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Abstract.

Background: Conventional deep brain stimulation (DBS) programming via trial-and-error warrants improvement to ensure
swift achievement of optimal outcomes. The definition of a sweet spot for subthalamic DBS in Parkinson’s disease (PD-
STN-DBS) may offer such advancement.

Objective: This investigation examines the association of long-term motor outcomes with contact selection during monopolar
review and different strategies for anatomically informed contact selection in a retrospective real-life cohort of PD-STN-DBS.
Methods: We compared contact selection based on a monopolar review (MPR) to multiple anatomically informed con-
tact selection strategies in a cohort of 28 PD patients with STN-DBS. We employed a commercial software package for
contact selection based on visual assessment of individual anatomy following two predefined strategies and two algorithmic
approaches with automatic targeting of either the sensorimotor STN or our previously published sweet spot. Similarity indices
between chronic stimulation and contact selection strategies were correlated to motor outcomes at 12 months follow-up.
Results: Lateralized motor outcomes of chronic DBS were correlated to the similarity between chronic stimulation and
visual contact selection targeting the dorsal part of the posterior STN (tho=0.36, p=0.007). Similar relationships could not
be established for MPR or any of the other investigated strategies.

Conclusions: Our data demonstrates that a visual contact selection following a predefined strategy can be linked to beneficial
long-term motor outcomes in PD-STN-DBS. Since similar correlations could not be observed for the other approaches to
anatomically informed contact selection, we conclude that clear definitions and prospective validation of any approach to
imaging-based DBS-programming is warranted.
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INTRODUCTION

High-frequency deep brain stimulation (DBS) of
the subthalamic nucleus (STN) is a well-established
treatment option for advanced Parkinson’s disease
(PD), improving motor and non-motor symptoms,
reducing medication intake, and alleviating fluctua-
tions in treatment response [1, 2]. While most studies
have confirmed beneficial effects on motor outcomes,
considerable interindividual variability is observed
[3]. Spatial selectivity of the electric field, i.e., lead
position and contact selection, is among the most
critical factors for therapeutic success [4, 5].

Especially since the advent of directional leads,
contact selection can be employed for selective cur-
rent distribution to improve stimulation response
[6-8]. Consequently, the practice of meticulously
testing acute stimulation effects for each contact to
determine optimal stimulation response, the monopo-
lar review (MPR), has become even more tedious
and time-consuming. The number of possible con-
tact combinations presents a complex challenge
to comprehensive assessments. Besides, a valuable
MPR requires specialized expertise and involves sub-
jective assessments of often fluctuating symptoms.
Ambiguous results regularly necessitate repeated
reprogramming sessions and extended observation
periods [9-11].

Imaging-based lead localization and electric field
modeling provide approximations of the directly
affected brain area, i.e., the volume of tissue acti-
vation (VTA) [12]. Group analyses of stimulation
effects and corresponding VTAs have been used to
establish probabilistic maps identifying the optimal
DBS target areas or ‘sweet spots’ [13]. Converging
evidence suggests that DBS involving the posterodor-
sal STN facilitates the most effective suppression of
motor symptoms with minimal side effects [14—17].
This region contains the STN motor region and
the entry zone of relevant fiber tracts [18-22]. Fur-
thermore, the region corresponds to the distribution
of pathological beta-activity within the STN [23].
Notably, the role of the white matter adjacent to the
STN is debated [24].

With a growing body of commercial and scientific
software packages, VTA visualization is becom-
ing increasingly available to DBS clinicians paving
the way for broad implementation of anatomically
informed DBS programming [11, 25-28]. Previ-
ous studies reported a dramatic reduction of time
requirements for achieving non-inferior motor out-
comes for PD-STN-DBS relative to MPR [9, 10, 26,

29]. However, the programming approaches across
publications were relatively ill-defined about the
dorsolateral STN and, thus, remain open to interpre-
tation.

Anatomically informed DBS programming holds
the potential for increased efficacy in terms of time
consumption and individual outcomes, as well as a
more objective foundation for treatment decisions.
Still, there is a lack of real-life evidence, system-
atic evaluations of long-term outcomes, a unified
approach, and evidence-based guidelines.

