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Summary 
Introduction 

Upper limb tremor is a debilitating symptom of chronic inflammatory demyelinating polyneuropathy 

(CIDP). It generally does not respond well to therapy, and its pathophysiology is debated. Both a 

peripheral and central cause of tremor in CIDP have been hypothesized, and also an interplay 

between the two has been proposed. In case a central pathophysiology underlies tremor in CIDP 

patients, the cerebello-thalamo-cortical circuit may be involved. This has not been researched in CIDP 

before, but this circuit is known to play a role in other tremor disorders. Functional Magnetic 

Resonance Imaging (fMRI) can non-invasively assess brain activity, and will be used in this thesis to 

investigate a potential central pathophysiology of tremor in CIDP patients. 

 

Aim 

The aim of this thesis is to assess brain activity in the cerebello-thalamo-cortical circuit in CIDP 

patients who suffer from tremor, and compare this to the brain activity in this circuit in CIDP patients 

without tremor. 

 

Methods 

fMRI scans were acquired from both CIDP patients who suffered from tremor (tremor group), and 

CIDP patients without tremor (control group). All participants performed two motor tasks, alternated 

with rest. In the static motor task, they extended their arms in front of them, inducing a postural 

tremor in the patients from the tremor group. In the dynamic motor task, all participants extended 

their arms and additionally performed a tremorlike movement with their hands. In the tremor group, 

an intentional tremor cooccurred with the voluntary movement of the dynamic motor task. A general 

linear model was used to analyse the fMRI data. Within-group and between-group analyses of 

clusters of brain activity were performed using one-sample and two-sample t-tests respectively. 

 

Results 

9 tremulous CIDP patients and 12 controls were included in the analysis. In the between-group 

analysis of the static task, more activity in CIDP patients with tremor in comparison to CIDP patients 

without tremor was found in lobule VIII of the cerebellum, the premotor cortex and supplementary 

motor areas, the visual cortex, and the fusiform. In the dynamic task, CIDP patients with tremor 

showed more activity in lobules IV/V of the cerebellum, the premotor cortex and supplementary 

motor areas, the supramarginal gyrus, the pars orbitalis, the insula, and the Rolandic operculum.  

 

Conclusion 

The results suggest that there is more brain activity in the cerebello-thalamo-cortical circuit in CIDP 

patients who suffer from tremor in comparison to CIDP patients without tremor. However, the results 

of the dynamic task may be influenced by a difference in brain activity due to the voluntary 

tremorlike movement. Further research is necessary to first of all separate the brain activity related 

to tremor from activity resulting from the voluntary movement, and furthermore to give insight into if 

this hyperactivity in the cerebello-thalamo-cortical circuit in CIDP patients with tremor is the cause of  

tremor, maintaining it, or is a reflection of the tremor.  
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1 Introduction 
1.1 CIDP 

Chronic inflammatory demyelinating polyneuropathy (CIDP) is an immune-mediated type of acquired 

demyelinating neuropathy (6). The prevalence of CIDP ranges between 0.67 and 10.3 per 100,000 (7), 

with a predominance of elderly and male patients (7, 8). It is typically characterized by progressive or 

recurrent limb weakness that is symmetric and occurs both proximally and distally, sensory 

dysfunction, and is often accompanied by areflexia (9, 10). Additionally, CIDP can manifest in clinically 

atypical subtypes, which are defined according to the criteria of the European Federation of 

Neurological Societies and Peripheral Nerve Society (EFNS/PNS) (11). In the pathogenesis of CIDP, 

inflammation of the myelin sheaths of peripheral nerves cause segmental demyelination (Figure 1), 

which is followed by remyelination by Schwann cells. Despite this natural repair mechanism, nerve 

fibres are damaged and the accumulation of damage causes progressive neuropathy in patients.(8) 

 

In addition to the muscle weakness and sensory dysfunction, CIDP patients can also suffer from 

tremor of the upper limbs. Tremor in neuropathy patients is often referred to as neuropathic tremor. 

This symptom is present in 45-83% of CIDP patients (12-15) and is associated with greater disability 

(Overall Neuropathy Limitations Scale (ONLS)) in comparison to CIDP patients without tremor (13). 

The reported frequency of the tremor in CIDP patients varies between 4-9Hz. The most prevailing 

activation condition of tremor in CIDP is postural, followed by an intentional tremor. However, rest 

tremor or a combination of these tremor types occur too (12, 14, 15).  

CIDP is typically treated with immune-suppressive medication (16). In some patients, improvement in 

neuropathy is accompanied by a reduction of tremor (17, 18). However, the tremor in CIDP patients 

generally does not respond well to therapy (12).  

 

1.2 Pathophysiology of Tremor in Neuropathy 

The pathophysiology of tremor in CIDP, and more generally in neuropathy, is not fully understood. 

Different theories have been published, of which some point towards a peripheral cause of tremor, 

and others hypothesize the involvement of the central nervous system. Furthermore, an interplay 

between the two has been proposed. (12, 13, 15, 17, 19-38) 

Figure 1: Pathogenesis of CIDP, adapted from Shastri et al.(4) 
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A factor that could help understand the aetiology of tremor, is whether there is a relation between 

the presence or severity of tremor, and the severity of the neuropathy symptoms. In case this relation 

exists, a peripheral cause is more likely. If, on the other hand, tremor severity and neuropathy 

severity seem to be unrelated, presumably the central nervous system is involved in the generation of 

tremor. In two studies by Dalakas et al. (17, 19), there seemed to be no relation between the 

development of tremor and the severity of neuropathy, proprioceptive loss, weakness or fatigue. 

However, the development of tremor might relate to disease activity (17). In another more recent 

study, a correlation between tremor severity and sensory deficits has been described (12). The 

relation between muscle strength and tremor has also been studied more recently. Some authors 

found that CIDP patients with muscle weakness were less likely to have a tremor (12, 13), whereas 

another did not find a relation between muscle strength and the presence of tremor (15). 

Delayed peripheral nerve conduction is commonly discussed to be involved in neuropathic tremor. It 

has been suggested that mistimed peripheral inputs lead to abnormal central processing, resulting in 

tremor generation (20, 22-24). Prolonged peripheral motor responses (12, 13, 20, 22) and a delay in 

sensory afferent inputs (22) have been associated with the development of tremor. In another study, 

prolonged or absent motor and sensory responses correlated with tremor frequency (15). However, 

there are also studies that show no association between tremor and motor and sensory conduction 

velocity (13, 17, 25). Saifee et al. (13) found that although a decrease in conduction velocity did not 

predict the presence of tremor, a lower conduction velocity was correlated with tremor severity in 

neuropathy patients who had a tremor. Also conduction velocities of central pathways have been 

researched for abnormalities, but no evidence for a delay in these has been found analysing magnetic 

brain stimulation, somatosensory evoked potentials and stretch reflexes (22). 

An observation potentially arguing in favour of a peripheral cause of tremor, is the fact that in some 

inflammatory neuropathy patients with tremor a higher tremor frequency is found in proximal 

muscles in comparison with more distal muscles (20). The reasoning is that peripheral inputs arising 

from proximal limb segments are likely to reach a central processor more quickly than inputs from 

the distal limb. Consequently, the input from proximal segments are provided more frequently than 

from distal limb segments, translating to a higher peak frequency proximally. Silsby et al.(15) found 

higher tremor frequencies proximally than distally in the limb that was affected by tremor, and in two 

other studies this phenomenon was observed in a part of the participants.  

Another theory in which a tremor frequency gradient is involved exists too. Tremor in neuropathy has 

been proposed to be a mechanical tremor to which the stretch reflex mechanism contributes. For 

tremor resulting from a stretch reflex mechanism, tremor frequencies in proximal limb segments are 

lower than in the distal limb segments. As previously discussed, no gradient in this direction has been 

reported.(15) Furthermore, in a mechanical tremor you expect a frequency reduction by adding 

weight to the limb, which has not been reported (15, 20, 26).  

Actually, the stability of the peak tremor frequencies as reported by multiple studies, implies the 

presence of a central generator or network (39). Besides the stable peak frequencies, there are more 

indications for central mechanisms of tremor generation. One area of interest is the cerebellum, as 

hyperactivity of the cerebellum in neuropathic tremor has been found in a previous functional 

magnetic resonance imaging (fMRI) study (21).  

Schwingenschuh et al. (28) hypothesized that a central compensation mechanism exists to account 

for delays caused by the peripheral neuropathy, and that the cerebellum and its connections would 

be involved. To test this theory, they examined if patients with inflammatory neuropathies and 

tremor have evidence of dysfunction in the cerebellum and in the interactions with the sensorimotor 

cortex. The rates of eyeblink classical conditioning (EBCC) were used to investigate the cerebellum, 
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because if structural or functional impairments in the cerebellum exist, this leads to abnormalities in 

the EBCC (27, 29-31). In this study, an abnormally low EBCC was found in tremulous neuropathy 

patients compared to non-tremulous patients and healthy controls. In addition, their results 

suggested abnormal sensorimotor cortex plasticity. Another explanation for possible abnormalities of 

the cerebellum causing tremor involves neurofascin 155 antibodies. These antibodies are present in 

7-15% of CIDP patients, and it has been suggested that these target the cerebellum.(32)  

The effect of deep brain stimulation (DBS) on neuropathic tremor is another argument that there is a 

central influence on the tremor (33-37). In particular, stimulation of the ventral intermediate nucleus 

of the thalamus (12, 34, 38), and the posterior subthalamic area (40) has shown a significant 

reduction of neuropathic tremor.   

