls. However, even using exploratory statistics no differ-

nces were shown between the groups. The absence of cerebellar in-

olvement in normal sensorimotor control in ET patients is perhaps un-

xpected, although not incompatible with an important role of the cere-

ellum in tremor facilitation/generation. Our dual task approach, with

he tremor regressor in the sensorimotor design, allowed to isolate acti-

ations specifically coupled to voluntary tasks. However, previous stud-

es in ET reported both structural and functional changes ( León et al.,

021 ), including decreased cerebellar BOLD activation during a cerebel-

ar finger tapping task ( Buijink et al., 2015a ). Cerebellar pathological os-

illatory activity, might conceivably also have an effect on normal cere-

ellar sensorimotor functioning. In addition to the explanation above,

here are several alternative explanations for the apparent discrepancies

etween our study and other studies. One is the specific motor task being

sed. Studies have shown the cerebellum in ET to react to a greater or

esser extent dependent on the type of motor tasks ( Neely et al., 2015 ).

lthough speculatively, our vigorous motor task may have prevented to

eveal more subtle differences beyond the task activations observed in

ur study. Also, increased baseline cerebellar activity ( Boecker et al.,

010 ; Colebatch et al., 1990 ), would not rule out a relative lower re-

ruitment of cerebellar activity during a motor task in the ET population

ompared to healthy controls. 

PD showed different sensorimotor network activations compared to

ealthy controls and ET. The contralateral basal ganglia and ipsilateral

erebellum were less activated in the active motor task compared to both

roups. Compared to ET, there was decreased bilateral dentate nucleus

ctivity. The results are in accordance with the underlying degenerative

tiology of PD, in which mainly lower cortico–striato–cerebellar interac-

ions are observed as an effect of an overactive GABAergic subthalamic

ucleus ( DeLong and Wichmann, 2007 ; Kühn et al., 2006 ; Nambu et al.,

002 ). Also, previous imaging studies have shown hypo-activation in

he basal ganglia and hypo-activation of the cerebellum during motor

asks in PD compared to ET ( Neely et al., 2015 ; Spraker et al., 2010 ).

everal main clinical characteristics of PD, such as resting tremor, can

lso contribute to differences in BOLD activation. As such, in our study,

he contrast in which motor activity was compared to rest activity, could

ave been influenced by tremor activity during rest. This potential in-

uence could explain the task-related decrease in relative BOLD activa-

ion observed in the cerebellum; the difference between BOLD activation

uring an active motor task and activity at rest might be relatively less

ecause of a higher baseline level of BOLD activation due to tremor,

hich is absent in the healthy controls. 

.2. Tremor in essential tremor 

The tremor regressor reveals brain activations related to tremor am-

litude modulation, discarding the sensorimotor tasks in the design. In

T, inferior olive activity co-fluctuates with tremor amplitude derived

rom EMG. The inferior olive has been hypothesized to be a key struc-

ure in the tremor network ( Boecker et al., 1996 ; Hallett and Dubin-

ky, 1993 ; Miwa, 2007 ; Park et al., 2010 ). However, this has recently

een disputed because the evidence is mainly based on neurophysiolog-

cal recordings in animal models, which may not accurately represent

T in humans ( Louis and Lenka, 2017 ). The inferior olive, however, is

otoriously difficult to study with imaging techniques because, of its

ize and its anatomical location, being prone to artefacts. In our experi-

ental setup, which considered the sensorimotor task and tremor sepa-

ately, we have enhanced the contrast and thereby enabled the detection

f tremor-related areas. Likewise, this setup might explain the absence

f cerebellar tremor-related activity as co-occuring motor task-related

erebellar activity might be regressed out. Nevertheless, our results fur-

her show tremor severity (based on clinical scores) to be associated with
10 
ncreased bilateral cerebellar activation, including the dentate nucleus.

he association of disinhibition of the dentate nucleus and tremor sever-

ty has previously been suggested ( Buijink et al., 2015a ; Gallea et al.,

015 ). In ET, this association may be explained by the functional disor-

anization of the cerebellum (perhaps secondary to faulty inferior olive

ctivation) or by the neurodegeneration of the cerebellum. Literature

as also suggested the loss of Purkinje cells as a cause of ET, as these cells

ave an inhibitory effect on the dentate nucleus ( Louis, 2016 ). Also, our

esults show tremor severity to be negatively associated with contralat-

ral midbrain activity. This suggests a (functional) cerebellar discon-

ection, whereas pathways connecting the cerebellum to the cerebrum

eem to be less activated when tremor severity is increased. 

Combining the above, we conclude that the sensorimotor function-

ng of intentional voluntary movement in ET is not different. Tremor,

owever, is related to olivo-cerebellar dysfunction. Whether the inferior

live activity is the pacemaker primarily leading to tremor or secondar-

ly resulting from other cerebellar changes cannot be deduced from our

tudy. Other structures may be involved in tremor modulation through

onlinear correlations which our linear imaging techniques will not be

ble to detect. 

