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ARTICLE INFO ABSTRACT
Keywords: Deep Brain Stimulation of the posterior subthalamic area is an emergent target for the treatment of Essential
Deep brain stimulation Tremor. Due to the heterogeneous and complex anatomy of the posterior subthalamic area, it remains unclear

Essential tremor
Posterior subthalamic area
Dentato-rubro-thalamic tract

which specific structures mediate tremor suppression and different side effects. The objective of the current work
was to yield a better understanding of what anatomical structures mediate the different clinical effects observed
during directional deep brain stimulation of that area.

We analysed a consecutive series of 12 essential tremor patients. Imaging analysis and systematic clinical
testing performed 4-6 months postoperatively yielded location, clinical efficacy and corresponding therapeutic
windows for 160 directional contacts. Overlap ratios between individual activation volumes and neighbouring
thalamic and subthalamic nuclei as well as individual fiber tracts were calculated. Further, we generated
stimulation heatmaps to assess the area of activity and structures stimulated during tremor suppression and
occurrence of side effects.

Stimulation of the dentato-rubro-thalamic tract and the zona incerta was most consistently correlated with
tremor suppression. Both individual and group analysis demonstrated a similar pattern of activation for tremor
suppression and different sorts of side-effects. Unlike current clinical concepts, induction of spasms and pares-
thesia were not correlated with stimulation of the corticospinal tract and the medial lemniscus. Furthermore, we
noticed a significant difference in the therapeutic window between the best and worst directional contacts. The
best directional contacts did not provide significantly larger therapeutic windows than omnidirectional stimu-
lation at the same level.

Deep brain stimulation of the posterior subthalamic area effectively suppresses all aspects of ET but can be
associated with concomitant side effects limiting the therapeutic window. Activation patterns for tremor sup-
pression and side effects were similar and predominantly involved the dentato-rubro-thalamic tract and the zona
incerta. We found no different activation patterns between different types of side effects and no clear correlation
between structure and function. Future studies with use of more sophisticated modelling of activation volumes
taking into account fiber heterogeneity and orientation may eventually better delineate these different clusters,
which may allow for a refined targeting and programming within this area.

1. Introduction cases of severe tremor despite optimized medical treatment, deep brain
stimulation is an effective and safe alternative (Limousin et al., 1999;
Essential tremor (ET) is a common movement disorder and affects Lozano, 2000). The ventral intermediate nucleus (VIM) of the thalamus

about 4-5% of patients older than 65 years (Deuschl et al., 1998). In is the classical and widely accepted target for DBS (Benabid et al., 1991;
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Sammartino et al., 2016; Nowacki et al., 2018a). Alternatively, previous
work has evaluated the efficacy of DBS in regions ventral to the thalamus
that have been referred to as the zona incerta, the prelemniscal radia-
tions, the posterior subthalamic area and the dentato-rubro-thalamic-
tract by different groups (Carrillo-Ruiz et al., 2008; Blomstedt et al.,
2010). A randomized, doubled blinded, crossover study compared the
stimulation efficacy between DBS of the PSA versus VIM and found on
average smaller effect thresholds in the PSA compared to the VIM (Barbe
etal., 2018; Dembek et al., 2020). The diversity of names that have been
used to describe these targets can be confusing but reflects the
anatomical complexity of this region. The PSA is located ventral to the
thalamus, lateral to the red nucleus and postero-medial to the sub-
thalamic nucleus and contains the ZI as well as fiber tracts connecting
the cerebellum and internal segment of the pallidum with the thalamus.
These fiber tracts were historically considered as the prelemniscal ra-
diations due to their anatomical position anterior to the sensory
lemniscal pathway. An older view by Hassler describes the prelemniscal
radiations as proprioceptive fibers from the medial lemniscus entering
the VIM (Mai and Majtanik, 2019). More recently, anatomical and im-
aging analysis based on diffusion-weighted imaging identified the DRTT
(or cerebello-thalamic tract) and pallidothalamic fibers as the two
principal components of the prelemniscal radiations (Gallay et al., 2008;
Coenen et al., 2011; Fiechter et al., 2017; Petersen et al., 2019).

