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Abstract
This manuscript reports on findings of three open label, pilot studies and it reviews studies using
rTMS as a maintenance treatment for any disorder. The first pilot study examined whether a
patient’s original treatment response to 1 Hz rTMS over temporal cortex could be replicated by
stimulating a homologous region of the opposite hemisphere. The second study examined whether
a patient’s response to 1Hz rTMS could be replicated by applying 10 Hz rTMS over the same
treatment site. The third study applied a 3-day course of maintenance rTMS, either at 1 or 10 Hz,
when subjects indicated that the benefit of their last course of treatment was waning. Patients with
bilateral subjective tinnitus of at least 6 months duration were recruited from a prior, sham
controlled study with treatment crossover that applied 1Hz rTMS over temporal cortex. Both
treatment responders and non-responders were recruited. Results indicated, first, that the original
treatment response, both positive and negative, is replicated after stimulating a homologous region
of the opposite hemisphere; second, patients respond similarly to 1 and 10 Hz stimulation of the
same treatment site (an exception was one patient who initially failed 1 Hz stimulation but
responded positively to 10 Hz stimulation); and, third, maintenance rTMS had a sustained and
additive benefit for tinnitus among treatment responders. Conclusions are that rTMS-induced
effects on tinnitus are neither hemisphere specific nor frequency dependent; although, different
frequencies of rTMS may have greater potency for a given subject. Maintenance treatment is a
well tolerated approach with demonstrated feasibility for managing chronic tinnitus in persons
who respond positively to an initial course of treatment.
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1 Introduction
Repetitive transcranial magnetic stimulation (rTMS) can temporarily decrease subjective
tinnitus perception in about 50% of patients (Langguth, et al., 2008; Mennemeier, et al.,
2011); although, it is unclear how rTMS decreases tinntus. Subjective tinnitus (hereafter,
tinnitus) is defined as the perception of sound in the absence of an internal or external sound
source. Fifty million people in the US are affected by tinnitus. Approximately 12 million
seek treatment and 3 million are disabled (Shargorodsky, et al., 2010). There is no universal
cure that benefits all tinnitus patients. Repetitive TMS is a non-invasive method of regional
brain stimulation in which magnetic pulses are delivered over the scalp to induce electric
currents in the brain that activate neurons (Bohning, 2000). Most studies of tinnitus apply
rTMS over auditory processing areas in either the left or right temporal cortex once per day
for one or two weeks. Repetitive TMS treatments for tinnitus have a very good safety
margin and their effect is generally greater than placebo (Langguth, et al., 2008) with some
exceptions noted (Piccirillo, et al., 2011). It is probably most accurate to state that a subset
of tinnitus patients respond positively to rTMS and a subset does not (Mennemeier, et al.,
2011).

A positive response to rTMS is operationally defined as a significant decrease from baseline
on a tinnitus questionnaire or visual analogue rating of tinnitus loudness or annoyance
following treatment (VARL and VARA, respectively). Individual responses to rTMS can
range from no response (about 50%) to reports of no remaining tinnitus three months after
rTMS treatment (Khedr, et al., 2010). Most patients who respond positively to rTMS
treatment report a temporary reduction in tinnitus that lasts for days to weeks, in one or both
ears, before tinnitus returns [see for example (Plewnia, et al., 2007)]. Whereas the response
rate to rTMS varies from study to study, undoubtedly being influenced by sample size and
composition and how tinnitus is assessed, the 50% average is reasonably consistent across
studies even when different hemispheres are stimulated and when different frequencies of
rTMS are used to treat tinnitus (Khedr, et al., 2008; Khedr, et al., 2010; Langguth, et al,
2010). Additionally, stimulating the hemisphere contralateral to the ear with loudest tinnitus
may be more efficacious that targeting either the left or right hemisphere for treatment (De
Ridder, et al., 2005; Khedr, et al., 2010).

