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Abstract

Deep brain stimulation (DBS) is a well-established treatment for drug-resistant involuntary
movements. However, the conventional quadripole cylindrical lead creates electrical fields in all
directions, and the resulting spread to adjacent eloquent structures may induce unintended
effects. Novel directional leads have therefore been designed to allow directional stimulation
(DS). Directional leads have the advantage of widening the therapeutic window (TW), compen-
sating for slight misplacement of the lead and requiring less electrical power to provide the same
effect as a cylindrical lead. Conversely, the increase in the number of contacts from four to eight
and the addition of directional elements has made stimulation programming more complex. For
these reasons, new treatment strategies are required to allow effective directional DBS. During
lead implantation, the directional segment should be placed in a “sweet spot,” and the orienta-
tion of the directional segment is important for programming. Trial-and-error testing of a large
number of contacts is unnecessary, and efficient and systematic execution of the programmed
procedure is desirable. Recent improvements in imaging technologies have enabled image-guided
programming. In the future, optimal stimulations are expected to be programmed by directional
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recording of local field potentials.
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Introduction

Since the 1998 report by Benabid et al.,” deep brain
stimulation (DBS) has become well established as
a treatment for drug-resistant involuntary movements
such as advanced Parkinson’s disease (PD), essential
tremor (ET), and dystonia. This is because of the
effectiveness, minimal invasiveness, and regulatory
properties of this method. DBS systems made by
Medtronic (Minneapolis, MN, USA) were approved
by the United States Food and Drug Administration
(FDA) in 1998. In Japan, Medtronic systems gained
insurance coverage for the treatment of ET and PD
in 2000. Initially, two types of DBS lead with four
cylindrical contacts (Medtronic 3387: four contacts
of 1.5 mm length separated by interspaces of 1.5 mm;
Medtronic 3389: same contact lengths, interspaces
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of 0.5 mm) and an implantable pulse generator (IPG)
(Soletra, Medtronic) were available. After more than
10 years, the IPG was upgraded to the Activa SC
(Medtronic), which provided a choice between a
constant voltage mode and a constant current mode,
and added interleaving stimulation that was able
to stimulate alternately by two different settings. A
rechargeable IPG (Activa RC, Medtronic) that can
stimulate eight contacts in two leads also became
available. That same year, St. Jude Medical (St. Paul,
MN, USA) released a rechargeable constant current
IPG (Brio), but that lead only provided four contacts
at that stage.

A cylindrical contact creates a spherical electrical
field around the active contact, so expansion of the
electrical field to adjacent eloquent structures with
an increase in stimulus power can result in side
effects such as muscle contractions or numbness.
Further increases in stimulus power then become
difficult, even if the therapeutic effect at that point
is insufficient. The position of leads in the target
nucleus is important,>® and deviation from the
optimum position increases the risk of side effects.
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However, since lead malpositioning due to human
and mechanical errors is difficult to completely
avoid, current steering by bipolar stimulation or
interleaving stimulation has been performed to avoid
side effects, and replacement of DBS leads is some-
times required.®® In 2014, Boston Scientific (Valencia,
CA, USA) released the Vercise Twisted lead with
eight contacts (interspace: 0.5 mm) and the recharge-
able Vercise IPG equipped with a multiple inde-
pendent current control system (MICC), enabling
precise current steering along the lead axis direction.
However, the electrode was very long for the usual
DBS treatment of PD, and the MICC also created a
spherical stimulation field, so the problem of side
effects was only slightly ameliorated. In July 2017,
Boston Scientific released the Vercise Cartesia
directional lead and Vercise PC non-rechargeable
IPG, followed by the Vercise Gevia rechargeable IPG
in September 2017. In December 2017, Abbott-St.
Jude Medical (Little Canada, MN, USA) released
the Infinity DBS systems in Japan. Directional DBS
(d-DBS) has since become possible with the advent
of these directional leads (D-leads).