Of note, different studies targeting the PSA yielded very good results
with up to 80% tremor reduction despite the fact that the lead locations
within the PSA varied considerably between and even within different
groups (Kitagawa et al., 2000; Murata et al., 2003; Plaha et al., 2008;
Fiechter et al., 2017). Previous studies analysed the possible role of the
DRTT in mediating the tremor suppressive effect. Two previous studies
found no correlation between tremor suppression and electrode distance
to the tractography-based DRTT (Schlaier et al., 2015; Nowacki et al.,
2018c). Another group found a positive, however statistically not sig-
nificant correlation between electrode distance to the DRTT and tremor
reduction (Coenen et al., 2014). The same group could later confirm this
correlation statistically in a follow-up study of a bigger cohort (Coenen
et al., 2020). None of the above cited studies provided a thorough
investigation of stimulation-induced side effects, although the area’s
intricate anatomy with nearby structures and fiber tracts involved in
diverse motor and sensory functions would implicate small therapeutic
windows of stimulation. Thus, it is still a matter of debate which
structure(s) mediate tremor suppression and which structures mediate
different side effects within the PSA.

Segmented DBS leads have recently been developed and provide
directional stimulation, which is spatially more confined than classical
omnidirectional stimulation (Nguyen et al., 2019a). Thus, directional
stimulation appears to be an optimal tool for a refined analysis of the
structure-function relationship in the PSA. Based on modern imaging
modalities including high-definition Q-ball imaging for tractography of
different fiber tracts in combination with volume of tissue activated
(VTA) modelling, the objective of the current work was to yield a better
understanding of what anatomical structures mediate different clinical
effects observed during DBS of the PSA. Furthermore, we wanted to
assess if directional stimulation can activate more precisely tremor-
suppressing structures, while avoiding those structures that mediate
side effects.

2. Materials and methods
2.1. Patients

We analyzed a consecutive series of 12 patients (eight males) un-
dergoing bilateral implantation of segmented DBS (Boston Cartesia
Directional Leads) leads for treatment of refractory essential tremor
between January 2016 and April 2018. Diagnosis of ET was assessed by
specialized movement disorder neurologists according to recommended
guidelines (Bhatia et al., 2018). Patients were discussed in a
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multidisciplinary board prior to surgery. All patients provided written
informed consent and the study was approved by the institutional re-
view board (KEK 2018-00841).

2.2. Surgical planning and surgical procedure

Preoperative imaging was performed with a 3 T MRI system (MAG-
NETOM Trio Tim, Siemens) with patients under general anesthesia to
reduce movement artifacts. A standard gadolinium-enhanced T1-
weighted protocol (160 sagittal slices, 1 mm thickness) was followed by
T2-weighted sequences (FOV 220 mm, acquisition matrix 128 x 128, TR
2000 ms, and multiple TE values ranging from 12 ms to 96 ms in steps of
12 ms). Diffusion-weighted echoplanar imaging was acquired with the
following parameters: number of gradient directions 44, 2.2 mm slice
thickness; 55 slices, TR 10,100 ms, TE 88 ms, field of view 280 mm,
matrix 256 x 256, 1305 s/mrnz, overall voxel size 1.1 x 1.1 x 2.2 mm),
b-values ranging from 1000 to 1305 with two b-0 images.

A preoperative high-resolution stereotactic CT scan was performed
with the stereotactic frame in place (Leksell, Elekta). The target was
defined visually on T2-weighted axial slices based on anatomical land-
marks as described previously by our group (Nowacki et al., 2018a).
Surgery was performed with the patient awake under local anesthesia
with microelectrode guidance and intraoperative clinical testing. A
postoperative high-resolution CT scan was performed the day after
surgery for electrode reconstruction and to exclude early postoperative
hemorrhage.

2.3. Clinical contact testing

Each patient underwent a systematic clinical assessment with
monopolar stimulation of each contact at 4-6 months after DBS surgery
under supervision of a specialized movement disorder neurologist dur-
ing a short hospitalization on two consecutive days (day 1 ring-mode
stimulation, day 2 testing of directional contacts). The examiner was
blinded to the exact lead position and orientation. The examiner
assessed resting, postural, action and intention tremor of all affected
extremities. Symptom severity was rated clinically according to the
Fahn-Tolosa-Marin Tremor Clinical Rating Scale (Fahn et al., 1993).
Stimulation frequency and pulse width were set to 130 Hz and 60 ps by
default. Stimulation amplitude was increased stepwise in 0.5 mA in-
crements starting at 1 mA. At each increment occurrence of dysarthria,
twitching movements of upper and lower extremities and facial muscles,
gaze and diplopia, ataxia (finger-to-finger and finger-to-nose test) and
paraesthesia were tested and documented. The effect threshold was
determined as the stimulation current necessary to achieve a first sig-
nificant reduction of postural or action tremor (reduction of two points
to moderate or discrete tremor). The side effect threshold was defined as
the stimulation amplitude that provoked either a) significantly impair-
ing dysarthria, b) muscle spasms or twitching of either facial muscles or
in the extremities, c) sustained paraesthesia, d) diplopia, ) oscillopsia or
f) significant ataxia. We regrouped diplopia and oscillopsia under ocu-
lomotor side effects. We defined the therapeutic window as the differ-
ence between side effect and effect thresholds.

