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ABSTRACT
Background: Stimulation parameters in deep brain
stimulation (DBS) of the subthalamic nucleus for Par-
kinson’s disease (PD) are rarely tested in double-blind

conditions. Evidence-based recommendations on opti-
mal stimulator settings are needed. Results from the
CUSTOM-DBS study are reported, comparing 2 pulse
durations.
Methods: A total of 15 patients were programmed using
a pulse width of 30ms (test) or 60ms (control). Efficacy
and side-effect thresholds and unified PD rating scale
(UPDRS) III were measured in meds-off (primary out-
come). The therapeutic window was the difference
between patients’ efficacy and side effect thresholds.
Results: The therapeutic window was significantly
larger at 30ms than 60ms (P 5 �0009) and the efficacy
(UPDRS III score) was noninferior (P 5.00008).
Interpretation: Subthalamic neurostimulation at 30ms
versus 60ms pulse width is equally effective on PD
motor signs, is more energy efficient, and has less like-
lihood of stimulation-related side effects. VC 2017 The
Authors. Movement Disorders published by Wiley Peri-
odicals, Inc. on behalf of International Parkinson and
Movement Disorder Society.
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The efficacy and side effect profile of deep brain
stimulation (DBS) critically depends on the electrical
activation of specific neural elements within a small
brain volume.1 Factors that determine the volume of
tissue activated (eg, electrode position, electrical field
shaping effects of contact selection, polarity, and cur-
rent amplitude) affect the stimulation outcome. Neu-
rostimulation effects also depend on the temporal
characteristics of the stimulus waveform, and changes
in pulse duration may impact the selectivity of neural
activation within a given stimulation volume.2

The CUSTOM-DBS study was designed to address
the need for an evidence-based update of DBS program-
ming guidelines,1 including the expanded parameter
space of novel DBS devices. The primary outcome was
the use of shorter pulse widths than 60ms to expand the
window between thresholds for therapeutic effects and
side effects, without compromising efficacy, and for
which there is a well-understood and plausible mecha-
nism of action.3 An exploratory outcome was the
impact of current fractionalization among adjacent con-
tacts using multiple independent current control. Here,
we report results on the pulse duration programming
change between 30 and 60ms in an acute, double-blind
comparison. The results of current steering are included
in the Supplementary Appendix.

Methods
Participants

PD patients bilaterally implanted with a Vercise DBS
system (Boston Scientific, Valencia, California) in the
STN for at least 3 months were included at 4 German
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centers. All patients had a Unified Parkinson’s Disease
Rating Scale (UPDRS) subset III score of �30 in the
preoperative meds-off state, and �30% symptom reduc-
tion in the meds-off state (UPDRS III score) by DBS. To
ensure sufficient rigidity to reliably measure a threshold,
a meds-off rigidity score� 2 was required in the evalu-
ated arm (UPDRS III). Patients were excluded if severe
tremor would interfere with measurements, defined as
meds-off resting and/or action tremor score �3 on the
evaluated side (UPDRS III). Patient demographics are
shown in Supplementary Table 1.

All sites obtained ethics committee approval. Writ-
ten informed consent was given by all patients before
study inclusion. The study is registered with Clinical-
Trails.gov (NCT01896115).

Randomization and Masking

Test conditions were administered in random order
with masking of patients and the examiner to treat-
ment assignment. Random permutations of the treat-
ment sequence, stratified by site with a block size of 4,
were pregenerated along with a set of mutually dis-
tinct identification codes. To mask the randomization
assignment, each site only received the codes, each
sealed within a numbered envelope to be opened seq-
uentially as patients enrolled into the study. The non-
blinded programmer controlled the pulse width and
electrode settings according to the randomization
sequence matched to the code using a computer posi-
tioned out of the examiner’s sight.

Procedures

Primary data collection occurred in a single pro-
gramming visit. Patients arrived in the practically
defined meds-off state (at least 12-hour drug with-
drawal). The clinical DBS effect was washed out by
turning the device off for at least 1 hour. Testing was
started when the patient and examiner agreed that a
representative off-state was reached. DBS was then
turned back on contralateral to the clinically more
affected side of the body. To evaluate pulse-width
effects, cathodic stimulation was delivered through the
best single therapeutic electrode (monopolar against
generator case), fixed at 130 Hz; pulse width was ran-
domly assigned to either test (30 ms) or control (60 ms)
settings. At each setting, amplitude was gradually
increased until a side effect threshold was measured
(defined as the minimum amplitude for any side effect
persisting after 2 minutes of stimulation). Rigidity was
evaluated 0.1 mA below the side effect threshold to
assess the maximum rigidity control possible at that
setting. The efficacy threshold was defined as the
amplitude at which rigidity reoccurred by gradually
decreasing the stimulation in steps of 0.1 mA.