It is presently unclear who responds positively to rTMS treatment or how rTMS induces a
treatment effect. Patients with less chronic or severe tinnitus and with better preserved
hearing may be more likely to respond positively to rTMS (De Ridder, et al., 2005;
Kleinjung, et al., 2007); however, negative outcomes can be obtained in patients who fit
these criteria and positive outcomes can be obtained in patients who do not (Dornhoffer &
Mennemeier, 2010). Patients also respond to rTMS in ways that defy our understanding of
how rTMS should work to improve tinnitus. For example, low frequency rTMS, which is
thought to inhibit cortical activity immediately following stimulation, has often been used to
“treat” regions of temporal cortex that are hyperactive and thought to be responsible for
tinnitus perception [see for example (Mennemeier, et al., 2011)]. In contrast to this
hypothesis, it has been shown that high frequency rTMS, which should have an opposite
effect, can not only improve tinnitus perception but may also be more effective than low
frequency rTMS (Khedr, et al., 2009; Khedr, et al., 2010). Current decisions over which
frequency of rTMS to apply for tinnitus have no firm theoretical basis. In fact, contemporary
models of rTMS, which explain the immediate effects of rTMS (i.e., low frequency inhibits
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and high frequency excites neuronal activity)(George, et al., 2002), appear inadequate to
explain how both low and high frequencies rTMS can decrease tinnitus perception for days,
weeks and months after treatment.

To advance rTMS as a clinical treatment for tinnitus, it is important to investigate factors
that can potentially increase the response rate and/or prolong the duration of its treatment
effect. It is also theoretically important to address observations that challenge our
understanding of how rTMS induces a treatment effect. For example, while it is known that
delivering stimulation to either the right or left hemisphere can decrease tinnitus, it is not
known whether a patient who fails to respond to stimulation of one hemisphere would
respond positively to stimulation of the other, as nearly all rTMS treatment studies treat only
one hemisphere. Additionally, while it is known that both low (1 Hz) and high (10 & 25 Hz)
frequencies of rTMS applied over temporal cortex can decrease tinnitus, it is not known
whether a patient who fails to respond to one frequency of stimulation would respond
positively to another, as stimulation frequencies are rarely compared within subjects.
Finally, only a few studies have attempted to reapply rTMS after the initial benefit wanes
(Langguth, et al., 2003; Mennemeier, et al., 2008; Mennemeier & Dornhoffer, 2008); so it is
not known whether relapse or “maintenance treatment” can improve or prolong the benefit
of a single course of rTMS. A review of studies using rTMS as a maintenance treatment
suggests that it can.

Given that the therapeutic effects of rTMS appear to outlast the immediate inhibitory and
excitatory physiological effects of stimulation, and given that symptoms eventually return
after initial treatment, there is reason to believe that repeated treatment, as per a maintenance
protocol, might have efficacy for managing chronic tinnitus. Towards that end, several
small-scale, open label studies have investigated the therapeutic benefits of rTMS
maintenance therapy for a variety of psychiatric and neurological disorders. A review of
these studies (table 1) indicates that maintenance rTMS can be a well tolerated and effective
method of treating the symptoms of medication-resistant depression (Benadhira, et al.,
2005; Demirtas-Tatlidede, et al., 2008; Loo, et al., 2007; O’Reardon, et al., 2007;
O’Reardon, et al., 2005), bipolar disorder (Dell’Osso, et al., 2009; Li, et al., 2004),
schizophrenia (Poulet, et al., 2008; Thirthalli, et al., 2008), and aphasia (Kakuda, et al.,
2010). Additionally, two case studies demonstrate the feasibility of using maintenance rTMS
for tinnitus (Langguth, et al., 2003; Mennemeier, et al., 2008; Mennemeier & Dornhoffer,
2008); although, a larger series of tinnitus cases has not been published to our knowledge.
Even though substantial variability exists among studies in the schedule protocols and rTMS
parameters used for maintenance treatment, taken together, these studies advise a new
conceptual approach that emphasizes a prophylactic, maintenance model of administration –
an approach similar in its logic to scheduled immunotherapy for an allergy. The following
summary statements can be tentatively drawn based on a review of these open label studies:

1. Maintenance treatment appears well tolerated; there is no current evidence to
indicate that maintenance rTMS carries a greater risk for an adverse event than
would a single course or session of rTMS.