In this study, we retrospectively analyzed stan-
dardized assessments of our PD-STN-DBS cohort,
investigating the association of long-term motor out-
comes with different contact selection strategies
comparing MPR, two strategies for a visual assess-
ment of individual anatomy, and two algorithmically
optimized strategies targeting the motor STN or our
previously published sweet spot.

MATERIALS AND METHODS

Study cohort and long-term assessment

In our clinical database of STN-DBS-PD patients,
we identified all patients who had received a standard-
ized MPR, adequate imaging quality in preoperative
MRI, and postoperative CT imaging, a preopera-
tive Unified Parkinson’s Disease Rating Scale motor
examination (UPDRS III) after overnight cessation of
dopaminergic drugs (MED OFF) and after a levodopa
challenge (MED ON), and a postoperative UPDRS
IIT assessment with active DBS after medication ces-
sation (STIM ON/MED OFF) 12 months after DBS
implantation. As per clinical routine at our center,
chronic stimulation parameters were initially based
upon intraoperative assessments and subsequently
underwent several weeks of refinement in an exter-
nal rehabilitation facility. After a reevaluation based
upon a standardized monopolar review at the 3-month
mark, parameters were tailored to the patients’ needs
during routine follow-up visits, including a manda-
tory assessment at 6 months. It is important to note
that the DBS team conducted any adjustments with-
out specific knowledge of each patient’s anatomical
details. Sufficient data were available for 28 subjects.
All assessments are a standardized part of our clinical
routine.

The institutional review board of the University
of Cologne waived the need for ethics approval and
the need to obtain consent for the collection, analysis
and publication of the retrospectively obtained and
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anonymized data for this non-interventional study
(23-1211-retro, June 2, 2023).

Before surgery, all subjects were clinically diag-
nosed with PD in alignment with current MDS criteria
and demonstrated a significant preoperative levodopa
response while lacking severe cognitive impairment,
impeding neuropsychiatric issues, significant brain
atrophy, or white matter disease [30]. A local expert
panel had approved eligibility for DBS surgery, and
all subjects had received directional leads (Vercise
Cartesia™ Directional Lead, Boston Scientific Corp.,
Valencia, California, USA). Descriptive clinical data
of the study population are provided in Supplemen-
tary Table 1.

Motor outcomes

Motor symptoms were quantified based on the
sum of lateralized items of the UPDRS part III
(items 20-26). Stimulation (STIM ON/MED OFF)
and levodopa (MED ON) responses were assessed
as percentage change compared to the baseline MED
OFF assessment. For further evaluation of individ-
ual treatment success, a response ratio (stimulation
response/levodopa response) was derived analogous
to Nickl et al. [5].

Contact selection based on a monopolar review

A standardized MPR was obtained per clini-
cal routine at least three months after surgery in
MED OFF. After baseline evaluation of motor symp-
toms (rigidity, tremor, bradykinesia) in the STIM
OFF condition, each symptom was assessed during
monopolar stimulation (2mA, 60 s, 130 Hz). For
directional levels, additional assessments were per-
formed in omnidirectional configuration, resulting
in ten conditions per hemisphere. Symptom severity
was assessed analogous to the respective UPDRS III
items (0—4 points). The contact sequence was ran-
domized to minimize fatigue and distraction bias.
Side effect thresholds were examined in MED ON
to minimize exertional burden and determined by
incremental increases of the stimulation amplitude
(60 s, 130Hz). The contact providing the most
effective symptom suppression across symptoms was
determined by comparing the overall reduction of
symptom scores, defining MPR-based contact selec-
tion (MPR). In ambiguous cases, contacts with higher
side effect thresholds were prioritized. If unambigu-
ous contact selection was impossible, further analysis
was omitted (n =2 hemispheres).

