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Abstract
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Over the last years, deep brain stimulation has seen many technological innovations. New electrode designs allowing to direct the
current flow not only in the vertical but also in the horizontal plane are the most recent. We summarize the concept of “directional
deep brain stimulation” with its opportunities and challenges and the available study data and discuss the use of imaging

techniques to assist programming deep brain stimulation devices.
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Introduction

Deep brain stimulation (DBS) is an effective, long-term treat-
ment for movement disorders like essential tremor [1-4],
Parkinson’s disease [5, 6], or dystonia [7-9]. Efficacy and
safety of DBS depend on the spatial restriction of the stimu-
lation field to a functional target responsible for the beneficial
effect of DBS. Stimulation-induced side effects emerge pre-
dominantly, if the volume of tissue activated (VTA) expands
into adjacent, eloquent structures like the cortico-spinal tract,
the medial lemniscus, or the ventral, limbic part of the subtha-
lamic nucleus [10, 11]. Until 2015, CE-marked DBS leads had
4 to 8 cylindric contacts and variable interspacing spanning a
vertical distance of 7.5 to 15.5 mm from the tip of the elec-
trode (see Fig. 1A). With these leads and the corresponding
internal pulse generators, it was possible to adjust the VTA
vertically by polarity selection of the 4 to 8 contacts. The
cylindric electrodes, however, always create a radial current
diffusion in the horizontal plane of the lead and accurate po-
sitioning of the lead in x and y directions is critical to avoid
adverse effects caused by current spread outside of the target
region. Because the anatomical shape of most target areas like
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the subthalamic nucleus, the nucleus ventralis intermedius,
and the globus pallidus internus is not spheric, there are prac-
tical limitations as to how a complete coverage of the intended
target area can be achieved by a single lead with cylindric
contacts [12—14].

Concept of Directional DBS

In recent years, several new electrode designs have been pro-
posed allowing to shape the electrical field perpendicular to
the lead (see Fig. 2). Industry and clinicians hoped that “di-
rectional DBS” (dDBS) would reduce the risk of stimulation-
induced adverse effects and optimize the clinical benefit of
DBS, but this hypothetical concept could only be tested after
first technical solutions became available for clinical use.
Prototypes varied from electrodes with up to 40 small circular
contacts of about 0.8 mm, which were evenly distributed over
the last 5 to 6 mm of the electrode, and more simple models
which split up the conventional ring contacts in 3 to 4 seg-
ments spanning 90° or about 120° [15] (see Fig. 1B). In 2014,
two studies were published, which corroborated the principal
hypothesis of dDBS, that current steering in the horizontal
plane could modify the current threshold for beneficial and
adverse effects, depending on whether current was injected
towards or away from the underlying anatomical structures.
Both studies used a similar acute, intraoperative design by
evaluating current thresholds for stimulation induced clinical
effects (e.g., rigidity reduction, dysarthria, or muscle contrac-
tion) comparing omnidirectional stimulation (simulated ring
mode) against dDBS. This testing was performed intraopera-
tively by temporarily implanting a directional lead into the
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Fig. 1 Overview of different electrode design schemes. (A) Scheme of
the most common DBS electrodes with 4-8 cylindric contacts at variable
interspacings. (B) Schematic drawing of 2 currently available “directional
DBS electrodes” with 8 contacts from which 6 “segmented” contacts
span about 120°, which replace the 2 cylindric contacts in the middle,

subthalamic nucleus, which was later exchanged for a conven-
tional DBS electrode, because no dDBS system had regulato-
ry approval at that time. The electrodes tested in these intra-
operative studies had either 32 small circular contacts or

and a 40-contact lead design, used so far only within studies. The 2
commercially available directional DBS electrodes use either an “active
tip” contact to allow more “downwards” current flow or a cylindric
contact as the most distal. Both have a lead marker on top, which allows
to control the rotational orientation via fluoroscopy

segmented ring contacts [16, 17] and both designs resulted
in comparable clinical steering effects. The electrode design
with multiple small circular contacts proposed by the compa-
ny Sapiens did not reach market level due to imponderabilities

Fig. 2 Concept of directional DBS. If the spot evoking the best
therapeutic effect (“sweet” spot, green) lies equidistant to, but in a
different direction from the DBS electrode than the spot causing
limiting adverse effects (“sour” spot, red), a current flow from a
cylindric contact strong enough to cover the “sweet” spot will also

cause side effects by current spread to the “sour” spot (upper row).
Instead of using all 3 segmented contacts of a directional electrode in
the same location, one can steer the current flow away from the “sour”
spot by activating only 1 or 2 of the segmented contacts which are
oriented towards the “sweet” spot
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in the manufacturing process and control of stimulation by the
associated pulse generator. In this context, it is important to
note that lead and pulse generator form a functional unit and
the way that stimulation is technically achieved (e.g., current
vs voltage control or multiple independent current control)
will have an impact on how reliably a computer-simulated
field shape for particular polarity settings will be reflected in
the “real” implant situation, where tissue properties interact
with the technical capabilities of the system in an unpredict-
able way.