2. Maintenance treatment appears to work best for those who have a strong positive
response to an initial course of treatment.

3. There is no consensus concerning a “best” or even a “typical” schedule for
maintenance treatment; however, the effect of maintenance treatment can be
additive and last months before retreatment is necessary.

4. Larger, controlled trials of maintenance treatment are warranted.
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In this manuscript, we report on three open-label, pilot studies using within subject designs
to investigate, first, whether stimulation of the left and right hemispheres and, second,
whether stimulation at high and low frequencies of rTMS alter treatment outcome in the
same subjects. Finally, we report on whether maintenance rTMS can have added or
sustained benefit for the treatment of tinnitus. The main purpose of these pilot studies was to
guide the design of a larger, controlled clinical trial by establishing concept feasibility and
estimating effect size. All of the patients included in these studies were recruited after
completing a placebo controlled, crossover study that examined the efficacy of 5 days of 1
Hz rTMS (1800 pulses per day @ 110% MT) delivered over left or right temporal cortex for
chronic tinnitus (Mennemeier, et al., 2011). These patients had already been defined as
either treatment responders, who achieved a 33% reduction in the VARL from baseline in at
least one ear following active but not sham treatment, or as non-responders who failed this
criterion. We attempted to recruit equal numbers of responders and non-responders, except
for the study of maintenance treatment which enrolled only treatment responders. The first
pilot study examined whether a patient’s original response to 1 Hz treatment could be
replicated by applying the same stimulation to a homologous region of the opposite
hemisphere. The second study examined whether the original treatment response to 1 Hz
rTMS could be replicated by applying 10 Hz rTMS over the same treatment site. The third
study applied a 3-day course of maintenance rTMS, either at 1 or 10 Hz depending on which
worked best for a given subject, whenever the benefit of the last course of treatment was
waning. The timing of maintenance treatment was purposely left open-ended to learn when
retreatment would be necessary.

2 Material and Method
2.1 Subjects

Twelve patients elected to receive further, open-label treatment in one or more of the pilot
studies. The only restriction to recruitment was that a patient had to live close enough to the
treatment center to return as needed. No other selection criteria were applied for studies 1
and 2 other than to obtain equal numbers of responders and non-responders. For study 3,
only patients who indicated on a Likert-type rating scale that their tinnitus improved after
receiving either 1 or 10 Hz rTMS were eligible for maintenance treatment. Table 2 provides
characteristics of the treatment sample and indicates which patients participated in which
studies. The mean age for the sample was 50 years (SD=15). All patients were diagnosed
with subjective, bilateral tinnitus of at least six months duration. No subject had normal
hearing. The average total percent score on the Tinnitus Handicap Questionnaire was equal
to the 70th percentile for a large sample of patients with tinnitus (Kuk, et al., 1990). On
average, few symptoms of depression were reported (Beck, et al., 1961). All subjects
completed an informed consent process and signed a written informed consent to participate.
The studies were approved by the University Institutional Review Board governing the use
of human subjects in biomedical research. All subjects met the inclusion criteria and did not
meet the exclusion criteria for the parent study (Mennemeier, et al., 2011).

2.2 Apparati
Active stimulation was delivered using a Magstim Super Rapid stimulator and a Magstim
air-film, figure-of-eight, 70-mm stimulating coil. Coil placement was guided using the
Brainsight Frameless Stereotaxy (Rogue Research) and a CT scan of the brain. Motor
evoked potentials (MEP) of the thenar muscle were recorded in response to single pulses of
TMS delivered to the contralateral motor cortex from surface electrodes fixed on the skin in
a belly-tendon montage. The EMG signal was amplified and filtered (10 Hz–1 kHz
bandpass) (Precision World Instruments) and analyzed in LabView.
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2.3 Measures
The primary outcome measure was the VARL (0=tinnitus absent; 100=extremely or
painfully loud tinnitus) obtained on each day of treatment before rTMS was administered. A
secondary outcome measure, the VARA (0= no annoyance; 100=extremely annoying), was
obtained at the same time; however, baseline data for the VARA measure was missing for
three subjects because it was added to the protocol after the VARL. Tests of
neuropsychological function, i.e. the Digit Symbol Test, the three-words-at-five-minutes
test, and the finger tapping test (Spreen, O. & Strauss, E., 1991) were assessed as a safety
measure to determine if rTMS adversely affected cognition.