 

1.3 Tremor Network 

In case a central pathophysiology underlies tremor in CIDP patients, a tremor network may be 

involved. A tremor network is a group of interconnected brain regions that ensure that a tremor is 

generated and maintained. Although, as previously described, abnormalities in the cerebellum have 

been found (21, 28) and DBS in various locations has shown to effect neuropathic tremor (33-37), it 

has not previously been investigated whether a tremor network is active in neuropathic tremors. 

However, this has been examined in Parkinson's Disease associated tremor, essential tremor and 

dystonic tremor, and those results may provide starting points for researching a tremor network in 

CIDP.  

EMG-fMRI studies have shown that resting tremor in Parkinson’s Disease patients is associated with 

increased cerebral activity in the cerebello-thalamo-cortical circuit (41, 42). In healthy subjects, this 

circuit initiates and controls movements (43). It has been hypothesized that changes in the basal 

ganglia initiate tremor in Parkinson’s Disease patients, after which oscillatory activity in the cerebello-

thalamo-cortical circuit maintains the tremor (44).  

Likewise to tremor in Parkinson’s Disease, pathological oscillations within the cerebello-thalamo-

cortical circuit are proposed to be involved in essential tremor (45). The origin of these oscillations is 

debated. It is hypothesized that the cerebellum itself is causing tremor by an increased drive, but also 

a functional disconnection of the dentate nucleus with (sub)cortical, and cerebellar areas have been 

thought to play a role in the pathophysiology of essential tremor.(46-48) Different subtypes exist 

among essential tremor patients, for example some have a resting tremor or subtle dystonia. Possibly 

a slightly different pathophysiology underlies the different presentations.(48) 

Another type of tremor is dystonic tremor. The clinical presentation varies between different patients, 

and sometimes it clinically overlaps with essential tremor. In dystonic tremor, both the cerebellum 

and the basal ganglia are thought to be involved.(48, 49) Based on deep brain stimulation (DBS) 

studies, it has been hypothesized that more sinusoidal dystonic tremor is due to cerebellar 

alterations, whereas the basal ganglia might play a more prominent role in more jerky dystonic 

tremor (48, 50-52). 

A neurological circuit which is involved in all of these tremor disorders, is the cerebello-thalamo-

cortical circuit (Figure 2). Hence researching brain activity in this circuit in CIDP patients, is a relevant 

starting point for researching a potential central pathophysiology of tremor in CIDP patients. 
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1.4 EMG-fMRI 

Functional Magnetic Resonance Imaging (fMRI) can be used to assess brain activity non-invasively. 

The most widely used technique in fMRI is to measure oxygen consumption of the brain, which 

indicates activity, based on blood oxygen level-dependent (BOLD) contrast.(53) fMRI studies can 

provide insight into the relation between movements and brain activity, if a motor task is performed 

by the subject during fMRI scanning. A common way to set-up such a study is using a block-design, in 

which blocks of motor task(s) are alternated with rest (54). In the analysis, the fMRI images acquired 

during a task block or rest block are evaluated separately, which enables comparison of brain activity 

between the different conditions. If additionally surface electromyography (EMG) is recorded 

simultaneously with fMRI acquisition (EMG-fMRI), this offers extra opportunities for the analysis. First 

of all, combined EMG-fMRI analysis allows to accurately determine the start and end of a task or rest 

block. Furthermore, it provides information on the execution of the task and additional muscle 

contractions of a subject at any moment within the EMG-fMRI acquisition.(54, 55) Overall, with 

simultaneous EMG-fMRI the relation between movement and brain activity can be studied in detail 

and more directly than with fMRI only, utilizing the high spatial resolution of fMRI imaging and high 

temporal resolution of EMG (53).  

 

1.5 EMG-fMRI for Tremor Studies 

A combined EMG-fMRI analysis is especially of added value when studying brain activity in tasks with 

a variance in execution, such as motor tasks in patients with tremor. A challenge is to distinguish 

between brain activations because of the performed motor task and simultaneous involuntary tremor 

movement (54). The study design can help to some extent with making this separation, for example 

by recording rest tremor in Parkinson’s disease (21) patients when they are in rest, so theoretically no 

voluntary movement is involved in the measurement. Unfortunately, this experimental set-up leaves 

some opportunities for improvement, since there is also neuronal activity due to afferent sensory 

input present in tremor, which is not easily differentiated from brain activity resulting from tremor 

movement (56, 57). In case of a postural or action tremor, such as in essential tremor patients, it is 

even more complex to distinguish between brain activity related to voluntary movement and tremor, 

because they co-occur. However, earlier research has shown that amplitude variations in EMG data, 

after certain processing steps of the data have been performed, reflects extra EMG activity induced 

by the tremor (54, 58). When this EMG variable is used as a regressor in the EMG-fMRI analysis, the 

Figure 2: Cerebello-thalamo-cortical circuit, adapted from Zhong et al.(5) 

COR: cortex, THA: thalamus; CER: cerebellum 
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relation between tremor-related EMG information and BOLD activity in the brain can be researched 

more reliably (55).  

 

1.6 Thesis Aim & Hypothesis 

1.6.1 Aim 

For my thesis, EMG-fMRI data was used to investigate a potential central pathophysiology of tremor 

in CIDP patients, focussing on the cerebello-thalamo-cortical circuit. This was part of an ongoing PhD 

research on tremor in demyelinating neuropathies. Within the specific subgroup that was relevant for 

my thesis, seventeen measurements were already available and the fMRI data of some of the 

patients had been analysed. These analyses did not show significant differences between brain 

activity between CIDP patients with tremor and CIDP patients without tremor. My aim was to 

perform additional measurements to increase the sample size, and add the EMG data as a regressor 

to the general linear model (GLM) for the fMRI analysis. Both of these subgoals contributed to 

answering the following research question: 

1.6.2 Research question  

Is there more brain activity in the cerebello-thalamo-cortical circuit in CIDP patients who suffer from 

tremor in comparison to CIDP patients without tremor?  

1.6.3 Hypothesis 

My hypothesis was that there would be more brain activity in the cerebello-thalamo-cortical circuit in 

the tremor group compared to the control group. This was based on the rationale that the central 

nervous system is involved in tremor, more specifically a tremor network consisting of the 

cerebellum, thalamus and the motor cortex. I expected that the presence of tremor results in extra 

brain activity additional to activity related to voluntary movements, and to observe this in the brain 

areas of the cerebello-thalamo-cortical circuit. 
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2 Methods 
2.1 Study Design 

This study was performed at the departments of clinical neurophysiology and neurology of the 

Amsterdam University Medical Centers (AUMC), location Academic Medical Center. This project is a 

part of a larger study about tremor in demyelinating neuropathy, which was approved by the medical 

ethics committee AUMC, and conducted following the Declaration of Helsinki. All patients provided 

written informed consent before start of the study. 

 

2.2 Study Population 

Between 2018 and 2025, CIDP patients in the neurology out-patient clinic of the Amsterdam UMC 

were asked to participate in the study. Patients were eligible if they were ≥18 years old and physically 

able to perform motor tasks in the Magnetic Resonance Imaging (MRI) scanner. For the diagnosis of 

CIDP, the EFNS/PNS 2010 criteria (59) and/or EAN/PNS 2021 criteria (6) were used. In addition, 

patients fulfilling the clinical criteria and at least two supportive criteria were included.(9, 11) Patients 

were excluded if they had insufficient knowledge of the Dutch language, had contra-indications 

regarding MR safety, or a positive family history of tremor. There were two patient groups. In the 

tremor group, patients had a severe tremor or myoclonic tremor based on a tremor registration and 

questionnaires. Severe tremor was defined as either a score of ≥ 3 on the Archimedes Spirals or dot 

approximation task, a TETRAS subscale 4 score of ≥ 2.5, or limitations in activities of daily living. The 

tremor registration was performed around inclusion as part of standard clinical care, and consisted of 

recordings from the m. extensor carpi radialis (ECR), m. flexor carpi radialis (FCR), and first m. 

interosseus dorsalis (FDI) of both hands. During the registration, patients were measured in rest, with 

their arms extended in front of them, and this last task was repeated weight-loaded. If the EMG-fMRI 

measurement was performed substantially later in time than the inclusion, the tremor registration 

was repeated. At inclusion, participants filled out questionnaires on their tremor, disability, fatigue 

and pain. For the control group, CIDP patients without tremor, but who were eligible following the 

other criteria, were included. The groups were matched based on sex, age, and grip strength. 