Anatomically informed contact selection based
on visual assessment

Patient-specific anatomy and lead positions were
visualized using GUIDE™ XT (Boston Scientific
Corp., USA). Sufficient image quality was visu-
ally confirmed. Preoperative isometric T1- and
T2-weighted MRI (1.0mm?> voxel size, 3T Inge-
nia, Achieva, 1.5T Ingenia, Philips Healthcare, The
Netherlands) were coregistered with a postopera-
tive high-resolution CT scan (IQon Spectral CT, iCT
256, Brilliance 256, Philips Healthcare, The Nether-
lands). Automatic STN segmentation as implemented
in GUIDE™ XT was visually verified and manually
refined based on T2 contrast. Automatic detec-
tion of lead positions and orientation based on CT
artifacts was visually confirmed. If necessary, auto-
matic reconstruction was corrected manually. If an
algorithmic determination of lead orientation failed,
orientation was estimated manually based on the
prominence of the hyperdense marker signal.

After reconstruction, two users (CH and GB)
with extensive experience in clinical DBS care inde-
pendently performed anatomically informed contact
selection based on visual assessment. While GB had
significant prior experience in the clinical use of
GUIDE™ XT, CH was introduced to the software
during this investigation, received a brief informal
training by GB, and was considered a novice user.

Both users assessed individual anatomy based on
VTA visualization in GUIDE™ XT with parameters
setto 2.0mA, 60 s, and 130 Hz (analogous to MPR)
to approximate the location and directionality of the
respective stimulation volumes. The programming
approach, in general, was informed by the sweet spot
literature at large and prior experiences with the clin-
ical implementation of GUIDE™ XT [14-16, 31].
To explore the unresolved issue of to what extent the
white matter dorsal to the STN should purposefully
be targeted, two different approaches were defined
and are detailed below.

Omnidirectional settings were selected if a lead
was positioned close to the visual center of the pos-
terior third of the STN. Otherwise, the maximal
directional focus was applied and faced toward the
posterior third of the STN. Contact levels close to
the dorsal border of the STN were selected. With
the first approach, the dorsal border of the VTA was
aligned with the dorsal border of the STN, focusing
on the dorsal motor STN (VISUAL-A), while with
the second approach, approximately 10-25% of the
simulated VTA was placed dorsal to the STN emu-



578 G.A. Brandt et al. / Multiple Approaches to Anatomically Informed Contact Selection

lating the distribution of our previously published
sweet spot (VISUAL-B) [15]. If a ring contact was
the closest to the dorsal border of the STN with a
lead positioned off-center to the posterior third of the
STN, directional contacts on the neighboring level
could be used to facilitate directional stimulation at
the user’s discretion.

Representative screenshots of the user interface
(and an exemplary application of VISUAL-B) are
provided in Supplementary Figure 1.

Anatomically informed contact selection based
on algorithmic optimization

Based on reconstructions of individual anatomy
and VTA modeling in the Lead-DBS toolbox, which
are described in detail below, algorithmic compu-
tation (MATLAB function fmincon) was used to
determine the (multi-) contact selection with opti-
mized targeting of our probabilistic sweet spot
(ALGO-sweetspot) by maximizing the sum of prob-
ability weighted sweet spot voxels within a VTA
at 2mA, 60 s, 130Hz [15, 32]. Analogous com-
putations were performed to determine the (multi-)
contact selections with maximum overlap with the
motor STN as defined by the DISTAL atlas (ALGO-
mSTN) [18].

Comparison of chronic stimulation settings and
contact selection strategies

Since GUIDE™ XT does not allow for quantita-
tive and comparative analyses of stimulation fields,
the Lead-DBS toolbox was used to further analyze
the previously determined contact selections [27].
Visual quality control was performed for each pro-
cessing step. Preoperative MRI were coregistered
using statistical parametrical mapping (SPM, version
12), and postoperative CT images were coregistered
using a two-stage linear registration (rigid followed
by affine) as implemented in Advanced Normaliza-
tion Tools (ANTs) [33, 34]. If the methods mentioned
above resulted in suboptimal results, linear trans-
formation as implemented in FSL (FLIRT, FMRIB
Software Library, version 6.0) was used [35, 36].
Normalization into the Montreal Neurological Insti-
tute space (MNI 2009b, nonlinear, asymmetric) was
performed by a symmetric diffeomorphic registration
approach (SyN-ANTS). In the case of suboptimal
results, a non-linear transformation approach uti-
lizing tissue segmentation implemented in SPM12
(SEGMENT) was employed [34, 37, 38]. DBS elec-

trode localizations were corrected for a brain shift by
the Lead-DBS brain shift correction module with the
“coarse mask” setting. Lead trajectories were iden-
tified with the PaCER algorithm. Lead rotation was
determined using DiODe [39—41].