3 Procedures and findings common to all experiments
A detailed description of our experimental procedures has been published (Mennemeier, et
al., 2011). To summarize these procedures, patients wore electrodes for recording the MEP
and they wore earplugs to protect hearing during TMS. Patients could elect to wear a bite
guard to prevent jaw movement. The TMS coil was guided to the same motor threshold and
treatment sites as in the parent study (Mennemeier, et al., 2011), i.e., in or adjacent to
Brodmann area 22. Motor threshold (MT) was determined prior to each treatment by
recording MEPs in response to single pulses of increasing intensity until a MEP of at least
50 μvolts was recorded in 3 of 6 trials. One hertz stimulation was delivered at 110% of the
MT for 30 minutes (1800 total pulses per session) for five consecutive days (9000 total
pulses per week). Ten hertz rTMS was delivered at 110% of the MT in 90, two-second trains
with 20 seconds separating each train over 33 minutes (1800 total pulses per session) for
five consecutive days (9000 total pulses per week). In study 3 on maintenance treatment,
treatment was delivered for three rather than five days. Patients were asked whether they
experienced facial or dental pain, headache, or changes in hearing after every rTMS session.
VARL and VARA ratings and the neuropsychological tests were performed before and after
every rTMS session to assess whether rTMS had any immediate adverse effect on tinnitus or
cognition. The primary outcome measure, however, focused on ratings made only before
treatment to avoid any temporary changes in tinnitus perception that might be associated the
immediate effects and sensory stimulation of rTMS. Analyses of the primary and secondary
outcome measures focused on the percent difference score from the baseline, averaged
between ears, in the parent study (i.e., [(baseline − treatment/baseline) ×100] where a
negative value indicates a decrease in the VARL and VARA). Difference scores allow for
meaningful comparisons across subjects. The baseline score from the parent study
establishes a stable reference point across experiments.

Treatment was well tolerated, consistent with most rTMS studies of tinnitus(Langguth, B. et
al., 2008), as there were no serious adverse effects and no detrimental changes in tinnitus or
neuropsychological function immediately following rTMS. There were no reported changes
in hearing. Patients occasionally reported discomfort of the scalp beneath the stimulation
coil (approximately 2% of sessions) or felt dental pain (< 1% of sessions). In each case, the
coil position was adjusted, either to reposition the center of the coil or to move the wings of
the coil away from an irritated area of the scalp, and stimulation continued. No one elected
to stop stimulation during a test session. No one withdrew from the study and only two
sessions were missed by a subject across all experiments.

4 Experiments
4.1 Targeting the opposite temporal lobe for treatment

Seven patients, three treatment responders and four non-responders, chose to have 1 Hz
stimulation of a homologous region in the opposite hemisphere (defined anatomically on
their CT scan and targeted using Brainsight). Two patients originally received stimulation of
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the right and four patients received left hemisphere stimulation before crossing over to
stimulation of the opposite hemisphere. The amount of time separating this experiment from
completion of the parent study ranged from 11 to 37 days.

4.1.1 Results—Means of the percent difference scores from baseline for the VARL and
VARA were examined using a two factor, mixed model ANOVA. Patient classification
(responder/non-responder) was the between subjects factor and site of stimulation (original
versus opposite hemisphere) was the within subjects factor. For the VARL, the main effect
of classification was significant F (1,5) = 50.92, p<.01. Percent difference scores for the
responders were significantly decreased relative to the non-responders (i.e., responder mean
(M) = −62.91, standard error (SE) = 7.15, lower confidence limit (LCL) = −81.30, upper
confidence limit (UCL) = −44.53; non-responders M = 4.59, SE = 6.19, LCL = −11.33,
UCL = 20.51 (Figure 1). The achieved power for this effect was > .99 and the effect size
was very large (Cohen’s f = 3.19). In contrast, the effect of original versus opposite
hemisphere stimulation was not significant F (1, 5) = .036, p=.86. Achieved power was low
= .065 and the effect size was very small (Cohen’s f = .084). Respective means were as
follows: original hemisphere M = −29.77, SE = 5.47, LCL = −43.82, UCL = −15.72;
opposite hemisphere M = −28.55, SE = 5.98, LCL = −43.91, UCL = −13.19. The interaction
of classification and site of stimulation was not significant.