2.4. Diffusion-weighted imaging analysis and tractography

The local fiber orientation distribution was estimated from Q-ball
imaging, which approximates a local fiber orientation distribution
function by applying the Funk-Radon-Transform on a spherical acqui-
sition scheme (Tuch et al., 2003; Tuch, 2004). Fiber tracking was per-
formed with DSI Studio (version June 2018) to display the medial
lemniscus, the corticospinal tract as well as the dentato-rubro-thalamic
tract. To this end, the diffusion data were reconstructed using general-
ized g-sampling imaging (Yeh et al., 2010) with a diffusion sampling
length ratio of 1.25. The restricted diffusion was quantified using
restricted diffusion imaging (Yeh et al., 2017). For the CST, the pre-
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central gyrus and the posterior limb of the internal capsule were set as
regions of interest (ROIs) and the cerebral peduncle as seed. For the
DRTT, the dentate nucleus and precentral gyrus were set as ROIs and the
thalamus as seed. For the ML, the post-central gyrus and thalamus were
set as ROIs and a manually segmented region posterior to the midbrain
as seed as described previously (Nowacki et al., 2018c).

In generalized g-sampling imaging, the anisotropy threshold used for
fiber termination is based on the quantitative anisotropy (QA), which is
defined for each resolved fiber orientation. The initial value of this
threshold is determined automatically using 0.6 * (Otsu’s threshold).
Otsu’s method calculates the optimal separation threshold that maxi-
mizes the variance between the background and foreground (Yeh et al.,
2010). The anisotropy threshold used was the QA value defined by
default. The maximum turning angle for terminating the tracking if two
consecutive moving directions had a crossing angle above this threshold
was 60°. The step size defining the moving distance in each tracking
interval was the default value set as half of the spatial resolution, 1.1
mm. A minimum length of 10 mm and a maximum length of 300 mm
were used to obtain the tracts of interest.

2.5. Lead reconstruction and estimation of volume of tissue activated

Lead reconstruction and volume of tissue activated modelling was
performed with the Lead-DBS toolbox (version 2.2.3) in Matlab 2016b
(The Mathworks, Natick, MA, USA) as described recently by our and
other groups (Nowacki et al., 2018b; Horn et al., 2019; Nguyen et al.,
2019b). Image sets were co-registered and normalized into the MNI
space (MNI ICMB 2009b) using Statistical Parametric Mapping 12 and
Advanced Normalization Tools (Avants et al., 2008). A brainshift
correction was applied with the coarse and fine mask (Schonecker et al.,
2009; Horn et al., 2019). Each co-registration and normalization were
checked manually before further processing. The electrode trajectory
and position were reconstructed semi-automatically using PaCER and
corrected manually if judged necessary (Husch et al., 2018; Nowacki
et al., 2018b). The VTA was calculated using the SimBio/Field Trip al-
gorithms (Oostenveld et al., 2011; Vorwerk et al., 2018) with default
parameters for conductivities and threshold in Lead-DBS.

Lead orientation was assessed using anterior-posterior and lateral
skull X-rays performed three to five days following implantation. The
marker on the Boston Cartesia directional lead was used to determine its
orientation, in estimated 45°-steps (anterior, anteromedial/antero-
lateral, medial/lateral, posteromedial/posterolateral and posterior).
The automatic detection of the lead orientation in Lead DBS (version
2.3.2, Hellerbach et al., 2018) was not successful as our surgical
approach yielded large polar angles. This resulted in hardly visible
streak artifacts of the marker, which the automatic detection relies upon.

2.6. Atlas construction

Anatomical structures of the PSA were displayed in MNI space based
on previously published three-dimensional human brain atlases.
Thalamic nuclei were named according to the adapted nomenclature of
Hirai and Jones (Macchi and Jones, 1997). Specifically, we imported a)
the Red Nucleus, the Subthalamic nucleus, the ventral lateral anterior
nucleus, the ventral and dorsal part of the ventral lateral posterior nu-
cleus from the Morel atlas of the human thalamus (Krauth et al., 2010);
b) the Zona incerta from the DISTAL atlas (Ewert et al., 2018); c) the
corticospinal tract, the medial lemniscus, the dentato-rubro-thalamic
tract from our patient’s cohort as described above. For the overlap
ratio analysis we grouped VLa, VLpv, VLpd as the motor thalamus (VL)
for the sake of clarity.

