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Background: Directional deep brain stimulation (dDBS) of the subthalamic nucleus for Parkinson's dis-
ease (PD) increases the therapeutic window. However, empirical programming of the neurostimulator
becomes more complex given the increasing number of stimulation parameters. A better understanding
of dDBS is needed to improve therapy and help guide postoperative programming.
Objective: To determine whether clinical effects of dDBS can be predicted in individual patients based on
lead location and volume of tissue activated (VTA) modelling.
Methods: We analysed a prospective series of 28 PD patients. Imaging analysis and systematic clinical
testing performed 4—6 months postoperatively yielded location, clinical efficacy and corresponding
therapeutic windows for 272 directional contacts. We calculated the corresponding VTAs to build a
probabilistic stimulation map using voxel-wise statistical analysis.
Results: We found a positive and statistically significant correlation between the overlap ratio of a pa-
tient's individual stimulation volume and the probabilistic map's sweet spot —defined as the 10% voxels
with the highest clinical efficacy values (average Spearman's rho = 0.43, average p < 0.036). Patients who
had a larger therapeutic window with directional compared to omnidirectional stimulation had a larger
distance between the electrode and the sweet spot centroid (average distances 2.3 vs. 1.5 mm,
p=0.0019).
Conclusion: Our analysis provides new insights into how the definition of a probabilistic sweet spot
based on directional stimulation data and individual VTA modelling can be applied to predict clinically
effective directional stimulation and help guide clinicians with the intricate postoperative DBS
programming.

© 2019 Elsevier Inc. All rights reserved.

Introduction

Evidence suggests that accurate and precise lead placement in the
dorsolateral motor part of the STN is of paramount importance for

Subthalamic nucleus (STN) deep brain stimulation (DBS) is an
effective treatment option for patients with advanced Parkinson's
disease (PD) and other movement disorders to alleviate motor
symptoms such as slowness of movement, rigidity or tremor [1,2].

Abbreviations: DBS, deep brain stimulation; PD, Parkinson's disease; MNI,
Montreal Neurological Institute; STN, subthalamic nucleus; UPDRS, Unified Par-
kinson's disease rating scale; VTA, volume of tissue activated.
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successful treatment [3—5]. Suboptimal lead placement increases
the likelihood of current spread into adjacent structures and hence,
stimulation-induced side effects [G]. In addition, finite-element
models of electric field distribution have significantly contributed
to a better understanding of the volume of tissue activated (VTA) by
the stimulating electrodeand how these models could be used to
guide and improve stimulation effects [7,8].

Directional DBS (D-DBS) has recently been introduced to over-
come some limitations of classical omnidirectional DBS [9]. D-DBS
leads have segmented contacts and therefore enable a spatially
more confined stimulation via current steering to specific regions of
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interest. In contrast to omnidirectional DBS leads, where the
stimulation field could be moved primarily along the vertical axis (Z
axis), D-DBS provides a unique opportunity to make further
anatomico-clinical explorations in the horizontal plane (along the X
and Y axes). Stimulation-induced side effects should therefore be
reduced and therapeutic window widened when applying D-DBS.
The proof of concept that directional stimulation increases the
therapeutic window has been shown intraoperatively [10,11].
Subsequent clinical trials with chronically implanted patients have
confirmed these results [12,13].

However, the underlying neural mechanisms of the beneficial
effects of D-DBS still need to be elucidated. Furthermore, from a
clinical perspective it remains unclear under which circumstances
individual patients may benefit from directional stimulation over
classical omnidirectional stimulation. Furthermore, with the
increased number of electrodes, programming becomes more
complex and time-consuming when using a “trial-and-error”
empirical approach, i.e., a systematic clinical mapping of all elec-
trodes [14]. Thus, a better understanding of the relationship be-
tween directional stimulation of neural structures and the clinical
responses is needed to help guide programming of DBS devices and
fully exploit its therapeutic potential. Therefore, the objective of the
current work was to:

1. Determine a probabilistic, clinically effective stimulation site
within the STN based on directional stimulation,

2. Determine whether clinical effects of directional stimulation can
be predicted in individual patients based on DBS lead location
and VTA modelling,

3. Identify factors that indicate whether a subject may benefit from
directional stimulation over omnidirectional stimulation.

