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Objective: To create probabilistic stimulationmaps (PSMs) of deep brain stimulation (DBS) effects on tremor sup-
pression and stimulation-induced side-effects in patients with essential tremor (ET).
Method:Monopolar reviews from 16 ET-patients which consisted of over 600 stimulation settings were used to
create PSMs. A spherical model of the volume of neural activation was used to estimate the spatial extent of DBS
for each setting. All data was pooled and voxel-wise statistical analysis as well as nonparametric permutation
testing was used to confirm the validity of the PSMs.
Results: PSMs showed tremor suppression to be more pronounced by stimulation in the zona incerta (ZI) than in
the ventral intermediate nucleus (VIM). Paresthesias and dizziness were most commonly associated with stim-
ulation in the ZI and surrounding thalamic nuclei.
Discussion:Our results support the assumption, that the ZImight be a very effective target for tremor suppression.
However stimulation inside the ZI and in its close vicinity was also related to the occurrence of stimulation-in-
duced side-effects, so it remains unclear whether the VIM or the ZI is the overall better target. The study demon-
strates theuse of PSMs for target selection and evaluation.While their accuracy has to be carefully discussed, they
can improve the understanding of DBS effects and can be of use for other DBS targets in the therapy of neurolog-
ical or psychiatric disorders as well. Furthermore they provide a priori information about expected DBS effects in
a certain region and might be helpful to clinicians in programming DBS devices in the future.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Essential tremor (ET) is the most common adult movement disor-
der, affecting around 0.9% of the population worldwide (Louis and
Ferreira, 2010). Medical treatment fails in up to 55% of the patients
(Flora et al., 2010). For those patients Deep Brain Stimulation (DBS) of
the ventral intermediate nucleus (VIM) of the thalamus has become a
well-accepted treatment optionwith long-term improvement of tremor
scores between 50 and 80% (Koller et al., 2001; Pahwa et al., 2006;
Zhang et al., 2010). Despite these results, open questions remain regard-
ing the optimal neuroanatomical target for DBS in ET. Recent studies
suggest that stimulation of more ventral structures like the zona incerta
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(ZI), which is part of the posterior subthalamic area (PSA), is equally or
evenmore effective in suppressing tremor than VIM stimulation (Barbe
et al., 2011; Blomstedt et al., 2010; Sandvik et al., 2012; Xie et al., 2012).
Additionally, stimulation-induced side-effects, such as paresthesia, dis-
equilibrium/gait-ataxia, and dysarthria (Fasano et al., 2010; Flora et al.,
2010; Mücke et al., 2014), are increasingly spotlighted since they inter-
fere with selecting the optimal stimulation parameters for tremor sup-
pression (Barbe et al., 2014). In ET, only few studies analyzed clinical
outcome of DBS with regard to electrode location (Barbe et al., 2011;
Phibbs et al., 2014; Sandvik et al., 2012) and only one study specifically
investigated the origin of stimulation-induced side-effects (Fytagoridis
et al., 2013). These studies, however, did not account for the spatial dis-
tribution of stimulation, the so-called ‘volume of tissue activated’ or
‘volume of neural activation’ (VNA). Since spread of electrical stimula-
tion into certain neuroanatomical structures is one of the crucial factors
for both beneficial and adverse DBS effects, analysis of DBS effects based
on VNAs rather thanmere electrode locations seemsmandatory. Sever-
al approaches for estimating the VNA have been put forward, some re-
lying on clinical data (Kuncel et al., 2008; Mädler and Coenen, 2012)
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and some relying on biophysically based computer simulations (Astrom
et al., 2015; McIntyre et al., 2004) or on training artificial neural net-
works (Chaturvedi et al., 2013). In DBS for Parkinson's disease, there
have been approaches to use VNAs on a patient level to analyze the neu-
roanatomical origins of DBS effects (Astrom et al., 2010; Frankemolle et
al., 2010; Maks et al., 2009; Mikos et al., 2011). On a cohort level, differ-
ent groups created so called probabilistic stimulation maps (PSMs),
where clinical stimulation data is pooled over a patient collective and
mapped into neuroanatomical space (Butson et al., 2011; Cheung et
al., 2014; Eisenstein et al., 2014; Phibbs et al., 2014). While different
methods of creating PSMs exist, only Eisenstein et al. addressed the
issue of statistically validating their PSMs (Eisenstein et al., 2014). The
aim of our study was to create statistically validated PSMs for DBS-in-
duced tremor suppression and side-effect occurrence in ET-patients.
We hypothesized that the created PSMswould showdistinct spatial dis-
tributions for tremor suppression and the occurrence of side-effects.We
also hypothesized that stimulation of the ZI might be more effective in
suppressing tremor than stimulation of the VIM proper.
Fig. 1. Electrode locations. All examined electrodes are displayed together with
neuroanatomical structures. Electrode coordinates were transformed into standardized
atlas space. Right-hemispheric electrodes were mirrored to the left hemisphere.
2. Materials and methods

