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Abstract

Background Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a well-established treatment for Parkinson’s
disease (PD). Beyond basic omnidirectional, monopolar stimulation, advanced stimulation settings (AS), such as directional
or vertical current steering, variation of pulse width and frequency, bipolar and interleaving stimulation are increasingly
available. Our aim was to summarize current evidence on AS in STN-DBS in PD and systemically report their application
and potential benefits in clinical routine.

Methods In this retrospective single-center observational study, we analyzed stimulation settings of 145 patients with bilat-
eral STN-DBS 3, 6, and 12 months postoperatively. Secondary outcomes included preoperative levodopa response, lead
positions, and postoperative reduction of levodopa-equivalent daily dose (LEDD) in patients staying with basic stimulation
settings (BS) compared to those initially with AS at 3-months follow-up and those with a change from BS to AS.

Results AS were applied in 40.7%, 55.9%, and 73.8% of patients at 3, 6, and 12 months respectively. LEDD reduction after
three months was higher in patients remaining with BS or initially AS than in patients with a switch to AS after three months,
while there was no difference at 12 months. Median distance of leads to the center of gravity of the motor-STN was slightly
larger when AS were applied.

Conclusions AS are frequently employed in clinical routine at a specialized DBS center. They may compensate for deviant
lead placement in terms of stimulation efficacy measured by postoperative LEDD reduction. Prospective studies are war-
ranted, focusing on specific AS indications in chronic DBS to optimize individual patient outcomes.
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Background

Deep brain stimulation (DBS) of the subthalamic nucleus
(STN) is a well-established treatment for patients with Par-
kinson’s disease (PD). While exact lead placement is cru-
cial for patient benefit, optimized postoperative stimulation
settings can potentially increase the therapeutic effect while
avoiding stimulation-induced side effects to improve indi-
vidual therapeutic benefit [1].

Recent technical developments allow for advanced
stimulation settings (AS) in clinical routine, such as direc-
tional current steering [2—5], vertical current steering [6—8],
variation of stimulation pulse widths [9-13] and frequen-
cies [14-17], as well as bipolar [18, 19] and interleaving
or independent frequency stimulation [20-22]. Due to this
multitude of stimulation parameters, complexity of DBS
programming has increased immensely. To date there is no
comprehensive framework guiding clinicians on when to
employ which AS. It remains elusive whether AS are mainly
advantageous due to the avoidance of side effects or if they
have unique symptom-related benefits.

This retrospective observational study quantifies the use
of AS in clinical routine at a center specialized in the care
of movement disorders and DBS. We analyzed whether
the application of AS is related to preoperative levodopa
response and lead positions and whether it impacts DBS
outcomes. We further provide an overview of the current
evidence for applying different stimulation settings in PD
patients with STN-DBS.

Methods
Participants and ethical approval

We retrospectively analyzed the stimulation settings of PD
patients treated with bilateral STN-DBS as per clinical rou-
tine at our center. Data was gathered from routine follow-ups
3, 6, and 12 months after surgery. Only patients implanted
with DBS devices capable of all predefined advanced stim-
ulation settings and complete follow-ups within the first
postoperative year were included. We acquired data on age,
sex, disease duration, PD motor subtype, Hoehn and Yahr
stage, levodopa-equivalent daily dose (LEDD) [23], Unified
Parkinson’s Disease Rating Scale-1I1 (UPDRS-III) [24] in
medication-ON and -OFF states at time of preoperative indi-
cation testing (levodopa response), and stimulation settings
from our in-house patient database. Additionally, we calcu-
lated the charge per second (CPS=pulse width x amplitude
x frequency) as a measure of the applied energy for each
stimulation setting. Charge per second is a suitable param-
eter for comparing current-controlled stimulation between
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patients independent of impedances and reflects the energy
applied in the surrounding tissue [25]. The study was carried
out following the Declaration of Helsinki. Formal ethical
approval for this retrospective analysis was waived by the
local ethics committee (University of Cologne, Study No.
25-1167).

Postoperative programming

DBS programming in the study cohort was performed dur-
ing clinical routine. This routine included initiating stimula-
tion approximately 5—7 days postoperatively at the contact
level where the best intraoperative effect was recorded
(defined by clinical testing in combination with electro-
physiological measurements), with a standard frequency of
130 Hz and a standard pulse width of 60 pus. Patients were
discharged home after initiation of stimulation. Careful
amplitude and medication titration continued at an exter-
nal neurorehabilitation center for several weeks. Three
months postoperatively (3-months follow-up; 3-MFU),
patients underwent an in-house monopolar contact review
after overnight withdrawal of dopaminergic medication to
determine the most efficient contact level again. Stimula-
tion settings were chosen by an experienced DBS clinician
with the aim to increase stimulation effect while minimiz-
ing clinically monitored stimulation induced side effects.
Patients were usually allowed to adjust amplitudes via their
handheld device within certain ranges. DBS settings and
medication were then further adjusted at regular visits 6 and
12 months postoperatively.

For further analysis, basic stimulation settings (BS) were
defined as omnidirectional single contact level stimulation
at 60 ps and 130 Hz. AS were defined as directional cur-
rent steering, vertical current steering, pulse width#60 ps,
frequency # 130 Hz, bipolar stimulation settings, and inter-
leaving stimulation (including independent frequency
stimulation). In directional and vertical current steering,
individual contact selection and independent amplitude
titrations per contact were possible.

