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CHAPTER 9

GENERAL DISCUSSION



DIRECTIONAL DBS: FROM THEORY TO PRACTICE

The use of deep brain stimulation (DBS) for the treatment of patients with advanced
Parkinson’s disease (PD) is a well-established practice."2 Traditionally, the electrical
current delivered by the DBS systems was spread omnidirectionally to the adjacent
brain structures from the activated contact of the DBS electrode.! However, spread
of electrical current to adjacent neural structures outside the target area can lead
to bothersome side-effects, limiting the effectiveness of the therapy.® Directional
DBS electrodes were created with the aim of delivering the current more precisely
with the use of segmented contacts on the electrode which can be individually
controlled, allowing for asymmetric current distribution to the areas surrounding
the electrode.*

At the time of conceptualization of the STEERING-trial, directional DBS was a
relatively new technology with a low-volume of mostly experimental clinical
experience and scarce scientific evidence. A position paper by experts in the field
posited that directional DBS could play an important role in improving the standard
for DBS care, but underlined that high-quality clinical evidence of added value of
this technology was needed.®

Experimental models calculated in silico showed that directional DBS could more
selectively activate target neural populations when compared to omnidirectional
models.® During the research and development phase of various directional DBS
systems, multiple studies were performed by gathering intra-operative data from
directional DBS electrodes yielding results that were seen as encouraging. Intra-
operative testing in our own center in Amsterdam showed there was a difference
in side-effect thresholds for directional and omnidirectional modes in 86.7% of
measurements.” These data also showed that in more than half of the reported side-
effects, there were one or more directions around the electrode in which the current
could be further amplified at least TmA without occurrence of these side-effects,
leading to a greater therapeutic window (TW) when using directional stimulation.”
Another group reported intra-operatively finding an increase of therapeutic window
of 43% in PD patients stimulated directionally when compared to omnidirectional
stimulation.®

In Chapter 2, we sought to assess the clinical need for additional DBS programming
capabilities in the form of directional (or steering, as it was also commonly referred
to at the time) DBS. Clinicians from all five centers in the Netherlands which
were at the time engaged in implantation of DBS devices and subsequent DBS-



related treatment were asked case-based questions on adequacy of the current
omnidirectional setting and the estimated potential added value of a hypothetical
directional feature. When considering the whole population of DBS patients treated
for movement disorders, clinicians estimated that 21% would benefit from directional
DBS. Interestingly, the percentage of cases in which directional programming was
seen as a potential added value was higher for patients with electrodes implanted in
the globus pallidus pars interna (GPi) and the thalamic area than in STN-implanted
patients (48.0, 39.3, and 12.8 respectively). We hypothesized that this difference
could be attributed to the fact that DBS for dystonia (usually targeting GPi)
and for tremors (usually targeting the thalamic area) usually requires higher current
amplitudes than DBS for PD (usually targeting the STN). These data illustrate
the clinicians’ need for additional possibilities in their programming ‘toolbox’, and
their expectation that directional DBS could be of added value in selected cases.
Importantly, these data were obtained before directional DBS systems were widely
available, and are thus somewhat speculative in nature.

After DBS devices with directional stimulation capabilities started to become
available, the early-adopter clinicians started implementing the technology into
(parts of) their clinical practice. Programming protocols for directional DBS and
the results and experiences accumulated thus far were not yet widely available.
In Chapter 3, we investigated the experiences that these clinicians were having thus
far using directional DBS thru surveys sent to a wide array of clinicians from leading
DBS centers all over the world. The gathered data showed considerable differences
between directional DBS programming protocols between centers. Nonetheless,
most of the respondents reported needing more time for programming a directional
setting when compared to omnidirectional DBS settings. On a case-by-case basis,
most uses of directional DBS were motivated by the reduction of stimulation induced
side- effects. Of the responders of the survey, 50% believed that sometimes
directional DBS will lead to a better motor effect in patients with STN DBS for PD
when compared to omnidirectional DBS, while 19% believed that it would lead to a
better motor effect often. Interestingly, none of the survey responders believed that
directional STN DBS would never lead to an improvement of motor function when
compared to omnidirectional DBS, with one of the respondents indicating that they
did not know. The data gathered for Chapter 3 cannot be directly compared to the
data obtained in Chapter 2 due to the differing nature of both surveys. However,
results of both surveys paint a tentatively optimistic picture, with clinicians expecting
an added value of directional DBS in certain cases.