Whenever a CIDP patient was included in the tremor group, another CIDP patients without tremor, 

but of the same sex and with comparable age and grip strength, was asked to participate. So the 

participants of both subgroups were matched 1:1.  

 

2.3 Experimental Protocol 

During the EMG-fMRI measurement, 

participants performed motor tasks 

with their upper limbs in the MRI 

scanner (Figure 3). Two different tasks 

were performed: a static motor task 

and a dynamic motor task. In the static 

task, participants were asked to extent 

their arms and hold them in the air for 

20.3 s, alternated with a 20.3 s block 

of rest. These blocks were performed 

12 times in one scanning run. During 

Figure 3: Participant in MRI scanner, with EMG equipment and 

visual cues, adapted from Warbrick & Stoermer (2) 
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the dynamic task, participants held their hands in a position similar to the static ask, but additionally 

made a tremor like movement with their hands at a frequency of 5-6Hz. This task was also performed 

twelve times, alternated with blocks of rest. During rest, arms were rested on the ulnar side of the 

hand along the side of the body or on the participant’s lap, depending on how much space there was. 

Both tasks were repeated, adding up to a total of 4 scanning runs (dynamic, static, dynamic, static, 

see Figure 4). Instructions for what task to perform (made in Psychtoolbox (60), MATLAB version 

2016b) were projected on a monitor that was visible from within the MRI scanner. 

 

 

 

 

2.4 Data Acquisition  

The data acquisition of the project was performed in 2019 - 2021, and in 2025 at the Spinoza Center 

for Neuroimaging in Amsterdam. 

2.4.1 fMRI Recording 

The MRI data was recorded using a 3T Achieva MRI scanner (Philips) with a 8 channel receive head 

coil. Functional T2*-weighted multi-shot EPI sequence (echo time 30ms; repetition time (TR) 700ms; 

flip angle 55o; field of view 216x216x130 mm; voxel size 2.7mm3) were acquired. Forty-four axial 

slices were obtained for a total of 696 volumes. Additionally, high-resolution structural T1-weighted 

images were made (echo time 3.8ms; repetition time 9ms; flip angle 8o; voxel size 1 mm3). Cushioning 

was added around the head to reduce movement, and next to the arms to prevent contact with the 

bore.  

2.4.2 EMG Recording 

Surface EMG was recorded with magnetic resonance (MR) -compatible surface electrodes from four 

muscles using bipolar electrodes: the FDI of both hands, and the ECR and FCR of the dominant arm, 

unless a tremor was only present of the other hand. In that case, the ECR and FCR were measured on 

the non-dominant arm. Additionally, ground electrodes were placed on both arms to improve the 

quality of the EMG signal. MR-compatible surface electrodes were connected to an MR-compatible 

EEG amplifier (BrainAmp, Brain Products GmbH, Germany) and a rechargeable battery to safely 

record EMG in the MRI-scanner. EMG was recorded with a sampling frequency of 5000 Hz, resolution 

of 0.1 μV, and digitally filtered with a low cutoff of 0.1 Hz, and a high cutoff of 1000 Hz.    

  

Figure 4: Experimental protocol 
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2.5 Data Pre-processing 

2.5.1 fMRI Pre-processing 

Both functional and structural MRI data were pre-processed using MRIcron, Statistical Parametric 

Mapping software 12 (SPM12, Wellcome Trustcentre for Neuroimaging, London, UK) and MATLAB 

version 2023b. First, the structural scan and functional scans of the four runs were converted to 

NIFTI-files using MRIcron converter. Next, the data was visually inspected to check for unwanted 

distortions, excessive movement, and correct image orientation. Subsequently, multiple pre-

processing steps, which are described below, were performed to reduce the effect of head 

movement, differences in anatomy, and equipment related artifacts on the fMRI data. These 

consisted of realignment, slice timing correction, co-registration, segmentation, normalisation, and 

smoothing of the data (Figure 5). After applying these steps, a cleaner bold signal analysis was 

possible. This pre-processing pipeline was applied to all runs of all participants. 

 

 

 

The first step of the pipeline was realignment of the functional data to account for head movement 

that occurred during scanning. SPM’s estimate and reslice function was used, for which the full time 

series of runs were selected. A mean image was saved to be used in co-registration, and a text file 

with six movement parameters was saved to be used as regressors when fitting the GLM. The 

Figure 5: Pre-processing pipeline, adapted from Chang (1) and Jahn (3) 
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movement parameters are the translation in the x, y, and z direction and the pitch, roll, and yaw 

rotation. 

Secondly, slice timing correction was performed. Every volume of the fMRI scan consisted of forty-

four slices which were obtained per four slices with bottom-up multi-slice scanning. As a result of this 

technique, there was a short delay between the acquisition of the first and last group of slices. To 

correct for the difference in timing, slice timing correction was performed on the realigned images. 

The applied settings were: number of slices: 44, TR: 0.7, slice order: [1:4:44 2:4:44 3:4:44 4:4:44], 

reference slice: 22.  

During coregistration, for which the coregister estimate function was used, functional and structural 

data were aligned. The mean image generated in the realignment step was used as reference image, 

and the participant’s anatomical scan as source image. The quality of the coregistration was checked 

by visually comparing the generated mean image and the anatomical scan, by checking the outline of 

the brain and ventricles.  

Then, segmentation was applied to split the structural image into different tissue types (grey matter, 

white matter, cerebrospinal fluid, non-brain soft tissues, skull, and other) to improve normalization of 

the data in the next step. A forward deformation field containing coordinates of the different tissue 

types was saved to be used in normalization of the functional data.  

Normalization of the data was performed to allow for group analyses using the write function. During 

normalisation, the data was transformed to fit the standard Montreal Neurological Institute (MNI) 

space. The deformation field created in the previous step was used together with the realigned and 

slice time corrected functional data. In the writing options, the voxel size was set at [3 3 3] to write 

the normalised images at a resolution close to the resolution at which they were acquired.  

The final step of the procedure was to smooth the normalized data in order to increase the signal-to-

noise ratio. This was achieved by averaging the signal in each voxel with a weighted average of the 

signal of neighbouring voxels. The size of the smoothing kernel was [6 6 6], following the rule of 

thumb to use a kernel double the voxel size. 

 

2.5.2 EMG Pre-processing 

The pre-processing of the EMG data consisted of two parts. First, the MR artifact was removed and, 

secondly, the EMG signal was further processed into a regressor that could be added to the GLM. 

Removing MR artifact 

The original plan was to use BrainVision Analyzer 2.2 software and its MR correction algorithm to 

remove the scanning artifact from the EMG data. However, when this algorithm was tweaked to the 

used scanning settings and applied to the data, the remaining EMG signal looked different than 

expected. There was still MR artifact left and tremor movement could not be distinguished clearly. 

After this scanning settings were examined, and it was concluded that the data had been acquired 

with multi-slice scanning instead of single-shot as assumed earlier. The shape of the MR artifact is a 

direct result of slice acquisition, which explained why the first attempt had not removed the scanning 

artifact sufficiently. Unfortunately, BrainVision Analyzer’s MR correction algorithm is not able to 

process interleaved data. Therefore, it was decided to proceed with the Robust EMG-fMRI artifact 

reduction for motion (FARM) (61) algorithm, which is suitable for removing MR artifact from EMG 

data acquired during multi-slice fMRI scanning. See Appendix A for a more detailed explanation of 

why the FARM algorithm is suitable for the available EMG-fMRI data, and a basic explanation of how 

the FARM algorithm works. 
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EMG regressor 

Getting acquainted with the code of the FARM algorithm and trying to make it run was more time 

consuming than hoped for (see Appendix A.3 for more explanation). Consequently, the step of 

creating a regressor from the EMG data was not reached within the time frame of this project. 

However, based on the literature study proceeding this thesis (see Appendix B) there was the 

following plan to construct the EMG regressor.  

1) Select an EMG channel and a frequency band of interest for the analysis.  

EMG was recorded from the first m. interosseus dorsalis of both hands, and the ECR and FCR muscle 

of one arm. From these, the channel with the best artifact correction and/or most clear tremor 

activity is selected.  

2) Fourier transform the EMG data and extract a 5Hz band around the tremor frequency.  

Either the peak tremor frequency from the tremor registration could be used for this, or preferably it 

could be determined from the EMG data recorded during the EMG-fMRI measurement itself.  

3) Calculate the average power in the extracted frequency range per time segment of the EMG-fMRI 

recording and store all these values in a vector. 

The length of each segment should be 0.7 s, which is identical to the TR of the fMRI scans, to ensure 

that there is a EMG value in the EMG vector for every fMRI scan.  

4) Apply Gram-Schmidt orthogonalization with respect to the performed task (block), to make the 

EMG vectors independent of the performed task.  