Variations of the segmented lead design tested by Pollo and
colleagues have meanwhile been approved for clinical use in
Europe and lately in the USA. Both commercial leads (Boston
Scientific Cartesia and Abbott St. Jude Infinity) are based on
the classic design of a quadrupolar DBS lead, but the two
middle electrode levels are segmented into 3 contacts each
spanning approx. 120° of the circumference. If all segments
are activated together, a ring electrode is simulated and a cor-
responding spherical VTA is generated (omnidirectional stim-
ulation). By activating only 1 or 2 segments as cathode, the
VTA can be shaped in the horizontal plane and current will be
injected in a preferential angular direction.

First Clinical Experience with Directional DBS

In September 2015, the CartesiaTM lead (Boston Scientific,
Valencia, CA) obtained CE mark, quickly followed by the
Infinity directional lead of Abbott St. Jude Medical. First stud-
ies of the chronically implanted electrodes were conducted to
corroborate the findings of intraoperative studies using a sim-
ilar design of an acute monopolar review. We were able to
document and quantify the effect of steering the VTA in steps
of 60° around the lead on effect and adverse effect thresholds
[18]. In comparison to omnidirectional stimulation (ring
mode), directional DBS expanded or diminished the therapeu-
tic window (TW) in relation to the angle of maximal current
injection. Larger effects were seen for electrodes which had a
suboptimal stimulation result in classical ring configuration,
which indicates that dDBS could potentially compensate for
small inaccuracies of lead placement, whereas little could be
gained in comparison to a perfectly placed ring electrode [18].
Meanwhile, additional studies, of which one was blinded,
have confirmed this result and shown that dDBS may also
result in a better motor function [19, 20].

Segmented contacts have a smaller surface and therefore
produce higher charge density with the same amplitude of
current. This could be the reason why most studies have ob-
served lower current thresholds for beneficial or adverse ef-
fects of dDBS as compared to those of omnidirectional stim-
ulation. For most medical therapies, the dose is directly related
to the “toxicity” of the treatment. Hence, one could hypothet-
ically anticipate that the reduced current injection with dDBS
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may result in a better tolerated therapy. Rebelo et al. showed in
their study of dDBS in essential tremor patients first evidence
that dDBS might also be more energy efficient [20] compared
to conventional DBS. Whether the lower charge injection will
also result into increased battery longevity is difficult to an-
swer from a technical perspective and is open to longitudinal
observations, because the increased tissue impedance of
smaller contacts will require a higher voltage for constant
current stimulation, which will at least partially counterbal-
ance savings from reduced amplitude settings.

A number of pressing questions related to dDBS cannot be
answered by the “acute” proof of concept studies outlined
above: [1] What is the incremental clinical benefit of dDBS
as compared to optimized placement of a conventional lead?,
[2] What is the number of patients needed to treat with dDBS
to generate one better outcome and who should be selected for
dDBS?, [3] Should dLeads be placed by the neurosurgeon in a
similar location as compared to conventional leads?, [4] Is
dDBS “efficient” given the more complex adjustment period
with a manifold of programming options compared to conven-
tional DBS?

Some of these questions may be answered by a small but
blinded multicenter study comparing the chronic use of dDBS
and ring-mode DBS. The study has completed recruitment
and first results can be expected beginning of next year [21].

Challenges of dDBS

The availability of dDBS may be viewed as an invitation to
lay less care in the accurate stereotactic placement of the lead,
since one has more programming options to compensate for a
small deviation from the optimal target, and could encourage
less experienced teams to start DBS implants. In our opinion,
the opposite is true: First, the distance in z-axis optimally
covered by stimulation is reduced from the height of 4 classi-
cal ring contacts spanning about 7.5 mm to the distance of two
segmented levels, which is only 3.5 mm. Therefore, precisely
anchoring the lead at the optimal depth is more challenging
with dDBS hardware. Second, the additional rotational degree
of freedom turned out to be difficult to control by the neuro-
surgeon intraoperatively. The anterior marker of the lead at the
burhole level does not necessarily reflect the orientation at the
target level, because the flexible lead may be twisted along the
way. On the other hand, the currently available radiopaque
marker immediately proximal to the electrode level does not
allow to determine the exact rotation on planar fluoroscopy.
Several radiological methods have now been proposed to es-
timate the orientation of the segmented electrodes based on
postoperative imaging (see below). Nevertheless, all these
methods have limitations and a better intraoperative control
not only of implant depth but also of the rotational angle
would be desirable.
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While the concept of dDBS is plausible from biophysical
theory, its clinical value in a real life clinical setting has to be
proven. The potential advantage of finetuning stimulation set-
tings to an optimal benefit without stimulation-induced ad-
verse effects is offset by an increased programming burden:
Testing all contacts individually in a monopolar review would
take at least twice the time of a standard 4-contact lead [22]. It
is also questionable, how many Parkinson’s disease patients
might tolerate this prolonged procedure in the medication off
state. Furthermore, clinical differences between 2 adjacent
segmented contacts might be too subtle to become obvious
in a standard neurological examination. Combined with other
options of advanced programming (multiple independent cur-
rent control, reduced pulse width, multiple frequency settings,
anodic stimulation, or bipolar settings), the number of testable
combinations becomes infinite and no longer manageable in
clinical practice. Practice guidelines are needed to educate
programmers in the use of dDBS, but they are not available
yet.