As more time passed, case-reports illustrating potential benefits and small-
scale clinical studies began to appear. For instance, a case report described
improvement of dysarthria in a PD patient previously treated with omnidirectional
DBS after switching to directional programming.® A pilot study of seven patients
showed that a chronically implanted directional DBS system altered the values
of the therapeutic window in a highly individual manner, leading to higher TW'’s
compared to omnidirectional DBS.® Shortly before the start of participant inclusion
of the STEERING-study, these pilot study results were confirmed by a small-scale,
prospective double-blind trial at the University of Cologne. The authors concluded
that directional DBS could achieve comparable clinical benefit as when using
omnidirectional DBS, while leading to an increase in side-effects thresholds.' All
these publications pointed out the need for more solid clinical evidence evaluating
the possible added value of directional DBS over the omnidirectional variant.8-1°

A common denominator mentioned in the majority of literature published on
the subject of directional DBS since its inception, is the need for randomized
controlled trials in order to evaluate its possible added value when compared to
omnidirectional stimulation."®%""'2 The relevance of studying this subject is further
underlined by the added burden placed on both patients an clinicians alike by the
need for more comprehensive and more frequent clinical testing and programming
visits associated with directional DBS.

MOVING FROM EARLY-ADOPTION PRACTICE TO EVIDENCE-BASED
PRACTICE

Designing a clinical trial evaluating a complex and highly individualized treatment
modality such as DBS for PD is a challenging endeavor. Making the workflow
feasible and clinically relevant further adds to the complexity. Before discussing the
results of the trial (as described in Chapter 8), it may be of added value to elaborate
on and motivate a few choices made in the design phase of the trial and challenges
met in the course of the active phase of the trial.

We chose a crossover trial design because the within-subject comparison
removes inter- individual variability and increases the statistical power with fewer
participants compared to parallel trial designs. It also allows for measurement
of a blinded-condition patient preference measurement, which is an outcome
we found important in the setting of treatment of a chronic disease such as PD.
An important phenomenon to factor in when working with a crossover trial design,



is the possibility of a carry-over effect. Although evidence on the subject is relatively
limited, it is estimated that the washout period for STN DBS is estimated to be in
the realm of minutes to hours.'®-'® With randomized treatment periods of 28 to 66
days, we estimated the impact of the carryover effect to be negligible.

At the onset of the trial, treatment periods were initially set at 56+10 days.
The duration was a mostly pragmatic decision as there are no fixed guidelines for
duration of these periods. For the validity of the secondary endpoint data, it was
mainly important to have a duration long enough to suffciently inform on the quality
of life and patient preference. This pre-established treatment period duration proved
to be diffcult for participants to meet in some cases due to either logistical reasons
or because it was hard to maintain motivation for trial continuation when they had
clearly developed a preference for one of the two assigned settings. As a result,
duration was changed to 28-66 days.

Even with this measure in place, participant drop-out during the trial was markedly
higher than the pre-trial estimate of 10%. The reasons for drop-out will be elaborated
on in the section discussing the results of the STEERING trial. We recalculated
the projected number of inclusions needed to reach necessary number of the
participants in each subgroup in order to obtain suffcient statistical power.