2.1. Patients and clinical data

Weanalyzed retrospective data of 16 ET-patientswith bilateral VIM-
DBS, whowere part of a previously published study (Barbe et al., 2011).
Surgical practice in our center resulted in some of the ventral electrodes
being placed ventral of the VIM in the PSA/ZI. During the aforemen-
tioned study, the patients underwent a well-documented and thorough
monopolar review by an experienced movement disorders specialist
(MTB). Stimulation was assessed at each electrode separately, begin-
ning at the most ventral electrode, with steps in stimulation amplitude
of 1 V up to 6 V. Pulse width was set to 60 μs and stimulation frequency
to 130 Hz. Electrode impedances were ensured to be below 2000 Ohms.
Occurrence of side-effects, including paresthesia, dysarthria, dizziness
and disturbed vision, was recorded. Furthermore, an unblinded rating
of tremor suppression relative to the stimulation OFF (in percent) was
provided for contralateral upper limb postural and intention tremor.
In total, 606 different stimulation configurations were tested. Since
not all patients showed both postural and intention tremor in both
upper limbs, 568 ratings for postural and 358 ratings for intention trem-
or were available.
Neuroanatomical structures shown are the ventral intermediate nucleus (VIM, green),
the subthalamic nucleus (blue), and the red nucleus (red). All structures were derived
from the ‘Atlas of the Human Brain’ by Mai et al. (2008).
2.2. Electrode localization

Primary targeting was performed using the stereotactic planning
system STP 3.50 (Stryker/Leibinger, Freiburg, Germany) and was
based on fused preoperative CT andMRI scans. Leadpositioningwas op-
timized using intraoperative electrophysiological recordings and test
stimulation. Final electrode positions were identified by stereotactic x-
ray scans, taken after both leads had been fixed. Stereotactic x-ray
consisted of two orthogonal images in the frontal and lateral orientation
takenwithfiducialmarkersmounted onto the stereotactic frame.Mark-
er locations in both projections determined the x-ray focus and image
plane, which allowed calculating three-dimensional stereotactic coordi-
nates of each electrode using an in-house software module (STVX 3),
which implements the well-established algorithm of Siddon and Barth
(1987). Coordinates were handed over to the planning system and
projected onto the preoperative MRI. Electrode positions, the position
of the posterior commissure (PC), and the center of the optic chiasm
(OX) were determined in relation to the anterior commissure (AC)
and then transformed into the atlas space by using a previously pub-
lished fiducial based method (Videen et al., 2008). Finally all electrode
locations were transformed to lie inside the left hemisphere, to allow
for their contribution to a single PSM (Fig. 1).
2.3. Neuroanatomical atlas

A 3-dimensional version of the ‘Atlas of the Human Brain, 3rd edi-
tion’ by Mai et al. (2008), which features coronal slices with 1.3 mm
spacing in the thalamic region, was used as anatomical reference. Rele-
vant brain structures were extracted from the two-dimensional atlas
slices and converted to three-dimensional, voxel-based stacks. Spatial
resolutionwas set to 0.5mm in all three dimensions, while spatial accu-
racy along the y-axis remained at 1.3 mm.
2.4. Volume of neural activation

To estimate the extent of DBS, several VNA-models have been put
forward. Regardless of their complexity most publishedmodels suggest
amore or less spherical VNA for stimulation via standard ring electrodes
and under the assumption of isotropic tissue (Astrom et al., 2015;
Chaturvedi et al., 2013; McIntyre et al., 2004). For this paper, we thus
used a computationally simple, spherical VNA-estimate which we
based on clinical data for 90 μs thalamic stimulation by Kuncel et al.
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(2008). To be able to calculate radius estimates for other pulsewidths as
well, we also incorporated the work of Astrom et al. (2015). The VNA-
radius r was calculated using the stimulation current amplitude I and
the pulse width pw according to the following equation (see Appendix
1 for its derivation and validation):

r ¼ pw
90 μs
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Impedances of 1000 Ohms were assumed for the generation of the
VNAs.