Materials and methods
Patients

This monocentric study included 28 consecutive PD patients (19
male, 9 female; mean age 63 + 9 years, range 48—76) undergoing
bilateral DBS of the STN between November 2015 and April 2017.
Awake surgery using a Leksell G frame (Elekta instruments,
Stockholm, Sweden) with intraoperative use of microelectrode
recording and clinical testing was performed in each patient. The D-
DBS lead model Boston Vercise Cartesia (Boston Scientific, Marl-
borough, MA, USA) was implanted. The operative procedure is
described in detail elsewhere [15]. Patients’ consent was obtained
and the local ethics committee approved the study.

Clinical contact testing and parameters

Systematic clinical assessment of monopolar stimulation of each
contact was performed 4—6 months (mean 24 + 6 weeks) after DBS
surgery under supervision of a movement disorder neurologist,
who was blinded to imaging data and therefore exact lead position
and orientation (Fig. 1). Levodopa was stopped at least 12h,
dopamine agonists up to 48 h before clinical testing. Clinical testing
consisted of assessment of upper limb tremor and rigidity by pas-
sive flexion/extension movements of the elbow and hand wrist.
Symptom severity was rated clinically testing according to the
Movement Disorders Society Unified Parkinson's Disease Rating
Scale (MDS-UPDRS) [16]. Stimulation frequency and pulse width
were set to 130 Hz and 60 ps by default. Stimulation amplitude was
started at 1 mA and increased stepwise in 0.5 mA increments. At
each increment of stimulation amplitude, the patient was tested for
occurrence of dysarthria, twitching movements of upper and lower

Workflow

Clinical assessment

e Patient rigor assessed at six months post-
implantation with medication OFF

e Assessor blinded to precise lead location and
activated electrode

o Monopolar review of omnidirectional stimulation

e Monopolar review of directional stimulation

Stimulation thresholds

Preparation with Lead-DBS
o Co-registration of pre- and post-operative images
e Normalization to MNI152 NLIN 2009b space
e lead reconstruction

e Calculations of stimulation volumes

Activated voxels

Probabilistic stimulation map
e Image 1: mean clinical efficacy
e Image 2: p-image
e Image 3: significant mean clinical efficacy

e Five-fold cross-validation and Spearman’s rank
correlation

Fig. 1. Overview of the workflow.

extremities and facial muscles, gaze and diplopia, and paraesthe-
sias. Assessment was performed in two separate sessions on two
following days with the first session testing omnidirectional stim-
ulation and a second session testing directional stimulation (i.e.,
monopolar stimulation of directional electrodes) during a short
hospitalisation. A testing session usually took one to two hours. The
effect threshold was determined as the stimulation current
necessary to completely relieve rigidity or to obtain the best
achievable improvement in this clinical sign. The side effect
threshold was defined as the stimulation amplitude that provoked
either a) significantly impairing dysarthria, b) muscle spasms or
twitching of either facial muscles or in the extremities, c) sustained
paraesthesia, d) diplopia or e) significant feeling of unease. Thera-
peutic window was defined as the difference between side effect
and effect thresholds. Clinical efficacy was defined according to Eq.
(1), where ET denotes effect threshold:

rigidity at baseline — rigidity at ET
rigidity at baseline x Current at ET

clinical efficacy = (1)
We defined two groups of patients according to clinical testing:
patients, who showed a wider therapeutic window with omnidi-
rectional stimulation mode compared to directional stimulation
were labelled group A, whereas patients who showed a wider
therapeutic window with directional stimulation compared to
omnidirectional stimulation were labelled group B.
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Postoperative lead localization and estimation of volume of tissue
activated

An early postoperative high-resolution CT scan performed on
the day following surgery was used for DBS lead reconstruction
using Lead-DBS toolbox (version 2.1.6) in Matlab 2016b (The
Mathworks, Natick, MA, USA) as described recently by our and
other groups [17—19]. Leads were semi-automatically localized
with the PaCER algorithm [20]. The orientation of the lead was
determined with skull X-rays in two planes (anterior-posterior and
lateral) performed three to five days following surgery.