For directional DBS to be considered superior to omnidirectional DBS in PD
patients, it would need to lead to either better motor response, better response on
non-motor symptoms, and/or a decrease in stimulation-induced side-effects. Since
the STN DBS is mainly used for the treatment of motor symptoms in PD, this type
of response was established as the primary endpoint of the study. We measured
the motor symptoms using the MDS-UPDRS-ME'® scale. We divided the population
into two subgroups, consisting of respectively participants whom had a satisfactory
response to omnidirectional DBS and participants who did not have a satisfactory
response to omnidirectional DBS. In an effort to mimic regular clinical practice as
realistically as possible, the judgement on whether or not the participants’ response
to omnidirectional DBS was satisfactory was left to the treating clinician. No pre-
defined formal requirements were established for the responder/non responder
dichotomization, as the response or lack thereof can be impacted by multiple factors
such as motor response, non-motor symptoms, stimulation-induced side-effects,
or a combination of these factors. The sample size calculation was carried out
separately for the patients that have an unsatisfactory response to omnidirectional
DBS and for the patients that have a satisfactory effect of omnidirectional DBS.
For participants with an unsatisfactory response to omnidirectional DBS, we opted



to aim for a minimal difference of 5 on de MDS-UPDRS-ME in the sample size
calculation. The rationale behind this was that the motor improvement should be
considerable for it to justify the added programming burden for patients and medical
staff. Five points on the MDS-UPDRS-ME OFF medication is generally considered
a clinically important difference.” The expected improvement of participants whom
responded satisfactorily to omnidirectional DBS was expected to be more limited,
since they presumably already had a relatively good motor score in omnidirectional
mode. Therefore, the minimal difference on UPDRS motor score evaluation was set
to 3 in the sample size calculation. A difference of 2.5 points is generally considered
the minimally clinically important difference."”

The secondary endpoints that were chosen were: used stimulation parameters,
antiparkinsonian medication use (expressed in Levodopa Equivalent Dose, LED),
stimulation-induced side-effects, impact of PD on activities of daily living as
measured with the MDS- UPDRS-ADL, dyskinesias measured with MDS-UPDRS-
MC-A, and Parkinson’s disease-specific quality of life as measured with the PDQ39
questionnaire. Additionally, at trial completion participants were asked to choose
between one of the therapies they experienced in the randomized period, whilst
still blinded for the nature of the treatments. The latter was of particular interest to
us, as patient preference measured in blinded condition gives an important insight
into the total impact of the treatment modality on the participants’ experience, and
might provide more objective data than would be obtained only from the sum of all
other measured variables.

Lastly, we opted to require only one of the two cerebral hemispheres to be treated
with a directional DBS setting for participation in the blinded phase of the trial.
Participants could have directional DBS on both hemispheres and were given
this option, but were made aware that one-sided directional DBS, with the other
side maintaining the original omnidirectional setting, suffced for trial participation.
Multiple factors motivated this choice. Firstly, PD typically presents as an asymmetric
condition.”® As a result, and this is backed by our local (unpublished) experience,
the a priori chances are higher that patients have an asymmetrical experience
regarding bothersome symptoms and/or stimulation induced side-effects. Requiring
only unilateral directional programming thus aligned with our aim to make the trial
resemble clinical experience as much as possible. Also, there would be an added
burden placed on participants by requiring a doubling of programming efforts,
visits and optimization time could potentially lead to a higher drop-out rate and/or
a lower inclusion rate. These considerations lead to the decision to only require a
minimum of one side of the DBS system to be programmed in a directional mode.



This decision does not, however, come without potential drawbacks. Requiring only
one-sided directional DBS could, in theory, lead to a dilution of the measured effects
achieved by directional DBS. It could also potentially negatively affect the ability to
extrapolate study findings to a population fully consisting of patients programmed
with bilateral directional DBS. The asymmetric nature of PD and the added burden
of bilateral directional programming instead of unilateral programming with the
possibility of expanding to bilateral directional DBS led to the choice of the current
study design.