Lead reconstruction

Patients received preoperative MRI and postoperative CT
scans as per clinical routine. DBS leads were localized using
the Lead-DBS toolbox (www.lead-dbs.org) [26]. T1- and
T2-weighted MRI scans were linearly co-registered using
SPM 12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
, 1=143) or Advanced Normalization Tools (ANTs, http://
stnava.github.io/ANTs/, n=2) [27]. MRI and CT images
were co-registered linearly using ANTs [27] (n=142) or
FMRIB’s Linear Image Registration Tool (FLIRT, https://
fsl.fmrib.ox.ac.uk/, n=3) [28]. Co-registration results were
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corrected for brain shift with an automatized subcortical
refinement module implemented in Lead-DBS [26]. MRI
scans were normalized nonlinearly into the Montreal Neu-
rological Institute (MNI) space (ICMB 2009b NLIN asym-
metric) using the symmetric diffeomorphic registration
approach (SyN) implemented in ANTs and the “subcorti-
cal refine” setting as implemented in Lead-DBS (n=142).
If ANTs did not provide sufficient results, we used three-
step affine normalization ANTs [29] (n=2) and in one case
FMRIB’s Nonlinear Image Registration Tool (FNIRT,
https:/fsl.fmrib.ox.ac.uk/) [30]. Leads were pre-recon-
structed with the PaCER algorithm (https://adhusch.github.
i0o/PaCER/, n=144) [31] and were manually refined. In one
case we used TRAC/CORE algorithm [32] since PaCER
algorithm failed. We visually controlled all steps for accu-
racy. Left hemispheric leads were nonlinearly flipped to the
right hemisphere. STN dimensions and subdivisions were
defined using the DBS Intrinsic Template (DISTAL) atlas
[33]. For further analysis of lead positions, the distance
from the center between the directional contact levels to the
center of gravity of the motor STN in the DISTAL atlas was
calculated [33].

Statistical analysis

First, we analyzed the proportions of different stimulation
settings during the regular follow-ups within the first post-
operative year. We analyzed changes of the application of
each different stimulation settings over time using a mixed-
effects logistic regression model with subject-specific ran-
dom intercepts and time as a fixed effect. Effect sizes for the
trends in each setting over time are reported as estimates and
odds ratios with corresponding false discovery rate (FDR)
corrected p-values to account for multiple comparisons.

To examine differences in lead positions, the median dis-
tance to the center of gravity of the motor STN was com-
pared between leads with BS at all follow-ups and leads

Study Cohort
Bilateral STN-DBS with complete Follow-ups
n =145
Subgroup BS Subgroup AS Subgroup BS to AS
BS atall FU AS at 3-MFU BS 3-MFU, AS 6/12-MFU
n =32 n =59 n=54

Fig.1 Overview of the study sample. The final study cohort is displayed
in blue, while the subgroups are displayed in white. AS=advanced
stimulation settings, BS =basic stimulation settings, DBS =deep brain
stimulation, FU =follow-up, MFU=months follow-up, STN=subtha-
lamic nucleus

with a switch to AS at least once within the follow-up period
using a Mann—Whitney U test.

To investigate the effect of a switch to AS on further
secondary outcomes, we divided the study cohort in three
subgroups (Fig. 1): (i) patients remaining with BS through-
out the entire study (“subgroup BS”), (ii) patients with
advanced settings at the initial postoperative follow-up
(“subgroup AS”), and (iii) patients with a switch to AS
after the 3-MFU (“subgroup BS to AS”). For analyzing
the LEDD over time within the study cohort as well as the
subgroups, we used repeated-measures analysis of vari-
ance (ANOVA) and post-hoc paired t-tests or Friedman
test for repeated measures followed by pairwise Wilcoxon
signed-rank tests if assumptions for parametric testing
were not met. Group differences in preoperative levodopa
response, CPS at the different follow-up and LEDD reduc-
tion were analyzed using a one-way ANOVA with post-hoc
independent sample t-test for normally distributed data, or
Kruskal-Wallice test with post-hoc Mann—Whitney U test
if assumptions for parametric testing were not met. To ana-
lyze if certain PD motor subtypes (akinetic-rigid, equivalent
or tremor-dominant) were more frequently represented in
a certain subgroup, we performed a chi-square test across
all subgroups and motor subtypes. Statistical significance
was set to p<0.05. The Shapiro—Wilk test was employed to
test for normal data distribution before group comparisons.
Mean and standard deviation are reported if not otherwise
indicated. Statistical analyses were performed with MAT-
LAB R2025b (The MathWorks Inc., Natick, Massachusetts,
United States).

Results
Patient characteristics

From 173 screened patients, N=2 were excluded from
the study cohort due to unilateral STN-DBS, N=6 were
excluded because they had revision DBS surgery within
the first postoperative year and N=20 were excluded due
to incomplete follow-ups (N=12 one FU missing, N=3
two FU missing, N=5 lost to follow-up). The final study
sample consisted of 145 PD patients (study cohort). Patient
characteristics of the study cohort are displayed in Table 1.
134 patients had been implanted with Boston Scientific
Cartesia™ Directional Leads (n=47 with Vercise Genus™
R16, n=2 with Vercise Genus™ P16, n=74 with Vercise
Gevia™, n=11 with Vercise™ PC), one patient had received
Boston Scientific Cartesia™ X Directional Leads (with Ver-
cise Genus™ R32; Boston Scientific, Marlborough, Mas-
sachusetts, USA), and 10 patients had been implanted with
Medtronic SenSight™ Directional Leads (B33005) and a
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Table 1 Patient characteristics in the study cohort

Cohort size [N] 145 (49 female)

Age [years| 63 (£8.2)

Disease duration [years] 9 (IQR 6-12)

Hoehn and Yahr Stage 3 (IQR 2.5-3)

PD motor subtypes [%, N] 49.0 (71)
—akinetic-rigid 29.6 (31)

—equivalent 21.4 (43)
—tremor-dominant

LEDD [mg] 1105.2 (+438.2)

- Preoperative 520 (IQR 300-675)

- 3-MFU 492.5 (IQR 285.6-653.1)
- 6-MFU 466 (IQR 250.4-695.6)
- 12-MFU

Preoperative UPDRS-IIT 373 (x£11.7)

- Medication Off 19.1 (£8.2)

- Medication On

Preoperative levodopa response [%] 46.6 (£14.5)

IQR =interquartile range, LEDD=levodopa-equivalent daily dose,
PD=Parkinson’s disease, UPDRS-I1I=Unified Parkinson’s Disease
Rating Scale-II1

Percept™ PC neurostimulator (Medtronic, Minneapolis,
Minnesota, USA).

Application of advanced stimulation settings

The distribution and changes of the usage of different stimu-
lation settings in the study cohort are illustrated in Table 2
and Fig. 2.

Mixed-effects logistic regressions revealed a significant
decrease in basic stimulation settings over time (OR 0.41,
p<0.001), while overall advanced stimulation settings
increased significantly (OR 2.47, p<0.001). Directional
and vertical stimulation as well as variations in frequency
(including frequencies> 130 Hz and <130 Hz) significantly
increased over time (Table 2).