 

2.6 General Linear Model 

2.6.1 Model Specification and First-Level Analysis 

Prior to estimating the GLM, model specifications were defined. In the model, rest blocks were 

compared to task blocks, which both lasted 29 scans. In the data acquired in 2019-2021, there was a 

timing difference between the instruction of the participant to start with the first block, and obtaining 

the first scan. The MRI scanner had already made 18 volumes at the moment that the participant got 

the visual cue for their first task. This issue was corrected for in the model specifications, by adding 18 

to all the onsets of the task blocks. The EMG data recorded simultaneously with fMRI scanning was 

used to determine if the onsets had to be corrected for a participant. Even prior to MR artifact 

correction, the blocks of rest and blocks of performing a task could be distinguished from each other 

in the EMG data. These EMG changes were compared to the scan triggers stored in the EMG data, 

and in this way it was concluded if the onsets had to be corrected. This analysis showed that the code 

controlling the scanner and the visual instructions had been updated prior to 2025. Therefore, the 

onsets did not have to be corrected in the newer set of data.  

After the block design had been defined, the text file containing movement parameters (saved in the 

realignment step of fMRI pre-processing) were added to the model specification. When the model 

specification batch was run, this resulted in a design matrix. 

Then the model was estimated based on the design matrix, and the contrast was defined for each run 

of every participant. In the contrast manager, new t-contrasts were defined for both the static and the 

dynamic tasks. They were specified as 1 (U>rest) and 1 (T>rest). The U>rest contrast was used to 

estimate the model for static tasks, during which the participants extended their arms in front of 

them. The T>rest contrast was applied to the dynamic task which asked the patients to make a 
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tremor like movement. The results of the model estimation and defined contrast were saved to be 

used in the group analyses. 

2.6.2 Second-Level Analysis 

In the second-level analysis, the results of the individual participants’ first-level analysis were 

combined to perform a group-level analysis. The goal of this analysis is to examine a pattern of brain 

activity within a specific group, and subsequently compare brain activity between the tremor and 

control group. If participants of the tremor group did not have tremor on the day of the 

measurement, they were moved to the control group. One-sample t-tests were performed for four 

groups: static task tremor group, static task control group, dynamic task tremor group, and dynamic 

task control group.  

Next, two-sample t-tests were used to compare the static task between the CIDP patients with and 

without tremor, and the dynamic task between both groups. The clusters of brain activity and their 

size (amount of voxels, kE), intensity (T statistics), and Montreal Neurological Institute (MNI) 

coordinates were obtained. All t-tests were performed twice, first with a family wise error (FWE) 

corrected p-value < 0.05, and secondly with an uncorrected p-value < 0.001. In the analysis of 

uncorrected tests, only clusters ≥ 10 voxels were included.   
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3 Results 
3.1 Patient Characteristics 

At the end of February 2025, data had been collected from 23 patients. One patient was excluded 

post-hoc, because positive serum antibodies were found and this meant that this patient no longer 

had CIDP according to the criteria (9). Furthermore, the fMRI data of one participant was not 

available, leaving 21 participants for the analysis (Table 1). Nine patients with CIDP and tremor were 

included in the tremor group, and 12 CIDP patients without tremor in the control group. In the 

tremor group, there were relatively more male participants (tremor group: 67% vs. 58% in control 

group), and the average age and grip strength were slightly lower in comparison to the control group 

(age tremor group: 58.1 ± 15.2, age control group: 62.3 ± 7.7; grip strength tremor group (R/L): 71.8± 

19.2 / 68.6 ± 16.0 kPa, grip strength control group (R/L): 78.1 ± 23.8 / 74.8 ± 21.7 kPa). In the tremor 

group, all patients suffered from action tremor. Most of them (7 out of 9) had both postural and 

intentional tremor, of whom two additionally suffered from a rest tremor. Two of the participants had 

solely a postural or intentional tremor. Only one patient used propranolol to suppress their tremor, 

the others did not use medication for this purpose.   

Table 1: Patient Characteristics 

 Tremor group (n=9) Control group (n=12) 

Sex [m/f] 6/3 7/5 

Age [years ± sd] 58.1 ± 15.2  62.3 ± 7.7  

Grip strength [kPa; R/L] R: 71.8 ± 19.2     
L: 68.6 ± 16.0 

R: 78.1 ± 23.8     
L: 74.8 ± 21.7 

Disease duration [months ± sd] 105 ± 55.8 92.4 ± 52.1 

Dominant hand [R/L] 7/2 12 

Tremor characteristics    

 Activation condition: 
   P & I & R 
   P & I 
   P 
   I 

 
2 
5 
1 
1 

- 

-Tremor suppression medication 
[yes/no] 

1/8 - 

m: male; f: female; sd: standard deviation, R: right, L: left, P: postural, I: intentional, R: rest 

 

3.2 Available Data 

According to the measurement protocol, the goal was to record EMG-fMRI for two runs of both the 

static and dynamic task of all participants. For some participants, this was only partially realized due 

to insufficient scanning time at the Spinoza Centre, resulting in a limited number of recorded runs of 

them. In the tremor group, the entire protocol was scanned in five participants and partly in four, 

resulting in 14 scans of the static task and 15 of the dynamic task. In the control group, data from a 

complete scan protocol is available of nine patients and partly of three, resulting in 21 scans for both 

the static and dynamic task. Corresponding EMG data was available for the majority of these fMRI 

scans, but the EMG of one participant from the control group seems to be missing. See Appendix C 

for an overview of the available data per participant. 

The model estimation of the second run of the dynamic motor task in one of the control patients, 

resulted in an error because the length of the regressor with the movement parameters was not 
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commensurate with the data point of the pre-processed fMRI scan. The error was not resolved, and 

therefore this run of the participant was not included in the analysis of the dynamic motor task. 

 

3.3 Static Motor Task 

3.3.1 Static Motor Task within Tremor Group 
The one-sample t-test of the tremor group during the static task compared to rest did not show any 

brain activity at a FWE-corrected p-value < 0.05, but the uncorrected test with p < 0.001 showed 

fourteen clusters of activity (Figure 6), of which four consisted of more than ten voxels (Table 2). 

These were located in the right and left premotor cortex and supplementary motor areas, and the left 

supramarginal gyrus. See Appendix D.1.1 for a more extensive table with statistics of all identified 

clusters. 

Figure 6: Sagittal, coronal and transverse view of brain activity during static motor task in tremor group 

(p<0.001 uncorrected) 

 

Table 2: Statistics of static motor task in tremor group (p<0.001 uncorrected) 

Cluster-level Peak-level MNI coordinates Area 

kE p T p X  Y  Z   

32 0.023 6.23 0.000 9 -4 59 Right premotor cortex + 
supplementary motor area 

19 0.069 5.56 0.000 -9 -4 53 Left premotor cortex + 
supplementary motor area 

17 0.084 5.40 0.000 -21 -16 62 Left premotor cortex + 
supplementary motor area 

14 0.113 5.35 0.000 -57 -34 29 Left supramarginal gyrus 
kE : amount of voxels, p: p-value; T: T-statistic 

 

3.3.2 Static Motor Task within Control Group 

Likewise to the tremor group, no brain activity was detected with a one-sample t-test with FWE-

corrected p-value < 0.05 in the control group of the static task versus rest. When analysing the results 

at a significance level of puncorrected < 0.001 (see also Appendix D.1.2), activity was found in the left 

visual cortex, the vermis of the cerebellum, frontal white matter, and lobules IV/V of the right 

cerebellum (Figure 7, Table 3). Only the cluster in the left visual cortex was larger than ten voxels (18 

voxels, p = 0.181) and this cluster had a peak intensity of 5.23 (p = 0.000). See Appendix D.1.2 for 

statistics of the smaller clusters. 
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Figure 7: Sagittal, coronal and transverse view of brain activity during static motor task in control group 

(p<0.001 uncorrected) 

 

Table 3: Statistics of static motor task in control group (p<0.001 uncorrected) 

Cluster-level Peak-level MNI coordinates Area 

kE p T p X  Y  Z   

18 0.181 5.23 0.000 -9 -91 -1 Left visual cortex  
kE : amount of voxels, p: p-value; T: T-statistic 

 

3.3.3 Comparison Tremor and Control Group Static Motor Task 

The two sample t-test comparing brain activity between the tremor and control group while 

performing the static task, showed two statistically significant clusters with a  

FWE-corrected p-value < 0.05 (Figure 8). The location of the two clusters corresponded to the right 

and left premotor cortex and supplementary motor areas. The right cluster had a size of 3 voxels 

(pFWE-corrected = 0.012) with a peak intensity of 5.52 (pFWE-corr = 0.042), and the cluster on the left had a 

size of 1 voxel (pFWE-corrected = 0.025) and a peak intensity of 5.5 (pFWE-corrected = 0.044) (Table 4). 