The volume of tissue activated was estimated with Lead-DBS
based on previous models [21,22]. The assignment to gray and
white matter was done based on the DISTAL atlas, as this atlas
proved to be of acceptable accuracy compared to patients' indi-
vidual MRI scans [17,23]. Conductivity values for white matter were
set to 0.14 S/mm and for gray matter to 0.33 S/mm [21]. Thresh-
olding of the potential gradient at 0.2 V/mm then determined
activated tissue.

Generation of probabilistic stimulation map

Methods to create a probabilistic stimulation map have been
presented before [24—27]. The map generated here was adapted
from work by Eisenstein and coworkers [27]. Briefly, for each pa-
tient and stimulation setting we estimated the VTA in MNI template
space. Each voxel covered by the VTA was assigned the corre-
sponding clinical efficacy score for that patient and stimulation
setting. Voxels not activated by the VTA were assigned a score of 0.
Mean clinical efficacy scores were then calculated for each voxel to
create a mean clinical efficacy image. A voxel-wise Wilcoxon signed
rank test (one-tailed, significance level detailed below) was per-
formed to test for statistical significance against zero. P-values for
each voxel were displayed in the p-image. Finally, a significant mean
clinical efficacy image was created displaying the mean clinical ef-
ficacy per voxel, but taking into account only voxels statistically
significant from zero. Voxels with accepted null hypothesis were
discarded and their mean clinical efficacy value was set to zero.
Voxels with rejected null hypothesis, thus indicating significant
clinical effect, were preserved for the probabilistic stimulation map.

Side effect thresholds were used to identify a safe zone of
stimulation with minimal probability of evoking side effects. This
information was then integrated into the map described above.
Using the thresholds from clinical mapping, we first estimated
VTA:s at side effect threshold minus 0.5 mA, i.e., the highest current
amplitude tested that did not elicit side effects. Finally this safe
stimulation zone was fused into the map above. Voxels that were
outside the safe zone were now marked with a mean clinical effi-
cacy score of —1 representing a penalty when activated.

Sweet spot and correlation to clinical efficacy

To determine the predictive value of the map, we defined
overlap ratio as the volume overlap of an individual VTA and the
probabilistic sweet spot divided by the individual VTA volume. The
overlap ratio was calculated as in Eq. (2).

Volume overlap between VTA and hot spot

overlap ratio = Volume of VIA

(2)

This sweet spot was defined from the map by identifying voxels
with a mean clinical efficacy value at the 90th percentile or above
(Fig. 4). In other words this represented the top ten percent of
voxels. We also evaluated sweet spots defined at the 80™ or 95th
percentile, but opted for the 90™ percentile as cut-off due to the

sweet spot volume (48, 12 and 24 mm?, respectively). Thus we
considered the 90™ percentile to be most meaningful and tangible
given the volume of the STN of about 120 mm? with the DISTAL
atlas in MNI template space.