VTA calculations were performed in patient space
in isometric 0.2 mm resolution. A precomputed elec-
trical field model integrated into the Lead-DBS
toolbox (FastField [42]) was used to calculate binary
VTAs (thresholded at 0.2 V/mm) for the chronic
stimulation settings. For comparison, representative
VTAs were calculated for all contact selections with
identical parameters (2mA, 60 s, 130Hz). Atlas
segmentation of the motor STN (DISTAL [18]) and
our previously published sweet spot for PD-STN-
DBS [15], which are integrated into the Lead-DBS
toolbox, were transformed from MNI space into
patient space using nonlinear normalization matrices
obtained during Lead-DBS processing.

The similarity between VTAs was quantified via
the Dice coefficient and calculated as the ratio of the
twofold overlap volume to the sum of the respective
VTA volumes [43]. Motor STN or sweet spot cover-
ages were quantified as percentage overlap of VTAs
with the binarized target volume. We then investi-
gated the relationship between the motor outcome of
chronic VTAs and their similarity with VTAs from the
different contact selection strategies using correlation
analyses (Fig. 1).

Neuroanatomical context

To evaluate neuroanatomical context, voxel-based
n-maps for chronic stimulation and each con-
tact selection strategy were calculated in isometric
0.2 mm resolution after transfer of individual VTAs
to the right hemisphere of the MNI template space
using nonlinear normalization matrices obtained dur-
ing Lead-DBS processing. After summation of the
respective volumes, each voxel indicated how many
of the respective VTA included the respective voxel.
A core region was defined at a threshold of n>50%
of all VTAs.

Statistical analysis

All results are reported as mean = standard devi-
ation. Data were tested for normality with the
Shapiro-Wilk test. Whenever necessary, nonparamet-
ric statistics were applied. p-values less than 0.05
were considered statistically significant. p-values cor-
rected for multiple testing were calculated according
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Fig. 1. Schematic overview of the applied methodology. Lateralized long-term motor outcomes were correlated with various contact selection
strategies via quantitative assessment of similarity between chronic stimulation settings and the contact selection based on each strategy.

to the Holm-Bonferroni method and are indicated as
Pcorr- All computations and statistical analyses were
performed using MATLAB (version R2022b, The
MathWorks Inc., USA).

RESULTS
Motor outcome

A full analysis could be completed for 54 hemi-
spheres. Presurgical levodopa response (MED OFF
vs. MED ON) demonstrated a UPDRS III hemis-
core reduction of 6.0 & 3.0 points. The DBS response
reduced the UPDRS III hemiscore by 5.9+4.9
points at the 12-months follow-up (Fig. 3). Even
though DBS responses matched the presurgical lev-
odopa effect on average, we observed considerable
interindividual variability (Supplementary Table 2).

Anatomically informed contact selection based
on visual assessment

The mean processing time of the expert user to
prepare the GUIDE™ XT session and determine a
first visual contact selection for each subject was
13.6 = 3.3 min. Subsequent assessments for contact
selection (without redundant preprocessing) were
performed in 2.16 &£ 0.59 min by the expert user and
2.07 = 0.29 min by the novice user. Comparing VTAs
among users demonstrated high interrater reliability

for both visual strategies (median Dice coefficient of
0.90 (IQR 0.86 — 0.95)).

In our further analysis, we thoroughly examined
the assessments of both users individually and found
no significant discrepancies in the aspects we investi-
gated. For clarity, we present our findings utilizing the
expert assessments unless explicitly stated otherwise.

Comparison of contact selections to chronic
stimulation settings

Dice coefficients between chronic stimulation
and contact selections did not differ among con-
tact selection strategies (ANOVA, F(4,265)=2.05,
p=0.09, Fig. 2A). While the individual differ-
ence between MPR and the other contact selection
strategies in relation to chronic stimulation was
relatively small on average (mean A Dice coeffi-
cient=0.07 £ 0.27) and did not differ among groups
(ANOVA, F(3,212)=0.57, p=0.63) a wide range of
different similarities was found (Fig. 2B).

