SURGICAL NEUROLOGY INTERNATIONAL

OPEN ACCESS - Editer —
Antonio A. F. DeSalles, MD

SNI: Stereotactic, a supplement to Surgical Neurology International For entire Editorial Board visit:  University of California,
http://www.surgicalneurologyint.com Los Angeles, CA, USA

Original Article
The impact of deep brain stimulation on tinnitus

Jasper V. Smit, Marcus L. F. Janssen!, Malou Engelhard, Rob M. A. de Bi¢’, P. Richard Schuurmant,
Maria F Contarino’, Ame Mosch’, Yasin Temel?, Robert . Stokroos

Departments of Ear Nose and Throat/Head and Neck Surgery, 'Neurology, "Neurosurgery, Maastricht University Medical Center, Maastricht,
‘Departments of Neurology, *Neurosurgery, Academic Medical Center, Amsterdam, *Department of Neurology, Haga Teaching Hospital, The Hague,
The Netherlands

E-mail: *Jasper V. Smit - jasper.smit@maastrichtuniversity.nl; Marcus L. F. Janssen - m_janssen(@maastrichtuniversity.nl;

Malou Engelhard - m.Cngclhard@studcnt.maastrichtunivcrsity.nl; Rob M. A. de Bie - r.m.debie@amc.uva.nl; P. Richard Schuurman - p.r.schuurman@amc.uva.nl;
Maria F. Contarino - m.contarino@hagaziekenhuis.nl; Arne Mosch - a.mosch@hagaziekenhuis.nl; Yasin Temel - y.temel@maastrichtuniversity.nl;

Robert . Stokroos - robert.stokroos@mumc.nl

*Corresponding author

Received: |4 February 16 Accepted: 14 May 16 Published: 14 November 16

Abstract

Background: Tinnitus is a disorder of the nervous system that cannot be adequately
treated with current therapies. The effect of neuromodulation induced by deep brain
stimulation (DBS) on tinnitus has not been studied well. This study investigated the
effect of DBS on tinnitus by use of a multicenter questionnaire study.

Methods: Tinnitus was retrospectively assessed prior to DBS and at the current
situation (with DBS). From the 685 questionnaires, 443 were returned. A control
group was one-to-one matched to DBS patients who had tinnitus before DBS
(n=61). Tinnitus was assessed by the tinnitus handicap inventory (THI) and visual
analog scales (VAS) of loudness and burden.
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INTRODUCTION the substantial economic burden on the society, there is

still no satistactory treatment available that attenuates
Tinnitus, also known as ringing in the ears, is defined
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. t Th 1 f f t d b d Attribution-NonCommercial-ShareAlike 3.0 License, which allows others to remix,
1S present. ¢ prevalence of frequent an urdensome tweak, and build upon the work non-commercially, as long as the author is credited and

tinnitus is 10-1 5% and has iIlCl’eElsed over the last the new creations are licensed under the identical terms.

decennia.l' Tinnitus can be associated with psychiatric  For reprints contact: reprints@medknow.com
disorders such as anxiety and depression. The lifetime risk
. . . . . . L How to cite this article: Smit |V, Janssen ML, Engelhard M, de Bie RM, Schuurman
of a major depressmn n people with dlsabhng tinnitus PR, Contarino MF, et al. The impact of deep brain stimulation on tinnitus. Surg
is 78% compared to 21% in the normal population.? Neurol Int 2016;7:5848-54.
Despite the large impact on the dally life of patients and http://surgicalneurologyint.com/The-impact-of-deep-brain-stimulation-on-tinnitus/

S848 © 2016 Surgical Neurology International | Published by Wolters Kluwer - Medknow



SNI: Stereotactic 2016,Vol 7, Suppl 35 - A Supplement to Surgical Neurology International

tinnitus. It is considered that tinnitus is formed following
a plasticity-related overcompensation of the central
nervous system resulting in a pathological neuronal
activity in auditory and non-auditory networks.[¢51%]

Deep brain stimulation (DBS) can be applied within
ncuronal networks to reduce the pathological neuronal
activity.™ There is more and more evidence that DBS is
able to attenuate tinnitus.**%
studies have shown reduction in the loudness of tinnitus
by targeting the dorsal cochlear nucleus,!” the ventral
intermediate nucleus of the thalamus (VIM),?! and area
LC of the caudate nucleus” with DBS. DBS is already
frequently and successtully applied for treatment-resistant
patients with Parkinson’s disease (PD), essential tremor
(ET), and dystonia, and good outcomes have been
demonstrated for epilepsy, obsessive-compulsive disorder,
and Tourette syndrome. The subthalamic nucleus (STN),
VIM, and globus pallidus internus (GPi) are common
targets for DBS. However, it is not yet clear if there is a
modulatory effect from DBS on tinnitus.