Overlap ratio was correlated to individual clinical efficacy
values. To better test this correlation and reduce variability of cor-
relation results, we used a five-fold cross-validation [28]. We
randomly divided our data into five blocks of approximately the
same size (e.g., blocks were labelled A through E). A probabilistic
stimulation map was then generated from four of these blocks
corresponding to approximately 80% of the data (e.g., blocks A
through D). This is usually referred to as training in machine
learning. Then correlations were computed with the remaining
block corresponding to approximately 20% of the data (e.g., block
E). This is usually referred to as testing in machine learning.
Importantly, this block was not used during map generation and
therefore the map was not fitted to or biased towards that data. This
training and testing was performed five times in total, so that each
block was used exactly once for testing. For example in a second
round, the map was generated with data from blocks A, B, C and E,
and testing was performed with block D. Specifically for this study,
we excluded patients who were symptom free at the beginning of
the clinical testing (baseline rigidity 0). This yielded VTA estima-
tions for 272 directional contacts (144 for left and 128 for right
hemisphere). Spearman's rank correlation was performed between
the clinical efficacy value and the two variables defined above. This
was repeated for each fold of cross-validation. All computations
were performed in Matlab 2016b.

Statistical analyses

For the generation of the probabilistic stimulation map, the
mean clinical efficacy image comprised 140x140x140 voxels and
more than two million voxel-wise Wilcoxon signed rank tests were
calculated. To reduce type I errors due to multiple testing, we
adopted a false discovery rate as described in detail elsewhere
[29,30]. The Spearman's rank correlation coefficients from the five-
fold cross-validation were averaged through Fisher's z trans-
formation. The corresponding p-values were averaged conserva-
tively with an arithmetic mean multiplied by 2.

Results

Twenty-eight consecutive PD patients undergoing bilateral STN
DBS were included in the final analysis. Ten hemispheres and four
additional directional contacts had to be excluded from the map
generation due to missing symptoms at baseline or lack of patient
compliance during testing due to exhaustion. Furthermore, for the
Group A versus Group B analysis, six hemispheres were excluded
that did not yield therapeutic windows during clinical testing. In
total, VTA estimations for 272 directional contact stimulation and
for 50 omnidirectional configurations were analysed leading to a
total of 322 different stimulation settings. The mean preoperative
“medication off” MDS-UPDRS score was 38.6 + 14.6. The mean
postoperative “medication off-stimulation on” MDS-UPDRS score
was 22.6 + 9.3 (p < 0.0001).

In 24 of 56 (43%) analysed hemispheres directional stimulation
provided a larger therapeutic window compared to omnidirec-
tional stimulation. Group A patients who had a similar or smaller
therapeutic window with directional stimulation (1.6 + 1.0 mA)
compared to omnidirectional (2.1 + 0.9 mA) stimulation and thus
did not benefit from directional stimulation during our acute clinical
testing. Group B patients had a larger therapeutic window with
directional stimulation (2.1 +1.58 mA) compared to omnidirec-
tional (1.38 + 1.15mA) stimulation and thus did benefit from
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directional stimulation. We could not consistently find a lower ef-
fect threshold or higher side-effect threshold that accounted for the
overall increased therapeutic window in Group B patients.

Contact location

The anatomical location of all contacts was analysed (Fig. 2).
Most contacts were accumulated in the middle third on the
anterior-posterior axis of the nucleus reflecting the targeting
approach of the surgeon. Directional contacts that attained full
clinical effect (complete rigidity reduction) had different locations
along the dorsoventral axis than contacts that attained partial effect
only, the latter ones being located in the ventral part more
frequently (Fig. 2).

Probabilistic stimulation map

The probabilistic stimulation map was computed using the VTAs
of directional contacts (Fig. 3). The mean clinical efficacy image had
voxels with non-zero mean clinical efficacy both in- and outside the
STN (Fig. 3A and B). Following multiple comparison in the p-image
(Fig. 3C and D), significantly effective voxels were kept for the

Contact locations

*  Full effect, n = 183
* Partial effect, n = 89
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Fig. 2. Location of all directional contacts projected in MNI template space and right
subthalamic nucleus in gray. Contacts whose activation achieved full effect (100% ri-
gidity reduction) are marked blue and those whose activation achieved partial effect
are marked red. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

significant mean clinical efficacy image (Fig. 3 E,F). This image was
combined with a safe zone of stimulation. Notably, significantly
effective voxels with high mean clinical efficacy values were
located in the dorsolateral part of the STN. A ‘neutral zone’ followed
with voxels that had no significant clinical effect, but were within
the safe zone of stimulation (red transparent zone in Fig. 3E and F).