THE STEERING TRIAL FINDINGS AND POSSIBLE IMPLICATIONS

We found no statistically significant difference of the off-medication motor scores
between the directional DBS and the omnidirectional DBS settings in either of
the subgroups, nor in the study population as a whole. This broadly aligns with
the existing literature on the matter. A meta-analysis containing 23 publications,
reporting on a total of 1273 participants found no relevant difference in mean
motor scores between the patients treated with directional DBS and the patients
treated with omnidirectional DBS."? The success of STN DBS is, after proper patient
selection, strongly dependent on surgical accuracy concerning implantation of the
DBS lead.”® A systematic review and individual patient meta-analysis reported study
data showing radial errors in the implantation ranging from 0.45-1.86mm, which did
not significantly negatively impact patients motor improvement.'® A retrospective
chart review of data pertaining to STN DBS PD patients from the last 25 years in
our own center revealed that 2.9% of patients had either poor or no effect of STN
DBS due to electrode malposition.2® Due to high accuracy of implantation of DBS
systems in PD patient, both locally in Amsterdam UMC?2® and on a global level™, it
is no surprise that the absolute improvement in motor function of directional DBS
over omnidirectional DBS is not significant on a group level.

In order to more broadly gauge the potential differences between directional and
omnidirectional DBS in PD patients, multiple secondary outcome measures were
recorded in the trial. No statistically significant differences were found on MDS-
UPDRS-ME scores in on-medication state, impact of symptoms on activities of daily
living (as measured with MDS-UPDRS-ADL), quality of life (measured with PDQ-39),
levodopa equivalent dose of used medication, current delivered by the DBS system.

Several secondary outcome measures varied significantly between directional and
omnidirectional DBS settings. In the interpretation of these results, it is crucial to



take into account that the sample size of the study population was not calculated
specifically for these outcome measures, and that multiple testing increases
the probability of false-positive findings.2' Nevertheless, it is noteworthy that all
statistically significant differences found favored the directional DBS setting over
the omnidirectional setting.

One of the secondary outcome measures that we found of particular interest was the
participants’ blinded choice for either directional or omnidirectional setting whilst still
in blinded condition. Parkinson’s disease presents with a wide array of symptoms
affecting various aspects of patients’ lives. We measured the preference in blinded
condition in an attempt to comprehensively assess the impact of the sum of all
these symptoms instead of only separately measuring a selected few and drawing
conclusions from a resulting sum score. The major advantage of such an outcome
measure is the all-encompassing nature of it, one of the more evident drawbacks is
that it is not conducive to conclusively stating which factors led to this preference,
as it is a sort of ‘black box’ containing both known and unknown variables. In the
group of participants whom had an unsatisfactory result with omnidirectional DBS
before starting the trial procedures, more patients preferred directional DBS over
omnidirectional DBS without overlapping confidence intervals. Since the motor
scores did not significantly differ between the two DBS settings in this population, it
would stand to reason that other (additional) factors contributed to this preference,
such as the improvement of walking and speech, decreased dyskinesia and fewer
stimulation-induced side-effects.

The drop-out rate of patients during the trial was considerably higher than the 10%
estimated at trial conceptualization: 36% in the UBS group and 24% in the SBS
group. When this became apparent during the course of inclusions, we amended
the protocol to include a total of 130 patients instead of the initially planned 102
in order to reach a suffciently high number of trial completions (calculated at 92
participants) to conform to our respective sample size calculations. The additional
28 inclusions were estimated to suffciently compensate for trial abandonment,
based on a calculation using drop-out rates observed up to that point in time.
However, only 87 of the projected 92 patients ended up completing the trial, which
may have negatively impacted the statistical power of the results. The data on trial
drop-out numbers is also interesting when looking at the stated reasons for drop
out with the caveat that in accordance with good clinical practice guidelines??,
participants were not required to provide a reason for study abandonment but
were welcome to disclose it. During the optimization phase of the trial, meaning
before the optimal directional DBS setting was formally found, five participants