Development of d-DBS systems

D-lead

Stimulation and in vitro experiments reported by
Wei et al. in 2005 found that a segmented cylindrical
electrode produced an edge effect that increased
mean current density over the electrode surface,
and required less current to create the same volume
of tissue activated (VTA) as a cylindrical electrode.”
A simulation study by Butson et al. in 2006 confirmed
that VTA size and shape correlated with the size
and shape of the stimulating electrode contact, and
reducing the number of contacts or changing contact
shape could thus potentially maximize desired
effects while minimizing the side effects of DBS.%
Another computational model by Teplitzky et al.
suggested that single monopolar stimulation through
segmented contacts could shift the center of the
VTA as much as 1.0-1.3 mm.” Keane et al. expected
that stimulation with directionally segmented elec-
trodes could improve the therapeutic effect, based
on computational simulations using information on
the anatomical structures and electrode positions
of patients undergoing DBS to the thalamic ventral
intermediate nucleus (Vim) for ET.?

Two initial clinical trials of D-leads were performed
intraoperatively only in subthalamic nucleus (STN)-DBS
for PD patients with prototype leads. Pollo et al.
used the Direct STN Acute directional lead (Fig. 1A),
in which the distal two of four cylindrical contacts
were divided into three directions, and compared
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Fig. 1 Review of clinical directional leads. (A) The
Direct STN Acute directional lead has two distal contacts
that are divided into three smaller 1.0-mm? contacts
(numbers of contacts are 3-3-1-1 from distal to prox-
imal). This lead was used only for intraoperative stim-
ulation in Reference 9. (B) The Medtronic-Sapiens
directional lead has 40 oval-shaped contacts around
the lead and was used only for intraoperative stimu-
lation in Reference 10. (C, D) The Infinity directional
lead (Abbott-St. Jude Medical) has two middle contacts
that are divided into three smaller, 1.15-mm-wide
contacts (1-3-3-1). Each contact has a length of 1.5 mm,
and the spacing between contacts is 0.5 mm (C) or 1.5 mm
(D). (E) The Vercise Cartesia directional lead (Boston
Scientific) has two middle contacts that are divided
into three smaller, 1.0-mm-wide contacts (1-3-3-1), and
the entire distal end of the lead is covered with metal
to the tip. Each contact has a length of 1.5 mm, and
the spacing between contacts is 0.5 mm.

the therapeutic window (TW) between directional
stimulation (DS) and omnidirectional stimulation
(OS). DS facing the optimal direction increased the
TW by 41.3% and decreased therapeutic current
strength (TCS) by 43%. Contarino et al. also reported
that DS increased the side effect threshold and TW
using a Medtronic Sapience with 40 circular contacts
(diameter, 0.8 mm each) (Fig. 1B).'” In both reports,
conventional cylindrical leads were used for the
actual implantation for chronic stimulation.

In 2015, two types of D-lead from Boston Scien-
tific and Abbott-St. Jude Medical obtained the CE
mark, and chronic implantation became feasible.
FDA approval was obtained by Abbott in 2016 and
Boston Scientific in 2017, and both devices were
launched in Japan in 2017.
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The Vercise Cartesia DBS lead (Boston Scientific)
and Infinity DBS lead (Abbott-St. Jude) show almost
the same structure, with only slight differences.
The middle two contacts of the conventional four
cylindrical contacts are divided into three directions
with each direction of 120°, providing a total of
eight contacts (1-3-3-1). The biggest difference
between the two products is seen in the most distal
contact. The Infinity D-lead has a conventional
cylindrical shape with a non-metallic tip of 1 mm
length (Fig. 1C and 1D), while the tip of the Vercise
Cartesia lead is fully metallic (Fig. 1E). This differ-
ence affects the electrical field propagation when
the distal contact is used for stimulation, but exerts
little difference on DS and thus is not described in
detail in this article. The Vercise Cartesia lead has
spacing of only 0.5 mm, whereas the Infinity provides
two types of the lead, with spacing of 0.5 or 1.5 mm
(Fig. 1C and 1D). Furthermore, the numbering
systems used to indicate contact positions for
programming also differ. The four cylindrical contacts
for Medtronic are numbered 0-1-2-3 and 8-9-10-11
from the distal end, while those for Infinity leads
are numbered 1-2-3-4 and 9-10-11-12 from the distal
end, with A, B, and C describing directional segments
(e.g., Fig. 2A-C) clockwise from the position of the
radiopaque marker situated proximal to the contacts
(Fig. 2B and 2C). On the other hand, with the
Vercise Cartesia, the eight contacts including the
directional segment are numbered serially 1-8 and
9-16, and the directional segments are numbered
counterclockwise from the position of the marker
(Fig. 2). When the position of a contact needs to
be marked, in principle we follow the naming
conventions used by Abbott, which make the posi-
tion in this document easy to visualize.