2.7. VTA analysis

To gain a better understanding of the PSA and what anatomical
structures mediate different clinical effects, we divided the analysis into
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two parts. In the first part, we were interested identifying the minimal set
or origin of structures that mediate a certain effect. To this end, we
specifically selected certain stimulation settings from each lead further
detailed below. In the second part, we were interested in an overview of
the PSA and the spatial distribution of stimulation clusters. To that end,
we included all stimulation settings from each lead. These were used to
compute mean effect and significant mean effect images (Dembek et al.,
2017, 2019; Nguyen et al., 2019b).

In the first part, for each lead VTAs were calculated for the contact
with the lowest effect threshold as well as the contacts with the lowest
threshold to induce any of the above listed side effects where applicable.
In cases where two or more electrode contacts per lead induced tremor
suppression or a given side effect at the same amplitude, each corre-
sponding VTA was calculated and included in the final analysis. We did
not include VTAs corresponding to side effects that were elicited at
higher amplitudes to better identify the origin of an effect (i.e., if in
patient 1 on contact 2 and 4 dysarthria was induced at 3.5 mA and on
contact 5 at 4.0 mA, only the corresponding VTAs of contact 2 and 4
were included in the analysis). We determined the overlap ratio between
individual VTAs and the atlas- and tractography-based anatomical
structures of interest (Nguyen et al., 2019b).

The overlap ratio provides a quantitative measure, which critically
depends on the size of the structure of interest (complete overlap of a
given VTA with a small structure such as the DRTT will ultimately lead
to a small overlap ratio). Therefore, we have focused our results on the
qualitative structure-function analysis, assessing if a structure was
(partially) covered (overlap-ratio > 0) by a given VTA or not.

In the second part, we computed effect and significant mean effect
images for tremor suppression and side effects, similar to previous work
(Dembek et al., 2017, 2019; Nguyen et al., 2019b). We estimated VTAs
at effect and side effect thresholds for each contact. Of note, a contact can
have only one effect VTA but several side effect VTAs, if the activation of
that contact evoked different side effects. Then, we computed separate
mean effect images for tremor suppression, dysarthria, paresthesia,
dystonia and spasm. The voxels of each VTA were assigned a score of 1/
current amplitude. Afterwards, the mean effect images underwent
voxelwise statistical testing to determine significant mean effect images.
For tremor suppression, we set an alpha level of 0.05 and added type I
error correction with a false discovery rate (Genovese et al., 2002). For
side effects, mean effect images did not pass type I error correction due
to smaller sample size. Instead we applied an alpha level of 0.001. These
significant mean effect images are therefore probably overestimated
(significant mean effect images are available as supplementary MATLAB
fig files). Finally, we extracted a cluster from each image by selecting
those 10% voxels with the highest scores.

2.8. Therapeutic windows

For therapeutic window analysis, we adapted the method reported
by Steigerwald et al. 2016 (Steigerwald et al., 2016). We calculated the
therapeutic window (therapeutic window (mA) = side effect threshold
(mA) — effect threshold (mA)) of each directional contact and the cor-
responding (omnidirectional) ring-level. At each level, we compared the
therapeutic windows of the best and worst directional contacts against
the therapeutic window of the ring level. Effect threshold was defined as
the stimulation amplitude at which a first significant reduction in action
or postural tremor occurred.

2.9. Statistical analysis

Descriptive statistics and statistical testing were performed with
GraphPad Prism 8.

For the quantitative structure-function analysis we determined the
normalized overlaps for each structure and the observed clinical effect
as the number of times a given structure was (partially) covered by the
VTA corresponding to the observed clinical effect per total number of
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times the given clinical effect was elicited. A correlation matrix was
calculated to test for similarities between different clinical effects and
their activation patterns of associated structures using Spearman’s cor-
relation with a two-sided p-value and a 95%-confidence interval.
Stimulation profiles of each clinical effect were visualized by heatmaps
of the normalized overlaps. Data is provided as mean =+ standard devi-
ation if not otherwise indicated. The statistical significance level was set
at P < 0.05.

2.10. Data availability statement

Raw data were generated at the University Hospital Bern. Derived
data supporting the findings of this study are available from the corre-
sponding author on request.

3. Results
3.1. Patient demographics, electrode placement and VTA calculation

Ten patients were included in the final analysis. Two patients had to
be excluded. In one patient the diagnosis was adapted in the course of
the study to Parkinson‘s disease and in the second patient MR imaging
data was of insufficient quality to be analyzed. Mean patient age was 63
+ 13 years.

All leads were placed within the PSA with a homogenous distribution
along its anterior-posterior axis (Fig. 1).