Correlation between similarity indices and motor
outcomes

Long-term motor outcomes were significantly
correlated to the similarity of chronic stimula-
tion and VISUAL-A with higher similarity indices
being associated with greater motor improvement (A
UPDRS 1III hemiscore [%]: Spearman’s rho=0.36,
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Fig. 2. Comparative analysis of contact selection strategies in relation to chronic stimulation settings, motor STN and the utilized sweet
spot. A) Comparative analysis did not reveal any trend of preferential similarity between the volume of tissue activation (VTA) of chronic
stimulation and VTAs of respective contact selection methods. Dice coefficients (DC) of VTAs of chronic stimulation and either monopolar
review-based contact selection (MPR), visual contact selection within the dorsal motor STN (VISUAL-A), visual contact selection including
the adjacent white matter (VISUAL-B), or automated contact selection with optimization of the coverage of either the motor STN (ALGO-
mSTN) or the sweet spot (ALGO-sweetspot) showed similar distributions among contact selection strategies. B) Comparison of DCs of the
VTA of chronic stimulation and MPR to the DCs of VISUAL-A and the chronic stimulation settings on the individual level demonstrates a
wide range of different similarities. C) The percentage coverage of the motor STN was significantly higher with VTAs of contact selection
strategies focusing on the motor STN (VISUAL-A/ALGO-mSTN), than with the strategies informed by the utilized sweet spot (VISUAL-
B/ALGO-sweetspot) [15]. ALGO-mSTN also showed significantly higher values than contact selections based on monopolar reviews (MPR).
D) Among automated contact selections ALGO-sweetspot percentage sweet spot coverage was significantly higher, while VISUAL-A and
VISUAL-B did not differ significantly. With MPR, sweet spot coverage was lower than VISUAL-A, VISUAL-B, and ALGO-sweetspot. We
did not find a significant difference between visual and automatic approaches for both target structures. (ANOVA, post-hoc Tukey’s test,
*p<0.05, **p<0.01, **p<0.001).

p=0.007, peorr =0.04; response ratio (STIM/LD): man’s rho=0.02, p=0.87, Supplementary Figure 2).

Spearman’s tho=0.38, p =0.005, pcorr =0.02, Fig. 3,
Supplementary Figure 2). In other words, long-
term UPDRS III improvement was greater, when
chronic stimulation settings matched VISUAL-A
settings better. We did not observe a significant
correlation for VISUAL-B and algorithmic contact
selection (ALGO-mSTN/ALGO-sweetspot) (Fig. 3).
Importantly, we also did not observe any signif-
icant association of motor outcome to MPR (A
UPDRS III hemiscore [%]: Spearman’s tho=0.19,
p=0.18, Fig. 3; response ratio (STIM/LD): Spear-

Symptom-specific subanalysis for akinetic-rigid and
tremor subscores did not reveal any significant cor-
relations (Supplementary Figure 3).

Neuroanatomical context

Comparison of motor STN coverage among strate-
gies did reveal a significant group effect (ANOVA,
F(4,265)=8.82,p <0.001, Fig. 2C). Tukey’s post-hoc
test showed VISUAL-A and ALGO-mSTN cov-
ered significantly higher percentages of the motor
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Fig. 3. Lateralized motor outcomes in correlation to contact selection strategies. A) Compared to preoperative baseline (MED OFF), UPDRS
IIT hemiscore significantly improved in MED OFF/STIM ON 12 months after surgery. *** p <0.001 (paired t-test). B-F) Lateralized motor
outcomes were significantly correlated to the dice coefficients (DC) between chronic stimulation and visual contact selection focussed on the
dorsal motor STN (VISUAL-A). DCs of the contact selection based on the monopolar review (MPR), an alternative visual contact selection
strategy involving the dorsal adjacent white matter (VISUAL-B), algorithmically optimized coverage of the motor STN (ALGO-mSTN),
or the sweet spot (ALGO-sweetspot) were not correlated to changes in UPDRS III hemiscore [15]. In the case of statistical significance, a

least-squares regression line (red) was added as a visual reference.

STN than VISUAL-B and ALGO-sweetspot. ALGO-
mSTN also showed significantly higher values than
MPR.