Sweet spot and correlation with clinical efficacy

We found significant moderate correlation between overlap
ratio and clinical efficacy (Fig. 4). This sweet spot defined by voxels
at the 90™ percentile and above had a volume of 24.1 mm? and may
be described as an ellipsoid with lengths of about 5 mm, 3.3 mm
and 4mm along the principal axes. Greater overlap ratio was
associated with greater clinical efficacy (average Spearman's
rho=0.43, average p < 0.036). Notably, four folds of the cross-
validation returned a p-value below the significance level of 0.05,
only the third fold had a p-value of 0.07. All correlation coefficients
and p-values are listed in Table 1.

Benefit from directional stimulation

Group A and group B patients showed differences in contact
position and overlap ratio. Group A patients were on average
0.8 mm closer to the centroid of the probabilistic sweet spot than
group B (average distances 1.5 vs. 2.3 mm, respectively, t-test,
p=0.0019, Fig. 5A—C).

The overlap ratio in group A was highest for omnidirectional
stimulation compared to directional stimulation. The difference
with best directional stimulation (directional contact with largest
therapeutic window) was not significant (one-way ANOVA,
p = 0.24), while the difference with worst directional stimulation
was significant (p < 0.001). Conversely, the overlap ratio in group B
was highest for best directional stimulation compared to omnidi-
rectional stimulation (p =0.99) and worst directional stimulation
(p=0.002, Fig. 5D).

Discussion

We developed a probabilistic stimulation map for clinically
effective D-DBS in the STN area of chronically implanted PD pa-
tients. Our findings are based on clinical testing of different stim-
ulation settings comparing directional and omnidirectional
stimulation. Using VTA estimations from 272 directional contacts,
we were able to generate a highly detailed probabilistic stimulation
map of the STN. We showed that the probabilistic stimulation
volume for directional stimulation associated with the highest
clinical efficacy projected onto the dorsolateral STN. The overlap
ratio between an individual VTA and the stimulation sweet spot
was positively correlated with clinical efficacy. Notably, this
parameter and the electrode distance to the sweet spot centroid
were helpful indicators of whether a patient would benefit from
directional stimulation over omnidirectional stimulation.

Generation of probabilistic stimulation map

The generation of our probabilistic stimulation map was based
on previous work by Eisenstein and coworkers, [27]. In contrast to
their work, our map was based on directional stimulation, which
allowed for refined spatial mapping, especially in both horizontal
axes (X and Y axes). To further improve spatial resolution, we used a
finite-element model to estimate volume of tissue activated,
whereas their analysis assumed a spherical activation volume
weighted with a Gaussian function.
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Probabilistic stimulation map

p-image

A Mean clinical efficacy image c
014
012
3 £
4 e E
g & -]
g 008 2 &
g B
E £ -
k 3 k
g w? B
€ 8 =4
= g £
: 0.04 -
002
[
20 ¢
Posterior-anterior (mm)
B D .
014
0.12
E 01 E
E- z E-10
k] € 8
s 008 2 1)
i 3 L
2 006 £ 2
s g s
2 . = 2 .15
& 004 &
0.02
20 0 20
0 5 10 15 20 0 5

Medial-lateral (mm)

10

Medial-lateral (mm)

. E Significant mean clinical efficacy image
0.14
{012
o1 o
g
€
0.08 2
g
€
006 ¢
.06 €
8
H
0.04
0.02
0
Medial-ateral (mm) 20 o Mediakateral (mm)
Posterior-anterior (mm)
1 F 5 =
N 0.14
09
. 1012
07 €
g 10 o1
= 8
% 5 s
& 008 &
05 3 € g
H 3 £
28 o g
04 H * 8
2 -15
03 [ .
02
002
041
0 20 0
15 20 0 5 10 15 20

Medial-lateral (mm)
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Table 1

Correlation coefficients from cross-validation. Overlap ratio was calculated for a
sweet spot defined by 90 percentile.* Mean p-values were conservatively esti-
mated as explained in Methods.