In most patients (77.9%, N=113), AS were applied at
least once during the first postoperative year. A change of
strategy was performed in 41.4% between the 3- and 6-MFU
and in 33.8% between the 6- and 12-MFU. At 12-MFU,
26.2% of patients remained in BS while 73.8% were pro-
grammed using AS and 37.2% used at least two different
AS simultaneously.

Table 2 Percentage distribution of stimulation settings at different follow-ups in the study cohort

Stimulation settings 3-MFU [%] 6-MFU [%] 12-MFU [%] Estimate (3) OR p-value (FDR)
Basic stimulation settings 59.3 (86) 44.1 (64) 26.2 (38) -0.90 0.41 <0.001
Advanced stimulation settings 40.7 (59) 55.9(81) 73.8 (107) 0.90 247 <0.001
Directional current steering 10.3 (15) 26.9 (39) 42.1(61) 1.08 2.95 <0.001
Vertical current steering 18.6 (27) 24.8 (36) 31.7 (46) 0.43 1.54 0.006
Pulse width#60 ps 22.1 (32) 20.0 (29) 23.4 (34) 0.12 1.12 0.495

- Pulse width<60 ps 19.3 (28) 19.3 (28) 22.1 (32)

- Pulse width>60 ps 2.8(4) 0.7 (1) 1.4 (2)

Frequency#130 Hz 6.9 (10) 13.8 (20) 26.8 (39) 1.1 3.02 <0.001
- Frequency>130 Hz 6.2(9) 12.4 (18) 19.3 (28)

- Frequency <130 Hz 0.7 (1) 1.4 (2) 7.6 (11)

Bipolar 0.7 (1) 1.4 (2) 1.4 (2)

Interleaving - 0.7 (1) 1.4 (2)

Combination of>2 AS 13.1 (19) 24.8 (36) 37.2 (54) 0.84 2.31 <0.001
- directional + PW 3.4(5) 4.8(7) 6.2(9)

- directional + FQ - 1.4 (2) 6.2 (9)

- directional + vertical 1.4 (2) 7.6 (11) 6.9 (10)

- directional + bipolar - 0.7 (1) -

- vertical + PW 2.8(4) 0.7 (1) 2.8(4)

- vertical + FQ 1.4(2) 2.1(3) 1.4 (2)

- frequency + PW 0.7 (1) 1.4 (2) 0.7 (1)

- vertical + PW +FQ 1.4 (2) 1.4(2) 1.4 (2)

- vertical +directional + PW 0.7 (1) 2.8(4) 3.4(5)

- vertical +directional + FQ 0.7 (1) - 2.8(4)

- vertical + directional + bipolar 0.7 (1) - -

- directional + FQ +bipolar - 0.7 (1) 1.4 (2)

- directional + PW+FQ - 0.7 (1) 0.7 (1)

- directional + FQ +interleaving - - 0.7 (1)

- directional + vertical + PW +FQ - - 2.1(3)

- vertical +interleaving+ PW+FQ - 0.7 (1) 0.7 (1)

The absolute number is displayed in brackets. Results of the mixed-effects logistic regressions for changes of the application of each differ-
ent stimulation settings over time with corresponding estimate, odds ratio and p-value. AS=advanced settings, FDR =false discovery rate,
FQ=frequency, MFU=months follow-up, OR=o0dds ratio, PW =pulse width. Significant (p < 0.05) changes over time are marked in bold
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Fig.2 Sankey diagram of the distri-
bution of the different stimulation 3-MFU 6-MFU 12-MFU

settings over the three follow-ups
(diagram created with Sankey-
MATIC). MFU=months follow-up

W Basic settings

M Pulse width # 60 ps

Fig. 3 Change scores of levodopa-
equivalent daily dose (LEDD)

Subgroup BS

W Directional current steering

B Frequency # 130 Hz

W Vertical current steering

B 22 Advanced programming strategies

Subgroup AS Subgroup BS to AS

within the different subgroups
(grey: subgroup BS, pink: sub-
group AS, purple: subgroup BS

to AS) from baseline to 3-MFU
and from baseline to 12-MFU.
AS=advanced stimulation set-
tings, BL=baseline, BS=basic
stimulation settings, MFU =months
follow-up. * p=0.013, ** p=0.003

100 -

LEDD Reduction (%)
n
o

I
! *

I

! *%

The most frequently used AS was directional current
steering followed by vertical current steering. If two or more
levels were activated, they were mostly adjacent levels, and
in only very few cases (N=3) two non-adjacent levels. At
6-MFU, variation in pulse width was more common than
frequency variation, while this finding reversed at 12-MFU.
Bipolar stimulation was used only in three patients and inter-
leaving/independent frequency stimulation in two patients.

Most common AS combinations at 12-MFU were direc-
tional DBS with variations in pulse width (6.2%, N=9),
frequency (6.2%, N=9) or directional DBS in combination
with vertical current steering (6.9%, N=10). Our cohort’s
pulse widths varied from 30 — 90 ps, while frequencies
ranged from 60 — 204 Hz. The current distribution over the
lead at the follow-ups is illustrated in Additional file 1.

BL to 3-MFU BL to 12-MFU

BL to 3-MFU  BL to 12-MFU BL to 3-MFU BL to 12-MFU

LEDD reduction and lead positions

Mean LEDD was significantly reduced in the study cohort
at all three follow-ups compared to baseline with no further
significant change between the follow-up periods (Table 1,
all compared to pre-DBS p<0.001).

The median distance to the motor STN center of gravity
was larger for leads with AS at least once (N=212, 1.9 mm
(IQR 1.3—2.5 mm)) than for leads with BS at all follow-ups
(N=76, 1.5 mm (IQR 1.1—2.0 mm), p=0.002). 95% confi-
dence ellipsoids of the central coordinates of the two groups
are displayed in Fig. 3. For comparability, we excluded the
patient with Boston Scientific Cartesia™ X Directional
Leads for the analysis of central contact coordinates.

@ Springer
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Subgroup analysis

Similar to the study cohort, LEDD was significantly reduced
from baseline to all follow-ups without significant differ-
ences between the follow-ups in all subgroups (Table 3, all
compared to pre-DBS p<0.001). Demographic data as well
as clinical outcome data of patients of the three different
subgroups are displayed in Table 3.