Means values for the VARA could not be analyzed using ANOVA because only one
responder and two non-responders completed the VARA. Therefore, we report only the
mean difference scores for the responder (i.e., original hemisphere M= −64.57; opposite
hemisphere M= −33.56) and those for the non-responders (original hemisphere M = 14.86,
SE=5.4, LCL = − 55.62, UCL = 83.79; opposite M = 9.63, SE = 8.22, LCL = −94.87, UCL
= 114.15).

Because extreme scores can unduly influence the results of ANOVA, especially with small
sample sizes, we examined the Studentized residuals resulting from the ANOVA to
determine if statistical outliers were present. A Studentized residual is a raw residual divided
by an estimate of its standard deviation (i.e., a form of a Student’s t-statistic). Studentized
residuals with an absolute value greater than two are considered outliers. We did not observe
any outliers. The ranges of Studentized residuals were between −1.53 to 1.25 and −1 to 1 for
the VARL and VARA scores, respectively.

4.2 Comparing 1 and 10 Hz stimulation
Five patients elected to receive five days of 10 Hz rTMS treatment at the same site as for
1Hz stimulation. Two patients were treatment responders and two were non-responders. One
patient could not be unambiguously defined as a treatment responder according to our
criteria so his data was removed from the analysis. This patient’s case is interesting,
however and is mentioned further in the discussion. The amount of time separating this
experiment and the end of the parent study ranged from 18 to 529 days (1.5 years).

4.2.1 Results—Means of the percent difference scores from baseline for the VARL and
VARA were examined using a two factor, mixed model ANOVA. Patient classification
(responder/non-responder) was the between subjects factor and stimulation frequency (1
versus 10 Hz) was the within subjects factor. For the VARL, the main effect of classification
failed to reach significance F (1,2) = 4.95, p=.16, f=1.57; however, this result was likely due
to the small sample size as the achieved power was moderate (.50) and the effect size was
very large (Cohen’s f = 1.57) (Figure 2). A power calculation indicated that a sample size of
only six subjects would yield power equal to .80 to detect a difference between groups.
Numerically, difference scores were decreased for responders relative to non-responders
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(i.e., responders M = −36.59, SE = 14.22, LCL = −97.78, UCL = 24.60; non-responders M
= 8.13, SE = 14.22, LCL = −53.06, UCL = 69.32). Similar outcomes were observed for the
within subject effect of stimulation frequency which also failed to reach significance, F (1,2)
= 2.10, p=.28, but the achieved power was moderate (.58) and the effect size was large
(Cohen’s f = 1.03). A sample size of six would also yield power equal to .80 to detect a
within subject difference. Numerically, the difference scores for 10 Hz stimulation were
decreased relative to 1 Hz stimulation (10 Hz M = −38.28, SE = 6.97, LCL = −68.26, UCL
= −8.23; 1 Hz M = −14.06, SE = 3.66, LCL= −29.82, UCL = 1.69). The interaction of
classification and frequency was not significant.

For the VARA, the main effect of classification was significant, F (1,2) = 34.93, p<.05,
achieved power was high (>.99), and the effect size was large (Cohen’s f = 1.02) (Figure 3).
Difference scores for responders were decreased relative to non-responders (responders M =
−55.93, SE=7.12, LCL=−86.56, UCL=−25.29; non-responders M = 3.58, SE = 7.12, LCL =
−27.05, UCL = 34.22). The within subject effect of stimulation frequency was also
significant, F (1,2) = 26.03, p<.05, observed power was high (>.99), and the effect size was
very large (Cohen’s f = 3.62). Difference scores decreased from 1 Hz to 10 Hz stimulation
(1 Hz M = −14.06, SE= 3.66, LCL=−29.82, UCL=1.69; 10 Hz M = −38.28, SE=6.97, LCL=
−68.26, UCL=−8.23). The interaction of classification and frequency was not significant.
Examination of the Studentized residuals, which ranged from −1.16 to 1.16 and from −1.41
to 1.41, respectively, for the VARL or VARA, showed no outliers.