Similarly, sweet spot coverage differed among con-
tact selection strategies (ANOVA, F(4,265)=21.86,
p<0.001, Fig. 2D). Tukey’s post hoc test showed
significantly higher values for ALGO-sweetspot,
VISUAL-A and VISUAL-B than ALGO-mSTN and
MPR. We did not find any significant differences
among ALGO-mSTN and MPR or ALGO-sweetspot,
VISUAL-A, and VISUAL-B.

Voxel-based n-maps of contact selection strategies
in common space revealed core regions (n>50%)
at the border of the motor and associative region of
the STN (Fig. 4). Chronic and MPR VTAs were dis-
tributed over a larger area with relatively small core
regions, while visual and algorithmic contact selec-

tion strategies resulted in more uniform and focused
VTA distributions (Fig. 4, Supplementary Figure 4).
VISUAL-A, VISUAL-B, and ALGO-sweetspot core
regions were located at the dorsal border of the
STN. Among these VISUAL-B demonstrated the
most pronounced extranuclear involvement, while
VISUAL-A showed the greatest involvement of the
motor STN (Fig. 4C, D, F). The involvement of the
motor STN was maximal for ALGO-mSTN, result-
ing in the most ventral core region with a minimal
extranuclear compartment (Fig. 4E).

DISCUSSION

This retrospective analysis demonstrates that
anatomically informed contact selections based on
visual assessment following a predefined approach
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in common space (L: lateral, M: medial, P: posterior, A: anterior). Green volumes indicate a core region that is part of the volume of tissue
activation (VTA) in > 50% of hemispheres in chronic stimulation (A) or the calculated VTAs of different contact selections (B-F). Grey
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(white).

targeting the dorsal motor STN can be linked to ben-
eficial long-term motor outcomes after STN-DBS
in PD. Put differently: In cases with better out-
come, clinical contact selection was more in line
with VISUAL-A selections. Similar relationships
could not be established for three other approaches
to anatomically informed contact selection and for
conventional contact selections based on monopolar
review. These findings implicate a significant impact
of the specific method used in applying anatomical
information to DBS treatment for individual patients.

Given the varying definitions of the sweet spot
across the literature, we defined two strategies for
visual contact selection that differed in terms of
how much of the dorsal white matter should be
involved [24]. As only the strategy aligning the supe-
rior aspect of the VTA with the dorsal border of the
STN in subject space was associated with a bene-
ficial motor outcome, we conclude that minuscule

differences in the strategy can be critical to the suc-
cess of anatomically informed contact selection. This
becomes especially relevant if technical advance-
ments such as new imaging protocols (FGATIR,
QSM, etc.) or techniques like diffusion-based trac-
tography are implemented and might change our
definition of relevant anatomical landmarks [44, 45].

Notably, algorithmically optimized targeting of
neither the motor STN nor a probabilistic sweet spot
correlated with beneficial motor outcomes. While the
sweet spot literature already suggested that the entire
motor STN does not suffice as a target definition,
the missing link between the sweet spot and motor
outcome was unexpected [14, 15, 28]. We agree with
Jaradat et al., who hypothesized that non-linear trans-
formation from MNI to subject space might introduce
detrimental inaccuracies, diminishing the predictive
value of targets defined in a common space on a
single subject level [46]. Correspondingly, we found
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that even though the dorsal border of the STN lim-
ited our VISUAL-A approach based on individual
T2-contrast in subject space, the core region of the
n-map in MNI space widely surpassed the dorsal
border of the atlas STN with about 30% located in
the extranuclear compartment. Previous studies com-
paring the results of monopolar reviews and visual
contact selection already reported higher levels of
agreement for a visual approach compared to auto-
matic sweet spot targeting, which might implicate
a corrective impact of human interpretation during
visual assessment [46, 47]. We conclude that further
development beyond the applied methodology is nec-
essary to translate insights from probabilistic sweet
spots to the individual patient.