Chi-square test showed no significant difference in dis-
tribution of the three subgroups between PD motor sub-
types (p=0.147), although the majority of patients treated
with basic settings at all follow-ups had akinetic-rigid PD
(68.75%).

Table 3 Patient characteristics and clinical outcome data within the
subgroups

Patient characteristics ~ Subgroup BS Subgroup AS Subgroup

BS to AS
Cohort size [N] 32 59 54
Age [years] 64.3 (£8.3) 61.8(£9.1) 63.6(+6.9)
Disease duration 8 (6-14) 9.6 (£4.1) 9 (6-11)
[years]
Hoehn and Yahr Stage 3 (2.5-3.5) 3 (2-3.75) 3(2.5-3)
PD motor subtypes 68.75 (22) 45.8 (27) 40.7 (22)
[%, N] 18.75 (6) 30.5 (18) 35.2(19)
—akinetic-rigid 12.5(4) 23.7 (14) 24.1 (13)
—equivalent
—tremor-dominant
Preoperative 339 (11.1) 38.6(x12.3) 378
UPDRS-III 16.2 (£8.2)  20.5(x£9.1) (£11.2)
- Medication Off 19.4 (£6.8)

- Medication On

Preoperative levodopa 54.6 (£16.1) 47.9 (x15.0) 48.4

response [%)] (£12.4)

LEDD [mg] 1192.2 1033.3 1132.1

- Pre-DBS (£370.5) (£472.2) (£431.7)

- 3-MFU 579 416.5 564.7

- 6-MFU (362.7-704.1) (190.9-624.5) (450.9-675)

- 12-MFU 472.4 413.2 527.5
(£238.8) (£275.6) (340-713.4)
488.1 400.5 487.7
(£264.4) (160.5-696.9) (340-742.5)

LEDD Change [%] 55.8 (£20.9) 57.5(x£25.6) 44.3

-Pre-DBS to 3-MFU  59.9 (2:20.8) 58.9 (£25.6) (£19.9)

-Pre-DBS to 6-MFU 58 (£24.3)  56.4 (+30.2) 48.3

- Pre-DBS to 12-MFU (£22.8)

52.2
(£25.8)

CPS [pC/s] 10.7 143 123

- 3-MFU (8.4-14.2) (11.3-17.2)  (10.1-15.6

- 6-MFU 12.5 16.1 15.0

- 12-MFU (11.1-16.2)  (12.3-19.5)  (11.7-17.2)
14.4 18.7 16.3
(12.1-17.8)  (13.4-21.8)  (12.0-21.5)

Mean and standard deviation (+) or median with interquartile range
are displayed. AS=advanced stimulation settings, BS =basic stimu-
lation settings, CPS=Charge per second, DBS=deep brain stimu-
lation, LEDD=levodopa-equivalent daily dose, MFU=months
follow-up, PD=Parkinson’s disease, UPDRS-III=Unified Parkin-
son’s Disease Rating Scale-I11
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There was no difference in preoperative levodopa
response between the three groups (p=0.08), although
patients in the “subgroup AS” and “subgroup BS to AS” had
a tendency to slightly lower levodopa improvements (“sub-
group AS” 47.9% (+15.0), “subgroup BS to AS” 48.4%
(£12.4), “subgroup BS” 54.6% (£ 16.1)).

As displayed in Fig. 4, patients treated with AS after
the 3-MFU had significantly lower initial LEDD reduction
(“subgroup BS to AS”) than patients who remained with
basic settings (“subgroup BS”, p=0.013) or patients who
were initially treated with AS (“subgroup AS”, p=0.003).
Similar results were seen at the 6-MFU: patients with a
change to AS after the 3-MFU had significantly smaller ini-
tial LEDD reduction (“subgroup BS to AS”) than patients
with BS at all follow-ups (“subgroup BS”, p=0.021) or
patients initially programmed with AS (“subgroup AS”,
p=0.022). However, no significant differences were
observed at the 12-MFU between all groups (p=0.283).

Regarding the applied CPS, a lower median CPS was
found at the 3-MFU for patients in the “subgroup BS”
as compared to patients initially treated with AS (“sub-
group AS”, p=0.001). No differences were found between
these groups and the “subgroup BS to AS” (p=0.156 and
p=0.054).

No differences in the median CPS were found at the
other follow-ups between all subgroups (6-MFU: p=0.066,
12-MFU: p=0.108).

Discussion

This retrospective longitudinal study demonstrates that AS
are frequently used in clinical routine in a specialized DBS
center for the treatment of PD patients with STN-DBS.
Directional and vertical current steering were the most fre-
quently applied AS in our cohort, but also combinations of
different AS were common. Over time, basic stimulation
settings are used less frequently, while the application of
advanced settings as well as combinations of AS increase.

When observing the current distribution along the lead in
the study cohort, both middle levels were activated in 88.9%
during the long-term follow-up. This might be of interest
since the application of novel DBS devices capable of so
called “adaptive stimulation” is to date only possible with
specific combinations of contacts used for stimulation or
sensing respectively.

Bipolar and interleaving/independent frequency stimula-
tion were only applied in combination with other AS, indi-
cating that those settings might only have been considered
if other AS were insufficient.

Although baseline characteristics and distribution of
motor subtypes between the subgroups did not differ,
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Fig.4 Mean contact coordinates A
(small balls) and 95% confidence
ellipsoids in leads with basic
settings (grey) vs. leads with
advanced stimulation settings
(pink). The motor STN is dis-
played as a black mash, associative
and limbic STN are displayed as a
gray mesh. A antero-lateral view
along the STN axis, B dorso-lateral
view of the STN. A=anterior,
D=dorsal, L=lateral

patients switched to AS after 3 months had a lower initial
LEDD reduction than patients switched earlier to AS or
staying in BS throughout the follow-up period. However,
after switching to AS, the LEDD reduction achieved at the
12-MFU aligned between groups, without a significant dif-
ference in CPS as a marker of the applied stimulation energy.

Interestingly, leads at whom AS were applied had a
slightly larger distance to the motor STN than leads at whom
only BS were applied. This leads to the careful conclusion
that AS might have the potential to optimize the effect of
STN-DBS in patients with PD. Of note, differences in lead
placement were only marginal and do not reflect a general
misplacement of electrodes in patients in whom AS were
applied.