4.3 Maintenance treatment
Seven patients, all treatment responders, entered maintenance rTMS treatment. These
patients were instructed to contact the study coordinator when and if their tinnitus started to
worsen after their latest course of treatment. Electronic mail reminders were sent to patients
every two weeks. Two patients elected to receive maintenance treatment at 10 Hz and five
received maintenance treatment at 1 Hz because they indicated on the Likert ratings that
these frequencies worked best. Three daily sessions constituted one course of maintenance
treatment.

4.3.1 Results—Patients completed between 2 and 6 courses of maintenance treatment over
a 9 month observation period. On average, subjects requested retreatment every 2 to 3
months; however, it should be noted that some patients reported delaying retreatment due to
schedule constraints. Retreatment was 100% reliable as all subjects reported a drop in
tinnitus loudness and annoyance from the beginning to the end of each course of
maintenance treatment. On average, the VARL on the last day of a course of treatment fell
32% from baseline (mean of the raw VARL=50, SE=7.3) by the end of the standard
treatment week (mean=34, 8.7) and 61% by the end of their last maintenance treatment
(mean=19, 4.7) (F=8.7, df=2,12 p<.004) (Cohen’s f=1.26) (Figure 4).

Figure 5 shows a Loess curve fitted to the log-VARL ratings accumulated for every
maintenance treatment session and every subject over a total of 21 sessions (Figure 6 shows
a Loess curve fitted to the log-VARA ratings). Loess is a hybrid regression technique that
fits simple models to localized data subsets to build up a smooth curve through a set of data
(i.e., a regression line with 95% cis). Improvement was observed for both ears - ipsilateral
and contralateral to the stimulation coil. Further, the effect of maintenance treatment was
additive, decreasing by twice as much as the initial week-long course of active treatment,
and it was sustained in that tinnitus did not return to the baseline level during maintenance
treatment.
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5 Discussion
We examined different approaches to rTMS treatment for tinnitus to determine whether they
could increase either the response rate or duration of treatment effects. Study 1 compared the
effects of stimulating homologous regions of both hemispheres using 1 Hz rTMS. Whereas
previous studies compared right and left hemisphere stimulation in parallel groups of
subjects (Khedr, et al., 2010); study one is unique in using a within subjects design to study
treatment responders and non-responders. Results indicated that treating the opposite
hemisphere tends to replicate the initial treatment effect, both positive and negative, without
converting a non-responder to a responder (or vice versa). If anything, stimulating the
opposite hemisphere might have aggravated tinnitus loudness and annoyance temporarily
among the non-responders, but tinnitus eventually returned to baseline in all cases. Treating
both hemispheres sequentially, however, could be a useful approach for treatment
responders as stimulation to both are likely to improve tinnitus.