 

Figure 8: Sagittal, coronal and transverse view of brain activity during static motor task in tremor group in 

comparison to control group (FWE-corrected p<0.05) 

 

Table 4: Statistics of comparison tremor and control group for static motor task (FWE-corrected p<0.05) 

Cluster-level Peak-level MNI coordinates Area 

kE pFWE-corr T pFWE-corr X  Y  Z   

3 0.012 5.52 0.042 6 -4 56 Right premotor cortex + 
supplementary motor area 

1 0.025 5.50 0.044 -6 -4 53 Left premotor cortex 
supplementary motor area 

kE : amount of voxels, pFWE-corr: FWE-corrected p-value; T: T-statistic 
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When the tremor and control group are compared with uncorrected testing, this showed twenty-two 

clusters of more activity in the tremor group in comparison to the control group (Figure 9, Appendix 

D.1.3). Eight of them were larger than or equal to ten voxels. The two largest clusters were located in 

the right premotor cortex and supplementary motor area which had a size of 52 voxels (p=0.027) and 

41 voxels (p = 0.045) and a peak intensity of 4.61 (p = 0.000) and 4.35 (p = 0.000) respectively. The 

other clusters with a size ≥ 10 voxels were located in lobule IIX of the right cerebellum, right fusiform, 

gyrus lingualis of the left visual cortex, and one cluster was found outside of in atlas defined areas 

(Table 5).  

 

 
Figure 9: Sagittal, coronal and transverse view of brain activity during static motor task in tremor group in 

comparison to control group (p<0.001 uncorrected) 

 

Table 5: Statistics of comparison tremor and control group for static motor task (p<0.001 uncorrected) 

Cluster-level Peak-level MNI coordinates Area 

kE p T p X  Y  Z   

52 0.027 4.61 0.000 6 -4 56 Right premotor cortex + 
supplementary motor area 

41 0.045 4.35 0.000 30 -16 59 Right premotor cortex + 
supplementary motor area 

12 0.256 3.86 0.000 18 -58 -37 Right cerebellum lobule VIII 

13 0.237 3.72 0.000 -24 -16 62 Left premotor cortex + 
supplementary motor area 

10 0.299 3.66 0.000 24 -79 -16 Right visual association area 

12 0.256 3.59 0.000 0 -61 -16 Right fusiform 

12 0.256 3.58 0.000 -21 -79 -13 Gyrus lingualis of visual cortex 
left 

12 0.256 3.51 0.000 18 2 29 Outside defined area 
kE : amount of voxels, p: p-value; T: T-statistic 

 

3.4 Dynamic Motor Task 

3.4.1 Dynamic Motor Task within Tremor Group 

The one-sample t-test of the dynamic task versus rest of the tremor group did not show any brain 

activity with a FWE-corrected p-value < 0.05. When the test was repeated with an uncorrected p-

value < 0.001, forty clusters were found of which ten were larger than 10 voxels (Figure 10, Table 6, 

Appendix D.2.1). The three clusters with the highest intensity were located in the left putamen (size: 

11 voxels (p = 0.196); peak-intensity: 7.47 (p = 0.000)), right premotor cortex and supplementary 
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motor area (size: 385 voxels (p = 0.000); peak-intensity: 7.40 (p = 0.000)), and left visual cortex (size: 

399 voxels (p = 0.000); peak-intensity: 6.64 (p = 0.000)). See Table 6 for the statistics of these clusters. 

 
Figure 10: Sagittal, coronal and transverse view of brain activity during dynamic motor task in tremor group 

(p<0.001 uncorrected) 

 

Table 6: Statistics of dynamic motor task in tremor group (p<0.001 uncorrected) 

Cluster-level Peak-level MNI coordinates Area 

kE p T p X  Y  Z   

11 0.196 7.47 0.000 -24 -4 11 Left putamen 

385 0.000 7.40 0.000 12 -7 56 Right premotor cortex + 
supplementary motor area 

399 0.000 6.64 0.000 -15 -79 -13 Left visual cortex  

55 0.009 6.26 0.000 60 -31 32 Right supramarginal gyrus 

67 0.004 6.01 0.000 30 -31 59 Right primary sensory cortex 

15 0.135 5.99 0.000 36 -43 -25 Right cerebellum lobule VI 

23 0.070 5.58 0.000 -51 5 8 Left premotor cortex + 
supplementary motor area 

16 0.124 5.50 0.000 21 5 20 Outside defined area 

12 0.178 5.39 0.000 -27 -19 5 Outside defined area  

21 0.082 5.21 0.000 21 -76 -13 Right visual cortex 
kE : amount of voxels, p: p-value; T: T-statistic 

 

3.4.2 Dynamic Motor Task within Control Group 

In the control group, the one-sample t-test performed on scans acquired during the dynamic task 

versus rest, did find two statistically significant clusters at a FWE-corrected p-value < 0.05 (Figure 11). 

The first is located in the third lobule of the right cerebellum and has a size of 24 voxels   

(pFWE-corr:= 0.000) and a peak intensity of 6.72 (pFWE-corr:= 0.020) (Table 7). The second identified 

cluster was only 2 voxels in size (pFWE-corr: = 0.017), had a peak intensity of 6.22 (pFWE-corr: = 0.046), and 

was located in the left primary motor cortex. 
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Figure 11: Sagittal, coronal and transverse view of brain activity during dynamic motor task in control group 

(FWE-corrected p<0.05) 

 

Table 7: Statistics of dynamic motor task in control group (FWE-corrected p<0.05) 

Cluster-level Peak-level MNI coordinates Area 

kE pFWE-corr T pFWE-corr X  Y  Z   

24 0.000 6.72 0.020 18 -46 -25 Right cerebellum lobule III 

2 0.017 6.22 0.046 -30 -22 56 Left primary motor cortex 

kE : amount of voxels, pFWE-corr: FWE-corrected p-value; T: T-statistic 

 

The two-sample t-test with an uncorrected p-value < 0.001, identified eight clusters ≥ 10 voxels 

(twenty-eight clusters in total) (Figure 12, Appendix D.2.2). The largest clusters were located in lobule 

III of the right cerebellum (size: 973 voxels (p = 0.000); peak-intensity: 6.72 (p = 0.000)) and the left 

primary motor cortex (size: 618 voxels (p = 0.000); peak-intensity: 6.22 (p = 0.000)), and the others 

were found in lobule VIII of the left cerebellum, lobule IX of the right cerebellum, left and right 

Rolandic operculum, and right supramarginal gyrus. One cluster was located outside in atlases 

defined areas. See Table 8 for the statistics. 

 
Figure 12: Sagittal, coronal and transverse view of brain activity during dynamic motor task in control group 

(p<0.001 uncorrected) 
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Table 8: Statistics of dynamic motor task in control group (p<0.001 uncorrected) 

Cluster-level Peak-level MNI coordinates Area 

kE p T p X  Y  Z   

973 0.000 6.72 0.000 18 -46 -25 Right cerebellum lobule III 

618 0.000 6.22 0.000 -30 -22 56 Left primary motor cortex 

102 0.008 5.10 0.000 30 35 8 Outside defined area 

55 0.041 4.95 0.000 -27 -58 -46 Left cerebellum lobule VIII 

51 0.048 4.88 0.000 12 -61 -55 Right cerebellum lobule IX 

18 0.220 4.46 0.000 -48 -25 17 Left Rolandic operculum 

47 0.056 4.33 0.000 57 -16 17 Right Rolandic operculum  

10 0.359 4.07 0.000 60 -34 23 Right supramarginal gyrus 
kE : amount of voxels, p: p-value; T: T-statistic 

 

3.4.3 Comparison Tremor and Control Group Dynamic Motor Task 

Performing a two-sample t-test to compare brain activity between the test and control group during 

the dynamic task, resulted in six clusters with FWE-corrected p-value < 0.05 (Figure 13) which were 

located in the right cerebellum, and left premotor cortex, supplementary motor areas, and primary 

motor cortex. Of these, the cluster in the right cerebellum was the largest. It consisted of 26 voxels 

(pFWE-corrected = 0.00) and had a peak intensity of 6.60 (pFWE-corrected = 0.002). See Table 9 for all 

statistics. 

 
Figure 13: Sagittal, coronal and transverse view of brain activity during dynamic motor task in tremor group in 

comparison to control group (FWE-corrected p<0.05) 

 

Table 9: Statistics of comparison tremor and control group for dynamic motor task (FWE-corrected p<0.05) 

Cluster-level Peak-level MNI coordinates Area 

kE pFWE-corr T pFWE-corr X  Y  Z   

26 0.000 6.60 0.002 12 -49 -22 Right cerebellum lobule IV/V 

8 0.005 6.20 0.006 -6 -4 53 Left premotor cortex +  
supplementary motor area 

2 0.020 6.12 0.008 -45 2 8 Left insula 

1 0.028 5.46 0.038 -36 -28 56 Left primary motor cortex  

4 0.011 5.44 0.040 -30 -28 65 Left primary motor cortex 

1 0.028 5.38 0.047 -27 -16 62 Left premotor cortex +  
supplementary motor area 

kE : amount of voxels, pFWE-corr: FWE-corrected p-value; T: T-statistic 
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Additional to the two-sample t-test with a FWE-corrected p-value < 0.05, the test was performed with 

an uncorrected p-value < 0.001. This analysis identified thirty-six clusters of which ten were ≥ 10 

voxels (Figure 14, Table 10, Appendix D.2.3). The cluster were located in lobule IV/V of the right 

cerebellum, left premotor cortex and supplementary motor area, left insula, right and left 

supramarginal gyrus, right primary motor cortex, right pars orbitalis, left Rolandic operculum, and 

two outside of an in atlases defined area.  