Some limitations apply to this study. This study only
represents experiences from one DBS center in Germany
and might not represent the application of different stimula-
tion settings in other centers. Despite guidelines, program-
ming practices vary widely between centers. Another major
limitation of the study is its retrospective nature without
systematic documentation of reasons for adaptation of stim-
ulation settings. Therefore, our observations cannot be used
to establish causality for changing stimulation strategies.
Additionally, there were no motor assessments in medica-
tion off state recorded for each follow-up, not allowing to
investigate the effect of changes in stimulation settings on
specific motor symptoms.

To guide the reader to the best of our knowledge as
implemented in our clinical routine, the following section
provides an overview of current literature on advanced
stimulation settings and an overall summary of prospective
trials regarding the different advanced stimulation settings
(Additional file 2).

Overview of advanced stimulation settings

Directional current steering, the most frequently applied AS
in our cohort, is known to increase the therapeutic window
mainly by increasing side effect thresholds, which is espe-
cially helpful in slightly inaccurate lead placement [2-4]. A
recent meta-analysis confirmed the findings on side effect
improvement but did not find motor improvement under
directional DBS compared to omnidirectional settings [34].
In a study by Schnitzler et al., directional stimulation was
preferred by most patients over omnidirectional stimulation
[5]. This was also reported regarding the long-term follow-
up [35, 36]. Further advantage of directional current steer-
ing can be reduced required electrical current, which could
increase battery longevity [5]. In a survey-based evaluation
of reasons for changing from omnidirectional to directional
stimulation, the main two reasons were “burdensome side
effects” and “clinically suboptimal effect” [37]. Previously
published experiences from other centers showed that direc-
tional steering is applied frequently in the long-term follow-
up [35, 38]. Karl and colleagues found similar usages of
directional DBS 12-months postoperatively (39%; in our
cohort: 42.1%) [38]. Future randomized double-blinded
studies are needed to verify the advantages of directional
current steering [39].

With vertical current steering it is possible to distrib-
ute the current longitudinally over the lead to allow a more
specific and individual stimulation setting by shaping the
current more precisely with different amplitudes at differ-
ent levels to fit the target area [40]. This enables improve-
ment of symptoms that could not be treated by activating a
single contact due to limiting side effects induced by current
spread beyond the target area [6, 41]. Vertical current steer-
ing can reduce the total electrical energy delivered while
maintaining therapeutic efficacy [42]. In our cohort, it was
the second most commonly used AS, with 31.7% at long-
term follow-up.
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Continuous deep brain stimulation is usually applied as
high-frequency stimulation at 130 Hz [1]. Some studies
have focused on the variation of stimulation frequencies.
The evidence on low frequency stimulation (60 — 85 Hz)
suggests a positive effect on axial symptoms such as gait
and postural stability [14, 16, 43]. Further evidence points
to an improvement in swallowing and speech with low-fre-
quency stimulation [43, 44]. Very low frequencies (theta)
might positively impact verbal fluency and cognition [45,
46]. In contrast, tremor worsens with low frequencies and
might respond better to frequencies> 130 Hz [14, 43, 47].
In our cohort, frequency variation was chosen in 26.8% in
the long-term follow-up, mostly with frequencies> 130 Hz
(71.8%).

Pulse width has historically been set to 60 us, which was
the lowest possible setting in early DBS devices [1, 19].
Since introducing devices allowing for lower pulse widths,
studies have shown that decreasing the pulse width can
widen the therapeutic window, supposedly due to a greater
increase in the side effect threshold compared to the effect
threshold, [10, 12, 48] while efficacy ought to be noninferior
to 60 ps [9, 13]. This benefit has also been shown for the
long-term [36]. A lower pulse width might also positively
influence speech and gait parameters [10, 11]. It has fur-
ther been proposed that lower pulse widths are more energy
efficient, although this has been controversially discussed
[9, 10, 12]. In our cohort, pulse widths were changed in
23.4% of patients in the long-term follow-up, mostly with
decreased pulse widths (94.1%).

By default, current is applied with a monopolar cathodic
stimulation while the anode is placed on the implantable
pulse generator [19]. Bipolar stimulation with both cath-
ode and anode placed on the lead is a possible alternative.
Compared to cathodic monopolar stimulation, bipolar stim-
ulation has a smaller therapeutic effect, requiring a higher
stimulation intensity [19]. However, bipolar stimulation
may result in a wider therapeutic window with a higher side-
effect threshold [18]. It can be a good alternative in case of
limiting side effects. In our cohort, bipolar stimulation was
only used in three patients.

During interleaving stimulation, two different stimu-
lation programs are applied on the same lead using either
alternating pulses at the same frequency or independently at
different frequencies (= independent frequency stimulation).
Interleaving stimulation might be advantageous if limiting
side effects occur [41]. It might stimulate different beneficial
neuroanatomical pathways or regions, such as pallidofugal
fibers or the zona incerta, positively impacting burden-
some dyskinesias while also applying current to the motor
STN [49, 50]. Interleaving stimulation might thereby also
increase efficacy [49]. By combining two low-frequency
programs with a partially overlapping high-frequency area

@ Springer

(interleave-interlink), axial symptoms could improve with-
out worsening appendicular symptoms [20, 22]. Interleav-
ing stimulation was only applied in two patients in our
cohort during the first postoperative year.

Both bipolar and interleaving stimulation were only
applied in combination with other AS. This might indicate
that those strategies were only considered if other AS were
insufficient.

Conclusion

Advanced stimulation settings are frequently used in clini-
cal routine and might be advantageous for symptom con-
trol, possibly compensating for variations in lead positions.
Future prospective studies are warranted to establish clear
paradigms and indications for applying advanced stimula-
tion settings, also considering adaptive DBS, in chronic DBS
to optimize individual benefit, helping clinicians anticipate
which patients might benefit after switching stimulation set-
tings. Updated algorithms are required to help clinicians
decide on when to consider which strategy.
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26-00477-5.

Acknowledgements We thank our patients for their interest in and
continued research support.

Author contributions CST retrospectively collected the data, analyzed
the data and wrote the first draft of the manuscript. VS retrospectively
collected the data. JNPS, GAB, JCB, and MTB have made substan-
tial contributions to the conception of this work. JNPS, GAB, TAD,
CvdL, HJ, and VS have made substantial contributions to the statisti-
cal analysis of the data. INPS, TAD, MTB, GRF, and VVV have made
substantial contributions to the interpretation of data. GAB, CvdL, HJ,
JCB, VS, GRF, VVV, TAD, MTB, and JNPS have critically revised the
manuscript and have approved the submitted version.