IPG

Boston Scientific has already released the Vercise
equipped with a MICC and the Twist lead with
eight cylindrical contacts. The D-lead (Vercise
Cartesia) was released as the non-rechargeable Vercise
PC and, slightly later, as the rechargeable Vercise
Gevia. Both can stimulate two D-leads and have a
MICC. Since MICCs have an independent power
supply for each of the 16 contacts, the amplitude
of each contact is freely adjustable regardless of
each impedance (pulse width and frequency are
restricted), and the degree of freedom for current
steering is thus extremely high. The effectiveness
of MICCs in STN-DBS for PD using the Twist lead
was clarified in the INTREPID study!” and VANTAGE
study,'? and this system is also expected to prove
effective for d-DBS. On the other hand, the increase
in the number of contacts from four to eight and
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Fig. 2 Naming of the contacts by the three vendors.
(A) The contacts of the Medtronic 3387 and 3397 leads
are numbered 0, 1, 2, and 3 from the distal end. In the
Activa PC/RC, the second lead can be connected and
the resulting contacts are numbered 8, 9, 10, and 11.
B: The contacts of the Infinity directional lead (Abbott-St.
Jude Medical) are numbered 1-4 and 9-12 from the
distal end. Directional segments of 2/3 and 10/11 are
named by adding A, B, and C, such as 2A, 2B, and 2C
clockwise from the direction of the radiopaque marker
situated proximal to the contacts. (C) The contacts of
the Vercise Cartesia directional lead (Boston Scientific)
are numbered 1-8 and 9-16 from the distal end, including
directional segments labeled counterclockwise from the
direction of the radiopaque marker situated proximal
to the contacts.

the addition of directional elements resulted in
much more complicated programming for stimula-
tion with d-DBS.*» MICCs offer a high degree of
freedom in adjusting parameters, and programing
protocols have not been standardized, making
adjustment more difficult. In Japan, the Vercise
Genus (non-rechargeable Genus P16 and rechargeable
Genus R16) was released in 2020. Vercise PC and
Vercise Gevia both require a wand with USB connec-
tion for communication between the IPG and the
programming device used by the doctor (Microsoft
Surface; Microsoft, Redmond, WA, USA), and the
communication distance is limited to less than 45 cm.
However, the Vercise Genus System uses Bluetooth
for communication, allowing communication up to
several meters (theoretically 10 m), but resulting in
no marked changes in DS function.