2.5. Probabilistic stimulation maps

For eachpatient and stimulation setting a voxel-basedVNA-estimate
was created, centered on the coordinates of the respective electrode.
Each voxel of the VNA-estimate was then assigned the corresponding
clinical scores for each symptom. For side-effects these were binary
values with ones reflecting the occurrence of a side-effect and zeros
reflecting its absence during stimulation. For tremor suppression these
were values ranging from 0% to 100% indicating tremor suppression rel-
ative to baseline. Because tremor suppressionwas significantly correlat-
ed with stimulation amplitude (postural tremor: Spearman's rho ρ =
0.512, p b 0.01; intention tremor: Spearman's rho ρ = 0.344, p b 0.01)
and since the goal in clinical programming is to achieve maximum
tremor suppression with as little stimulation as possible, tremor sup-
pression scores were divided by the stimulation amplitude, before
Fig. 2. Process of creating the ‘significant mean effect image’. Process description of creating the
values (in this example occurrence of paresthesia) and pooled to create the ‘mean effect image’
are discarded (greyed out below). Next, voxel-wise statistical analysis is performed and all vo
below). The remaining voxels compose the ‘significant mean effect image’. Data is displayed a
et al., 2008). Color coding can be inferred from the respective colorbars.
assigning them to their respective voxels. All VNAs for a symptom
were then pooled into atlas space. Mean clinical scores were then calcu-
lated for every voxel to create a ‘mean effect image’ (Eisenstein et al.,
2014). Also the number of clinical scores for each voxel was counted
to create an ‘n-image’. All voxels, which did not receive clinical scores
from at least n = 15 VNAs, were discarded to ensure the validity of
voxel-wise statistical testing (Fig. 2).

2.6. Voxel-wise statistical analysis

Voxel-wise statistical tests were performed for each remaining
voxel. Due to the nature of our data, we used one-sided Wilcoxon
signed-rank tests for tremor suppression scores and binomial tests for
side-effects. Null-hypotheses for statistical testingwere that stimulation
of a voxel led to no tremor suppression or side-effect occurrence. p-
Values for each examined voxel were stored inside the ‘p-image’. Final-
ly, we created ‘significant mean effect images’, by discarding all voxels
from the ‘mean effect image’, which did not show significant results
(p b 0.05) in the ‘p-image’ (Fig. 2).

2.7. Type 1 error correction for multiple comparisons

As proposed by Eisenstein et al., we used a nonparametric permuta-
tion algorithm to address the problem of multiple comparisons that is
inherent to voxel-wise statistical analysis (Eisenstein et al., 2014). The
permutation algorithm allows comparing the overall statistical signifi-
cance of a real p-image to the overall significances of p-images derived
from permutated datasets. As marker for the overall statistical
‘significant mean effect image’. From left to right: First all VNAs are assigned their clinical
. Then all voxels that are not part of at least 15 VNAs, as can be seen in blue in the n-image,
xels with p-values ≥ 0.05, as can be seen in blue in the p-image, are rejected (greyed out
t 14.6 mm posterior to the anterior commissure and onto the respective atlas slice (Mai
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significance of our PSMs, we first created a summary statistic Q by sum-
ming up the negative decadic logarithms of each significant p-value in
the p-image:

Q ¼ ∑i − logpi∀pi ≤ :05f g ð2Þ

(see Eisenstein et al., 2014.)
We then created permutations of the original dataset by randomly

reassigning the relationship between the measured clinical outcomes
and the VNAs. Because stimulation amplitude was correlated to certain
clinical outcomes, our permutation algorithm was restricted to main-
tain the relationship between clinical values and stimulation amplitude.
This means that to each VNA a random clinical value of the original
dataset was reassigned, as long as this clinical value was originally
assigned to a VNA with the same stimulation amplitude. After thus cre-
ating a new, permutated dataset, a new ‘p-image’ and new summary
statistic were calculated. These steps were repeated one thousand
times, which resulted in one thousand summary statistics. To decide
upon the overall significance of the original PSM, the original summary
statistic Qwas compared to the permutated ones.Qwas deemed signif-
icant if it was N95% of the other summary statistics or, in other words,
ranked higher than 950 of the 1000 summary statistics. In this case
the original PSM was accepted as valid.