According to our own clinical experience, it is not always
necessary to test all 8 contacts and programming time may be
saved by a standardized programming approach and/or the use
of additional imaging information. As a first step, we evaluate
the efficacy threshold (e.g., tremor or rigidity reduction) and
adverse effect threshold on all 4 contact levels in ring mode.
Thereafter, we focus the monopolar review on the segmented
electrode level with the best TW in ring mode. On this level,
we evaluate again effect and side effect thresholds for each of
the 3 segmented contacts. In most patients, this algorithm
results in a contact configuration, which can be used to initiate
stimulation. Subsequent finetuning can be achieved by any of
the abovementioned advanced programming options, if the
outcome is not satisfactory.

Another simplified monopolar review option requires con-
nection of the segmented lead to a pulse generator capable of
multiple independent current control. These systems allow to
move the electrical field continuously along or perpendicular
to the electrode. Hence, one can use a cursor-like option in the
programmer software to steer a fixed stimulation current,
which is usually sufficient to provide clinical benefit (e.g.,
1.0-2 mA), but below the adverse effect threshold, in different
directions along and around the electrode and evaluate chang-
es in the type and magnitude of clinical response. When the
vertical level with the best response has been found and seg-
mented electrodes are involved, one repeats the same ap-
proach in dDBS mode by moving the current vector in the
horizontal plane 360° clockwise or counterclockwise until the
optimal direction has been determined by clinical comparison.
For this resulting electrode configuration only, the side effect
threshold is evaluated to ensure a reasonable TW for future
programming adjustments.

The initial settings obtained by either method need to be
adjusted subsequently depending on the clinical course and

the predominant symptoms of a patient. More complex clini-
cal problems such as gait or speech problems may need mul-
tiple further adjustments. There are different opinions of how
fine graded adjustments of dDBS need to be in order to be
clinically meaningful. We usually test increments of at least
10-20%, but other centers favor even smaller changes of 1—
5%.

Outlook

MR imaging resolution as well as image fusion software and
computational models predicting the volume of tissue activat-
ed has made tremendous progress in recent years. Especially,
the fusion of a high-resolution postoperative CT, to visualize
the electrode without distortion, with the preoperative MRI,
used to visualize the target structure for stereotactic planning,
can help to predict contacts with good clinical response. For
these image-based programming options, one needs an align-
ment between the electrode and the patient-specific MRI
space. For dDBS, the angular orientation of the segmented
contacts needs to be determined. We assume that this orienta-
tion determined from intraoperative or postoperative imaging
remains stable postoperatively, but this is currently not corrob-
orated by any real life data.

Different radiological methods have recently been devel-
oped to determine the orientation of a dDBS lead in the chron-
ic implanted state either by rotational fluoroscopy or by CT
[23-25]. Using rotational fluoroscopy (e.g., a rotational angi-
ography setup) several weeks to month after implantation, we
have seen deviations from the intended orientation of seg-
mented contacts, which were as large as 30°, especially in
cases with brain shift due to intraoperative CSF leakage.
Therefore, it still has to be shown, whether an electrode stays
in its fixed rotational position or still turns within the first
weeks after implantation and under which circumstances this
may occur.

Conclusion

dDBS has been rapidly adopted in many DBS centers due to
its theoretical advantages and may soon become the new stan-
dard electrode design for de novo implants. Our clinical expe-
rience with dDBS over the past 2 %2 years has been generally
positive, which is reflected by approximately 2/3 of our de
novo implants with dLeads, which are programmed in direc-
tional mode. This program choice was made either based on
improved clinical efficacy or in order to diminish stimulation-
induced adverse effects. Since we do not feel comfortable in
predicting the future need for directional programming at the
time of electrode implantation, we are currently using seg-
mented electrodes for most of our implantations.
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Nevertheless, evidence for a clinical superiority of dDBS over
conventional DBS is still lacking and will need to be generat-
ed from well-designed clinical studies in order to justify the
incremental costs and programming efforts associated with
this novel technology.

Required Author Forms Disclosure forms provided by the au-
thors are available with the online version of this article.
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