Infinity systems are only non-rechargeable, but two
different sizes are available. The Infinity 5 is similar
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in size to Medtronic’s Activa SC and the Infinity 7
is similar to the Activa PC and Vercise PC. Another
type of Infinity that can connect to Medtronic exten-
sions is also available; this was intended to replace
the Activa. Infinity systems are thus provided in a
total of four types. Although Infinity systems are
functionally similar to Activa, they can use short-
pulse stimulations up to 20 microseconds (us) and
can stimulate multiple contacts as one contact, so
unlike the current mode of Activa (only one cathode
and one anode allowed), multiple cathodes and anodes
can be set (coactivation). However, since the Infinity
offers a single current source, current distribution
depends on the impedance of each contact and is
not always even.!” Infinity systems can use the
MultiStim set (MSS), which is the same as the inter-
leaving stimulation of the Activa. Programming devices
for doctors are iPadOS (Apple, Cupertino, CA, USA)
devices (especially the iPad mini; Apple), while
patients use an iPod touch via Bluetooth communi-
cation. Programming is easily adjusted while the
patient is walking. Patients accustomed to smartphones
can also self-adjust the amplitude within a range set
by the doctor. The features of the Infinity include
easy use with Apple systems and the possibility of
adding functions by upgrading the program. The MSS
could not be used at the time the Infinity was released,
but was supported in a version upgrade. This platform
is expected to support telemedicine in the future.

Directional DBS

Even in post-marketing studies of chronic implan-
tations, Steigerwald et al. reported that in seven
PD patients with STN-DBS, the DS positioned in
the optimal direction at the optimal level widened
the TW by increasing the threshold for side effects
compared to 0S.'» However, even DS positioned in
the optimal direction but at a suboptimal level still
widened the TW by not only increasing the side
effect threshold, but also decreasing the efficacy
threshold. From these results, Steigerwald et al.
pointed out that even an electrode deviating from
the optimal position may compensate within a
certain range. Dembek et al. also observed an increase
in the TW due to the increase in the side effect
threshold in a prospective, double-blinded trial of
STN-DBS in 10 PD patients.!® Furthermore, Rebelo
et al. showed that DS of the single segment increased
the TW by 91% and decreased TCS by 31% and
power consumption by 6% in Vim-DBS for eight
drug-resistant tremors.'” Such results suggest that
DS may extend the battery life of IPGs.

These three single-center trials showed that DS
widened the TW in STN-DBS, and those results

have been verified in several subsequent small
studies.’®29 However, the observation periods for
those trials were short, and a long-term, large-scale,
double-blinded randomized controlled trial has been
required. In May 2021, Schnitzler et al. reported
results from the PROGRESS study using Abbott
systems. The PROGRESS study was a randomized,
double-blinded, multicenter trial in which 37 insti-
tutions mainly in Europe and the United States
performed STN-DBS for PD.?Y The aim of the study
was to determine whether a wider TW could be
achieved with DS. Follow-up for up to 36 months
was scheduled for 234 patients, and the report by
Schnitzler et al. included interim results up to the
6-month follow-up of registrants. In the blinded
period, 90.6% of patients showed a wider TW with
DS than with OS, and 62.2% had a wider TW with
single-segment DS than with double-segment DS.
The TW was increased by 41% in DS compared to
OS. Using the contact with the lowest TCS, DS was
able to reduce the current required to achieve
symptom relief by 39% compared to OS, while no
significant difference in clinical effect was evident
between DS and OS. At the end of the blinded
period, 52.8% of patients and 58.5% of physicians
reported that DS was preferred, with OS preferred
by 25.9% and 21.2%, respectively.

Another randomized, double-blinded trial showed
that for best DS, the TW was wider and therapeutic
threshold was lower than OS also in Vim/posterior
subthalamic area (PSA)-DBS, while side effect
threshold and clinical efficacy did not differ from
those with 0S.%

From these studies, a key advantage of DS is the
widening of the TW, the possibility of compensating
for slight (about 1 mm) misplacement of the lead,
and the possibility of reduced power consumption
and prolonged battery life. However, disadvantages
are also seen in that stimulation programing becomes
much more complicated. To make use of these
advantages, new treatment strategies are necessary,
including for D-lead placement and simplification
of stimulation programming.