I Both animal and human

Our goal was to assess the severity of tinnitus before and
during DBS in patients who were treated with DBS in a
broad spectrum of targets and for various indications. For
this purpose, we conducted a multicenter survey study
in a large DBS patient cohort. We carefully matched
this group with a control cohort that contained tinnitus
patients without DBS.

MATERIALS AND METHODS

Patient characteristics

All patients who underwent DBS surgery in the Maastricht
University Medical Center, Amsterdam Medical Center or
the Haga Teaching Hospital (The Hague) were included
in this study and received a questionnaire by mail. The
first part of the questionnaire consisted of questions
regarding the situation before DBS surgery (t = 0) and
the second part consisted of questions regarding the
current situation with DBS (t = 1).

After analyzing the patient characteristics of the DBS
patients, we gathered a control group by advertisements
among patients known to have tinnitus to retrospectively
examine the natural course of tinnitus over time.
These tinnitus patients were asked to fill out the same
questionnaire online, which consisted of questions
regarding the situation 4 years ago (t = 0) and the
current situation (t = 1). The 4-year interval was based
on the mean time between DBS surgery and completion
of the questionnaire in the DBS group, which was
3.9 = 2.9 years. Control patients were matched with the
61 DBS patients who declared to have had tinnitus before
surgery, in a matched subject design for the dichotomous
variables gender, tinnitus treatment (e.g., medication
or cognitive therapy) and self-reported hearing loss

¢

(“yes, measured by audiometry,” “yes, noticed by my
relatives or myself,” “no.”). I'rom the available matched
controls, the control subjects that matched age the best
were chosen. Informed consents were obtained from all
patients. No ethical approval was required for this type of
questionnaire study according to local regulations.

Study design

Both parts of the questionnaire included general questions
about tinnitus (duration, received treatment, etc.), hearing
loss (objective or subjective), and three tinnitus severity
measures. The main tinnitus outcome measure was the
tinnitus handicap inventory (THI), which consists of 25
questions and reflects the impact of tinnitus on daily
living. For each item or situation, subjects were asked to
fill in one of the following responses: “Yes” (4 points),
“sometimes” (2 points), or “no” (0 points), resulting
in a maximum burden score of 100. Furthermore, the
questionnaire included a visual analog scale (VAS) of
tinnitus loudness (0 is no loudness and 10 is being the
most loud tinnitus) and a VAS of burden (0 is no burden
and 10 is the most burdening tinnitus).

For all measures, the absolute mean att = 0 and t = 1
was calculated for the within-group comparisons. Because
of the baseline differences between the DBS and control
group, between-group comparison was based on the mean
of the relative change in percentage from each subject,
Xe1~Xico where x is an outcome
Xeeo

measure from a single subject. Subjects who forgot to
fill in some questions were included in the study but
statistical analysis could only be performed for questions
that were answered in both situations. Therefore, the
population size might differ among different measures. In
all cases, analysis in the control group was only performed
for the one-to-one matched subjects.

expressed as  100.

In the group of patients that only experienced tinnitus
after DBS surgery, the 5-year incidence was calculated
and compared with the literature.

Statistics

We used a Student’s ¢-test for normally distributed data
and the Wilcoxon signed-rank test for nonparametric
data. The within-subjects comparisons were analyzed in
a paired manner. P values less than 0.05 were considered
statistically significant. All data were analyzed by using
the Statistical Package for the Social Sciences (Version

20, IBM, Somers, NY, USA).