3.2. Clinical effects during PSA stimulation

The mean effect threshold for postural tremor suppression was 1.97
+ 0.84 mA. We could suppress all aspects of tremor (action, postural,
intention) in 19 out of 20 hemispheres at usually higher amplitudes

Fig. 1. Lateral (A), anterior (B) and posterior (C) view of all examined elec-
trodes (blue: STN, red: RN, yellow: ZI, orange: DRTT). (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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(2.67 +0.76 mA). Spasms were the most frequently observed side effects
(n = 27) with a mean threshold of 2.96 + 0.66 mA. Dysarthria (n = 16),
oculomotor side effects (n = 15), ataxia-dysmetria (n = 11), and
paresthesia (n = 9) were observed less frequently. The mean threshold
for occurrence of these side effects were 2.66 + 0.89 mA (dysarthria),
4.0 4 1.1 mA (oculomotor side effects), 3.14 4 0.95 mA (ataxia), 2.83 +
1.25 mA (paresthesia), respectively.

3.3. VTA analysis

In the first part of our analysis, we calculated the VTAs according to
the stimulation settings that induced effects and different side effects at
the lowest threshold for a given lead.

For tremor suppression, the structures most frequently activated by
corresponding VTAs were the ZI (n = 34) and DRTT (n = 30) followed by
STN (n = 20) and RN (n = 17). The motor thalamus (VL) was only
covered by five VTAs. Even less frequently, VTAs covered the CST (n =
2) and ML (n = 1). A similar pattern of activation was found for different
side effects (Fig. 2). Of note, VTAs that were associated with induction of
spasms covered the CST in only 2 cases and VTAs that were associated
with occurrence of paresthesia did not cover the ML in any of the cases.
Overlap ratios are compiled in Supplementary Table 1.

The second part of our analysis revealed tightly placed clusters
within the PSA (Fig. 3). The cluster for tremor suppression extended
more dorsal and lateral towards the ZI compared to clusters of dystonia,
spasm and dysarthria that were located more medially and caudally. Of
note, the clusters for spasms was located centrally within the PSA and
distant to the reconstructed fiber tracts of the CST and ML.

3.4. Influence of directional stimulation on therapeutic windows

The median therapeutic window across all directional and omnidi-
rectional contacts was 1 mA. To investigate the influence of directional
stimulation, we compared the therapeutic windows of best and worst
directional contacts with the window of their corresponding ring level
stimulation. At the most effective level, the therapeutic window of the
best directional contacts was not significantly different from the thera-
peutic window of the ring level. However, the worst directional contact
had a significantly (p < 0.01) smaller therapeutic window compared to
ring-mode stimulation (Fig. 4). There was a statistically significant dif-
ference between the therapeutic windows of the most effective and least
effective contact at each ring level (p < 0.01).

4. Discussion

To the best of our knowledge, the current work is the first in-depth
analysis of stimulation-induced effects of directional DBS of the PSA
focusing not only on tremor-suppression but also elicitation thresholds
of different clinically relevant side-effects. Our study highlights some
key findings. First, stimulation of the PSA completely suppressed all
aspects of essential tremor in 19 out of 20 hemispheres. Second, limiting
stimulation-induced side effects are common in this region and lead to
narrow therapeutic windows of on average 1 mA. The most frequent side
effects we observed were spasms (n = 27), dysarthria (n = 16) and oc-
ulomotor side effects (n = 15). Third, the narrow therapeutic windows
are reflected by tightly placed and largely overlapping clusters for
tremor suppression and elicitation of different sorts of side-effects.
Specifically, both tremor reduction and induction of side-effects were
correlated with activation of the same structures comprising the ZI,
DRTT, STN and RN. Surprisingly, induction of muscle spasms and par-
aesthesias were not associated with activation of the CST and ML, a
finding with implications on the classical concepts of “capsular” and
“lemniscal” side-effects. Finally, directional stimulation had a small
impact on the therapeutic window. The therapeutic windows were
significantly different for the best and worst directional contacts,
whereas the best directional contacts did not provide a significantly
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larger window than omnidirectional stimulation at that level.