Placement of D-lead

Depth

Even if the D-lead can compensate for misplace-
ment to some degree, the range is about 1 mm at
most, and attention to accurate stereotactic placement
of the lead cannot be reduced. Since DS is possible
only with the middle two contacts of the D-lead,
for example, when a conventional cylindrical quad-
ripole lead (Medtronic 3389) was placed into STN,
the optimal stimulation site (the so-called “sweet
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spot”) should be within a range of 7.5 mm, as the
total electrode length. The permissible range can
be said to be narrowed to 3.5 mm in D-lead place-
ment. The D-lead requires more accurate lead
placement.?324)

The optimal stimulation site in STN-DBS remains
controversial, and the dorsolateral inside STN, upper
border of the STN, and structures above the STN,
such as the zona incerta (ZI) and Forel H2 field,
have all been mentioned.?2” On the other hand,
the medial part of the STN is less effective and
tends to cause side effects such as mental symptoms
(effects on the limbic STN) and disorders of eye
movements (effects on the oculomotor nerve). Spread
to the substantia nigra under the STN may cause
akinesia, while spread to the internal capsule on
the anterior to lateral sides of the STN can cause
muscle contractions. The spread of stimulation to
the medial and posterior medial side (medial
lemniscus) can cause sensory symptoms.?62® With
a conventional cylindrical quadripole lead, 1 is
placed at the bottom of the STN, 1-3 are in the
STN, and 4 is above the STN (Fig. 3A).2529 With a
D-lead, some authors proposed that directional
segments (2, 3) should be placed in sweet spots,?*3%
as decided from microelectrode recording (MER)
and test stimulation, but no specific indicators were
shown. In our hospital, 4 was often the optimal
stimulation site in the conventional arrangement in
STN-DBS and Vim-DBS, so we have changed the
arrangement so that 2 and 3 in the part where the
kinesthetic response and tremor rhythm are recorded
by MER. However, Asahi et al. placed the midpoint
between the two directional segments at the upper
border of the STN (1 and 2 in the STN, 3 and 4
above the STN) as detected by MER.%V Side effects
were evaluated with electrical stimulation using the
directional part of the lead after surgery, and the
direction of final stimulation was investigated. As
a result, the most frequently used contacts were
located above the STN (63%), followed by the upper
part of the STN (32%). This electrode placement
(Fig. 3B) is shallower by about one contact than
that of a conventional quadripole lead, but is
considered rather appropriate, because the optimal
stimulation site in STN-DBS may be located dorso-
lateral to the boundary of the STN or above. Struc-
tures above the STN, particularly the caudal ZI
(cZI), are part of PSA, which has been considered
a new target for treating tremor in recent years.??
Furthermore, simultaneous stimulation of STN and
cZl may provide better clinical outcomes than
conventional STN-DBS in selected patients.33-37
Further studies are needed to clarify the effects and
side effects of d-DBS to this site.
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Fig. 3 Sagittal brain section depicting the STN 12 mm
from midline with DBS leads in position. (A) When the
cylindrical quadripole lead (Medtronic 3389) is ordi-
narily placed into the STN, the distal contact (0 according
to the Medtronic numbering system) is placed at the
bottom of the STN, the 3 distal contacts (0, 1, and 2
according to the Medtronic numbering system) are
placed within the STN, and the most proximal contact
(3 according to the Medtronic numbering system) is
placed above the STN (References 26, 29). (B) The
midpoint between the two directional contacts is placed
at the upper border of the STN (as in Reference 31).
Contacts 1 and 2 are placed in the STN, 3 is above the
STN, and 4 is in the thalamus (Voa). DBS: deep brain
stimulation, PC: posterior commissure, RAPRL: prel-
emniscal radiations, S.N.: substantia nigra, STN: subtha-
lamic nucleus, Vim: ventral intermedius nucleus, Vop:
ventral oralis posterior, Voa: ventral oralis anterior,
Z.1.: zona incerta.