.3. Tremor in Parkinson’s disease 

In PD the tremor regressor correlated with areas within the cerebel-

um, suggesting that the cerebellum plays a role in tremor modulation.

hese findings are in accordance with the “dimmer switch ” hypothesis

ased on fMRI studies that have suggested that two systems concurrently

phold tremor. First, the faulty involvement of the basal ganglia turns on

he switch to tremor, and the areas within the cerebello-thalamo-cortical

etwork can modulate tremor intensity like a dimmer does ( Dirkx et al.,

016 ; Helmich et al., 2011 ). Other modalities have also established the

nvolvement of the cerebello-thalamo-cortical network in tremor in PD

 Pollok et al., 2009 ; Timmermann et al., 2003 ). Furthermore, literature

as shown that the stimulation of the dentato-rubro-thalamic tract influ-

nces tremor amplitude ( Coenen et al., 2016 ; Prent et al., 2020 ). In our

tudy, there was no significant correlation between tremor severity and

he EMG regressor in the PD patients. This finding might be explained

y the limited variation within the tremor-specific items in the UPDRS

cores. 

Interestingly, we found the function of the cerebellum and the basal

anglia to be altered in the sensorimotor task too, which may imply

hat dysfunction in these brain regions underlies both tremor and other

ensorimotor dysfunctions. 

.4. Limitations 

The experimental setup was designed to investigate the sensorimotor

ngerprint in tremor disorders. There is a great overlap in the sensori-

otor and tremor networks leading to several limitations. First, sub-

le differences in tremor-related areas could have been overruled by

igorous task-related activity. More subtle cerebellar tasks might pro-

ide additional results. Second, brain networks and network functions

n general are intertwined, and although there is no better alternative,

nvestigating both the sensorimotor network and the tremor network

n one design assumes a potentially artificial separation. From the ob-

ained within-group results, we concluded that there was also an over-

ap between the efferent motor areas and the afferent sensory areas. The

solated motor contrast (active > passive) that theoretically revealed the

otor network separating it from the sensory network showed cortical

ensory areas as well, although most areas contributed to motor out-

ut. Third, because tremor in both groups reveal itself overall in differ-

nt conditions (rest vs. action), we could not make a direct comparison

ith identical regressors. However, the latter is also a strength of our de-

ign, as it allows us to analyze tremor-related areas, separately from the

onditions, with help of a tremor regressor that is orthogonalized with

espect to the tasks providing a measure of specific additional tremor
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uctuations. We believe that the tremor-related activity that occurred

n rest and action in the PD and ET patients, respectively, provides a

epresentative derivation of tremor amplitude fluctuation. 

Despite the above-mentioned limitations, this novel approach includ-

ng a wrist manipulator enables sensorimotor investigation in a novel

ontrolled manner. This design may be a stepping stone towards a diag-

ostic and/or therapeutic use in tremor disorders. 

. Conclusion 

By perturbing the sensorimotor loop with a novel MR-compatible

rist manipulator, specific sensorimotor fingerprints of tremor disor-

ers can be identified. In ET, sensorimotor network function related to

ntentional movements does not seem be affected, in contrast to PD. Fo-

using on tremor related activations within the sensorimotor network,

ur findings suggest that the cerebellum seems to play a role in tremor

odulation in PD while the inferior olive does so in ET. 
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Supplementary material 

Fig. 1. A. Visual instructions as presented to the participant. (A) The

isual cue for the rest and passive condition. The red cross indicates

hat no torque is required. The green circle and black crosshairs will be

tatic during the task (B) The visual cue for the active condition. The

articipant is asked to apply torque to keep the black crosshair inside

he green circle. The black crosshair indicates the position compared to

he reference, providing visual feedback. 

Fig. 2. A. Photograph (WM) of the complete system prototype. In-

icated are the real-time computer,electro-motor and drive, hydraulic

ump, reservoir and valves, 2 × 9 meter tube, emergency stop button,

ane motor and the optical sensors. 

Fig. 3. A. (A) Schematic display of the experimental setup. (B) The

ubject was in supine position inside the bore of the MRI scanner with

he right arm attached to a handle beside the body. Figure adapted from

laar et al. (2016) . 

Fig. 4. A. An example of a task block design; GLM includes three

onditions each 30 s (active, passive and rest), the instruction blocks

5 s) of the active and passive movement conditions and the movement

arameters. 

Fig. 5. A. An example of a tremor block design; GLM includes three

onditions each 30 s (active, passive and rest), the instruction blocks

5 s ) of the active and passive movement conditions, EMG regressor and

he movement parameters. 

Fig. 6. A. Sensorimotor mask used for within group analyses (total of

4,751 voxels). Including primary motor cortex, primary somatosensory

ortex, sensorimotor association areas (premotor cortex (brodmann area

) and secondary sensory areas (operculum), cerebellum (anterior lobe

nd lobule VIII), basal ganglia and thalamus. 
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