4.1. Anatomical considerations

The PSA is an intricate and inhomogeneous region that is located
inferior to the ventral thalamus. It is difficult to give an exact anatomical
definition of the PSA. According to Blomstedt the clockwise anterior,
lateral, posterior and medial border of the PSA are the posterior border
of the STN, the posterior limb of the internal capsule, the medial
lemniscus and the red nucleus (Blomstedt et al., 2009). Especially the
anterior border is ill-defined on human brain atlases and constitutes the
pallidothalamic fiber tracts (consisting of the fasciculus lenticularis and
ansa lenticularis) that have been classically referred to as the Fields of
Forel 1 and 2. The main principal components of the PSA are the zona

incerta and the prelemniscal radiations. More recent work has refined
our understanding of the prelemniscal radiations, which is composed
primarily of cerebellothalamic fibers (also known as the dentate-rubro-
thalamic tract, DRTT) as well as fibers originating from the mesence-
phalic reticular formation (Gallay et al., 2008). The zona incerta is
regarded as the rostral continuation of the brain stem reticular forma-
tion and is composed of loosely arranged cell groups. Based on extensive
connections with the brainstem reticular formation including the
pedunculopontine nucleus and parabrachial nucleus, the red nucleus,
superior colliculus, cerebellar nuclei, basal ganglia as well as thalamus,
cerebral cortex, and spinal cord, it is regarded as an important hub
within both the thalamocortico-basal ganglia and the cerebello-
thalamocortical circuits (Kolmac et al., 1998; Mitrofanis and Miku-
letic, 1999; Power et al., 1999; Blomstedt et al., 2009).
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Fig. 3. A)-E) Axial and sagittal views of effect and side effect clusters as well as subthalamic nucleus (STN) and red nucleus (RN). A) and D) are pseudo-3D views of
the clusters and illustrate the overlap between them. Green cluster denotes tremor suppression, red cluster dysarthria, orange cluster paresthesia, yellow cluster
dystonia and spasm. B) and C) show axial sections of the clusters and subthalamic nucleus at z = -5.5 mm and —4 mm, respectively (MNI coordinate system). E)
shows a sagittal section at x = 11 mm. (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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Fig. 4. Box plot comparing the therapeutic windows between best and worst
directional contacts on the most effective level. Left: absolute difference in
therapeutic window between best directional contact and ring level. The me-
dian difference was 0 mA and not significant. Right: absolute difference in
therapeutic window between worst directional contact and ring level (median
difference —1.5 mA, p < 0.01). There was also a significant difference between
best and worst directional contact (median difference —1.5 mA, p < 0.01).

4.2. Functional considerations of tremor suppression

The arising question, which structure(s) mediate(s) the tremor-
suppressive effect or side effects of PSA-DBS has been addressed

before (Plaha et al., 2008; Blomstedt et al., 2010, 2011; Coenen et al.,
2014, 2020). The ZI quickly became a suggested target to control tremor
of various pathologies (ET, Parkinson’s disease, multiple sclerosis, dys-
tonic tremor) by some groups (Plaha et al., 2008; Coenen et al., 2014,
2020) while our previous work as well as work of other groups have
pointed towards the DRTT as the common structure (Coenen et al.,
2014, 2020; Fiechter et al., 2017). Moreover, a recent study showed that
tremor suppression efficacy directly depends on the distance to the
DRTT (Dembek et al., 2020). These studies explored the structure-
function relationship with omnidirectional leads (Fytagoridis et al.,
2013; Dembek et al., 2017), whereas the present study is based on
segmented leads that provide a spatially more confined directional
stimulation. Our current findings support both previous hypotheses that
both the DRTT and ZI are involved in tremor suppression. Furthermore,
in a relevant number of patients we demonstrate a co-stimulation of the
STN and RN. There are at least two possible underlying mechanisms of
this finding. Either, tremor suppression might be mediated by stimula-
tion of a certain compartment of one structure — the DRTT or the ZI - and
coverage of this compartment by the stimulation field inevitably leads to
co-stimulation of nearby structures. Or, effective tremor suppression
requires co-stimulation of the DRTT and the ZI. Current limitations of
the applied technology do not permit a definitive answer at this point.

4.3. Functional considerations of side-effects

Previous studies in the field of DBS for tremor in the PSA have mainly
reported clinical outcome for tremor suppression but few studies have
reported a detailed analysis of side-effects (Kitagawa et al., 2000;
Murata et al., 2003; Plaha et al., 2008; Fiechter et al., 2017; Coenen
et al., 2020). However, stimulation-induced side effects have been a
major limiting factor of DBS for ET in clinical practice and a thorough
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understanding of the structure-function relationship of stimulation-
induced side-effects is warranted to help anticipate and avoid these ef-
fects with the help of modern current steering technology. To our
knowledge only two previous studies analyzed the structure-function-
relationship of different side-effects in detail. Fytagoridis et al.
analyzed DBS electrode locations within the PSA of 33 hemispheres
regarding stimulation-induced side effects (Fytagoridis et al., 2013).
Similar to our findings, paresthesia and muscle contractions or cere-
bellar signs could not be attributed to a certain structure or anatomical
region within the PSA. Unlike the present work, Fytagoridis‘ analysis
was based on omnidirectional stimulation, without VTA modelling and
normalization of datasets into a common template space such as the MNI
space but plotted electrode locations onto the 2-D stereotactic atlas of
Morel. More recently, Dembek et al. analyzed stimulation sites and
stimulation effects of 16 ET patients targeted at the VIM region by
probabilistic mapping in the MNI space using VTA modelling (Dembek
et al., 2017). The authors assessed reduction of postural and intention
tremor as well as occurrence of dysarthria, paraesthesia and dizziness.
Interestingly, the highest likelihood of tremor reduction was found in
ventrally located regions of the thalamus and the posterior subthalamic
area. In line with our results, different sorts of side-effects were not
associated with stimulation of one specific but several structures. For
instance, induction paraesthesia was correlated with a stimulation field
covering large parts of the Vim, ZI, CM and VPI/VPM/VPL. The authors
did not report on the side-effect thresholds and therapeutic windows
that our present results could be compared to.