RESULTS

Patient characteristics

Questionnaires were sent to 0685 DBS patients. Six
patients or their relatives wrote that they were not
able to fill out the form because of mental or physical

S849



SNI: Stereotactic 2016,Vol 7, Suppl 35 - A Supplement to Surgical Neurology International

problems. A return rate of filled-out questionnaires of
65% (n = 443) was achieved.

From the responders, 61 (14%) had tinnitus before DBS
(group 1), 61 (14%) had newly formed tinnitus following
DBS surgery (group 2), and 328 DBS patients (72%) did
not experience tinnitus at all (group 3) [Figure 1]. The
control group (group 4, n = 61) was drawn from a group
of 613 subjects and was precision-matched to group 1
[Table 1]. From the patients with PD, 77% had electrodes
implanted in the STN, 12% in the VIM, and 11% in the
GPi.

Tinnitus outcome

From the 61 patients who experienced tinnitus before
DBS surgery, 7 were completely tinnitus-free at the
time of filling the questionnaire. The TIHI decreased
significantly compared to the situation before DBS surgery
(from 18.9 to 15.1) whereas the THI in the control group
did not significantly change (36.9 to 35.5). With respect
to the THI in the DBS group, 53% improved, 36% did
not change, and 11% worsened. In the control group 54%
improved, 7% did not change, and 39% worsened.

For the patients with DBS, the reported loudness and
burden on a VAS scale did not change significantly (3.9
to 3.9 and 3.7 to 3.5, respectively). The control group
showed a significant increase in VAS loudness (5.4 to 6.0)
and a non-significant increase in VAS burden (4.9 to 5.3).
Detailed results with P values are shown in Table 2.

Relative measures were used to compare the DBS group
to the control group. The relative mean difference of

the THI was —19% for the DBS group and +14% for
the control group. In the DBS and control group, VAS

loudness increased with 13% and 35% and VAS burden
increased with 21% and 38%, respectively. Relative
measures of the three outcome measures are visualized in

Figure 2.

Subgroup analyses

For the DBS group with existing tinnitus, the mean
values of the THI were calculated for the most common
targets: STN (n = 31), the VIM (n = 17), and the GPi
(n = 11). The STN was the only target that showed a
statistically significant decrease in THI (18.7 to 14.7), see
Table 2 for more extensive results.

The DBS,
independent from the target subgroup analysis, was
subdivided in PD, ET, and others. When analyzing the
subgroups for primary indication, only in the group with

primary indication for which is not

PD, a significant difference in mean THI difference was
seen (18.6 to 14.8, P < .01, n = 34).

On comparing males and females, only males showed
a significant difference in THI (20.1 to 154, P <.001,
n = 34). Females did not show a significant difference

(16.7 to 14.6, P = 0.26, n = 19).

Both subjects who received treatment for tinnitus (e.g.,
medication or cognitive therapy), as subjects who did
not receive treatment for tinnitus showed a significant
decrease of THI (17.6 to 14.2, P < .01, n = 40 and 354
to 27.4, P < .05, n = 7, respectively).

The only subgroup analysis that showed a significant
difference in the VAS scale was VIM as a DBS target; VAS
loudness increased from 4.5 to 4.7 (P < .05, n = 13).

Mean time: 4 years ago Now
1
Time before DBS surgery | 7/ Current situation i
i 7/ : >
1
Tinnitus: n=61 ! Pre-existing tinnitus: n=54 E
DBS group No tinnitus: n=382 ! Newly formed tinnitus: n=61 !
! No tinnitus: n=328 '
1 1
] 1
DBS surgery Filling in questionnaire
4 years ago Now
Situation 4 years ago i // Current situation i \
i 7/ VS
Control group Tinnitus: n=61 H Pre-existing tinnitus: n=59 H
(no DBS) i i
i i
1 1
1 1
1 1
Filling in questionnaire