Efficacy was measured in 2 ways after at least 15
minutes of continuous stimulation at the previously

determined efficacy threshold for each setting: UPDRS
III evaluation (including lateralized scores calculated
by summing items for left and right sides separately),
and an objective, quantitative assessment of tremor
and bradykinesia using a finger-worn motion sensor
(Kinesia ProView, Great Lakes Neurotechnologies,
Cleveland, Ohio). In the latter assessment, patients
performed 3 tasks while wearing a motion sensor on
the index fingertip: rest tremor assessment, finger-
tapping task, and rapidly alternating-movement task.
The study design is summarized in Fig 1.

Efficiency of neurostimulation was calculated as the
total charge delivered per pulse (Q 5 I * pulse width)
at the efficacy threshold.

Statistical Analysis

The coprimary endpoints of this study were (1)
superiority of the therapeutic window size and (2)
noninferiority of stimulation efficacy (UPDRS III) on
the most affected side of contralateral DBS with 30 ms
compared to 60 ms pulse width. The 2 endpoints were
each assessed using a 1-sided paired t test at an alpha
level of 0.025, applying the Bonferroni correction to
preserve the family-wise error rate. A margin of 5
points, representing the minimal clinically relevant dif-
ference,4 was established as the noninferiority margin
for UPDRS III.

Sample size calculations suggested that the first
coprimary endpoint (superiority of therapeutic win-
dow size) could be met after 16 participants, whereas
the noninferiority endpoint would require 40 enrolled
participants. Therefore an interim analysis was plan-
ned after enrollment of the first 16 patients and con-
firmed that both coprimary endpoints could be met
at this stage. Therefore, the study could be discon-
tinued, as per protocol, after the enrollment of 16
participants.

Results
Therapeutic Efficacy and Side Effect Thresholds

Of 16 enrolled participants, 1 did not tolerate re-
programming and withdrew before any data could be
collected. Therefore, 15 patients completed the study.

For these 15 participants, stimulation at 30 ls re-
sulted in a significantly larger therapeutic window
than 60 ls (mean 3.82 vs 2.32 mA; P 5 .0009; Fig
2A). The most common side effect thresholds were
those for muscle contractions and dysarthria related to
pyramidal tract activation (Fig. 2B). Efficacy at the
rigidity threshold at 30ms was noninferior to 60 ms as
measured by total UPDRS motor score (mean 31.9 vs
31.3; P 5 .00008) or by lateralized motor score for the
evaluated side (18.8 vs 18.1; P 5 .00051). Noninfer-
iority of the stimulation efficacy at 30ms was further
confirmed by kinematic measures of rest tremor,
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finger-tapping, or rapidly alternating movements (Sup-
plementary Fig. 1).

Efficiency of Neurostimulation

As predicted by the strength-duration relationship5

efficacy and side effect thresholds were higher at a
pulse width of 30 ms (3.05 mA and 6.87 mA, respec-
tively) when compared with 60 ms (2.31 mA and 4.63
mA). However, neurostimulation efficiency is not mea-
sured by the threshold amplitude, but by the required
amount of charge—a function of both amplitude and
pulse width.6 The total charge delivered per pulse at
efficacy threshold was lower at 30ms pulse width,
indicating that short pulse width stimulation is more
efficient at exciting the neural elements responsible for
therapeutic benefit (Supplementary Fig. 2; 234% dif-
ference; mean charge per pulse 5 91.6 nC/pulse at
30 ms, 138.4 nC/pulse at 60 ms).

Discussion
In DBS therapy, amplitude, pulse width, and fre-

quency settings are adjusted in each patient individual-
ly, starting with standard values, to achieve the
maximum reduction of clinical signs with minimal
side effects and energy consumption.6 We have

demonstrated here that standard programming settings
used in STN-DBS for PD may not be optimal.