2.8. Further analysis

If a PSM was deemed valid, we further analyzed its relation to the
surrounding neuroanatomy. We focused on the VIM, the ZI and the
neighboring parts of the thalamus, namely the ventral posterolateral
(VPL), the ventral posteromedial (VPM), the ventral posterior inferior
(VPI), the centromedian (CM), the ventral lateral anterior (VLA) and
Table 1
Neuroanatomical structures covered by valid PSMs.

Postural tremor

VIM
No. of voxels covered 3473 of 8670

Percentage covered 40.06 %

ZI
No. of voxels covered 788 of 2276

Percentage covered 34.62 %

VPM
No. of voxels covered 617 of 965

Percentage covered 63.94 %

VPI
No. of voxels covered 303 of 622

Percentage covered 48.71 %

VPL
No. of voxels covered 1124 of 5054

Percentage covered 22.24 %

CM
No. of voxels covered 918 of 2375

Percentage covered 38.65 %

VA
No. of voxels covered 42 of 4159

Percentage covered 1.01 %

VLA
No. of voxels covered 1543 of 3763

Percentage covered 41.00 %

Legend: The number of voxels of a certain neuroanatomical structure, that were covered b

that were assigned to the structure in the atlas. Highest values for each PSM are highlighte
the ventral anterior (VA) nuclei. For each valid PSM, we calculated
what percentage of the PSM covered the respective neuroanatomical
structure (Table 2) and how much of the structure was covered by the
PSM (Table 1). We also calculated non-weighted means over the
mean effect scores of the PSM's voxels for each structure they lay in sep-
arately, to determine how strong the average stimulation effect was,
when stimulating inside that structure. To determine the ‘hotspot’ of
each PSM we repeated this on Volumes which incorporated only the
10% of the PSM's voxels which had the highest values of tremor sup-
pression or side-effect elicitation (Table 3). To compare postural tremor
suppression in the VIM to tremor suppression in the ZI we statistically
compared the PSM's voxels inside the two structures using a Wilcoxon
rank-sum test.

2.9. Technical realization

All computational work was carried out with MATLAB 2015b (The
MathWorks Inc., Natick, Massachusetts, United States) on a DELL Preci-
sion T7600 Workstation with two Intel Xeon E5-2665 CPUs and 64 GB
RAM (Dell Inc., Round Rock, Texas, United States).

3. Results

3.1. Probabilistic stimulation maps

Significant mean effect images were created for tremor suppression
(Fig. 3) and side-effects (Fig. 4). Nonparametric permutation testing
confirmed overall validity for postural tremor suppression (Rank
1000/1000), paresthesia (Rank 1000/1000), dizziness (Rank 1000/
1000), and dysarthria (Rank 998/1000). Intention tremor suppression
(Rank 336/1000) and disturbed vision (Rank 733/1000) did not reach
Paresthesia Dysarthria Dizziness

3163 of 8670 955 of 8670 999 of 8670

36.48 % 11.01 % 11.52 %

819 of 2276 51 of 2276 604 of 2276

35.98 % 2.24 % 26.54 %

627 of 965 161 of 965 590 of 965

64.97 % 16.68 % 61.14 %

309 of 622 0 of 622 250 of 622

49.68 % 0.00 % 40.19 %

1149 of 5054 185 of 5054 511 of 5054

22.73 % 3.66 % 10.11 %

968 of 2375 119 of 2375 533 of 2375

40.76 % 5.01 % 22.44 %

47 of 4159 7 of 4159 0 of 4159

1.13 % 0.17 % 0.00 %

1379 of 3763 800 of 3763 215 of 3763

36.65 % 21.26 % 5.71 %

y a PSM are listed as well as the percentage with respect to the total number of voxels

d in dark gray/light gray.   



Fig. 3. PSMs for tremor suppression. Significant mean effect images for the suppression of
postural tremor (left column) and intention tremor (right column). In the top two rows,
3d volumes, encompassing all voxels with a statistically significant tremor reduction, are
shown together with the VIM (green), the subthalamic nucleus (blue), and the red
nucleus (red). Below, coronal slices through these volumes are plotted onto the
respective atlas slice (distances in mm posterior to the anterior commissure) (Mai et al.,
2008). Color coding of the significant mean effect image (volumes and slices) indicates
the mean tremor per volt of stimulation amplitude, with blue indicating lower and red
indicating higher tremor suppression. Exact values can be inferred from the colorbar.
Note that PSM for intention tremor suppression did not reach overall significance during
the validation process.
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validity. Valid PSMs covered several neuroanatomical structures (Table
1). Overlaps between the valid PSMs and multiple neuroanatomical
structures and the respective, structure-specific scores were calculated
and are summarized in Table 2. These steps were also repeated for
each PSM's hotspot which incorporated only the 10% of voxels with
the highest scores (Table 3).

3.2. Tremor

While in the voxel-wise statistical analysis both intention tremor
and postural tremor were reduced by stimulation in a large area, only
the PSM for postural tremor could be statistically validated. Upon visual
inspection stimulation was most effective in the most ventral parts of
the thalamus and in the ZI. Hotspot analysis confirmed this impression
with 37% of the best 10% of voxels lying inside the ZI and only 2%
lying inside the VIM. Mean postural tremor suppression of significant
voxels inside the ZI was significantly higher than inside the VIM (ZI =
20.71%/V, VIM= 13.47%/V, p b 0.001).

3.3. Side-effects

Paresthesiawasmost likely caused by stimulation ventral andposte-
rior of the VIM in the ZI, the VPM and the VPI. The highest probability of
eliciting dizziness was observed for voxels slightly more anterior in the
ZI, the VPM and the PM. Dysarthria showed overall significance in the
nonparametric permutation testing and hotspot analysis showed most
of the voxels to lie inside the VLA. However upon visual inspection the
ragged spatial distribution of the PSM for dysarthria did not allow draw-
ing further conclusions about the neuroanatomical origin of the effects.

4. Discussion

4.1. Tremor suppression

Our results provide further indications that the ZI/PSA constitutes an
effective and possibly more efficient DBS target than the VIM proper for
suppressing limb tremor (Barbe et al., 2011; Blomstedt et al., 2010;
Herzog et al., 2007; Sandvik et al., 2012; Xie et al., 2012). While the
PSMs for intention and postural tremor look quite similar regarding
their spatial distribution, overall tremor suppression scores were
lower for intention tremor. At first sight it may seem counterintuitive
that the PSM for intention tremor suppression did not reach overall sig-
nificance despite its distinct, spatial distribution, which is very unlikely
to be purely coincidental. Note, however, that only the sum of all signif-
icant p-values and no spatial informationwas used to generate the sum-
mary statistic and determine overall significance. This might explain
why permutated datasets, which in general show a far more even spa-
tial distribution, could have ranked higher than the original dataset.

4.2. Side-effects

Paresthesia occurredmainly due to DBS in the ventral posterior thal-
amus (VPM VPI) and the ZI, which is also in line with previously pub-
lished results (Fytagoridis et al., 2013; Kuncel et al., 2008). The ventral
posterior thalamus is known to receive sensory input from the medial
lemniscus (VPL) and the trigeminal pathway (VPM) (Purves and
Williams, 2001). Unfortunately our clinical data did not include infor-
mation whether paresthesias occurred temporarily or persisted, which
is important with regard to long-term stimulation outcome. The PSM
for dizziness showed a ventro-medial hotspot, which might be linked
to fibers of the vestibular system running medial to the medial lemnis-
cus and targeting the more posteromedial parts of the thalamus
(Dieterich et al., 2005; Zwergal et al., 2008). PSMs for dysarthria and dis-
turbed vision showed no clear spatial distribution which might be due
to the relatively small number of patients who experienced these
side-effects.

4.3. Atlas and anatomical accuracy

The ‘atlas-approach’ used in this studymight be considered a limita-
tion since using a neuroanatomical atlas as the frame of reference ne-
glects individual anatomical variability. However, standardization of
neuroanatomical data is needed when analyzing multiple subjects. Im-
portantly, the method of rigid atlas registration used in this study has
been shown to have high accuracy of below 1 mm for subthalamic
structures (Videen et al., 2008), which is in the range of the accuracy
that can be achieved in neuroimaging. Alsowhile using individual imag-
ing data might be more accurate in analyzing the neuroanatomical



Fig. 4. PSMs for side-effects. Significant mean effect images for eliciting stimulation-induced side-effects. Side-effects shown from left to right are paresthesia, dizziness, dysarthria, and
disturbed vision. In the top two rows, 3d volumes, encompassing all voxels which significantly elicited certain side-effects, are shown together with the VIM (green), the subthalamic
nucleus (blue), and the red nucleus (red). Below, coronal slices through these volumes are plotted onto the respective atlas slice (distances in mm posterior to the anterior
commissure) (Mai et al., 2008). Color coding of the significant mean effect image (volumes and slices) indicates the probability of eliciting a side effect, with blue indicating lower
probability and red indicating higher probability. Exact values can be inferred from the colorbar. Note that the PSM for disturbed vision did not reach overall significance during the
validation process.
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origin of DBS effects in an individual patient, one has to keep in mind
that there are several limitations to that kind of approach as well.
These include technical problems like image resolution and/or distor-
tion aswell as inaccuracies in image registration or the problemof iden-
tifying neuroanatomical structures in MRI imaging. Despite its
limitations, we are convinced that the ‘atlas-approach’ as employed
here provides valuable probabilistic information due to the large num-
ber of data points included.While patientsmay differ in their individual
anatomy, there is no reason to assume that this introduces systematic
deviations in a cohort of subjects. Another important point is that we
pooled left- and right-hemispheric electrodes. While this increase in
data of course improves the overall robustness of our PSMs, this ap-
proach will lose sensitivity to hemisphere-specific effects. For tremor
suppression or paresthesia hemisphere-specific effects are unlikely.
But side-effects like dysarthria might have a hemisphere-specific com-
ponent. Given a symptom like dysarthria was primarily related to



Table 2
Structure-specific symptom suppression and side-effects for valid PSMs.

Postural tremor Paresthesia Dysarthria Dizziness

VIM
Percentage of PSM 38.31 % 36.46 % 43.27 % 27.03 %

Mean score 13.47 % 34.13 % 11.08 % 11.15 %

ZI
Percentage of PSM 8.69 % 9.44 % 2.31 % 16.34 %

Mean score 20.71 % 62.12 % 11.75 % 19.41 %

VPM
Percentage of PSM 6.81 % 7.23 % 7.29 % 15.96 %

Mean score 21.65 % 68.35 % 13.45 % 17.73 %

VPI
Percentage of PSM 3.34 % 3.56 % 0.00 % 6.76 %

Mean score 22.91 % 67.80 % – 17.72 %

VPL
Percentage of PSM 12.40 % 13.24 % 8.38 % 13.83 %

Mean score 16.28 % 36.87 % 7.60 % 11.33 %

CM
Percentage of PSM 10.13 % 11.16 % 5.39 % 14.42 %

Mean score 18.84 % 55.19 % 13.20 % 16.69 %

VA
Percentage of PSM 0.46 % 0.54 % 0.32 % 0.00 %

Mean score 5.58 % 47.95 % 21.15 % –

VLA
Percentage of PSM 17.02 % 15.90 % 36.25 % 5.82 %

Mean score 8.56 % 33.40 % 13.57 % 7.80 %

Legend: The percentage of voxels of validated PSMs which lay in the respective neuroanatomical structure, as well as the mean clinical score of the voxels in each structure are 

listed. Mean scores are shown in percentage of tremor reduction per stimulation volt for postural tremor and frequency of occurrence for the examined side-effects. Highest 

values for percentage and mean score are highlighted in dark gray/light gray.       
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stimulation of for example the left hemisphere, as has been suggested
for DBS of the subthalamic nucleus (Schulz et al., 2012; Wang et al.,
2006), pooling electrodes could lead to an underrepresentation of dys-
arthria in our PSMs. In the future, especially with larger datasets, it
might be interesting to analyze hemispheres separately to investigate
such effects.

4.4. VNA-model

As shown in the appendix our VNA-model allows for a simple radius
estimate, which is in line with previously published studies (Astrom et
al., 2015; Kuncel et al., 2008). A spherical VNA is of course a simplifica-
tion and it has been shown that varying tissue properties like conductiv-
ity or fiber orientation might lead to complex changes in the spatial
distribution of neural activation (Åström et al., 2011; Wårdell et al.,
2014). While this can be highly relevant when analyzing neural activa-
tion in an individual subject with individual neuroimaging, we suggest
that it is of less importance for the multi-subject atlas-approach used
here. A possible in-between solution for multi-subject studies has
been proposed by Butson et al., 2011, where instead of using individual
diffusion tensor imaging (DTI) data they used a DTI-based atlas to mod-
ify their VNAs according to different tissue properties (Butson et al.,
2011). In our opinion there are two principal ways of addressing the ac-
curacy of VNA estimates: First, to use more complex individualized
VNA-estimates, which might increase accuracy, but at the same time
could increase the risk of ‘overfitting’ due to the complexity of the
model and the many unknown details of the mechanisms of DBS. Sec-
ond, to use simpler models and achieve accuracy through using larger
datasets, which is the approach chosen for our current study. Another
limitation is the assumption of electrode impedances of 1000 Ohms, al-
though this assumption has been deemed reasonable in other publica-
tions as well (Gross and Rolston, 2008; Kuncel et al., 2008). Since
voltage-controlled stimulationwas used and since impedances are volt-
age-dependent, exact impedance recordings would be needed for every
single DBS-setting for increased data quality. Others have shown that
impedance changes of 500 Ohms lead to a change in VNA radius of
about 15% (Chaturvedi et al., 2013). Consecutively, impedance fluctua-
tions in the usual range are expected to lead to changes in stimulation
spread only in the submillimeter range. For future studies it remains
to be seen how current-controlled devicesmight impact on the problem
of varying impedances.

4.5. Statistics

The voxel-based statistical analysis used in this study was originally
proposed by Eisenstein et al., 2014. To date it was the first and only ap-
proach that specifically deals with the statistical analysis of PSMs.While
we adapted the general method we made several changes at different
steps of the analysis. First and foremost, the original method did not in-
clude any VNA-model and thus did not account for different stimulation
parameters, which varied highly in their cohort. Instead, it was based on
electrode locations and a Gaussian weighting function that weighted
clinical effects in a voxel only by the distance of that voxel from the
stimulated electrode. As others discussed, this approach has the tenden-
cy to overemphasize on electrode location (Pallavaram et al., 2008) and
might alter the real spatial distribution in these PSMs. Our data suggest
that incorporating a VNA-model and thus taking stimulation settings
into account provides relevant additional information thatmay improve
the PSM's accuracy. For our analysis we increased the number of clinical
values needed to include a voxel in the statistical analysis from n=6 to
n = 15 to ensure validity of the voxel-wise statistics. We also used
Wilcoxon signed-rank or binomial tests instead of t-tests because they
better fitted the clinical data. Finally, we used one thousand cycles for
our permutation algorithm instead of the two hundred cycles used by
Eisenstein et al. This is in line with other publications that proposed a
minimum of one thousand permutation cycles when analyzing larger
datasets (Nichols and Holmes, 2002). The main disadvantage of this
method is that overall statistical validation only confirms the p-image



Table 3
Structure-specific symptom suppression and side-effects for hotspots of valid PSMs.

Postural tremor Paresthesia Dysarthria Dizziness

VIM

Percentage of 

hotspot
1.77 % 0.00 % 24.29 % 5.85 %

Mean score 23.66 % – 24.39 % 28.42 %

ZI

Percentage of 

hotspot
37.20 % 23.90 % 0.95 % 22.84 %

Mean score 25.02 % 82.38 % 23.03 % 29.76 %

VPM

Percentage of 

hotspot
21.52 % 27.37 % 10.48 % 16.43 %

Mean score 23.96 % 80.68 % 23.49 % 30.00 %

VPI

Percentage of 

hotspot
18.76 % 13.63 % 0.00 % 2.23 %

Mean score 24.57 % 80.00 % – 26.94 %

VPL

Percentage of 

hotspot
1.55 % 0.58 % 0.00 % 1.67 %

Mean score 23.22 % 82.36 % – 26.64 %

CM

Percentage of 

hotspot
0.99 % 10.97 % 3.81 % 13.09 %

Mean score 22.92 % 77.97 % 22.32 % 32.47 %

VA

Percentage of  

hotspot
0.00 % 0.00 % 1.43 % 0.00 %

Mean score – – 25.39 % –

VLA

Percentage of 

hotspot
0.00 % 0.00 % 40.48 % 0.28 %

Mean score – – 25.12 % 27.78 %

Legend: The percentage of voxels of the hotspot which lay in the respective neuroanatomical structure, as well as the mean clinical score of the voxels in each structure are listed.

Mean scores are shown in percentage of tremor reduction per stimulation volt for postural tremor and frequency of occurrence for the examined side-effects. Highest values for

percentage and mean score are highlighted in dark gray/light gray.       
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as awhole– thereby ignoring the spatial distribution inside the PSM. Fu-
ture approaches, based for example on the cluster size of significant
voxels, may further improve this method.
4.6. Clinical data

Weused a retrospective dataset of 16 ET-patients. Quality of the clin-
ical data was limited due to the fact that there was only one clinician
performing the clinical assessments who was not blinded regarding to
stimulation parameters. Due to the retrospective nature of this study,
the clinician was, however, unaware of the intention of this study
while acquiring the clinical ratings. Therefore, we have no reason to as-
sume that the lack of blindingmight have confounded our data. The size
of the patient collective is comparable to what has been used in other
studies (Astrom et al., 2010; Butson et al., 2011; Frankemolle et al.,
2010). However, our clinical data had the important advantage, that it
included a multitude of stimulation conditions for each patient. While
other studies often only examined one stimulation conditions, i.e. the
clinical stimulation setting (Eisenstein et al., 2014), we analyzed up to
48 stimulation conditions in each patient resulting in over 600 different
stimulation conditions in total. One disadvantage of using monopolar
reviews is the short duration of about one to two minutes only in
which each condition is examined. While this suffices for tremor
response and most side-effects (O'Suilleabhain et al., 2003), other po-
tential effects might be overlooked.

4.7. Spatial distribution of PSMs

One of the biggest problems with probabilistic mapping of DBS ef-
fects is the limited spatial distribution of leads and consecutively the
limited space covered by stimulation. Since neurosurgeons try to posi-
tion the lead as accurately as possible in their respective target, a lot of
data points exist for that target but little to no datapoints for the sur-
rounding area. Probabilistic maps thus tend to overestimate the effects
of the targeted area and underestimate the effects in the undersampled
surroundings. The PSMs hotspot thus has the tendency to be quite sim-
ilar to the mean location of examined electrodes, especially when only
taking the best clinical stimulation settings into account (Cheung et
al., 2014; Eisenstein et al., 2014). One way to at least partially avoid
the problem of lacking electrode distribution is to use data from all im-
planted electrodes, not only the ones with best clinical outcome. Addi-
tionally, the PSMs can be refined by including suboptimal stimulation
settings. Since suboptimal symptom suppression often occurs at low
amplitudes, which impact voxels close to the stimulated electrode, in-
cluding these settings can counterbalance the PSMs tendency to empha-
size too much on its center area. For the future it will be important, to
combine data frompatients implanted by different surgeons at different
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centers, since many surgeons use slightly different techniques for
targeting. For certain effects, especially for side-effects, it might also be
reasonable to pool data from different, but closely related DBS targets
like for example the VIM, the PSA, and the STN to cover a larger area
of the brain during PSM generation.
5. Conclusion

We here present a revised method for probabilistic mapping of DBS
effects and demonstrate its use in ET-patients. It is thefirst studyprovid-
ing statistically validated and VNA-based PSMs for the thalamic region
as well as for ET-patients. Within the examined target area our PSMs
show stimulation of the ZI to be very effective in suppressing tremor.
However we could also demonstrate that side-effects such as paresthe-
sia and dizziness are most likely elicited inside or in close proximity to
the ZI. Thus double-blinded clinical studies with long-term follow-up
which compare ZI-DBS to VIM-DBS are warranted. The methods de-
scribed here, can be used for other DBS targets or indications as well.
Monopolar reviews, which are part of routine care in many DBS centers
(Volkmann et al., 2002), can be of particular use for probabilistic map-
ping to quickly generate large sets of clinical data. With more complex
DBS systems being announced for the years to come, parameter selec-
tion will become increasingly difficult due to the vast amount of possi-
ble combinations. Already there have been approaches for software-
assisted programming of DBS devices (Pourfar et al., 2015). PSMs can
assist clinicians by providing population-based a priori information
about expected DBS effects (Phibbs et al., 2014).
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