Remarkably, long-term motor outcomes were not
linked to MPR, the conventional approach to DBS
contact selection. Waldthaler et al. reported supe-
rior symptom control for MPR compared to visual
contact selection in the acute setting for 92% of
cases [9]. However, long-term stimulation settings
in our cohort often differed remarkably from MPR
results, indicating suboptimal initial DBS response
led to reprogramming efforts. Similarly, Jaradat et al.
reported that agreement between the best level during
MPR and the utilized level after 12 months was as low
as 58% for their patients. While expertly executed
MPR under controlled conditions has been consid-
ered the gold standard and utilized as a benchmark
for optimal DBS programming, our results indicate
that MPR might hold limited predictive value for
long-term outcomes in real-life conditions [44, 45].

Putting contact selection strategies into a neu-
roanatomical context, we observed considerably less
consistency among MPR VTAs. VISUAL-A VTAs
resulted in similar coverage of the motor STN com-
pared to ALGO-mSTN, which was optimized in that
regard, but converged more dorsally around the dor-
solateral border of the STN (Fig. 4C, E). Combined
with the significant correlation of VISUAL-A to ben-
eficial motor outcomes, this finding provides further
evidence that the sweet spot for PD-STN-DBS super-
sedes the proper motor STN.

ALGO-sweetspot and VISUAL-B converged even
more dorsally than VISUAL-A, resulting in signifi-
cantly less involvement of the motor STN. As only
VISUAL-A was linked to beneficial motor outcomes,
we assume that the pronounced extranuclear involve-
ment of VISUAL-B and ALGO-sweetspot might
have exceeded beneficial margins and resulted in
inadequate, i.e., suboptimal targeting of the proper
STN.

In line with previous publications, we also con-
clude patient-specific visualization allows for quick
assessment of local anatomy enabling visual contact
selection with a high inter-user reliability [9, 10, 26].

Limitations

As MPR was performed at constant amplitudes,
we decided to forego estimation of stimulation ampli-
tude with GUIDE™ XT to enable direct comparison
among contact selection strategies. Even though
this decision limits the scope of our investigation,
we omitted extrapolation of stimulation amplitudes
based on VTA following the arguments of Lange et al.
[10]. As a binarized model, VTA visualization over-
simplifies the complex reality of DBS. Local voltage
gradients are expected to be continuous and het-
erogeneous affecting neuron populations differently
depending on myelinization and fiber orientation [48,
49]. Correspondingly, Pavese et al. reported frequent
subsequent adjustments of amplitude suggestions
based on VTA modeling, and Nordenstrom et al.
reported that clinical effect thresholds did not cor-
relate well with predictions based on VTA modelling
[46, 47]. While probabilistic sweet spot mapping
allows for the deduction of the desired position of
the electric field, it does not provide sufficient infor-
mation regarding the optimal extent of the electrical
field, respectively, the necessary current in individual
patients.

Finally, the results of a retrospective analysis of
single-center data without targeted intervention must
be interpreted carefully and only allow for limited
conclusions. None of the anatomically informed con-
tact selections were directly applied to our patients.
However, our findings correspond well with the
observations of Lee et al., who already reported sig-
nificant improvement in motor symptoms and further
reduction of levodopa intake in a large cohort of clin-
ically established omnidirectional PD-STN-DBS by
anatomically informed reprogramming using far less
sophisticated methods of visualization and a less pre-
cise target definition [50]. Additional investigations
are warranted to clarify the optimal approach to estab-
lish definite recommendations for clinical practice.

Conclusion and perspective

There is an urgent need to validate DBS pro-
gramming approaches that curtail the lengthy and
often ambiguous process of repeated clinical evalu-
ation and reprogramming. Our data provides further
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evidence that visual DBS programming can be con-
sidered a feasible approach to PD-STN-DBS, which
holds the potential to further improve clinical care
beyond currently established practice. However, as
our results clearly demonstrate, possible success
depends on a clearly defined strategy. Likewise, ill-
defined strategies will lead to suboptimal results.
Thus, all visual DBS programming strategies, as well
as emerging computational approaches, need to be
validated before implementation [51].

Looking ahead, our study findings suggest that for
initial programming, a validated approach to visual
DBS programming might become more effective
than a conventional monopolar review in future clin-
ical applications. Moreover, the results imply that
image-guided reprogramming may benefit patients
with chronic DBS settings that deviate significantly
from visually implied contact selections. We intend to
evaluate these hypotheses through future prospective
studies.
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