Figure |: Scheme of the study design. Deep brain stimulation (DBS) patients were asked to fill in a questionnaire about the situation
before DBS (mean duration: 3.9 years ago) and about the current situation. In a matched-subject design, the control group was matched
to those patients of the DBS group who had pre-existing tinnitus. Patients from the control group were first asked to fill in a tinnitus
questionnaire regarding their situation 4 years ago (similar to the situation of the DBS group). Second, the patients were asked to fill in
the questionnaire for the current situation. Note that 7 patients who had tinnitus prior to DBS surgery did not have tinnitus during DBS.
In the control group, 2 patients only experienced tinnitus 4 years ago
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Table 1: Characteristics of patients with pre-existing tinnitus before deep brain stimulation (DBS) (1), newly formed tinnitus
during DBS (2), no tinnitus (3) and a control group with pre-existing tinnitus (4), that was matched to group 1. Matching
variables were age, gender, hearing loss, and treatment. Other targets (last row) include combinations of subthalamic nucleus
and ventral intermediate nucleus of the thalamus, nucleus accumbens, and posterior hypothalamus

DBS Control
1) Pre-existing 2) Newly formed 3) No tinnitus 4) Pre-existing
tinnitus (n=61) tinnitus (n=61) (n=328) tinnitus (n=61)

Age (years, mean=SEM, range) 64.3+11.5(23-82) 64.1+11.4 (41-90) 64.1+10.9 (22-85) 63.3+10.2 (30-83)
Man/woman (%/%) 64/36 67/33 60/40 64/36
Hearing loss (%) 48 44 12 48
Hearing loss objectified (%) 69 56 60 45
Tinnitus duration (years, mean=SEM, range) 17.7+14.9 (1-57) 4.40+3.4 (0-15) - 15.0+12.6 (4-71)
Treatment for tinnitus (%) " 4 - "
Bilateral stimulation (%) 90 87 92
Primary indication for DBS (%)

Parkinson's disease 67 64 76

Essential tremor 19 17 9

Obsessive-compulsive disorder 3 2 2

Tourette syndrome 2 7 1

Dystonia i 5 10

Multiple sclerosis 2 2 1

Post ischemic tremor 0 1 1

Epilepsia 0 0 1

Pain syndrome 0 0 0.3
DBS target

Subthalamic nucleus 52 44 60

Ventral intermediate nucleus of the thalamus 26 32 18

Globus pallidus internus 19 10 18

Subthalamic area (zona inserta) 2 5 1

Centromedian nucleus, substantia periventricularis, 0 7 1

and nucleus ventrooralis internus

Other targets 2 2 3

DBS: Deep brain stimulation, SEM: Standard error of the mean

Table 2: The THI, VAS loudness, and VAS burden of tinnitus before (t=0) and during DBS (t=1). Measurements were
performed for all DBS patients and in subgroup analyses that consisted of only patients with electrodes implanted in the
STN, VIM or GPi. Note that the control group did not receive DBS. The mean is shown, with the standard error of the mean
between brackets

Groups THI VAS loudness VAS burden

t=0 t=1 P value t=0 t=1 P value t=0 t=1 P
DBS, all targets  18.9(2.5)  15.1(2.6) <0.001 (n=53) 3.9(0.3) 3.9(04) 0.95(n=53) 3.7(0.3) 3.5(0.4) 0.69(n=50)
STN 18.7(3.3) 14.7(3.1) <0.01(ph=30) 3.8(0.4) 39(05  0.79(n=31) 3.4(0.5) 3.3(0.5) 0.77 (h=30)
VIM 28.1(6.2) 18.1(6.0) 0.11 (n=14) 48(0.4) 45(0.6) 058(n=13) 45(04) 48(0.6) <0.05(n=13)
GPi 13.6(5.4) 12.5(7.3) 0.35 (n=38) 3.4(0.5) 3.1(0.9) 0.60 (n=38) 3.6(0.6) 3.0(0.9) 0.35 (n=38)
Control 36.9(3.7) 35.5(3.7) 0.55 (n=53) 5.4(04) 6.0(04) <001(n=53) 49(04) 53(0.4) 0.20(n=50)

THI:Tinnitus handicap inventory,VAS:Visual analog scale, DBS: Deep brain stimulation, STN: Subthalamic nucleus,VIM:Ventral intermediate nucleus of the thalamus, GPi: Globus
pallidus internus