Funding No specific funding was received for this work.

Data availability The datasets used and analyzed during the current
study are available from the corresponding author on reasonable
request.

Declarations

Ethics approval and consent to participate Due to the retrospective
character of the study, formal ethical approval was waived by the lo-
cal ethics committee (University of Cologne, Study No. 25-1167). In-
formed patient consent was not necessary for this work.

Consent for publication Not applicable.

Competing interests CST received personal funding from Medtronic,
outside of the submitted work. GAB received personal fees from Bos-
ton Scientific and Medtronic, outside of the submitted work. CvdL was



Neurological Research and Practice (2026) 8:53

Page90of 11 53

supported by the Cologne Clinician Scientist Program (CCSP) / Fac-
ulty of Medicine / University of Cologne and received personal fund-
ing from Medtronic, outside of the submitted work. HJ received per-
sonal fees from Boston Scientific, outside of the submitted work. JCB
is funded by the Else-Kroner-Fresenius-Stiftung (2022 EKES.23).
VS was supported by the Else Kroner-Fresenius-Stiftung and the Ad-
vanced Cologne Clinician Scientist Program of the Medical Faculty of
the University of Cologne. GRF serves as an editorial board member
of Neurolmage: Clinical, Zeitschrift fiir Neuropsychologie, Zeitschrift
fiir Kinder- und Jugendpsychiatrie und Psychotherapie, and Info Neu-
rologie & Psychiatrie; receives royalties for the books Funktionelle
MRT in Psychiatrie und Neurologie, Neurologische Differentialdiag-
nose, SOP Neurologie, and Therapiechandbuch Neurologie; receives
royalties for the neuropsychological tests KAS, NP-KiSS, and K6pSS;
receives honoraria for speaking engagements by the Deutsche Gesell-
schaft fiir Neurologie (DGN) and Forum fiir medizinische Fortbildung
FomF GmbH. VVV received financial support for contributions to
congresses and advisory boards from Insightec, Medtronic, and Bos-
ton Scientific, and research funding from the two latter. TAD received
speaker’s honoraria and travel grants from Boston Scientific. MTB re-
ceived speaker’s honoraria from Medtronic, Boston Scientific, Abbott
(formerly St. Jude), FomF, derCampus, GE Medical, UCB, Bial, Apo-
thekerverband Kéln e.V., BDN, Ever Pharma, Esteve as well as advi-
sory honoraria for the IQWIG, Medtronic, Esteve, Boston Scientific
and Abbvie. Research funding was provided by the Felgenhauer-Stif-
tung, Forschungspool Klinische Studien, and Kéln Fortune (Univer-
sity of Cologne), Horizon 2020 (Gondola), Medtronic (ODIS, OPEL,
BeAble), and Boston Scientific. JNPS has nothing to report.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1.  Koeglsperger, T., Palleis, C., Hell, F., Mehrkens, J. H., & Botzel,
K. (2019). Deep brain stimulation programming for movement
disorders: Current concepts and evidence-based strategies. Fron-
tiers in Neurology, 10, Article 410. https://doi.org/10.3389/fneur.
2019.00410

2. Steigerwald, F., Miiller, L., Johannes, S., Matthies, C., & Volk-
mann, J. (2016). Directional deep brain stimulation of the sub-
thalamic nucleus: A pilot study using a novel neurostimulation
device. Movement Disorders, 31(8), 1240—1243. https://doi.org/1
0.1002/mds.26669

3. Pollo, C., Kaelin-Lang, A., Oertel, M. F., et al. (2014). Directional
deep brain stimulation: An intraoperative double-blind pilot
study. Brain : A J Neurology, 137(7), 2015-2026. https://doi.org/
10.1093/brain/awu102

4. Dembek, T. A., Reker, P., Visser-Vandewalle, V., et al. (2017).
Directional DBS increases side-effect thresholds—A prospective,
double-blind trial. Movement Disorders, 32(10), 1380-1388.
https://doi.org/10.1002/mds.27093

10.

11.

12.

13.

14.

15.

16.

17.

18.

Schnitzler, A., Mir, P., Brodsky, M. A., et al. (2022). Directional
deep brain stimulation for Parkinson’s disease: Results of an
international crossover study with randomized, double-blind
primary endpoint. Neuromodulation: Technology at the Neural
Interface, 25(6), 817-828. https://doi.org/10.1111/ner.13407
Barbe, M. T., Maarouf, M., Alesch, F., & Timmermann, L. (2014).
Multiple source current steering — A novel deep brain stimula-
tion concept for customized programming in a Parkinson’s dis-
ease patient. Parkinsonism & Related Disorders, 20(4), 471-473.
https://doi.org/10.1016/j.parkreldis.2013.07.021

Timmermann, L., Jain, R., Chen, L., et al. (2015). Multiple-source
current steering in subthalamic nucleus deep brain stimulation for
Parkinson’s disease (the VANTAGE study): A non-randomised,
prospective, multicentre, open-label study. The Lancet. Neurol-
ogy, 14(7), 693-701. https://doi.org/10.1016/S1474-4422(15)000
87-3

Chaturvedi, A., Foutz, T. J., & Mclntyre, C. C. (2012). Current
steering to activate targeted neural pathways during deep brain
stimulation of the subthalamic region. Brain Stimulation, 5(3),
369-377. https://doi.org/10.1016/j.brs.2011.05.002
Petry-Schmelzer, J. N., Schwarz, L. M., Jergas, H., et al. (2022).
A Randomized, Double-Blinded Crossover Trial of Short Versus
Conventional Pulse Width Subthalamic Deep Brain Stimulation
in Parkinson’s Disease. J Park Dis., 12(5), 1497-1505. https://do
i.org/10.3233/JPD-213119

Dayal, V., Grover, T., Limousin, P., et al. (2018). The effect of
short pulse width settings on the therapeutic window in subtha-
lamic nucleus deep brain stimulation for Parkinson’s disease. J
Park Dis., 8(2), 273-279. https://doi.org/10.3233/JPD-171272
Dayal, V., Grover, T., Tripoliti, E., et al. (2020). Short versus con-
ventional pulse-width deep brain stimulation in Parkinson’s dis-
ease: A randomized crossover comparison. Movement Disorders,
35(1), 101-108. https://doi.org/10.1002/mds.27863