 
Figure 14: Sagittal, coronal and transverse view of brain activity during dynamic motor task in tremor group in 

comparison to control group (p<0.001 uncorrected) 

 

Table 10: Statistics of comparison tremor and control group for dynamic motor task (p<0.001 uncorrected) 

Cluster-level Peak-level MNI coordinates Area 

kE p T p X  Y  Z   

526 0.000 6.60 0.000 12 -49 -22 Right cerebellum lobule IV/V 

553 0.000 6.20 0.000 -6 -4 53 Left premotor cortex + 
supplementary motor area 

24 0.144 6.12 0.000 -45 2 8 Left insula 

68 0.021 5.13 0.000 57 -31 32 Right supramarginal gyrus 

40 0.066 4.17 0.000 -63 -31 26 Left supramarginal gyrus 

15 0.243 4.17 0.000 30 -28 59 Right primary motor cortex 

13 0.276 4.02 0.000 27 29 -10 Right pars orbitalis  

11 0.316 4.01 0.000 0 -79 -13 Outside defined area 

17 0.215 3.60 0.000 -45 -25 20 Left Rolandic operculum 

34 0.087 3.84 0.000 24 8 26 Outside defined area 
kE : amount of voxels, p: p-value; T: T-statistic 
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3.5 Overview of Results 

In Table 11, an overview is shown of the locations of detected clusters of brain activity in all within-

group and between-group analyses.  

Table 11: Overview of identified clusters in second-level-analysis 

Area Static motor task Dynamic motor task 

 Tremor Control Comparison Tremor Control Comparison 

Cerebellum  

  Lobule III     R*  

  Lobule IV/V      R R* 

  Lobule VI    R   

  Lobule VIII   R    

  Lobule IX     R  

  Vermis       

Cortex  

  PMC + SMA R        L  R*       L* R        L  L* 

  MC1                L* R         L* 

  SC1    R          

  SMG            L   R R R         L 

  Visual Cortex             L            L R        L   

  VAC   R    

  Pars orbitalis      R 

  Insula                 L* 

  Rolandic Op.     R        L            L 

  Fusiform   R    

Basal ganglia  

  Putamen               L   

 

PMC: premotor cortex; SMA: supplementary motor area; MC1: primary motor cortex; SC1: Primary 

sensory cortex; SMG: supramarginal gyrus; VAC: visual association cortex Rolandic Op.: Rolandic 

operculum; R: cluster detected in right hemisphere; L: cluster detected in left hemisphere; *also 

detected at pFWE-corrected < 0.05  
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4 Discussion 
The aim of my thesis was to investigate a potential central pathophysiology of tremor in CIDP 

patients, and more specifically if there is more brain activity in the cerebello-thalamo-cortical circuit 

in CIDP patients who suffer from tremor in comparison to CIDP patients without tremor.  

 

4.1 Motor Task Results 

During the static motor task, participants were asked to extend their arms in front of them for 

approximately 20 s, alternated with rest. This task was designed to induce a postural tremor in the 

patients suffering from tremor, while in the control group theoretically no movement was present 

when executing the static motor task. This set-up allowed for an analysis of the brain activity related 

to tremor activity, and a comparison between tremulous and non-tremulous CIDP patients. In the 

dynamic motor task, participants from both groups performed movements in the task blocks. They all 

performed a tremorlike movement with the hands, and in the tremor group this voluntary movement 

was accompanied by tremor activity from intentional tremor induced in this task. Originally, the plan 

was to separate the brain activity from the voluntary tremorlike movement and the activity resulting 

from involuntary tremor by orthogonalizing the EMG data. Since this processing of the EMG data was 

not achieved, the total brain activity of the two subgroups were analysed and compared.   

4.1.1 Static Motor Task 

The within-group analyses of the static task showed a couple clusters ≥ 10 voxels of brain activity in 

the tremor group, and one cluster ≥ 10 voxels in the control group when the one-sample t-test were 

performed without FWE-correction and a p-value < 0.001. The clusters in the tremor group were 

located in the premotor cortex and supplementary motor area, and one in the left supramarginal 

gyrus. In contrast, no clusters of brain activity in motor related areas were identified in the control 

group, but one cluster was found in the left visual cortex. This activity in the visual cortex might be 

due to the participants focussing on the visual cues to perform either the task or rest block. However, 

this seems to be just as relevant during the rest blocks. This notion weakens the preceding 

explanation, since the contrasts used in the one-sample t-test are based on the task vs. rest block. As 

a results, only differences between both blocks are shown in the analyses.  

When a two-sample t-test (uncorrected p-value < 0.001) was performed to analyse the brain activity 

of the tremor group in comparison to the control group, a difference in activity in the motor cortex 

was apparent. A cluster ≥ 10 voxels was seen in both the right and left premotor cortex and 

supplementary motor area. In addition to extra activity in these motor areas, also a cluster ≥ 10 

voxels of higher brain activity in lobule VIII of the right cerebellum was detected. Furthermore, 

smaller clusters in lobules IV/V and the vermis of the cerebellum were seen. Sensorimotor areas of 

the brain project to lobules IV-VI and VIII, and in a meta-analysis of functional imaging studies of 

cerebellar activation patterns it was apparent that sensorimotor tasks activated the anterior lobe and 

lobule VIII of the cerebellum (62). In another study, hand movement engaged lobules V and VIII of the 

cerebellum (63). In both of these studies, participants performed voluntary movement whereas in 

the static motor task of this research, the tremor group performed an involuntary tremor movement. 

The similarities in results, could arise from a comparable underlying circuit. Other areas in which 

clusters ≥ 10 voxels were seen in the between group analysis, were the left visual cortex, right visual 

association area, and the right fusiform. The cluster in the left visual cortex is striking, because in the 

within-group analyses a cluster was identified in the control group and not the tremor group. 

However, the exact location of the cluster found in the within-analysis of the control group and the 
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cluster in the between-analysis are different, which could explain this finding. The activity in the 

fusiform could be grouped together with the clusters in the visual cortex areas, via its function in 

reading (64). No indication of differences in thalamus activity between the two subgroups were found 

in the analysis.  

4.1.2 Dynamic Motor Task 

Similar to the within tremor group analysis of the static task, the within tremor group analysis of the 

dynamic motor task (uncorrected p-value < 0.001) showed clusters of which some were located in 

areas of the cortex related to motor activity (right and left premotor cortex and supplementary motor 

area, right supramarginal gyrus), and in the visual cortex. Furthermore, clusters of brain activity were 

found in the right primary sensory cortex, lobule VI of the right cerebellum, and the left putamen. 

The cluster in the primary sensory cortex is located in the area that processes afferent inputs from 

the upper limb. Lobule VI of the cerebellum is engaged in more cognitively demanding tasks (62), but 

has also been linked to coordination (65). The left putamen is involved in motor control too, via 

connections with the primary motor cortex and supplementary motor area (66, 67).  

In the control group, clusters ≥ 10 voxels with uncorrected p-value < 0.001 were found in the 

supramarginal gyrus, lobules III, IV/V, and IX of the cerebellum, the left primary motor cortex, and the 

Rolandic operculum. Both lobule III and IV/V are involved in coordinating motor tasks, and activity in 

the Rolandic operculum during a motor task has been found before in motor tasks (62). The cluster in 

the left primary motor cortex was located in an area that corresponds to the right arm. 

In the dynamic tasks, when all participants performed voluntary movements, this was reflected in 

clusters of brain activity in areas related to sensorimotor processing and motor control in the within-

group analyses of both the tremor and control group.  

When the tremor and control group were compared with a two-sample t-test with an uncorrected  

p-value < 0.001, clusters ≥ 10 voxels of more activity in the tremor group compared to the control 

group were detected in the left premotor cortex and supplementary motor area, right and left 

supramarginal gyrus, lobules IV/V of the right cerebellum, the left Rolandic operculum, the left insula, 

and the right pars orbitalis. Whereas the insula is involved in sensorimotor processing (68) similar to 

most of the other detected clusters, the pars orbitalis is associated with abstract cognitive functions 

(69) and therefore a cluster in this area was not expected.  

The dynamic task was set-up to induce an intentional tremor in the tremor group, additional to the 

movement related to the voluntary movement which was present in both subgroups. Possibly, the 

clusters identified in the between-group analysis reflect brain activity related to the tremor. However, 

in the current fMRI analysis, it can not be stated that the amount of brain activity due to the 

voluntary movement was similar between both groups, hence it is difficult to interpret the results 

related to tremor activity. 

4.1.3 Cerebello-Thalamo-Cortical Circuit 

So in both the static and dynamic task, additional brain activity was found in the tremor group 

compared to the control group in to motor related areas of the cortex and cerebellum, which is partly 

in line with the hypothesis that there is more brain activation in the cerebello-thalamo-cortical circuit 

in tremulous CIDP patients compared to non-tremulous CIDP patients. No proof of activity in the 

thalamus was found in this research. Based on its function in motor control (70), activity in the 

thalamus was expected in the participants, especially since clusters in the cortex and cerebellum to 

which the thalamus is connected did show motor activity. In other tremor studies in essential tremor 

and Parkinson’s disease patients, EMG-fMRI analyses did detect clusters of brain activity in nodes of 

the thalamus. Additional to the clusters in the thalamus, they also detected clusters of brain activity 
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in the (pre)motor cortex, supplementary motor areas and lobules of the cerebellum, which is similar 

to the results of this research.(55, 57, 71, 72)   

 

4.2 Methodological choices 

In my thesis, multiple choices were made in both pre-processing of the fMRI data and performing the 

analyses, which may have influenced the results.  

4.2.1 Pre-processing fMRI 

Numerous pre-processing are required to prepare fMRI data for a statistical analysis (73). In this 

research, motion correction via realignment, slice timing correction, coregistration of the anatomical 

and functional scans, segmentation, normalisation, and smoothing were performed. All of these 

steps, except for segmentation, involve averaging or moving voxels of the fMRI scans to correct for 

spatial and temporal differences between scans and subjects. Although these corrections are 

performed to enable the analysis of the BOLD-signal, there is also a risk of impairing the data. 

In this research, realignment was performed first, followed by slice timing correction. Slice timing 

correction was incorporated in the pre-processing pipeline, to correct for temporally misalignment 

between fMRI slices (73), even though the scans were acquired with a TR of 0.7 s. Slice timing 

correction is not advised in sub-second TR data (74), because it is assumed that the data will not 

benefit from it. This is based on the assumption that the BOLD signal is slow, and so any signal change 

due to temporal offsets is likely to also be small. However, the GLM is extremely sensitive to small 

shifts in signals, so possibly fMRI data acquired with a short TR does benefit from slice timing 

correction.(73) Parker et al. (73) tested slice timing correction in data sets which were acquired and 

pre-processed with different settings, to examine the benefit of slice timing correction related to 

other pre-processing steps. They found that applying both slice timing correction and realignment in 

any order is beneficial, also in sub-second TRs, although the effect is smaller when a larger smoothing 

kernel is applied. An alternative for slice timing correction which has been proposed for shorter TRs 

(74) is to use temporal derivatives. This might be worth looking into for future research. 

In the current project, slice timing correction was performed after motor correction via realignment, 

as this seemed the most commonly applied order among tutorials (75, 76) and no consensus on the 

order of the different pre-processing steps exists (even though it has shown to influence the results of 

the fMRI analysis) (77, 78). However, one tutorial advises to use slice timing correction first if you 

have interleaved data or expect significant head movement (74). Head movement in this study was 

minimized by adding cushioning around the head while scanning, but it was limited to an acceptable 

extent. Hindsight, starting with slice timing correction and then performing realignment of the data 

might have been a better order in this research.  

In the coregistration of the pre-processing pipeline, SPMs software aligned the anatomical and 

functional data, which was later warped to a standard MNI template during normalisation. An extra 

step that could have been performed in coregistration, is to manually set the origin to the anterior 

commissure in the structural data. The reason to place the origin in the anterior commissure, is that 

the in normalisation used MNI template has this as their origin. This was not performed and although 

results were visually checked for major misalignment, setting the origin manually could have 

improved the pre-processing of the fMRI data. 

4.2.2 General Linear Model and Statistical Analysis 

In addition to correcting for the timing difference between the start of the fMRI scans and the visual 

cues in the data collected in 2019-2021, another adjustment of the onsets in the model specifications 
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was considered. It was contemplated to not include the first few scans of each task and rest block, 

because there is a delay in the participant's response to the cue to switch blocks. As a result, the 

patient does not perform the given task at the start of a block yet. However, SPM already takes a 

transition time between blocks into account, so the plan to adjust this myself was put aside. 

The GLM was used for a whole-brain analysis, instead of using a mask to focus on regions of interest, 

even though there was a hypothesis of the involvement of the cerebello-thalamo-corctical circuit. 

There are a couple of reasons to apply a mask in the analysis. One of them being that a reduction in 

the amount of data to be analysed, results in a computationally less demanding, thus faster, analysis. 

In the current analysis, estimating the GLM was a relatively quick step, therefore this was no incentive 

to apply a mask. Another consideration is that since fewer voxels are analysed, there is a smaller 

chance to find false positives. However, if a mask is applied, brain activity outside of these areas will 

inherently be missed. Since this was the first fMRI research of tremor in CIDP patients, it was 

desirable to also detect possible brain activity outside of the cerebello-thalamo-cortical circuit, 

therefore no mask was applied. 

The patterns of brain activity were computed by testing per voxel whether it showed more activity 

during a task block than in the rest block. Because this involves many comparisons, it is desirable to 

correct for multiple testing. Consequently, at first the t-test were performed with a FWE-corrected p-

value < 0.05. As foreseen, this resulted in no detected clusters of brain activity in three out of four 

within-group analyses in the first-level analysis. Because the sample size was somewhat limited, the t-

tests were also performed with an uncorrected p-value < 0.001, which led to the detection of dozens 

of clusters. However, it should be kept in mind that in uncorrected testing, you will detect voxels that 

are false positives. It was decided to apply a cut-off size of 10 voxels in the uncorrected tests and only 

analyse larger clusters, because it was reasoned that smaller clusters were likely false positive 

findings. This cut-off value was not applied in the FWE-corrected tests, since more critical testing was 

performed here reducing the chance of a type I error. 

In the group analyses, one participant was analysed in a different group than was determined at 

inclusion. This participant was moved from the tremor group to the control group, because there was 

no tremor present during the measurement. Furthermore, the participant whose fMRI data could not 

be found was also a tremor patient, which explains the unequal number of subjects in the subgroups. 

As a result, the groups in the analysis were no longer matched 1:1. An alternative approach would 

have been to remove both the tremor patient and the matched control from the analysis. The 

matching was not fully as planned throughout all analyses, because sometimes a run was not 

measured in a participant while it was available from the matched participant. In addition, an error 

occurred in the processing of one run, which is why this measurement was also removed from the 

analysis. Regarding the patient who was moved from the tremor to the control group, it could be 

attempted in future measurements to match two new tremor patient to this patients who was 

originally included in the tremor group and their matched control participant. Concerning the missing 

runs, it could be considered to also remove the corresponding measurement from the other 

subgroup from the analysis to improve the matching of the subgroups, with the disadvantage of 

reducing the amount of data for the analysis. 
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4.3 Limitations and further Research 

4.3.1 EMG  

An original goal of my thesis that was not achieved, was to add a regressor of EMG data to the 

analysis. Including EMG data in future research is of importance for multiple reasons.  

First of all, it allows to separate muscle activity due to tremor from other muscle activity, so that 

solely the tremor activity can be added as a regressor to the GLM to investigate brain activity related 

to the tremor. In the current study, this would be especially valuable for the analysis of the dynamic 

task, because in this task voluntary movement activity was definitely present. Another advantage of 

adding a regressor of the EMG data to the GLM, is that the severity of tremor activity (measured with 

the EMG electrodes) would be incorporated into the analysis, via the weight factors of the GLM. 

Furthermore, the EMG data could help with qualifying tremor type and hence with deciding what 

data to include in analyses, and maybe even subgroup allocation. Currently, there was some doubt 

about the exact tremor activation condition of included patients at time of the measurement. 

Although all patients had a tremor registration at inclusion to determine this, which showed both 

postural and intentional tremor in the majority of patients, the tremor during EMG-fMRI acquisition 

might have been different. As a result, tremor activity in the static or dynamic motor task might have 

been limited, when in the analysis it was assumed to be present. Additionally, some patients suffered 

from resting tremor, which means that the assumption of the block design of no activity in the rest 

blocks was not met. Consequently, tremor activity in the static and dynamic blocks might have been 

under recognised, since this is computed by comparing the brain activity during a task block with the 

brain activity during rest blocks. Since the severity, or even presence, of the resting tremor was not 

clear, it was decided to not exclude those patients. In future research, the EMG data could be used to 

confirm the tremor type at time of fMRI collection. 

In addition to a small variety in activation condition of the tremor among participants, there was also 

heterogeneity in tremor type. Some patients suffered from tremor, others from myoclonus or a 

combination of tremor and myoclonus, and in some it was not clear. It would be beneficial to clarify 

the tremor type of the individual participants prior to a future analysis, possibly with the assistance of 

the EMG data. If tremor type of each participant is clear, they could be analysed in different 

subgroups which would help with generalising the results to CIDP patients with either myoclonus or 

tremor.  

Another use of EMG would be to check if the tasks were performed with both hands in all 

measurements. In the data collected in 2025, all participants performed tasks with both hands, and 

this is also true for a part of the previously collected data. However, there are reasons to question if 

this was the case in all measurements, since reports from previous students do mention performing 

the tasks with the right arm only. In this thesis, clusters of brain activity were mainly detected in the 

right side of the cerebellum, which makes unilateral execution of the tasks more plausible.  