Newly formed tinnitus after DBS surgery, all with STN as the target. The 5-year
The 5-year incidence of tinnitus is based on the percentage  incidence is 10.5%. From all subjects who developed
of subjects who developed tinnitus after DBS. From the tinnitus following DBS, 6 patients did not fill in the onset
200 patients with 5-year follow-up, 21 developed tinnitus date of tinnitus and were excluded from analysis.
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Figure 2: The mean of the relative change (in percentage) is
calculated for the tinnitus handicap inventory, visual analog scale
(VAS) loudness, and VAS burden. A positive number indicates an
increase and a negative number a decrease in the outcome. Error
bars indicate the absolute standard error of the mean

DISCUSSION

The present study showed that the THI reduced
significantly in patients with DBS, whereas it did not
significantly change in the control group that represented
the natural course of tinnitus over time. In the patients
who received DBS, the relative change of the TIHI was
a decrease of 19%, whereas the relative change in the
control group was an increase of 14%. During DBS, there
was no change on the VAS loudness and burden, whereas
the VAS loudness increased significantly in the control
group.

The results from the subgroup analysis showed that the
STN, which is the most common DBS target for PD, is
the only target that reached statistical significance in the
within-subject comparison of the THI. The VIM showed
a large decrease of the THI (28.1 to 18.1), which might
not have reached significance due to the small sample
size (n = 14). The heterogeneity of the study population
could lead to an underestimation of the effectiveness of
DBS on tinnitus.

[t was not our purpose in this study to assess the clinical
relevance of performing DBS for tinnitus. In this study,
tinnitus was assessed in patients who did not seck for
treatment of their tinnitus by way of DBS. Therefore,
the baseline THI is relatively low and therefore a clinical
relevant decrease of 7 points on the THIM is not a
realistic outcome measure. Studies that will prospectively
assess the clinical relevance of DBS as a treatment for
tinnitus should perform DBS with tinnitus as the primary
indication and should carefully select appropriate and
highly suffering tinnitus patients. Furthermore, the target
to be stimulated with DBS should be selected with care.

To the best of our knowledge, the effect of STN
stimulation on tinnitus has not been assessed before.
The influence on tinnitus by VIM stimulation has
been reported in another study."™ In that study, out of
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29 patients with VIM DBS for PD or ET, 7 reported to
have tinnitus. Three patients reported that their tinnitus
was quicter during DBS and 4 patients reported that
DBS had no effect on tinnitus. Two patients who noted
a decrease in tinnitus during DBS and 2 patients who
did not note a reduction were evaluated in the clinic
where the stimulator was turned off and on. Tinnitus
characterization and test-retest evaluation with DBS
turned on and off showed the same outcome as the
patients reported via the questionnaire. This points
out the reliability of retrospective patients-reported
self-evaluation of the presence and severity of tinnitus.
In our study, we found a trend toward a reduction of
tinnitus on the THI by VIM stimulation.

As far as we know, no other study retrospectively or
prospectively assessed the natural course of tinnitus
over time with absolute values of tinnitus severity. Some
studies only presented the presence of tinnitusi#2%7]
or tinnitus grades!">!”l over time. The only statistical
comparison that was conducted in a long-term follow-up,
expressed tinnitus distress levels in three different grades
using the Klockhoff and Lindblom rating scale, and
showed that the tinnitus severity deteriorated but not
significantly, which is in accordance to our results.!'! We
showed that the THI remained unchanged after 4 years
of follow-up (36.9 to 35.5, P = 0.55). Furthermore, the
VAS loudness increased significantly (5.4 to 6.0) and VAS
burden increased non-significantly (4.9 to 5.3).

DBS has good therapeutic effects in PD and ET, both on
motor outcome and the quality of life. The effect of DBS
on tinnitus could be explained by interference with the
tinnitus-related neuronal network. In the present study,
the STN showed the best outcome in tinnitus reduction.
The STN, which is not directly linked to auditory nuclei,
is subdivided in a motor, associative, and limbic part. The
STN, however, is connected to the nucleus accumbens,
which has been implicated to play a role in tinnitus.®!
The effect of STN stimulation might be explained by
this afferent connection. Another explanation could be
that STN DBS patients with improved tinnitus had a
perioperative focal lesion of the caudate nucleus due to
the traversing lead. It has been demonstrated in a case
report that infarction of the caudate nucleus due to an
electrode in STN DBS surgery could lead to a complete
suppression of tinnitus.'? This finding has been
reevaluated in a study where the electrode is paused in
the area LC of caudate nucleus, which is the area of the
caudate that is traversed during DBS STN surgery. From
the 6 patients who were evaluated, 5 patients indicated
tinnitus suppression during stimulation of the arca LC
of the caudate nucleus. The authors suggested that the
dorsal striatum acts as a gate to control loudness of
tinnitus.?! The gate theory explains that phantom sounds
could be generated by DBS.!""! This was demonstrated by
intraoperative stimulation of the caudate nucleus in PD
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patients. Electrical stimulation of the caudate nucleus
induced sounds in patients with and without tinnitus.!"
This is an important finding in further unravelling the
pathophysiology of tinnitus.