Bouthour, W., Wegrzyk, J., Momjian, S., et al. (2018). Short
pulse width in subthalamic stimulation in Parkinson’s disease:
A randomized, double-blind study. Movement Disorders, 33(1),
169—173. https://doi.org/10.1002/mds.27265

Steigerwald, F., Timmermann, L., Kiihn, A., et al. (2018). Pulse
duration settings in subthalamic stimulation for Parkinson’s dis-
ease. Movement Disorders, 33(1), 165-169. https://doi.org/10.10
02/mds.27238

Conway, Z. J., Silbumn, P. A., Perera, T., O’Maley, K., & Cole,
M. H. (2021). Low-frequency STN-DBS provides acute gait
improvements in Parkinson’s disease: A double-blinded ran-
domised cross-over feasibility trial. J Neuro Engineering and
Rehabilitation, 18(1), Article 125. https://doi.org/10.1186/s1298
4-021-00921-4

Moreau, C., Defebvre, L., Destee, A., et al. (2008). STN-DBS fre-
quency effects on freezing of gait in advanced Parkinson disease.
Neurology, 71(2), 80—-84. https://doi.org/10.1212/01.wnl.000030
3972.16279.46.

Miigge, F., Kleinholdermann, U., Heun, A., Ollenschldger, M.,
Hannink, J., & Pedrosa, D. J. (2023). Subthalamic 85 Hz deep
brain stimulation improves walking pace and stride length in Par-
kinson’s disease patients. Neurology Research and Practice, 5(1),
33. https://doi.org/10.1186/s42466-023-00263-7

Phibbs, F. T., Arbogast, P. G., & Davis, T. L. (2014). 60-Hz fre-
quency effect on gait in Parkinson’s disease with subthalamic
nucleus deep brain stimulation. Neuromodulation: Technology at
the Neural Interface, 17(8), 717-720. https://doi.org/10.1111/ner.
12131

Soh, D., Ten Brinke, T. R., Lozano, A. M., & Fasano, A. (2019).
Therapeutic window of deep brain stimulation using cathodic
monopolar, bipolar, semi-bipolar, and anodic stimulation. Neuro-
modulation: Technology at the Neural Interface, 22(4), 451-455.
https://doi.org/10.1111/ner.12957

@ Springer



53

Page 10 of 11

Neurological Research and Practice (2026) 8:53

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Volkmann, J., Moro, E., & Pahwa, R. (2006). Basic algorithms
for the programming of deep brain stimulation in Parkinson’s dis-
ease. Movement Disorders, 21(S14), S284-S289. https://doi.org/
10.1002/mds.20961

Karl, J. A., Ouyang, B., & Verhagen Metman, L. (2019). A novel
dual-frequency deep brain stimulation paradigm for Parkinson’s
disease. Neurological Therapy, 8(2), 483—489. https://doi.org/10.
1007/s40120-019-0140-5

Wojtecki, L., Vesper, J., & Schnitzler, A. (2011). Interleaving pro-
gramming of subthalamic deep brain stimulation to reduce side
effects with good motor outcome in a patient with Parkinson’s
disease. Parkinsonism & Related Disorders, 17(4), 293-294.
https://doi.org/10.1016/j.parkreldis.2010.12.005

Karl, J. A., Ouyang, B., Goetz, S., & Metman, L. V. (2020). A
novel DBS paradigm for axial features in Parkinson’s disease: A
randomized crossover study. Movement Disorders, 35(8), 1369—
1378. https://doi.org/10.1002/mds.28048

Tomlinson, C. L., Stowe, R., Patel, S., Rick, C., Gray, R., &
Clarke, C. E. (2010). Systematic review of levodopa dose equiva-
lency reporting in Parkinson’s disease. Movement Disorders,
25(15), 2649-2653. https://doi.org/10.1002/mds.23429

Fahn S, Elton RL (1987) UPDRS Program Members. Unified
Parkinson’s disease rating scale. In: S Fahn, CD Marsden, M
Goldstein, DB Calne, editors. Recent developments in Parkin-
son’s disease, Florham Park, NJ: Macmillan Healthcare Informa-
tion. Vol. 2.153-163. 293-304

Bisht, A., Badenhorst, C., Kiss, Z. H. T., Murari, K., & Whelan,
P. J. (2025). Deep brain stimulation of A13 region evokes robust
locomotory response in rats. J Neurophysiology, 133(5), 1594—
1606. https://doi.org/10.1152/jn.00019.2025

Horn, A., Li, N., Dembek, T. A., et al. (2019). Lead-DBS v2:
Towards a comprehensive pipeline for deep brain stimulation
imaging. Neurolmage, 184,293-316. https://doi.org/10.1016/j.ne
uroimage.2018.08.068

Avants, B., Epstein, C., Grossman, M., & Gee, J. (2008). Sym-
metric diffeomorphic image registration with cross-correlation:
Evaluating automated labeling of elderly and neurodegenerative
brain. Medical Image Analysis, 12(1), 26—41. https://doi.org/10.1
016/j.media.2007.06.004

Jenkinson, M., Bannister, P., Brady, M., & Smith, S. (2002).
Improved optimization for the robust and accurate linear registra-
tion and motion correction of brain images. Neurolmage, 17(2),
825-841. https://doi.org/10.1006/nimg.2002.1132

Schonecker, T., Kupsch, A., Kiihn, A. A., Schneider, G. H., &
Hoffmann, K. T. (2009). Automated optimization of subcortical
cerebral MR imaging—atlas coregistration for improved postop-
erative electrode localization in deep brain stimulation. American
J Neuroradiology, 30(10), 1914-1921. https://doi.org/10.3174/aj
nr.Al1741

Andersson JLR, Jenkinson M, Smith S. (2007) Non-linear Reg-
istration Aka Spatial Normalisation. FMRIB Technial Report
TR07JA2. FMRIB Center, Oxford, United Kingdom. http://www.
fmrib.ox.ac.uk/analysis/techrep/tr07ja2/tr07ja2.pdf

Husch, A., Petersen, V. M., Gemmar, P., Goncalves, J., & Her-
tel, F. (2018). PaCER - A fully automated method for electrode
trajectory and contact reconstruction in deep brain stimulation.
Neurolmage: Clinical, 17, 80-89. https://doi.org/10.1016/j.nicl.2
017.10.004

Horn, A., & Kiihn, A. A. (2015). Lead-DBS: A toolbox for deep
brain stimulation electrode localizations and visualizations. Neu-
rolmage, 107, 127-135. https://doi.org/10.1016/j.neuroimage.20
14.12.002

Ewert, S., Plettig, P., Li, N., et al. (2018). Toward defining deep
brain stimulation targets in MNI space: A subcortical atlas based
on multimodal MRI, histology and structural connectivity.