Direction

The orientation of directional segments is important
for predicting the effects and side effects of stim-
ulation for DBS programming. Both Vercise Cartesia
and Infinity leads have a radiopaque marker prox-
imal to the contacts, and the orientation of the
directional segments is determined from the position
of this marker. The optimal direction in the STN
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varied from patient to patient,” so the direction of
the marker differs depending on the report, but
facing forward (A facing anterior, B right posterior,
and C left posterior) has been common. We ordi-
narily place the marker facing forward in the
STN-DBS and globus pallidus internus-DBS, but
often facing backwards in Vim-DBS. This is because
the ventral caudal nucleus (Vc) behind the Vim
tends to cause side effects of sensory symptoms,
and the internal capsule (IC), which tends to cause
motor symptoms, lies anterolaterally. When the
marker is placed backward, A is in the direction
of the V¢, and B on the left and C on the right are
in the direction of the IC. This placement allows
easy understanding of the directions from which
side effects are likely to occur.

Since the marker disappears with insertion of the
lead into the brain, alignment of the direction of
the screw of the stopper with the direction of the
marker is common. However, lead direction cannot
be determined using only this method, so confir-
mation on X-ray or fluoroscopy is necessary during
the operation. As a method of confirming the marker
direction intraoperatively, the concept of the “iron
sight” sign on X-ray or fluoroscopy from a lateral
view is useful (Fig. 4). If the directional segment
faces straightforward, the iron sight sign can be
seen through the overlapping gaps between A and
B and between A and C in the lateral view.’®?
Other studies have examined new algorithms and
methods to detect the rotational angle of the
D-lead.**® However, even with placement in such
a strict way, the D-lead may rotate after surgery.*%
Dembek et al. reported D-lead rotation >30° occurred
in 42% of patients and rotation angle was within
+90°.*Y Lange et al. observed D-lead rotation in
about 50% of cases. Such rotation occurred within
24 h after surgery*” and was stable thereafter.*®
Confirmation of marker direction from X-ray or CT
was thus necessary >24 h after surgery. On the other
hand, Kriiger et al. stated that rotational angle was
small when the iron sight sign was observed intra-
operatively, so the rotation of the D-lead was
suggested to occur when torque was applied to the
lead during lead fixation or with different surgical
techniques.?” The need for some form of locking
mechanisms was suggested.”

MER and anesthesia

The conventional method for determining lead
placement is MER under awake conditions and test
stimulation. During the surgery, the patient has to
endure lying on a bed with their head fixed for
several hours. Some recent reports have described
MER under general anesthesia for placement of the

A
(front)

B (right-
posterior)

Fig. 4 Explanation of “iron sight sign.” If the markers
are correctly placed facing the front, the spaces between
the front contact (A) and the two rear contacts (B and
C) will overlap, allowing X-rays to pass through in the
lateral view and revealing the “iron sight” line described
by Reinacher et al. in Reference 29. X-rays of “iron
sight” signs (arrow) from the Vercise Cartesia directional
lead (upper) and Infinity directional lead (lower). The
Infinity shows slightly narrower spacing of directional
segments, so the iron sight sign is hard to see unless
the direction matches more strictly than that with the
Vercise Cartesia.

DBS lead. Senemmar et al. reported that asleep
STN-DBS surgery led to a significantly wider TW
than awake surgery for both DS and OS, with no
difference in clinical effects between methods.*®
On the other hand, many reports have described
DBS lead placement using only a neuroimaging
guide, finding no difference in clinical effects from
placement with MER guidance.*-°? Although D-lead
placement with only a neuroimaging guide has been
reported?” and the asleep STN-DBS surgery with
D-lead is expected to increase in the future, no
reports have examined indicators for lead placement
or compared clinical effects. As mentioned earlier,
the D-lead requires more accurate placement, so
further studies are therefore expected.

Even with Vim-DBS, the optimal site is not defin-
itive, and lead placement with MER and test stim-
ulation is common. Recently, segmentation of the
thalamic nuclei®® and detection of optimal site using
imaging methods such as drawing the dentato-
rubro-thalamic tract®**® and connectivity analysis®®
have become possible thanks to advances in imaging
technology. On the other hand, Gravbrot, et al.
reported that about 12 patients received asleep
D-lead implantation to Vim for ET.*” They used
atlas-based targeting and interventional magnetic
resonance imaging without MER and achieved
favorable tremor control with surgical complications
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and stimulation-related adverse effects comparable
to awake surgery. They reported not only clinical
effects, complications, and adverse effect, but also
details for their procedure of setting the D-lead,
providing crucial information for further studies.