Although only one case study reported tinnitus as a side
effect of DBS (in the VIM),” our data showed that
the 5-year incidence of tinnitus in the DBS population
1s 10.5%, which is almost twice as high as the previously
reported 5-year tinnitus incidence of 5.7%.1"!' Despite
that our study setup was not primarily designed for
assessing the incidence of tinnitus, the higher incidence
suggest that DBS might also generate tinnitus in a
certain number of patients.

One might conclude that the STN is a potential target to
treat tinnitus by DBS. However, this conclusion needs to
be tempered. The targets investigated by this study are
clinically used as a target for other primary indications
than tinnitus. Therefore, it seems reasonable to think
that stimulation of brain areas that are more directly
involved in the neural network involved in tinnitus
will be more effective. One of the promising targets is
the dorsal cochlear nucleus. Stimulation of this target
has already been shown to attenuate tinnitus in an
animal study.”” Other potential targets in the auditory
network, which are directly related to tinnitus, are the
inferior colliculus and the medial geniculate body of the
thalamus. Non-auditory regions are involved in tinnitus,
and should therefore also be considered as targets for
DBS including the cerebellum, amygdala, hippocampus,
and nucleus accumbens. 2!

The main limitation of this is study is the retrospective
design of the questionnaire which could be prone to
“recall bias.” It could be difficult to remember tinnitus
characteristics from the past and patients may tend to
have a better recall on past exposures than controls.
However, the advantage of this study design, also known
as “then-test,” is the absence of a “response shift.”
Tinnitus can only be assessed by subjective measurements.
Alterations of these subjective measures can be the result
of an objective change such as a treatment, but may
also be the result of changes in their internal standards,
values, and conceptualization of the quality of life when
a change in health is experienced.® In other words, if
similar questions are asked at different time points,
people tend to answer differently because of different
psychometric properties related to their altered health
situation. For example, in Méniere’s disease, response
shift has been demonstrated following adaption of this
chronic illness.?!! In case of asking questions related to
the past and present situation at the same time, this
potential bias does not occur. A similar then-test design
has recently been used to retrospectively study the effect
of cochlear implantation on tinnitus.”

Furthermore, to strengthen the design of the study,
we used a control group. To match the DBS patients
as much as possible with the controls, we used a
one-to-one matching strategy with multiple matching
variables. The control group consisted of subjects from
the general population who suffered from tinnitus.
Despite the fact that some studies reported an abnormal
hearing in PD and ET patients,?****? other studies
reported normal hearing in these patients.>”*!! To our
knowledge, a correlation of PD/ET with tinnitus has
never been reported. Hence, the control group seems to
be appropriate for this study to compare the course of
time with the DBS group. However, because the groups
were not matched for disease and baseline tinnitus
characteristics, we did not try to statistically compare the
two groups with each other. Finally, the results presented
should be interpreted with caution. It might be possible
that the tinnitus handicap reported by patients decreased
due to an improvement of quality of life by the effect of
DBS on their motor symptoms.

This study is one of the first steps in exploring the
feasibility and target specificity of DBS as a future
trcatment for tinnitus. The present study indicates
that DBS might reduce the handicap that is caused
by tinnitus. Furthermore, while the tinnitus loudness
remained the same in the DBS group, it increased in the
control group. Stimulation of the STN resulted in the
most beneficial effect on tinnitus, however, stimulation
of other nuclei that are directly linked to the tinnitus
circuitry might be even more effective.
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