When tested in a double-blind, acute challenge, a
shorter pulse width of 30 ls was superior to the stan-
dard 60 ls in terms of minimizing the likelihood of
stimulation-related side effects while maintaining the
same therapeutic efficacy at a lower energy cost.
Modelling data suggest that the mechanism of stimula-
tion at short pulse duration may be best explained by
focusing on excitation of smaller diameter axons near
the electrode and a steeper falloff for activation of
thick myelinated axons with increasing radius of cur-
rent spread.3 This would reduce the likelihood of
inadvertent stimulation of pyramidal tract fibers caus-
ing muscle contractions or dysarthria, the most fre-
quently observed signs, when testing adverse effect
thresholds in this study.

It should be noted that 30 ls itself may not be opti-
mal. The programming time limitations prevented an
exhaustive comparison of pulse width settings, and
even shorter pulse widths might further expand the
therapeutic window. In DBS, chronaxie for tremor
suppression was previously estimated at appro-
ximately 65 to 75ms,7 indicating that shorter pulse
widths can excite the target fibers at safe current
amplitudes. We selected 30 ms as the test pulse width

FIG. 1. Schematic of the CUSTOM-DBS study, a multicenter, double-blind, randomized controlled trial. At the programming visit, the therapeutic
window was first measured in a randomized, double-blind assessment at four different program settings. Double-blind UPDRS III and exploratory
quantitative assessments (Kinesia assessments of rest tremor, finger tapping, and rapidly alternating movement tasks; Kinesia ProView, Great Lakes
Neurotechnologies) were then taken at the efficacy threshold for rigidity for each setting. In addition to test and control pulse width settings, current
steering settings were also tested as exploratory endpoints. Stimulation was activated on the best therapeutic contact as identified by clinical prac-
tice and programmed according to the figure. [Color figure can be viewed at wileyonlinelibrary.com]
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based on a small pilot study3 because there was a
steep increase of side effect thresholds at 20ms often
exceeding an arbitrarily chosen upper testing limit of
10 mA. In clinical practice, many patients might ben-
efit from reducing pulse widths from conventionally
used 60 ms or more to 30 to 50 ms, in cases where
side effects do occur.

We were unable to explore other settings that may
be superior. The number of combinations of pulse
width, frequency, and voltage available within the rec-
ommended charge density limit was calculated to be
12,964 in older DBS devices,6 and since then that
number of combinations has only increased with the
introduction of additional electrodes, expanded pulse

FIG. 2. Coprimary endpoints. (A) Superiority of the therapeutic window size (left) and noninferiority of UPDRS III (right) at a short-pulse width. Error
bars represent 6 1 standard error. (B) Side effect observed at threshold during the therapeutic measurement. The most common side effects were
dysarthria and muscle twitch related to pyramidal tract activation. [Color figure can be viewed at wileyonlinelibrary.com]
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width range, current steering, and other programma-
ble features of the device. It is not possible to test all
settings in a single programming visit, and more stud-
ies are needed to define the optimal parameter space
for target signs.

Another limitation was the lack of data on efficacy of
chronic stimulation at a short pulse width. The partici-
pants were only exposed to each stimulation setting for a
short time during a single programming visit; it is possi-
ble that long-term stimulation would have revealed dif-
ferences between short and conventional pulse widths
that were not apparent during the acute visit. However,
the blinded assessment of motor signs (UPDRS III) dur-
ing an acute stimulation challenge has previously been
used as the primary efficacy endpoint in DBS studies8-10

and reflected the chronic benefit of DBS.
Despite these limitations, few controlled studies are

aimed at achieving optimization of DBS programming,
and this is the first double-blind assessment of the
effect of a shorter pulse width and 1 of only a handful
of DBS programming studies that have ever been con-
ducted in a double-blind condition.

In conclusion, stimulation using a shorter than cur-
rently recommended pulse width may be more efficient
at achieving therapeutic efficacy and less likely to
reach a side effect threshold. This may translate into a
fundamentally new basic parameter setting for patients
with DBS in PD.
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Abstract
Background: We investigated the acute effect of short
pulse widths on the therapeutic window in subthalamic
nucleus deep brain stimulation in Parkinson’s disease.
Methods: We assessed 10 PD patients with STN-DBS
at a 60-ms pulse width. We randomly and double-
blindedly applied 10- to 50-ms pulse widths. The princi-
pal outcome was the therapeutic window (difference
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