Fold Overlap ratio
Spearman's rho p-value
1 0.4 0.011
2 0.61 1.1e-5
3 0.27 0.071
4 0.46 0.001
5 0.39 0.007
Mean 043 <0.036*

Probabilistic stimulation maps were recently generated for DBS
in essential tremor [26]. Based on omnidirectional stimulation, the
group created two sets of maps: one set to identify effective stim-
ulation targets for tremor suppression; and a second set to identify
regions with high occurrence of stimulation-induced side effects
such as paraesthesia or dizziness. Here, we did not distinguish
between different types of side effects, but instead decided to
define a safe zone of stimulation and combine these two sets of
maps together. This yielded a map with a layer of voxels that had
significant clinical efficacy, a second layer of voxels that had non-
significant clinical efficacy (neutral zone) and a third layer of vox-
els that had a high likelihood of inducing side-effects (Fig. 3). As
expected, voxels likely to induce side-effects projected onto areas
lateral and caudal to the STN, thus reflecting the anatomical
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Directional and omnidirectional stimulation
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this figure legend, the reader is referred to the Web version of this article.)

locations of the internal capsule and substantia nigra. Future ver-
sions of the map may fine-tune this value to reflect different types
and severity of side effects.

Correlation with clinical efficacy

The clinical usefulness of a probabilistic map that exclusively
reflects population-based likelihoods may be questioned. Each in-
dividual patient responds differently to DBS. We tested whether the
probabilistic stimulation map can provide a predictive value for
individual patients. We found that the overlap ratio with the
stimulation sweet spot was positively correlated with individual
clinical efficacy. This suggests a useful marker to predict effective
stimulation settings in an individual patient.

Our probabilistic stimulation sweet spot represented a volume
that was associated with most effective rigidity reduction. It
projected onto the dorsolateral STN and confirmed findings of

previous studies [4,5]. More recently, several studies of PD pa-
tients undergoing STN DBS used resting state fMRI and diffusion-
weighted imaging to perform probabilistic functional and struc-
tural connectivity analysis. For instance, Acolla et al. found that
different anatomically and electrophysiologically defined sub-
regions of the STN have a distinct connectivity profile to certain
cortical regions. Based on this, Horn and coworkers found that
connectivity between the DBS electrode and a distributed
network of brain regions including the supplementary motor
cortex, prefrontal cortex, and anterior cingulate cortex correlates
with clinical outcome [31]. Akram and coworkers found that
clinical response of rigidity, tremor and bradykinesia was associ-
ated with different cortical connectivity profiles [32]. In the pre-
sent study we did not conduct probabilistic structural or
functional connectivity analysis and therefore plan to evaluate
whether connectivity may provide any additional predictive value
in future studies.
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Predictors of effective directional stimulation

Directional stimulation provided a slightly increased therapeu-
tic window with a lower effect threshold compared to omnidirec-
tional stimulation. Across our cohort, 43% of patients benefitted
from directional stimulation during clinical mapping and showed
an increased therapeutic window compared to omnidirectional
stimulation. We found that directional contacts of group B patients
were anatomically more distant from the sweet spot centroid than
contacts of group A patients. This indicated that directional stim-
ulation can alleviate situations where the lead is possibly placed
sub-optimally, in group B patients with a mean distance of 2.3 mm
from the centroid. This is in accordance with Anderson et al. who
demonstrated in-silico that directional stimulation can achieve
better target activation than omnidirectional stimulation, in
particular when the lead was placed 2 mm off-target [33]. One
possible explanation is the distinct capability of directional leads to
steer stimulation intentionally towards regions of interest and
away from regions of avoidance as hypothesized by Steigerwald
and Anderson [12,33].