@ Springer

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Neurolmage, 170, 271-282. https://doi.org/10.1016/j.neuroimag
¢.2017.05.015

Hvingelby, V., Khalil, F., Massey, F., et al. (2025). Directional
deep brain stimulation electrodes in Parkinson’s disease: Meta-
analysis and systematic review of the literature. J Neurology,
Neurosurgery, and Psychiatry, 96(2), 188-198. https://doi.org/1
0.1136/jnnp-2024-333947

Koivu, M., Scheperjans, F., Eerola-Rautio, J., et al. (2022). Real-
life experience on directional deep brain stimulation in patients
with advanced Parkinson’s disease. J Personalized Medicine,
12(8), Article 1224. https://doi.org/10.3390/jpm12081224
Dayal, V., De Roquemaurel, A., Grover, T., et al. (2020). Novel
Programming Features Help Alleviate Subthalamic Nucleus
Stimulation-Induced Side Effects. Movement Disorders, 35(12),
2261-2269. https://doi.org/10.1002/mds.28252

Ten Brinke, T. R., Odekerken, V. J. J., Dijk, J. M., Van Den
Munckhof, P., Schuurman, P. R., & De Bie, R. M. A. (2018).
Directional deep brain stimulation: First experiences in centers
across the globe. Brain Stimulation, 11(4), 949-950. https://doi.o
rg/10.1016/j.brs.2018.04.008

Karl, J. A., Joyce, J., Ouyang, B., & Verhagen Metman, L. (2022).
Long-term clinical experience with directional deep brain stimu-
lation programming: A retrospective review. Neurology and Ther-
apy, 11(3), 1309-1318. https://doi.org/10.1007/s40120-022-0038
1-5

Brinke, T. R. T., Jergas, H., Sisodia, V., et al. (2023). Directional
versus ring-mode deep brain stimulation for Parkinson’s disease:
Protocol of a multi-centre double-blind randomised crossover
trial. BMC Neurology, 23(1), Article 372. https://doi.org/10.118
6/s12883-023-03387-0

Butson, C. R., & McIntyre, C. C. (2008). Current steering to con-
trol the volume of tissue activated during deep brain stimulation.
Brain Stimulat, 1(1), 7-15. https://doi.org/10.1016/j.brs.2007.08.
004

Barbe, M. T., Dembek, T. A., Becker, J., et al. (2014). Individual-
ized current-shaping reduces DBS-induced dysarthria in patients
with essential tremor. Neurology, 82(7), 614-619. https://doi.org/
10.1212/WNL.0000000000000127

Hui, D., Murgai, A. A., Gilmore, G., Mohideen, S. 1., Parrent, A.
G., & Jog, M. S. (2020). Assessing the effect of current steering
on the total electrical energy delivered and ambulation in Parkin-
son’s disease. Scientific Reports, 10(1), Article 8256. https://doi.o
1rg/10.1038/541598-020-64250-7

Cheng, Y., Zhao, G., Chen, L., et al. (2024). Effects of subtha-
lamic nucleus deep brain stimulation using different frequency
programming paradigms on axial symptoms in advanced Parkin-
son’s disease. Acta Neurochirurgica, 166(1), Article 124. https:/
doi.org/10.1007/s00701-024-06005-1

Xie, T., Vigil, J., MacCracken, E., et al. (2015). Low-frequency
stimulation of STN-DBS reduces aspiration and freezing of gait
in patients with PD. Neurology, 84(4), 415—420. https://doi.org/1
0.1212/WNL.0000000000001184

Lee, D. J., Drummond, N. M., Saha, U., et al. (2021). Acute low
frequency dorsal subthalamic nucleus stimulation improves ver-
bal fluency in Parkinson’s disease. Brain Stimulat., 14(4), 754—
760. https://doi.org/10.1016/j.brs.2021.04.016

Lam, J., Lee, J., Williams, M., et al. (2021). Cognitive effects of
theta frequency bilateral subthalamic nucleus stimulation in Par-
kinson’s disease: A pilot study. Brain Stimulat., 14(2), 230-240.
https://doi.org/10.1016/j.brs.2020.12.014

Conway, Z. J., Silburn, P. A., Thevathasan, W., Maley, K. O.,
Naughton, G. A., & Cole, M. H. (2019). Alternate Subthalamic
Nucleus Deep Brain Stimulation Parameters to Manage Motor
Symptoms of Parkinson’s Disease: Systematic Review and Meta-
analysis. Mov Disord Clin Pract., 6(1), 17-26. https://doi.org/10.
1002/mdc3.12681



Neurological Research and Practice

(2026) 8:53

Page 110of 11 53

48.

49.

Reich, M. M., Steigerwald, F., Sawalhe, A. D., etal. (2015). Short
pulse width widens the therapeutic window of subthalamic neuro-
stimulation. Annals of Clinical Translational Neurology, 2(4),
427-432. https://doi.org/10.1002/acn3.168

Ramirez-Zamora, A., Kahn, M., Campbell, J., DeLaCruz, P., &
Pilitsis, J. G. (2015). Interleaved programming of subthalamic
deep brain stimulation to avoid adverse effects and preserve
motor benefit in Parkinson’s disease. J Neurology, 262(3), 578—
584. https://doi.org/10.1007/s00415-014-7605-3

50.

Aquino, C. C., Duffley, G., Hedges, D. M., et al. (2019). Inter-
leaved deep brain stimulation for dyskinesia management in Par-
kinson’s disease. Movement Disorders, 34(11), 1722—-1727. https:
//doi.org/10.1002/mds.27839

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer



