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A B S T R A C T   

Magnetic resonance-guided focused ultrasound (MRgFUS) lesioning of the ventralis intermedius nucleus (VIM) 
has shown promise in treating drug-refractory essential tremor (ET). It remains unknown whether focal VIM 
lesions by MRgFUS have broader restorative effects on information flow within the whole-brain network of ET 
patients. We applied an information-theoretical approach based on intrinsic ignition and the concept of transfer 
entropy (TE) to assess the spatiotemporal dynamics after VIM-MRgFUS. Eighteen ET patients (mean age 71.44 
years) underwent repeated 3T resting-state functional magnetic resonance imaging combined with Clinical 
Rating Scale for Tremor (CRST) assessments one day before (T0) and one month (T1) and six months (T2) post- 
MRgFUS, respectively. We observed increased whole brain ignition-driven mean integration (IDMI) at T1 (p <
0.05), along with trend increases at T2. Further, constraining to motor network nodes, we identified significant 
increases in information-broadcasting (bilateral supplementary motor area (SMA) and left cerebellar lobule III) 
and information-receiving (right precentral gyrus) at T1. Remarkably, increased information-broadcasting in 
bilateral SMA was correlated with relative improvement of the CRST in the treated hand. In addition, causal TE- 
based effective connectivity (EC) at T1 showed an increase from right SMA to left cerebellar lobule crus II and 
from left cerebellar lobule III to right thalamus. In conclusion, results suggest a change in information trans
mission capacity in ET after MRgFUS and a shift towards a more integrated functional state with increased levels 
of global and directional information flow.   

1. Introduction 

Essential tremor (ET) is a common tremor cause, with a prevalence of 
0.4–3.9% [1–3]. Patients exhibit postural tremor with frequencies of 
4–12 Hz [4,5], occurring predominantly in upper limbs [6] and 
impairing the health-related quality of life [7]. Deep brain stimulation 
(DBS) of the ventral intermediate nucleus (VIM), which resembles the 
inferior aspect of the ventroposterolateral thalamus [8], represents a 
therapeutic alternative for drug-refractory ET. The VIM receives 

cerebellar fibres via the cerebello-thalamo-cortical tract (CTCT) [9] and 
projects fibres to primary motor cortex (M1) [10,11] and minorly to 
supplementary motor area (SMA) [11], pre-SMA and premotor cortex 
[12]. Magnetic resonance guided focused ultrasound (MRgFUS) has 
emerged as an alternative stereotactic modality for VIM-lesioning [13, 
14]. MRgFUS creates a focal brain lesion applying thermal ablation via 
ultrasound [15]. Since no ferromagnetic material is implanted, 
post-interventional magnetic resonance imaging (MRI) measurements 
are less constrained than with DBS. 

ET is characterized by neurodegeneration affecting the cerebellum in 
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terms of morphometric changes and loss of Purkinje cells [16–18], as 
well as decrease in the number of GABAergic receptors in the dentate 
nucleus [19]. This results in a dysregulation of the 
cerebello-thalamo-cortical network in ET patients compared to healthy 
individuals [20–23]. More specifically, ET is driven by an oscillating 
network, in which inferior olive, cerebellum, thalamus, M1, SMA and 
premotor cortex interact dynamically [24,25]. Synchronized oscillations 
at tremor frequency were observed between M1, premotor cortex, 
thalamus, cerebellum, and brainstem [26,27], and there is also evidence 
for a coupling of M1 and muscle activity [23–25]. This dysregulation is 
also reflected by decreased functional connectivity (FC) of primary 
sensorimotor cortex with lobules of the contralateral cerebellum, as well 
as increased FC of bilateral thalami with posterior cerebellar regions and 
vermis [22]. Again, these alterations can be linked with clinical symp
tomatology: Tremor severity correlates with decreased FC among 
cortical and cerebellar regions [22,25,28] while FC between SMA and 
M1 correlates negatively with tremor score, underlining the participa
tion of the SMA in the oscillating tremor network [29]. Meanwhile, 
tremor severity has been shown to correlate with increased FC between 
right cerebellar lobules I-IV and left thalamus [25], and between 
pre-SMA and thalamus [30]. In conclusion, pathological synchronized 
oscillations [24] and altered FC states [22] play distinctive roles in ET 
pathophysiology. 

‘Information theoretical analysis’ has been widely applied in 
neuroscience [31,32] to measure neural responses considering infor
mation quantity [31]. It assesses changes in information exchange in a 
network characterized by deviations of oscillations [33], local field 
potentials and spike trains [31]. Resting state functional MRI (rsfMRI) 
provides an opportunity to assess whole-brain functional dynamics [34]. 
Deco and Kringelbach introduced the concept of the intrinsic ignition 
framework to conclude on a network’s integration [35]. Intrinsic igni
tion allows to capture propagation of brain activity and its fluctuations 
[35]. Efficacy in complex networks is higher, the more dynamic the flow 
between segregated (specialized and autonomous areas) and integrated 
(elevated levels of information flow) network states is [36]. Transfer 
entropy (TE) quantifies information transfer [37]. High TE values are 
associated with more integrated network states [38]. TE measures how 
time series of neuronal activity in one node forecast the future time 
series of neuronal activity in another node [37,39,40]. Interhemispheric 
FC and TE are disrupted in altered brain networks [41]. Effective con
nectivity (EC) represents the influence of one brain region on another in 
terms of causal dynamics and neural coupling [42]. TE-based EC allows 
quantification of nonlinear interactions of information transmission 
between brain regions [43]. 

Recently, we observed structural and functional alterations along the 

CTCT using task-fMRI and diffusion tensor imaging (DTI) in ET patients 
undergoing VIM-MRgFUS [44]. In this study we extend our analysis to 
global information flow. We hypothesize that unilateral VIM-MRgFUS, 
by disrupting the dominant oscillatory network activity in the CTCT, 
improves the capacity of information transmission at the whole brain 
level and leads to a more integrated network state. Additionally, we 
hypothesize that decrease in tremor post-MRgFUS associates with in
crease in information flow at the motor network level. 

2. Materials and methods 

2.1. Participants 

26 ET patients undergoing MRgFUS treatment at the University 
Hospital in Bonn got included. Inclusion criteria comprised age above 18 
years and a medication-refractory diagnosis of ET [45]. Patients with 
head tremor, structural brain changes, history of head injuries or 
movement disorders other than ET were excluded. Every patient pro
vided written informed consent before enrolment. The study was con
ducted according to the Declaration of Helsinki. Ethical approval was 
given by the ethics committee of the University Hospital Bonn (Nr. 
207/06). 

2.2. Clinical assessment 

We examined the clinical rating scale for tremor (CRST) according to 
Fahn and Tolosa [46] that is widely applied as a score in clinical 
assessment of ET [47]. The CRST consists of three subscales (A, B and C), 
each rating a different dimension of the tremor severity. Subscale A 
quantifies tremor severity in terms of a resting, posture holding and 
action component for nine parts of the body, divided to left and right. 
Subscale B relates to the action tremor of the upper extremities in form 
of the ability to draw, write and pour water into a cup, also divided to 
left and right (handwriting only with dominant hand). The third sub
scale, subscale C, evaluates the by the patient subjectively perceived 
impact of the current tremor on daily activities (getting dressed, 
bringing liquids to the mouth, speaking etc.). We considered part B and 
isolated the subscore of upper extremity tremor rating of part A to create 
a modified CRST-subscale (“AB subscale”) consisting of 7 items resulting 
in a maximum of 28 points. The score was calculated for treated and 
non-treated side separately. 

2.3. MRgFUS intervention 

Patients underwent pre-interventional head CT scanning to deter
mine feasibility of MRgFUS according to the skull density ratio. During 
intervention, patients received focal MRgFUS lesioning of the ventralis 
intermedius nucleus (VIM) of the corresponding tremor-dominant hand 
(14 right-dominant tremor, 4 left-dominant tremor). Thermal ablation 
(ExAblate Neuro 4000, Insightec) was used to create a lesion in the VIM 
using ultrasound waves as described previously [44]. Before the final 
lesion was placed, the sonification first induced reversible test lesions. 
After clinical assessment of the change in the patient’s tremor by a 
neurologist, coordinates were readjusted to the best possible outcome. 
MRgFUS inclusion criteria are detailed in German Clinical Trials registry 
(DRKS00016695). 

2.4. MRI procedures 

2.4.1. Acquisition 
ET patients underwent MRI examinations at three time points (T0, 

T1 and T2) at the Clinic for Neuroradiology at the University Hospital 
Bonn. RsfMRI data was acquired axially with a 3T MRI-scanner and an 
eight channel head neck spikes arrays coils. The images were acquired as 
following: Voxel size: 3.59 × 3.59 × 3.59 mm3, repetition time (TR): 
2.595 s, echo time (TE): 5.5001 ms, flip angle: 90◦, no gap. Each scan 

Abbreviations 

CRST Clinical Rating Scale for Tremor 
CTCT Cerebello-thalamo-cortical tract 
EC Effective connectivity 
ET Essential tremor 
IC Independent component 
IDMI Ignition-driven mean integration 
FC Functional connectivity 
M1 Primary motor cortex 
MRI Magnetic resonance imaging 
MRgFUS Magnetic resonance guided focused ultrasound 
ROI Region of interest 
RsfMRI Resting state functional MRI 
SMA Supplementary motor area 
TE Transfer entropy 
VIM Ventralis intermedius nucleus  
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produced 250 rsfMRI images in a scan duration of 10.81 min. In
dividuals were told to close their eyes without focusing on particular 
thoughts and without falling asleep. Structural data was acquired using 
a Magnetization Prepared-Rapid Gradient Echo (MPRAGE) 3D T1- 
weighted sequence with the parameters: voxel size: 1 × 1 × 1 mmm3, 
matrix size 256 × 256 mm, repetition time (TR): 7.293 ms, echo time 
(TE): 3.93 ms, flip angle (FA): 15◦ and scan duration: 4:39 min. 

2.4.2. Imaging data analysis 

2.4.2.1. Preprocessing. Data was pre-processed using the FEAT software 
included in FSL toolbox (FMRIB Software Library; https://fsl.fmrib.ox. 
ac.uk/fsl/fslwiki/FEAT). Pre-processing included skull striping, motion 
correction, high pass temporal filtering (0.01 Hz) and spatial smoothing 
(7 mm). In addition, independent component analysis (ICA) option was 
turned on in order to create individual independent components (ICs). 
These ICs were labelled for signal and noise components in a small 
sample of 10 subjects. ICA-based denoising (ICA fix, manual labelling) 
and registration to the T1-weighted anatomical image was conducted. 
Data got excluded due to motion artefacts at a threshold of >0.5 mm 
mean framewise displacement. For analysis purposes, the data of the 
patients with MRgFUS of the right VIM, was flipped. Automated 
Anatomical Labeling version 2 [48] was registered on the average brain 
mask for parcellation and time course extraction, i.e., to define brain 
nodes for information flow analysis. Time courses were extracted from 
116 brain regions of interests (ROIs), were then brought to a 116 × 116 
weighted correlation matrix and got processed afterwards. 

2.4.2.2. Information theoretical analysis 
2.4.2.2.1. Ignition-driven mean integration (IDMI). Intrinsic ignition 

is a measure to quantify the level of the brain’s activity propagation and 
integration elicited by spontaneously occurring intrinsic endogenous 

events in the brain regions [49]. To characterize intrinsic ignition, first 
the intrinsic driving events were extracted for each timepoint from all 
116 brain regions. Thereafter, the network integration elicited by each 
of the endogenous events was calculated. Prior to event extraction, each 
BOLD signal was narrow band pass filtered (0.04–0.07 Hz) to evaluate 
the synchrony, as this frequency band captures more relevant informa
tion in terms of brain function [50]. In addition, selection of such narrow 
filter was based on the prominence of brain activity related to sensori
motor function in regions like thalamus [51]. The intrinsic events were 
defined for every brain region characterized by large fluctuations in the 
BOLD signal. To this end, the measured BOLD-activity was binarized at a 
threshold (event threshold) by applying z-scores at time t (z(t)) [35]. An 
event occurs at a node when the BOLD activity z (t) surpasses a threshold 
of θ = 1.5 of standard deviation at every given brain region. The BOLD 
signal is considered 1 if z (t) is higher than the calculated threshold and 
is considered to be 0 if z (t) is lower than the calculated threshold [52] 
giving rise to a binarized phase locking matrix. The mean event 
threshold in consequence is calculated conditionally on the present level 
of ignition events. As soon as an event in a brain region reaches above 
the threshold, the effect of the triggering event on the integration in the 
global network is measured over a time window of t → t + 4 TR (for 
visual display, please see Fig. 1A). The network integration was 
computed through a phase-based FC matrix. Instead of Pearson’s cor
relation, FC is calculated using the phase-locking values between two 
BOLD signals in order to avoid errors of computing correlation over 
short windows [55]. 

For this, the instantaneous phases φk(t) were computed using the 
Hilbert transform for each BOLD signal individually [50]. This yields the 
associated analytical signal which represents a narrow band signal s(t) 
in the time domain as a rotating vector with an instantaneous phase φ(t)
and an instantaneous amplitude, A(t). That is, s(t) = A(t)cos(φ(t)). Given 
the instantaneous phases φj(t) and φk(t) of two brain regions, the 

Fig. 1. Computational methods: A) shows the ignition driven mean integration calculation from time series extraction to integration value calculation; B) shows the 
transfer entropy analysis pipeline that leads to model free effective connectivity between the different brain regions. Z(t) = values of event in fisher’s z; SD = standard 
deviation; TE = transfer entropy. 
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pairwise synchronization Pjk(t) was defined as the cosine similarity of 
the two phases expressed as: 

Pjk(t) = cos
( ⃒
⃒φj(t) − φk(t)

⃒
⃒
)

(1) 

P(t) is the phase-interaction matrix at a given time t, which repre
sents the instantaneous phase synchrony among the different brain re
gions (i.e., phase-based FC). Then, the integration value computed for 
each endogenous events, is thus calculated as area-under-the-curve for 
the largest subcomponent of the binarized FC matrix. These integration 
values of all spiking events across time are then averaged to calculate the 
global ignition-driven mean integration (IDMI). Ignition variability 
across time is able to classify brain regions in terms of functional vari
ability, i.e., metastability. It is measured as the variability of integration 
in terms of alterations in the intrinsic ignition (i.e., the standard devi
ation of the ignition-driven integration) [35]. 

2.4.2.2.2. Transfer entropy framework to assess dynamic brain infor
mation exchange. To characterize how endogenous neural activity alters 
the brain causal-effect or information exchange after interventional 
lesion created in the thalamus, we adopted the Renyi’s Transfer Entropy 
(TE) framework [53]. TE quantifies the amount of information transfer 
between pairs of brain regions and infers on causality of neural con
nections [37], based on the concept of transition probability (Fig. 1B). 
We have computed the transfer entropy using Renyi’s TE framework 
[53,54]. Considering two concurrently sampled BOLD time series (in 
ROIs), a source ROI X = {x1, x2, x3, …, xN}, and a target ROI Y = {y1, 
y2, y3, …, yN}, the TE(X→Y) is then estimated as the reduced amount of 
uncertainty in future signals of target ROI Y by knowing the past signals 
of source ROI X. This can be seen as observational causality (i.e., 
effective connectivity) or the flow of information from X to Y, for an 
interaction time u. The TE(X→Y) can be computed from conditional 
entropies expressed as follows: 

TE(X→Y) =
∑

yt ,ydy
t− 1 ,x

dx
t− u

p
(
yt, ydy

t− 1, xdx
t− u

)
log

(
p
(
yt
⃒
⃒ydy

t− 1, xdx
t− u

)

p
(
yt
⃒
⃒ydy

t− 1
)

)

(2) 

In this equation t represents the time points and u ∈ N is the inter
action delay between the source ROI X and the target variable ROI Y. 
The dx and dy are the signal block length of X and Y respectively and p(⋅) 
is the probability mass function [53]. The above equation can be 
expressed as a sum of Shannon entropies as follows: 

TE(X→Y) =HSE
(
ydy

t− 1, xdx
t− 1

)
− HSE

(
ytydy

t− 1, xdx
t− 1

)
+HSE

(
ytydy

t− 1
)
− HSE

(
ydy

t− 1
)

(3) 

Here HSE is the Shannon entropy. Afterwards, the Shannon entropy 
was generalised to Renyi’s α-order TE by avoiding the intermediate step 
of probability distribution estimation. Finally, using the kernel-based 
formulation of Renyi’s α-order entropy for joint and marginal proba
bility distributions, TE can be extracted from kernel matrices [53]. In 
this study, we considered α = 2 to be neutral to weight for the Renyi’s 
transfer entropy [54]. The TEα from X to Y expressed as: 

TE2 (X→Y) =H2

(
KYdy

t− 1
,KXdx

t− 1

)
− H2

(
Kyt KYdy

t− 1
,KXdx

t− 1

)
+H2

(
Kyt KYdy

t− 1

)

− H2

(
KYdy

t− 1

)
(4) 

Here H is the Shannon entropy and K is the kernel matrices, which 
holds element of ki,j = k(ai,aj), with kij(⋅,⋅) is a positive definite and 
infinitely divisible kernel function. The matrix Kyt ,ai ,aj are the value of 
BOLD time series Y at time i and j. Regarding the selection of parameters 
involved in the TE computation, the embedding delay τ was set to 1 
autocorrelation time (ACT) [43]. The embedding dimension d and the 
interaction delay u were set in an experiment-dependent fashion, after a 
heuristic search intended to maximize performance [53,54]. The resul
tant TE matrix (NxN matrix; N=ROIs) has an asymmetric nature and 
represents the causal interaction between brain regions. The asymmetric 
nature allows us to assess the role of brain regions in accordance to 
whole brain dynamics as nodal broadcaster (TE-Out) and receiver 

(TE-In). The broadcasting capacity of a region ‘i’ is calculated as the sum 
of all out-information flow exerted by region i on foreign brain areas, 
whereas the receiving or integration capacity of a region is calculated by 
the sum of information from the whole brain to individual node regions 
as follows: 

Broadcasting (TE − Out)=
∑N

j=1
TEij (5)  

Receiving (TE − In)=
∑N

j=1
TEji (6) 

Conceptually, broadcasting (TE-Out) represents the influence that 
one region i exerts over the whole network and receiving (TE-In) rep
resents how sensitive or influential a region is. 

2.5. Statistical analysis 

The clinical rating scale for tremor (CRST) was analysed using IBM 
SPSS 28 (SPSS Inc., Chicago, Illinois). To compare tremor scores in the 
treated and the non-treated hand at three timepoints, we created a 2 × 3 
repeated measures ANOVA with the factors treatment (treatment vs. no 
treatment) and time (T0, T1, and T2). If sphericity was not met, a 
correction of degrees of freedom according to Greenhouse-Geisser was 
carried out. 

To analyse information processing measures, we performed com
parisons pre-to-post intervention at whole brain level. We then looked at 
the motor network implemented by Buijink et al. (2015) [25] to assure 
the intervention’s effect on the motor network. That network included 
precentral gyrus; supplementary motor area (SMA); thalamus; cere
bellar lobule I–IV; cerebellar lobule V; cerebellar lobule VI; and cere
bellar lobule VIII, bilaterally [25]. We implemented pairwise 
comparisons in order to compare the groupwise and nodewise intrinsic 
ignition and TE T0 to T1, T0 to T2, and T1 to T2. Groupwise comparisons 
were corrected for multiple comparisons using Bonferroni’s method and 
significant results were reported at p < 0.017 (0.05/3). Nodewise (116 
nodes) comparisons of the intrinsic ignition and TE measures were 
corrected for the multiple comparisons using permutation-based method 
[55]. Results were reported at p < 0.05, after correcting for family-wise 
error. We also measured the effect sizes for comparisons and reported 
them respectively with the statistics. 

3. Results 

3.1. Participants 

Of the 26 included patients, four showed increased mean framewise 
displacement values, three problems in image acquisition, and one 
treatment failure. The final sample consisted of 18 patients (14 males, 4 
females; age 71.44 with a range of 32–88). 14 patients showed right- 
dominant, 4 left-dominant postural tremor. The side more severely 
affected was treated by MRgFUS of the contralateral ventralis inter
medius (VIM) nucleus (VIM-lesion left/right: 14/4). The onset of tremor 
occurred at the age of 43.56 years on average with a range of 8–71 years 
(duration of tremor symptoms at the day of intervention 27.89 years on 
average with a range of 4–58 years). 66.67% of the patients reported 
positive family history of tremor and 72.22% affirmed alcohol sensitive 
tremor reduction. Before intervention, the patients had received an 
average of 2.94 (in a range of 1–6) different medications to relieve 
tremor. Mean skull density ratio amounted to 0.46 (in a range of 
0.32–0.66). For detailed information on the clinical characteristics see 
Table 1. 

In all patients, tremor medications were stopped 1 week prior to 
MRgFUS treatment. 8 patients had no preexisting tremor medication in 
direct advance to the intervention, 5 patients were able to stop tremor 
medication post-MRgFUS, 4 patients reduced their dose of tremor 
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medication and only one patient needed consistent tremor medication 
post-MRgFUS compared to pre-MRgFUS. 

3.2. Clinical rating scale for tremor (CRST) 

For the factor time (T0, T1, and T2), a significant main effect in CRST 
was found [F(2, 16) = 71.69, p < 0.001, η2

p = 0.90]. For the factor 
treated hand/non-treated hand, a significant main effect was found [F(1, 
17) = 31.62, p < 0.001, η2

p = 0.65]. We also observed an interaction 
effect between time and treatment [F(1.503, 16) = 98.40, p < 0.001, η2

p 

= 0.85]. For the treated hand, Bonferroni corrected (0.05/9 = 0.005) 
post-hoc t-tests showed a significant difference between T0 and T1 (t 
(17) = 16.36, p < 0.001, d = 3.86) with a higher CRST at T0 (18.89 ±
4.34) than T1 (4.44± 2.36). The CRST in the treated hand also showed a 
significant difference between T0 and T2 (t(17) = 12.25, p < 0.001, d =
2.89) with a lower CRST at T2 (5.11± 3.79). No significant difference 
was found between T1 and T2 for the CRST of the treated side (t(17) =
− 0.86, p = 0.402, d = − 0.20). The CRST scores at T0 were not signifi
cantly different in the treated (18.89± 4.34) compared to the non- 
treated hand (16.11± 5.51), (t(17) = 2.92, p = 0.010, d = 0.69). At 
T1, a significantly lower tremor score for the treated hand (4.44± 2.36) 
compared to the non-treated hand (M = 15.50 ± 6.20) was observed (t 
(17) = − 8.25, p < 0.001, d = − 1.95) with a stable effect at T2 (treated 
hand: 5.11± 3.79; non-treated hand: 15.56± 6.70; t(17) = − 6.98, p <
0.001, d = − 1.65). Hence, in the treated hand, at T1 a significant 
reduction of the CRST score by 76.73 ± 11.35% compared to T0 was 
found. The tremor score in the treated hand at T2 compared to the T0 
remained significantly reduced by 72.99 ± 18.64%. In the non-treated 
hand, there was no significant change in the CRST score post-MRgFUS 
(T1 vs. T0: t(17) = - 0.78, p = 0.444, d = − 0.18; T2 vs. T0: t(17) =
− 0.62, p = 0.546, d = − 0.14; T2 vs. T1: t(17) = 0.07, p = 0.942, d =
0.02). Display of the clinical results can be found in Table 1 and Fig. 2. 

3.3. Information theoretical analysis 

3.3.1. Ignition-driven mean integration (IDMI) 
Mean event threshold significantly increased at T1 (t(17) = 2.97, p =

0.009, d = 0.70) but was no longer significantly elevated at T2 (t(17) =
0.66, p = 0.52, d = 0.15) in comparison to T0. Similarly, compared to 
T0, mean IDMI values showed a significant increase on a global level at 
T1 (t(17) = 3.34, p = 0.004, d = 0.75), while no significant difference 
was observed at T2 (t(17) = 1.47, p = 0.16, d = 0.35). There were no 
significant differences between T2 and T1 (t(17) = 1.09, p = 0.29, d =
0.26) in mean IDMI (Fig. 3A, left side). In Fig. 3A (right side) the 
nodewise course of IDMI at T0, T1 and T2 is represented. Over all nodes 
IDMI values rise at T1 in comparison to T0 values. In the nodewise 
comparisons, we found a significant (p < 0.05) increase in IDMI 
comparing T1 to T0 in brain regions including those belonging to the 

tremor related motor network (see Table 2, Fig. 3B). At T2 IDMI values 
compared to T0 remained significantly increased in left (t(17) = 3.25, p 
= 0.027, d = 0.77) and right (t(17) = 3.19, p = 0.031, d = 0.75) ol
factory cortex (Fig. 3C). Constraining the analysis to the nodes of the 
motor network, significant increases were observed at T1 in the right 
supplementary motor area (SMA) (t(17) = 3.13, p = 0.046, d = 0.74), 
left (t(17) = 4.50, p = 0.005, d = 1.06) and right thalamus (t(17) = 4.58, 
p = 0.004, d = 1.08), left cerebellum lobule crus II (t(17) = 3.10, p =
0.049, d = 0.73), right cerebellum lobule IV/V (t(17) = 3.30, p = 0.036, 
d = 0.78), right cerebellum lobule VIII (t(17) = 3.24, p = 0.038, d =
0.76) and vermis lobule IV/V (t(17) = 3.34, p = 0.034, d = 0.79) (see 
Fig. 3D). At T2 compared to T0, IDMI values showed no significant 
difference (small effect sizes) within the motor network related nodes. 

3.3.2. Transfer entropy (TE-In and TE-Out) 
TE-In averaged over the whole brain showed a trend (t(17) = 2.05, p 

= 0.056, d = 0.48) at T1 compared to T0. No significant changes were 
found in TE-In at the node level in whole brain analysis. While looking at 
the motor network nodes, we found a significant increase in TE-In in the 
right precentral gyrus (t(17) = 4.48, p = 0.003, d = 1.06) as well as 
trends in the right SMA (t(17) = 2.85, p = 0.058, d = 0.67) and the left 
cerebellum lobule crus II (t(17) = 2.78, p = 0.065, d = 0.66) for T1 
compared to T0 (Fig. 4B). 

TE-Out averaged over the whole brain also showed a trend (t(17) =
2.05, p = 0.056, d = 0.48) at T1 compared to T0. No significant changes 
were found in TE-Out at the node level in whole brain analysis. Limiting 
the analysis to motor network nodes reported significant (p < 0.05) 
increases in TE-Out for T1 compared to T0 in left (t(17) = 3.11, p =
0.031, d = 0.73) and right (t(17) = 3.06, p = 0.034, d = 0.72) supple
mentary motor area (SMA), left cerebellum lobule III (t(17) = 3.04, p =
0.036, d = 0.71) as well as trends in left thalamus (t(17) = 2.82, p =
0.053, d = 0.66) and right cerebellum lobule III (t(17) = 2.67, p = 0.068, 
d = 0.63) (Fig. 4C). 

3.3.3. Transfer entropy based effective connectivity 
Different patterns of effective connectivity (EC) could be identified at 

T0, T1 and T2 (Fig. 4A). Due to the large number of multiple compari
sons, we found no significant changes in EC at the whole brain level. In 
the motor network we observed significantly (p < 0.05) increased EC at 
T1 from right supplementary motor area (SMA) to left cerebellum lobule 
crus II (t(17) = 4.62, p = 0.037, d = 1.09) as well as from left cerebellum 
lobule III to right thalamus (t(17) = 4.56, p = 0.041, d = 1.07) (Fig. 4D). 
Applying an effect size approach using Cohen’s d and limiting it to larger 

Table 1 
Demographic and clinical characteristics.  

Measures Median (Range) 

Age (Years) 75 (32–88) 
Onset (Age) 47 (8–71) 
Duration (Years) 26 (4–58) 
Skull Density Ratio 0.48 (0.32–0.66) 
CRST (T0) 

Mean ± SD 
Treated hand 18.89 ± 4.34 
Non treated hand 16.11 ± 5.51 

CRST (T1) 
Mean ± SD 

Treated hand 4.44 ± 2.36 
Non treated hand 15.50 ± 6.20 

CRST (T2) 
Mean ± SD 

Treated hand 5.11 ± 3.79 
Non treated hand 15.56 ± 6.70 

Presentation in form of median and range for demographic data. Presentation in 
form of mean and standard deviation for clinical scores. CRST = Clinical Rating 
Scale for Tremor; T0 = pre-MRgFUS; T1 = 1-month post-MRgFUS; T2 = 6- 
months post-MRgFUS; SD = standard deviation. Fig. 2. Visualisation of the tremor-subscore AB of the upper extremity at pre- 

MRgFUS (T0), 1-month post-MRgFUS (T1) and 6-months post-MRgFUS (T2) 
for the treated (blue) and non-treated (green) hand. The error bars display the 
95% confidence interval of the CRST average of the 18 included patients. 
MRgFUS: magnetic resonance guided focused ultrasound, CRST: clinical rating 
scale of tremor. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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effects (d > 0.80) showed an additional increase in Transfer Entropy 
(TE) based EC from left thalamus to left precentral gyrus (d = 0.86), as 
well as among other motor network areas at T1 (Supplementary Table 1; 
Supplementary Fig. 1). We did not observe significant changes in EC at 
T2 compared to T0 in the motor network. Applying an effect size 

approach using Cohen’s d we observed a medium effect size for the EC in 
the motor network for the comparison between T2 and T0 (Supple
mentary Table 2; Supplementary Fig. 2). 

Fig. 3. Intrinsic ignition results: A) Left side: Mean of the global ignition-driven mean integration (IDMI) for the group average and IDMI according to regional 
distribution at all three timepoints (pre-MRgFUS (T0), 1-month post-MRgFUS (T1) and 6-months post-MRgFUS (T2)) and mean value of the global IDMI for every 
single subject (grey). Right side: Increase over all nodes in IDMI 1-month post-MRgFUS (blue) compared to pre-MRgFUS (black). IDMI values decrease over all 116 
nodes 6-months post-MRgFUS (red) compared to 1-month post-MRgFUS but do not revert to pre-interventional state; B) Significant increase (p < 0.05) in IDMI 1- 
month post-MRgFUS compared to pre-MRgFUS considering all global nodes. C): Significant increase (p < 0.05) in IDMI 6-months post-MRgFUS compared to pre- 
MRgFUS considering all global nodes. D) Significant increase (p < 0.05) in IDMI 1-month post-MRgFUS considering only nodes that participate in the motor 
network. 6-months post-MRgFUS no nodes remain significantly increased compared to the pre-MRgFUS state when only considering nodes that are part of the motor 
network which is why display of this comparison is not included. MRgFUS: magnetic resonance guided focused ultrasound, and L: left, R: right hemispheres. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Nodewise IDMI changes at 1-month post compared to Pre-MRgFUS in whole-brain analysis.  

AAL regions Anatomical Region Side MNI coordinates (mm) t-value p-value Effect size 

X Y Z Cohen’s d 

3 Dorsal superior frontal gyrus Left − 18.45 34.81 42.20 4.96 0.006 1.17 
4 Dorsal superior frontal gyrus Right 21.90 31.12 43.82 3.97 0.030 0.93 
21 Olfactory Cortex Left − 8.06 15.05 − 11.46 4.10 0.025 0.97 
35 Posterior cingulate gyrus Left − 4.85 − 42.92 24.67 3.80 0.038 0.89 
36 Posterior cingulate gyrus Right 7.44 − 41.81 21.87 3.72 0.043 0.87 
51 Middle occipital gyrus Left − 32.39 − 80.73 16.11 3.92 0.033 0.92 
55 Fusiform gyrus Left − 31.16 − 40.03 − 20.23 3.99 0.029 0.94 
57 Postcentral gyrus Left − 42.46 − 22.63 48.92 3.61 0.049 0.85 
68 Precuneous Right 9.98 − 56.05 43.77 3.85 0.035 0.91 
69 Paracentral Lobule Left − 7.63 − 25.36 70.07 3.86 0.035 0.91 
70 Paracentral Lobule Right 7.48 − 31.59 68.09 3.91 0.033 0.92 
72 Caudate Right 14.84 12.07 8.09 3.91 0.033 0.92 
77 Thalamus Left − 10.85 − 17.56 7.98 4.50 0.013 1.06 
78 Thalamus Right 13.00 − 18.00 8.09 4.58 0.012 1.08 
100 Cerebellum lobule VI Right 24.69 − 58.32 − 23.65 3.90 0.033 0.92 
101 Cerebellum lobule VII Left − 32.36 − 59.82 − 45.45 3.81 0.037 0.90 

Nodes that show significant (p < 0.05) increases in IDMI when considering all nodes at whole brain level. Left: left hemisphere, Right: right hemisphere, AAL: 
Automated Anatomical Labeling, MNI: Montreal Neurological Institute. 
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3.3.4. Clinico-radiological correlations 
The relative reduction in the clinical rating scale (CRST) subscore AB 

for the treated arm showed a correlation with relative increase in 
regional Transfer Entropy Out (TE-Out) T1 vs. T0: A negative correlation 
between the extent of reduction in the CRST in the treated arm and TE- 
Out values in the left (r = − 0.52, p = 0.026) and the right (r = − 0.53, p 
= 0.023) SMA. Additionally, increase in TE-In at the right precentral 
gyrus showed a trend in negative correlation (r = − 0.43, p = 0.074) with 
relative CRST reduction in the treated arm (Fig. 5). 

4. Discussion 

To the best of our knowledge, this study is the first using an infor
mation theoretical approach to unravel whole-brain and regional 
network changes in ET patients after MRgFUS of the ventralis inter
medius (VIM) nucleus. Our study revealed increases in ignition-driven 
mean integration (IDMI), Transfer Entropy (TE), and effective connec
tivity (EC) indicating higher levels of global information flow post- 
MRgFUS. Increased IDMI was significant at global and motor network 
levels. Additionally, the relative reduction in tremor scores in the 
treated arm 1-month post-MRgFUS correlated significantly with 
increased values of TE-Out (left and right supplementary motor area 

Fig. 4. Transfer entropy (TE) changes at pre, 1-month post and 6-months post-MRgFUS. A) TE matrix at pre, 1-month post and 6-months post combining TE-In and 
TE-Out at each node, B) Increased TE-In in the motor network at 1-month post-MRgFUS, C) Increased TE-Out in the motor network at 1-month post-MRgFUS and D) 
Increased effective connectivity in motor network at 1-month post-MRgFUS and arrows show the direction of change. Bar plot in Figure B), C) and D) represents t- 
values at p < 0.05, corrected for multiple comparisons based on the permutation method. CRBL: cerebellum, SMA: supplementary motor area, THA: thalamus, PreCG: 
precentral gyrus, and L: left, R: right hemispheres, respectively. 

Fig. 5. Clinico-radiological correlations found between relative reduction in tremor scores in the treated arm and relative change in transfer entropy (TE) 1-month 
post-MRgFUS (T1) vs. pre-MRgFUS (T0). A) Correlation of relative reduction in tremor score in the treated arm with relative change in TE-In in PrecG R, B) Cor
relation of relative reduction in tremor score in the treated arm with relative change in TE-Out in SMA L and, C) Correlation of relative reduction in tremor score in 
the treated arm with relative change in TE-Out in SMA R. PrecG: precentral gyrus, SMA: supplementary motor area; L: left; R: right. 
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(SMA)) and at trend levels with TE-In (right precentral gyrus), indicating 
clinical relevance. The observed increases in information transfer ca
pacity post-MRgFUS tended to remain at 6-month with effect sizes in the 
small-to-medium range. In addition, TE-based EC showed an increase in 
interhemispheric connectivity within the tremor network, which was 
most pronounced at T1, but still evident at T2. 

The ability to propagate anterograde and retrograde information 
[35] is a prerequisite for efficient brain function in highly complex 
networks [56,57]. Our findings can thus be interpreted as follows: The 
significant increase in global IDMI 1-month post-MRgFUS refers to an 
elevated level of the nodes’ capability to propagate neuronal activity, 
resulting in a shift to an integrated whole-brain network state. Given the 
fact that ET pathophysiology is characterised by a decrease in functional 
connectivity (FC) among tremor generating areas and altered functional 
integrity [25,58], we conclude on a shift towards a more physiological 
network state post-MRgFUS. In line with these observations, an earlier 
study using standard FC analyses also indicated whole-brain network 
reconfigurations post-MRgFUS of the VIM [58]. Importantly, a recent 
study in ET patients by Bhardwaj et al. showed decreased intrinsic 
ignition in ET patients compared to healthy controls that normalized to 
control levels after a single session of neuromodulation using repetitive 
transcranial magnetic stimulation in ET [59]. Secondly, analysis of the 
local motor network nodes unravelled significant increases in IDMI in 
bilateral thalami, in SMA and in both cerebellar hemispheres 1-month 
post-MRgFUS (small effect sizes at 6-month post-MRgFUS). Findings 
thus highlight changes in dynamic brain activity in areas known to 
constitute the tremor generating network of ET [24]. This network has 
frequently been demonstrated to consist of the 
cerebello-thalamo-cortical tract (CTCT) [27], with the VIM projecting 
fibres mainly to the primary motor cortex [8,10]. Beyond this connec
tion, studies in ET patients have established relevant connections to SMA 
[60,61]. Considering the presumed pathophysiology, the significant 
increase in local IDMI as a measure of integration in the CTCT, indicates 
disruption of unidirectional pathological neuronal firing pre-MRgFUS 
and a higher level of global integration post-MRgFUS. These effects 
were pronounced at 1-month and decreased at 6-months post-MRgFUS. 

Information-broadcasting appears significantly increased 1-month 
post-MRgFUS in the SMA of both hemispheres as well as in left cere
bellar lobule III, suggesting elevated levels of information transfer out of 
these nodes post-MRgFUS. With reference to the pathological oscillating 
network theory and the particular role of the CTCT [25,62], we specu
late that the significant increases in TE-Out in SMA and cerebellum 
indicate enhanced information transfer in the local tremor network 
post-MRgFUS, approaching a more physiological network state due to a 
reduction of superimposing pathological rhythmic oscillations. Also, our 
findings go along with previous research stating a lower amplitude of 
low-frequency fluctuation of the blood oxygen level dependent (BOLD) 
signal in the SMA and less effective connectivity between each SMA and 
the ipsilateral primary motor hand area in ET patients compared to 
healthy controls [29]. These findings correlate with tremor severity 
[29]. Moreover, tremor severity has been reported to positively corre
late with selective connectivity between the thalamus and among other 
structures (putamen, parietal cortex) the pre-SMA, and between the 
pre-SMA and the putamen [30]. Based on the abovementioned points, 
increased information-broadcasting in bilateral SMA correlating with 
relative reduction in tremor score in the treated arm fits well with the 
aforementioned literature where SMA is described as a major compo
nent of the tremor network. 

Another important finding is the increase in TE-In in the non- 
targeted precentral gyrus related with the reduction in tremor score in 
the treated hand. Patients suffering from ET show reduced FC from left 
to right precentral gyrus [63]. The effects of MRgFUS lead to increasing 
information input to the precentral gyrus of the non-treated hand. In line 
to this, a recent study found increased FC from precentral gyrus of the 
treated side to the precentral gyrus of the non-treated side following 
VIM-MRgFUS in patients with Parkinson disease [64]. Thus, we 

speculate that a unilateral VIM lesion disrupts the pathological unidi
rectional neuronal information propagation present in the ET tremor 
network, in turn resulting in increased functional exchange with other 
hemispheric regions. 

We observed at 1-month post-MRgFUS EC changes along the non- 
targeted CTCT, that might indicate a reconfiguration of directed infor
mation flow in the other hemisphere. At the same time, we observed an 
increase in EC from left thalamus to left precentral gyrus that is most 
likely due to a reorganization of the network towards physiological in
formation broadcasting despite the loss of structural connections. This 
might be based on a significant reduction in pathological oscillatory 
activity passing through respective pathways, which in turn leads to an 
increase in physiological information flow. In addition, EC changes at 6- 
month post-MRgFUS were recognizable in both hemispheres at medium 
effect sizes and may reflect a long-term reorganization of neuronal 
coupling with elevated levels of interhemispheric connectivity. We have 
to point out that the current EC data are derived from rsfMRI where no 
tremor activity is detected. Therefore, the role of these EC changes are 
difficult to relate to clinical tremor characteristics, as has been reported 
previously using task-fMRI [25]. Future studies are thus awaited to 
further examine these network reconfigurations in the targeted and 
non-targeted hemisphere. 

Limitations are as follows: The biological basis for information 
theoretical changes is not entirely solved. Future studies including 
structural information are needed to confirm our findings. Also, our 
cohort is rather small and future research should include larger samples. 
Inclusion of healthy individuals and/or sham MRgFUS may be consid
ered for comparative purposes and may further improve studies on the 
effects of VIM lesions on information flow. Although the dosage of 
tremor medication was fully stopped or reduced in most cases, we have 
to acknowledge that 28% of the patients still received tremor medication 
during the cause of the study. Since tremor medications were stopped 1 
week prior to MRgFUS treatment, and thus at pre-treatment MRI, we 
cannot entirely rule out an effect of this partial and residual treatment on 
the follow-up MRI measurements. Given the strong clinical effects and 
the related specificity of our findings in dedicated CTCT circuits, we 
consider these effects not as major determinants of the described find
ings. We have to admit, however, that future longitudinal studies should 
consistently stop tremor medications prior to each post-interventional 
MRI examination. 

Concluding, by applying an information theoretical approach, the 
current ET study reports global and motor network specific changes in 
information processing and flow after unilateral VIM lesioning. Post- 
MRgFUS, the whole-brain network shifted to higher levels of informa
tion processing, indicating a higher integrated functional network state. 
Functional network adaptations were observed at 6-months post- 
MRgFUS, however, at small-to-medium effect sizes. The results indi
cate an increase in information transfer capacity with elevated levels of 
information flow after VIM-MRgFUS. Beyond these global network ad
aptations, local increases in information-broadcasting were correlated 
with tremor score reductions in the treated arm, highlighting the mea
surements’ clinical relevance. 
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