Thus, our findings agree with previous work and underline some
interesting and unexpected findings: we found a similar activation
pattern for both tremor suppression and induction of different side-
effects. Regardless of what clinical effect we observed, the structures
that were most frequently stimulated were the ZI, DRTT, RN and STN.
Our heatmap analysis confirmed tight and overlapping clusters of side
effects in the center of the PSA. Of note, induction of paresthesia was not
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associated with stimulation of the ML and induction of muscle spasms
were associated with CST activation in only a vast minority of the pa-
tients. These findings are against current concepts presented in most
textbooks that refer muscle spasms and contractions to as “capsular” side
effects and paresthesias as “lemniscal” side effects. There are several
possible explanations for our findings. First, current imaging technolo-
gies are limiting. For example, diffusion-weighted imaging and trac-
tography algorithms (for display of fiber tracts such as the ML, CST and
DRTT) as well as current VTA models that are based on simplified as-
sumptions (such as exclusive axonal activation with fixed electrical
properties and orientation towards the electrode, ignorance of field in-
homogeneities and anisotropy) may not be accurate enough to display
activation of the structures of interest in the anatomically intricate PSA
(Fig. 5a and b). Accordingly, paresthesias and spasms are mediated by
current spread to the ML and CST, but this activation is not captured by
the VTA model. Second, different side effects such as paresthesia or
muscle contractions/spasms are indeed not induced by direct activation
of the CST or ML but reflect phenomena based on the network properties
of the cerebello- and basal ganglia-thalamocortical loops (Fig. 5¢).

4.4. Clinical implications

This study confirms previous findings by other groups that the PSA is
an effective area for tremor suppression. However, limiting therapeutic
side-effects are common and lead to overall small therapeutic windows.
In a complex area such as the PSA, directional stimulation may improve
the therapeutic window as demonstrated in STN DBS for Parkinson’s
disease (Steigerwald et al., 2016). For essential tremor, this has been
recently shown for directional DBS of the Vim (Rebelo et al., 2018). The
Oxford group could demonstrate significant gains in the therapeutic
window and reductions in current consumption with stimulation in the
best direction compared to best omnidirectional stimulation alternative
(Meidahl et al., 2017). We also observed significant differences in

Fig. 5. Schematic axial (a) and horizontal (b) drawings of the PSA. The drawings represent the estimated volume of tissue activated (VTA) by current modelling
technology that covers the Rapl/DRTT, zona incerta (Zi), subthalamic nucleus (STN) and red nucleus (RN). Due to limitations of the underlying model assumptions
current spread along pathways of low tissue conductance (arrows) are not captured that, in reality, might exist and activate (stars) structures like the CST and ML
which in turn induce spasms and paresthesias. (¢) In this alternative explanation, the stimulation field (blue circle) leads to pure activation of the Rapl/DRTT and the
ZI. Activation of affected fibers could result in the observed side-effects (paraesthesias, spasms, dysarthria, oculomotor and ataxia) by modulating thalamic or
thalamo-cortical signal processing. Anatomical studies have demonstrated efferent connections of both the cerebellar nuclei (via the Rapl/DRTT) and ZI to the ventral
posterior (sensory) thalamus (indicated by red fibers terminating in VPL) which is predominantly targeted by the medial lemniscus (LM) (Sakai et al., 1996; Power
et al., 1999). Thus activation of the DRTT could induce paraesthesia by cross-activation of the VPL. Apart from the main projections to the posterior part of the
Ventral lateral nucleus (VLP), the DRTT further targets the anterior part of the VL (VLA) which predominantly receives input from the internal pallidal segment (blue
fibers running through H2) which could induce dysarthria (Sakai et al., 1996). Furthermore, there is evidence for intrathalamic interactions between modality-
specific regions in the dorsal thalamus as a potential crosslink between parallel motor, sensory and affective channels (John W. Crabtree et al., 1998). Thus, the
thalamic relay nuclei integrate both lemniscal, cerebellar and pallidal inputs and it is possible that stimulation of one input structure influences signal processing of
the other, thereby inducing the clinical motor side-effects. Furthermore, there are connections between the ZI and the superior colliculus, the cerebellar nuclei and
multiple brain stem nuclei modulation of which could account for the observed side-effects (Kolmac et al., 1998). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)