dropped out having a preference for their directional DBS setting and not willing to
further participate in the blinded, randomized part of the study. Seven participants
dropped out having a preference for their omnidirectional DBS setting. Another
15 stated finding study participation too burdensome as reason for drop-out, not
mentioning a preference for a certain setting. Seventeen participants prematurely
abandoned the trial in the randomized double-blind crossover period: ten expressed
preference for directional DBS, five favored conventional ring-mode stimulation,
one failed to adhere to protocol requirements, and one experienced an unrelated
adverse event. Despite efforts to maximally emulate routine clinical practice
with measures such as a reasonably flexible trial design, participant agency in
programming choices, and the option to select preferred stimulation modes at
the trial’s end, a substantial number of patients dropped out before completing all
study evaluations. This pattern suggests that the population in question is, in many
respects, relatively vulnerable to experiencing additional clinical burden, whether
due to age-associated physiological reserve, comorbidities, or the cumulative
effects of Parkinson's disease itself. A considerable number of participants withdrew
not out of specific dissatisfaction with assigned stimulation settings, but rather as a
result of finding the study procedures or required engagement too demanding. This
trend may also indicate that expectations of benefit from advanced neuromodulation
technologies, when juxtaposed with the actual time, energy, and organizational
investment required, can quickly shift patients' risk-benefit perceptions and fail to
match their expectations. A low threshold for disengagement highlights the need
for the scientific community to critically evaluate not only the technical advantages
of new DBS modalities but also their real-world practicability for those most likely
to receive them. As this cohort may have high hopes for innovative interventions,
it remains the responsibility of the scientific community to establish proven benefit
through robust and clinically-applicable evidence, in order to prevent inadvertently
introducing therapies that could increase procedural or psychosocial strain without
proportionate clinical benefit.

In broad terms, the data presented in this manuscript suggest that omnidirectional
DBS appears to be an adequate initial approach in managing patients with STN
DBS for Parkinson’s disease. When patients present with an unsatisfactory
response to omnidirectional DBS, further exploration of directional settings is
worthwhile considering. In this light, incorporating directional DBS into the clinicians’
“DBS troubleshooting toolkit” alongside other adaptations such as pulse width and/or
frequency adaptation, bipolar or anodal stimulation, and different pre-set programs
for different activities seems to be the most adequate use of directional capabilities



at the moment. This optional add-on use of additional system capabilities coincides
with the individual approach to therapy employed in DBS treatment already in use.

As technology progresses further, there will be a continuous need for evidence-
based re-evaluation of best clinical practice in DBS treatment.

FUTURE RESEARCH DIRECTIONS

In a matter of a decade, directional DBS systems have essentially replaced the
omnidirectional-only systems (previously referred to as conventional, but this
term does not seem appropriate anymore due to their decrease in use) for the
treatment of Parkinson’s disease."” The emerging data on the topic, including the
present thesis, support the implementation of this technology as a troubleshooting
tool for the clinician to explore further possibilities when the effect of therapy is
considered underwhelming. Further study into the added benefit of directional DBS
in PD is warranted, both to validate the results found in the STEERING trial, as to
complement it with different trial design options such as standard bilateral directional
DBS, and more formal and specific selection tools to define unsatisfactory response
to omnidirectional DBS.

The most important drawback from directional DBS lies in its complexity. This results
in added burden for al already vulnerable patient population. On the clinician’s side,
it may result in increased programming time, increased setting optimization time and
the need for more frequent control visits — all of which are challenging in healthcare
settings dealing with scarcity of resources.?®

As a consequence, it seems imperative to search for ways to shorten the
programming process, leading to shorter time and effort needed for finding an
adequate DBS setting. Interesting avenues to explore will be anatomy-based
(or aided) programming using MRI studies, and/or use of tractography data for
programming.2*25 Locally measured electrophysiological data in the context of
adaptive DBS could also prove very valuable for a more automated and individually
tailored approach to DBS programming.'26

The future trajectory of directional DBS research should thus focus on developing
strategies that balance precision with practicality. Integrating imaging-based
programming, real-time electrophysiological feedback, and machine-learning
algorithms holds the potential to simplify programming workflows whilst maintaining



or even enhancing the effect of DBS. As these innovations mature, their success
should be measured by their impact on symptoms, patients’ quality of life and
healthcare efficiency.
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