Programming

No validated, well-established programming protocol
has been defined for DBS.?® The first step in program-
ming is determination of a contact for stimulation.
In programing for DBS with a cylindrical lead, it is
common to perform “monopolar review.” Many
authors have described protocols for monopolar
review, often by measuring the TW with gradually
increasing amplitude at all contacts, then selecting
the contact with the widest TW for chronic stimu-
lation.*®%” In STN-DBS, tremor and rigidity are
typically used because these symptoms respond to
stimulation adjustment within seconds, whereas
bradykinesia and axial symptoms often require several
minutes to several hours to respond. For this reason,
most monopolar reviews that measure the TW are
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conducted for tremor and rigidity.??)? The number of
contacts of the D-lead has increased from four to
eight, and eight combinations of horizontal contacts
(six pairs and two ring modes) are possible. Performing
all tests would take much longer than when using
the quadripole lead, and such longer testing would
lead to patient fatigue and inaccurate responses.
Steigerwald et al. and Fricke et al. therefore noted
that the measurement of the TW with OS should be
tried as a first step, focusing the monopolar review
on the DS at the level of the best TW on 0S.23:29.30
The Informity tool for monopolar review is available
from Abbott. Informity works with a user-friendly
interface on an iPad (Apple), and users can easily
switch between each contact alone, combinations of
two contacts, and OS using all three contacts, gradu-
ally increasing the stimulus, and recording amplitude
and symptoms with effects and side effects (Fig. 5A).
Since the results are displayed in a chart (Fig. 5B),
visualization of the TW can help determine optimal
contact in programming.

The next step is adjustment of the parameters. In
OS, a pulse width of 60 us and a frequency of 130 Hz

]
icl
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Fig. 5 Screenshot of Informity in demonstration mode. (A) The user interface can be used to easily change the
amplitude, pulse width, frequency, and cathode contacts as well as record the efficacy and side effects. (B) The

report chart created by Informity (fictious value).
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Fig. 6 Screenshot of Guide XT. A 69-year-old man underwent bilateral DBS for STN at the age of 65 with the
Vercise Cartesia directional lead and Vercise PC. The image shows the Guide XT screen of the left STN-DBS with
the stimulus settings at the last visit. (A) 3D image of the lead; red nucleus (RN, red), STN (green), substantia nigra
(SN, blue), and VTA (brown). (B) MRI-FLAIR image and electrode position on the lead plane; STN (green line), SN
(blue line), and VTA (red line). (C) MRI-FLAIR image and lead position in a cross-section perpendicular to the
lead. The lead was located on the lateral boundary of the STN (green line), and a larger VTA was formed toward
the STN by DS. (D) Stimulation condition settings. Values of 4 and 7 were assigned to the cathode for monopolar
stimulation. Stimuli with amplitude of 4.2 mA, pulse width of 60 ps, and frequency of 128 Hz were allocated to 4
at 20% (0.84 mA) and 7 at 80% (3.36 mA) using the multiple independent current control system. DBS: deep brain
stimulation, DS: directional stimulation, STN: subthalamic nucleus, VTA: volume of tissue activated.

are commonly used, and the effects are adjusted by
changing the amplitude. When side effects occur
as amplitude increases, changes in pulse width and
frequency, bipolar stimulation, and interleaving
stimulation have been tried. Recently, a short pulse
of less than 60 us has been used in newer devices
to raise the side effect threshold and widen the
TW.6-%3) The combination of DS and a short pulse
decrease the side effect threshold, so most cases of
STN-DBS can be adjusted by monopolar stimulation.
On the other hand, in Vim-DBS, some reports have
described side effects occurring even with DS, and
directional bipolar stimulation has been required.®*®