 

4.3.2 Dynamic Causal Model 

The other major direction for future research, besides adding the EMG data to the analysis, is to 

extend the analysis with a dynamic causal model (DCM). Currently, a GLM was used, in which every 

voxel is tested to see if it responds to a stimulus, in this case performing a motor task. As a result, 

brain regions are identified which are functionally connected to the performed task. In a DCM, the 

influence of different brain areas over one another is studied (79) and also afferent input is included, 

the so called effective connectivity.(80-82) This is of added value to the research, as information on 
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how signals propagate through different brain regions could help with the question if the additional 

brain activity detected in the tremor group is the cause of tremor in these patients, or a reflection of 

the tremor.  

 

4.4 Clinical Relevance 

The results suggests that the cerebello-thalamo-cortical circuit is involved in tremor in CIDP patients, 

which could give direction to the search for an effective therapy. Currently, tremor in these patients 

does not respond well to therapy (12), and no guidelines exist yet. Among the participants of this 

research, one patient used propranolol to suppress tremor, which is the drug of choice for the 

treatment of essential tremor (83).  

In case the central nervous system is involved in CIDP, DBS could be considered for CIDP patients with 

severe tremor. DBS of the ventral intermediate nucleus of the thalamus (12, 34, 38) and posterior 

subthalamic area (40) had an effect on tremor in neuropathy patients, although there is a high 

tolerance risk to the therapy (37). However, the results of this research do not support DBS therapy in 

CIDP patients, because no activity was found in any of the previously researched targets in DBS. 

More research into an effective treatment for tremor in CIDP is necessary, for which based on the 

results of this thesis, a central mechanism of action should be considered. 
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5 Conclusion 
In this thesis, a potential central pathophysiology of tremor in CIDP patients was investigated. The 

research was focussed on the cerebello-thalamo-cortical circuit, which plays an important role in 

motor control and has shown to be involved in the maintenance, and possibly generation, of tremor 

in other tremor disorders. A fMRI study with a block design was performed, in which brain activity in 

a static motor task, inducing postural tremor, and a dynamic motor task, inducing intentional tremor, 

were compared to blocks of rest when no tremor was present. 

The between-group results of both tasks suggest that there is more brain activity in the cerebello-

thalamo-cortical circuit in CIDP patients who suffer from tremor in comparison to CIDP patients 

without tremor. The clusters of extra activity were located in cortical and cerebellar areas, but no 

activity in the thalamus was found in any of the analyses.  

A methodological limitation of this research is that the results of the dynamic task may be influenced 

by a difference in brain activity due to the voluntary tremorlike movement, and therefore cannot be 

attributed with certainty to tremor activity. Moreover, the heterogeneity of the tremor group limits 

the generalizability of the results, which could possibly be improved in future analyses.  

Further research is necessary to first of all add the simultaneously recorded EMG data as a regressor 

to the analysis. This allows to separate the brain activity related to tremor from activity resulting from 

voluntary movement, and enables including the severity of tremor in the fMRI-analysis.  

Furthermore, the current GLM analysis could be extended with a DCM, to give insight into if this 

hyperactivity in the cerebello-thalamo-cortical circuit in CIDP patients with tremor is the cause of  

tremor, maintaining it, or is a reflection of the tremor of the upper limbs.  
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Appendices 
Appendix A: FARM Algorithm 
A.1 Reasons to use FARM for EMG-fMRI data 

In addition to being able to process multi slice data, there are two other reasons why the Robust 

EMG-fMRI artifact reduction for motion (FARM) is suitable for removing the MR artifact from the 

EMG data. One of them being that the algorithm has been developed for EMG data. Commonly, EEG-

fMRI techniques are used which focus on artifact removement below 50Hz, since most important EEG 

frequencies are below this threshold (1, 2). These techniques are translatable to EMG-fMRI data to 

some extent, as similar artifacts are present in EEG and EMG data collected in MR environment. 

However, EMG content ranges up to approximately 250Hz (26) so artifact removement in higher 

frequencies is desired too. For artifact removement at these higher frequencies, synchronization 

between the EMG amplifier and the MRI scanner is critical and the FARM algorithm focusses on this 

(4).  

Furthermore, FARM can remove the MR artifact while movement is performed. In a static situation, 

the MR artifact is generated by interaction between the gradient of the MRI scanner and electrodes 

used for recording EMG. The total artifact can be divided in an artifact which repeats every fMRI 

volume, and one that is related to every acquired slice. When movements are performed while 

scanning, the shape of the artifact changes due to movement of the electrodes within the magnetic 

field. In a static task, the artifact has a periodicity which enables artifact removement based on a 

template of the artifact. As a result of movement the shape of the artifact changes unpredictably, 

requiring a more complex approach.(4) 

A.2 Steps of the FARM algorithm 

In the FARM workflow, pre- and post processing are performed prior to and after the actual FARM 

algorithm. All steps are performed in Matlab, and the EEGLAB toolset was used to load in the data. 

The pre-processing consists of multiple parts, of which the first is to constructs bipolar EMG from 

monopolar channels. The data in this project was acquired with bipolar electrodes, so this step was 

unnecessary. Next, the data is high-pass filtered above 30Hz, to remove the artifact due to motion. 

While recording the EMG-fMRI data, triggers for the start of each volume were stored into the EMG 

data. Additionally, there are artifacts related to each slice too. To remove these, the algorithm inserts 

slice-onset markers into the EMG data. Simultaneously, it generates estimates for the duration of 

each slice. The final pre-processing step is to up-sample the data. 

Following pre-processing, FARM was applied to the remaining signal. In the FARM method, three 

operations are performed to remove the MR artifact. Firstly, the slice markers inserted in pre-

processing are optimized to improve slice-alignment. Secondly, volume-artifact correction is 

performed. Since volume and slice artifacts partly overlap, removing volume-artifact influences the 

concurrent slice-artifact. To correct for this, the affected slice-artifact was substituted with periods of 

raw data. Thirdly, slice-templated were formed and subtracted from the signal using a relatively large 

sliding window of 50 slice-segments from which slice-artifacts with highest correlation were selected. 

The FARM method was ended with post-processing of the signal which entailed down-sampling and a 

250Hz low-pass filter. 
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A.3 EMG Pre-processing 

Getting acquainted with the data and the FARM code, and making the code run was challenging. 

During the EMG-fMRI measurement, EMG was recorded from four muscles and additionally ground 

electrodes were applied. Furthermore, a trigger channel with information when the fMRI scans were 

obtained, was expected. However, the EMG data set of many participants consisted of more channels 

than expected. Possibly, the accelerometry data, which was recorded along with EMG-fMRI in 2019-

2021, was included in the EMG data set too. This will need to be explored in more depth in the 

future. Another observation in the EMG data was that there were more triggers per run present than 

acquired scan volumes. First, there were 696 consecutive triggers, followed by approximately 40 

more triggers after a short break. No explanation of the additional triggers has been found, but it is 

thought that these can be ignored and that the EMG of the first 696 triggers corresponds to the fMRI 

data. After the data was loaded into EEGLAB, a start with the FARM algorithm was made. Slice 

triggers were added to the data, but subsequent steps were not accomplished due to time restriction.  
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Appendix B: Current Methods for a combined EMG-fMRI Analysis in 
Patients with Tremor of the upper Limb (Literature study TM30001) 
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Appendix C: Available Data per Participant 
Participant EMG data fMRI data 

D1 D2 S1 S2 D1 D2 S1 S2 

Tremor group 

T1 x x x x x x x x 

T2 x  x  x  x  

T3 x x x  x x x  

T4 x x x x x x x x 

T5 x x x x x x x x 

T6 x x x  x x x  

T7 x  x  x  x  

T8 x x x x x x x x 

T9 x x x x x x x x 

Tx* x x x x     

Control group 

C1 x x x x x x x x 

C2 x x x x x x x x 

C3 x x x x x x x x 

C4 x  x  x  x  

C5 x    x    

C6 x x x x x x x x 

C7 x x x x x x x x 

C8 x x** x x x x x x 

C9     x x x x 

C10 x x x x x x x x 

C11 x x x x x x x x 

C12 x x x x x x x x 

D1: Dynamic motor task run 1; D2: Dynamic motor task run 2; S1: Static motor task run 1; S2: Static 

motor task run 2; Tx*: excluded due to no fMRI data; ** error in pre-processing, not included in GLM 

x indicates that data is available 
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Appendix D: Second-Level-Analysis uncorrected p < 0.001 
D.1 Static motor task 

D.1.1 Static task within tremor group 
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D.1.2 Static task within control group 
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D.1.3 Comparison tremor and control group static task 
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D.2 Dynamic motor task 

D.2.1 Dynamic task within tremor group 
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D.2.2 Dynamic task within control group 
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D.2.3 Comparison tremor and control group dynamic task 
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