Second, we were particularly interested whether individual VTA
models can help understand why and under what circumstances
some patients profit from directional stimulation. The overlap ratio
was a useful indicator. Group A patients had slightly larger overlap
ratio with omnidirectional stimulation than best directional stim-
ulation. Conversely, group B patients had slightly higher values
with best directional stimulation than omnidirectional stimulation.
This finding was in line with the hypothesis that directional stim-
ulation can compensate for sub-optimally placed leads. It also
underlined the capability of directional stimulation to better target
regions of interest to enhance overlap ratio in group B patients.

Limitations

Our study has several limitations. First, a problem inherent to
the conception of a probabilistic stimulation map, which is based
on clinical data, is that the probabilistic distribution and sweet spot
solely reflect the distribution of implanted electrodes. These are
usually distributed around the intended target selected by the
surgeon. This was also evident in our series of patients in which
most electrodes were distributed in the middle third of the
anterior-posterior axis of the nucleus. As a consequence the prob-
abilistic map may favour the targeted area over the undersampled
surrounding area. We minimized this problem by 1) taking into
account data from all available contacts and not only the most
effective ones, 2) by taking into account sub-optimal stimulation
settings such as side-effect thresholds, 3) reducing type-1-error of
multiple testing by applying a false discovery rate. The method
presented here for the probabilistic stimulation map may work for
Parkinson's disease and the subthalamic nucleus. However, it may
have to be adapted for other indications or targets, where VTAs are
sparser.”

Second, clinical efficacy was defined as the degree of rigidity
reduction per stimulation amplitude to obtain the maximum
possible rigidity reduction with a given contact. Thus, clinical effi-
cacy measures only one aspect of PD at a very limited time point
and did not take into account other beneficial stimulation effects.
However, in a short mapping rigidity is the only clinical sign that
can be assessed reliably and rapidly. On the other hand, bradyki-
nesia can only be assessed over a longer time-frame and tremor is
fluctuating and strongly influenced by emotion and therefore less
reliable. Thus, assessing rigidity reflects the current clinical stan-
dard to assess the most effective clinical contact for long-term
stimulation [34]. To what extent a probabilistic map based on
long-term outcome data incorporating the entire MDS-UPDRS

score may differ from the current map based on six month data
will be assessed in a follow-up study.

Third, the current analysis used a widely accepted simplified
VTA model [21,35]. More accurate models exist that could improve
our results but these models come at the expense of a significantly
increased computational demand [24,36].

Furthermore, the directionality of the lead was determined
based on the postoperative skull x-ray in two planes. We were not
able to exclude a further rotation of the lead over a longer period of
time. This particular point should be investigated in a longer time-
frame.” This inevitably leads to imprecise estimations of the lead
orientation in the range of 15—30° and might lead to distortions of
the VTA and the probabilistic stimulation volume. Recently, an al-
gorithm based on postoperative rotational 3D fluoroscopy allowed
for determining the orientation of the leads more precisely [37].

The presented results are from a limited number of patients
from only one DBS centre and thus not generalizable to a broader
population.

Conclusions

We were able to generate a probabilistic stimulation map of the
STN based on clinical mapping results of directional electrodes,
which were correlated to computer models of directional stimu-
lation. We identified a confined stimulation area (sweet spot)
located in the dorsolateral part of the STN. An optimised overlap
between an individual VTA and the sweet spot was significantly
correlated with clinical efficacy for rigidity. Directional stimulation
of the probabilistic sweet spot may therefore predict clinically
effective DBS and indicate whether a subject may benefit from
directional stimulation over omnidirectional stimulation. In this
respect, our map may be used in clinical practice to optimise
directional lead programming using a probabilistic instead of a
“trial-and-error” empirical programming approach. This approach
may decrease the complexity and the time needed for program-
ming of DBS for Parkinson's disease patients. This proof of concept
study warrants additional data from multiple centres as well as a
randomized prospective multicentre comparison of both pro-
gramming approaches to confirm and refine our results.
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