The programming of d-DBS is strongly dependent
on the experience and skill of the physician, and
simpler, better organized programming methods are
required. Algorithms combining VTA visualization
by computer simulation and image guidance have

been reported,®® but require advanced engineering
expertise and are thus available in only limited
facilities. Boston Scientific recently provided “Guide
XT” as a useful tool. Guide XT is based on Brain-
labo (Munich, Germany) technology, segmenting,
and displaying nuclei in three dimensions using
preoperative MRI, and superimposing the lead
position from postoperative CT and the programmed
VTA (Fig. 6). Research into where the effects and
side effects occur using D-lead is progressing,'®s®
and visual programming is expected to become
possible in the near future.

Another indicator of optimal direction is local
field potential (LFP). For quite some time, enhanced
beta band power of subthalamic local field potential
activity (13—-30 Hz) has been identified as an elec-
trophysiological marker in PD. Recently, many studies
have recorded LFP intraoperatively from
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D-leads.®®7 Bour et al. performed intraoperative
recording of LFP in STN-DBS surgery using a proto-
type D-lead with 32 oval-shaped contacts. They
reported that LFP could be used to more accurately
detect the STN border, and DS toward the location
of highest LFP power in the beta band produced the
best clinical effects.” Tinkhauser et al. demonstrated
that the two segmented contacts of the Vercise Cartesia
lead with maximal STN beta activity were highly
likely to include the contact that turned out to offer
the best efficacy with a wide TW.”® Telkes et al.
reported that LFP data collected intraoperatively via
the Abbott Infinity lead showed that the normalized
beta band power observed in the STN was higher
in the anterior direction and tended to be positively
associated with bradykinesia/rigidity in the dorso-
anterior direction and with axial scores in the dorso-
medial direction.” Nguyen et al. noted that spectral
power in the total beta band in STN was the best
predictor for ranking the three directions for the TW
with the Direct STN Acute lead (Fig. 1A), and direc-
tional LFPs recorded with segmented leads supported
the hypothesis that spectral power might be indic-
ative of the best stimulation direction.” Noor et al.
used a computational model of human STN neural
activity to simulate LFP recordings, and stated that
STN LFP recordings from an 8-contact directional
lead (28 possible bipolar pairs) could provide more
information than 4-contact cylindrical leads (6 possible
bipolar pairs), but also introduced additional complexity
to signal analysis.”” Such reports suggest that the
LFP from directional contact was effective for simpli-
fying complicated programming for d-DBS. However,
development of new hardware and software is neces-
sary for efficient programming.

At the end of 2020, Medtronic released Percept PC
equipped with Brain Sense, which records LFP from
the leads and adaptive DBS to allow automatic
adjustment of stimulation with abnormal B activity
as an index. In particular, the first approval in the
world for adaptive DBS was made in Japan, and
although the efficacy of the method is still unknown,
expectations are high. The Percept PC uses a tradi-
tional lead with four cylindrical contacts; in other
words, the risk of side effects is as before. The
Medtronic SenSight received the CE mark of approval
in March 2021 and was approved by the FDA in
June. SenSight is a directional DBS lead system
capable of LFP recording, and will be launched in
Japan by the end of 2021. This is the first system in
the world to integrate LFP recording and the direc-
tional lead into the same system, but unfortunately
LFP recording is currently possible only in ring mode,
not directional LFP. Directional LFP recording is
expected to become possible in the future.

Neurol Med Chir (Tokyo) 62, January, 2022

Conclusion

The d-DBS offers many advantages to compensate for
the weaknesses of conventional DBS, and D-leads can
also be used in the same way as conventional leads,
so implantation of a D-lead is recommended as stan-
dard for new DBS surgery. Programming of the d-DBS
is complicated and time-consuming, but programming
with image guidance is now becoming possible, and
these problems are expected to be resolved by inte-
gration with Adaptive DBS in the future.
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