J.-P. Lévy et al.

therapeutic window between best and worst directional stimulation.
Although best directional stimulation tended to have larger therapeutic
windows than omnidirectional stimulation, the differences were not
significant. This is likely due to the tight clusters that allow only minimal
space to maneuver directional stimulation. Additionally, the small dif-
ferences in the therapeutic window between directional and omnidi-
rectional stimulation could be based on the rather consistent location of
our electrodes in the center of the PSA. The anatomical complexity of the
target structure and co-stimulation of surrounding fiber tracts, the
nearby ZI, STN and RN even with low amplitudes might explain the
small differences in the therapeutic windows between directional and
omnidirectional stimulation. In contrast to our findings, a recent study
by Bruno and co-workers found a small but significant difference be-
tween omnidirectional and directional stimulation of the VIM and PSA.
(Bruno et al., 2020). Therefore, whether PSA stimulation may ultimately
benefit from directional current steering would need to be explored in
additional studies.

We did not evaluate the role of different stimulation pulse widths on
the therapeutic window. Recent computational models found that long
pulse widths might focus the stimulation effect on small, nearby fibers,
thereby suppressing distant white matter tract activation which can be
responsible for some DBS side-effect (Anderson et al., 2020). This
concept seems interesting, especially in an anatomically heterogeneous
area such as the PSA, which comprises many fiber tracts with probably
different electrophysiological properties. This hypothesis needs to be
tested in future studies.

5. Limitations

Our study has several limitations. Our cohort consisted of a small
number of patients, which restricts the statistical robustness of our work.
Of note, most other studies were conducted with a similar number of
patients. Secondly, we used a VTA model that does not take into account
field inhomogeneities and field anisotropy as well as the varying elec-
trical properties of different fiber tracts present in the PSA. A more so-
phisticated VTA model that incorporates activation models of more than
just one axon-type and that takes into account field inhomogeneities
would be warranted. Moreover, our algorithm dedicated to co-
registration and normalization comes along with inherent errors and
impacts the overall accuracy of the model. The selection for the appro-
priate atlas available in MNI space merits a further point of discussion.
Of note, the definition of the ZI remains elusive. Due to the reticular
character of this nucleus, there are no clear-cut boundaries and a precise
definition and delineation for their structure remains controversial. To
integrate all structures of interest in our analysis, we had to combine two
different atlases and in-house-Q-ball imaging-based tractography to
delineate the fiber tracts. This patch-work could also contribute to some
inaccuracies of the model. Furthermore, our mapping was performed
with steps of 0.5 mA in our clinical routine which may decrease the
specificity and accuracy of positive and side effects in the therapeutic
window analysis. Lastly, the lead orientation was assessed three to five
days postoperatively based to skull radiographs. Thus, there remains
some uncertainty about the exact electrode orientation in the range of
10° which has further implications on model accuracy. We cannot
exclude an additional rotation of the lead between the postoperative X-
rays and the time of clinical testing, through this is probably unlikely.
More recent methods allow for the detection of the lead orientation
(Reinacher et al., 2017; Horn et al., 2019; Steigerwald et al., 2019). Due
to the low intensity profile of the electrode orientation marker on our
postoperative CT sequences and the resulting flat similarity indices, we
could not run the automatic orientation detection implemented in LEAD
2.3.2 (Hellerbach et al., 2018).

6. Conclusions

In summary, we aimed at gaining a better understanding of what
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anatomical structures mediate different clinical effects observed during
DBS of the PSA. We found similar activation patterns and clusters for
effect and side effects based on directional stimulation. Tremor sup-
pression is most likely mediated by activation of the DRTT and ZI and
current technology does not provide a clear structure-function rela-
tionship of different observed side effects. We suggest that future studies
need to apply VTA-models that are more sophisticated and focus on the
role of different stimulus pulse widths to work out differences between
the obviously very tightly located clusters of effect and different side
effects. This might eventually lead to an even better understanding of
the different compartments of the PSA with implications on targeting
approaches and current-steering technologies to fully exploit the po-
tential of DBS in this area.
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