Study two is also unique for comparing different frequencies of stimulation at the same site
within responders and non-responders. In general, patients who responded positively to 1 Hz
rTMS over temporal cortex also responded positively to 10 Hz stimulation, and patients who
failed to respond to 1 Hz rTMS also failed to respond to 10 Hz stimulation. One exception is
the patient who was not included in the analysis because he could not be unambiguously
classified as a treatment responder. This patient generally failed to report any changes in
tinnitus perception from baseline during the week of 1 or 10 Hz rTMS treatment but he did
report a strong positive response the week following 10 Hz stimulation. Another exception
was that 10 Hz stimulation may have been more beneficial than 1 Hz for ratings of tinnitus
annoyance and possibly loudness. Several limitations of our study might account for this
finding. One and ten Hz treatment always occurred in the same order, so the added benefit
of 10 Hz treatment could represent a cumulative rather than frequency dependent effect. The
period separating treatments was as short as 11 days in one subject, so carry forward effects
of 1 Hz treatment could be present. Finally, the sample size was small, so it is uncertain
whether the large effect size would be replicated in a larger sample. Alternatively, 10 Hz
stimulation might have greater potency than 1 Hz stimulation for some patients. Several
findings are consistent with this interpretation. First, we observed during maintenance
treatment that 1 Hz stimulation appeared to work better for some subjects and that 10 Hz
stimulation worked better for others even though all of the patients responded positively to
both low and high frequency stimulation. Second, a similar observation has been reported in
a maintenance treatment study of depression that delivered high frequency stimulation over
prefrontal cortex (O’Reardon, et al., 2005). One patient who had a suboptimal response to
10 Hz rTMS subsequently responded to 20 Hz stimulation. Frequency dependent responses
to rTMS treatment for depression have also been reported, within subjects, in group studies
(Kimbrell, et al., 1999; Speer, et al., 2000). Finally, a group study that compared tinnitus
patients who received different frequencies of rTMS found that 1, 10 and 25 Hz stimulation
could all decrease tinnitus but that 10 Hz stimulation may have had greater potency (Khedr,
et al., 2008). These findings are important because they suggest that a patient who fails to
respond to one frequency of stimulation may respond to another. As outlined below, these
findings are also important for theoretical reasons.

Finding that 1 and 10Hz rTMS can have similar, long term treatment effects on tinnitus
challenges our understanding of how rTMS induces a treatment effect. Whereas immediate
effects of rTMS, which last seconds to minutes after stimulation, appear to be frequency
dependent (George, et al., 2002), treatment effects which lasts for weeks and months may
not. A frequency dependent model, however, is not adequate to explain how low and high
frequencies of rTMS induce similar rather than opposite behavioral effects on tinnitus
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perception. A more appropriate model will need to account for how different frequencies of
rTMS can have similar rather than opposite behavioral effects.

Study three is the only study, to our knowledge, that applied maintenance rTMS in a series
of patients with tinnitus; however, the findings replicate those of studies using maintenance
rTMS for other psychiatric and neurological disorders. Maintenance treatment, at both 1 and
10 Hz, was well tolerated and effective for persons who responded positively to an initial
course of treatment. The effect of maintenance treatment was additive over a standard
course of treatment and the benefits were sustained over time. On average, subjects
requested additional maintenance treatment every two to three months; however, we
recommend that future clinical trials incorporate fixed treatment schedules, perhaps once per
month, with fixed observation periods between treatment that are sufficiently long (e.g., 3–4
weeks) to determine if maintenance treatment has additive and sustained benefits over time.
We found, as well, that unilateral maintenance treatment was beneficial for tinnitus
perception bilaterally even though ratings were consistently lower for the ear ipsilateral
rather than contralateral to stimulation (tinnitus was typically worse for the contralateral ear
at the start of the study).

Our studies share the limitations of other open label trials. Lacking subject and experimenter
blinds, these studies may be biased toward finding positive results. Lacking controls, these
studies cannot be considered conclusive but can only show feasibility. Although we
attempted to recruit equal numbers of subjects who either responded or did not respond
positively to rTMS, selection biases could still be present as subjects elected to participate in
further experiments after receiving rTMS. Finally, a combination of selection bias and a
small sample size could exaggerate findings if subjects are not truly representative of the
target population. These concerns can only be resolved by conducting larger, controlled
trials - a view expressed in nearly every manuscript on maintenance rTMS. Limitations
notwithstanding, our pilot studies indicate that future controlled, clinical trials would benefit
from defining treatment responders and non-responders, empirically, in order to learn if
subtypes of patients exist who may be more or less likely to respond to rTMS. The efficacy
of rTMS could then be examined in light of these subtypes. Future trials would also benefit
from incorporating within-subject designs that comparing the efficacy of different
frequencies of rTMS for tinnitus. Our data suggests that patients may respond differently to
different frequencies of stimulation. For example, tinnitus duration might interact with
stimulation frequency as indicated in one study (De Ridder, D. et al., 2005). Finally, future
clinical trials can improve the treatment potential of rTMS by focusing on ways to increase
treatment duration. Maintenace rTMS may be particularly useful in this regard for patients
who respond to an initial course of active rTMS. Our maintenance treatment study parallels
other maintenance treatment studies with regard to the ambiguity over how maintenance
treatment should be applied. There is no uniformity. Most studies applied several sessions
per week either as a response to symptom relapse [see for example (Fitzgerald, Paul B. et
al., 2006)] or as a regularly scheduled treatment that might maintain the benefit of previous
treatments. We chose 3 sessions per week, as needed, because this schedule appeared
sufficient to replicate the treatment effect and because we wanted to learn how often
retreatment would be necessary. We think the advantages of a relapse treatment approach
are that fewer applications of rTMS are required and that the maintenance schedule can be
individually tailored. Disadvantages of this approach, however, are that subjects tend to “put
off” retreatment, which may make maintenance less effective, and it is difficult to evaluate
treatment efficacy when schedules are not consistent across subjects. Alternatively, regularly
scheduled maintenance treatments may have the advantages of greater efficacy by not
allowing symptoms to return to a previous level, by better monitoring due to regular patient
contact, and by ease of analyzing outcome. Our experience suggests that retreating patients

Mennemeier et al. Page 9

Hear Res. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



several times a week, e.g., every 3 to 6 weeks, may be a reasonable starting point for
maintenance treatment in tinnitus.

6 Conclusions
The rTMS induced effect on tinnitus does not appear to be hemisphere specific or frequency
dependent though different frequencies of stimulation may have greater potency for some
subjects than for others. Subjects who respond positively to an initial course of rTMS
treatment may get additive and sustained benefit from maintenance treatment. Administering
maintenance treatment every 3 to 6 weeks would appear to be a reasonable treatment
schedule; however, additional studies are needed to validate this conclusion.
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Highlights

Maintenance rTMS has added benefit for tinnitus among treatment responders.

The rTMS-effect on tinnitus was not hemisphere specific or frequency dependent.

Maintenance treatment every 3 to 6 weeks can be a reasonable treatment schedule.

Future controlled trials of maintenance rTMS treatment for tinnitus are warranted.
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Figure 1.
Bar graph of the mean percent change in the VARL from baseline (with pooled SE bars) for
subjects who either responded or did not respond to an original course of 1Hz rTMS
treatment. Original side refers to the hemisphere receiving the first course of 1Hz rTMS
treatment and opposite side refers to treating the opposite hemisphere. Stimulation of each
hemisphere had a similar effect on tinnitus in both responders and non-responders.
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Figure 2.
Bar graph of the mean percent change in the VARL from baseline (with pooled SE bars) for
subjects who either responded or did not respond to an original course of 1Hz rTMS
treatment. 1Hz refers to results for the initial course of treatment and 10Hz refers treating
the same brain site with at 10 Hz frequency. The main effect of stimulation frequency was
not significant in this small sample (n=4) but the effect size was large.
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Figure 3.
Bar graph of the mean percent change in the VARA from baseline (with pooled SE bars) for
subjects who either responded or did not respond to an original course of 1Hz rTMS
treatment. 1Hz refers to results for the initial course of treatment and 10Hz refers treating
the same brain site with at 10 Hz frequency. Stimulation at 10 Hz led to significant decrease
in perception of tinnitus annoyance.
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Figure 4.
Bar graph of the mean VARL ratings (with pooled SE bars) for subjects in the maintenance
treatment study showing ratings obtained at baseline, on the last day of the initial treatment
week (standard), and on the last day of maintenance treatment. Continued maintenance
treatment led to a significant decrease in ratings of tinnitus loudness.
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Figure 5.
Loess curves fit to the VARL ratings made at each standard and maintenance treatment
session. Circles denote ratings for the ear contralateral to stimulation and crosses denote
ratings for the ipsilateral ear. The dashed line is the Loess curve for the contralateral ear and
the solid line is the Loess curve for the ipsilateral ear. Shaded bands around each Loess
curve indicate 95% confidence limits for the Loess curve.
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Figure 6.
Loess curves fit to the VARA ratings during standard and maintenance treatment (calculated
identical to figure 5).
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