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Abstract

Transmeatal cochlear laser (TCL) treatment has recently been proposed as a therapeutic procedure for cochlear dysfunction such as chronic
cochlear tinnitus or sensorineural hearing loss. The aim of this study was to investigate whether TLC has any influence on the central nervous
system using functional MRI with healthy young adults. The laser stimulation device was placed on the tympanic membrane of both ears. A laser
stimulation run and a placebo run were performed in random order. The participants were unable to differentiate between verum and placebo
stimulation. In the comparison of verum to placebo runs, we observed significant activations within the left superior frontal gyrus, the right
middle and medial frontal gyrus, the right superior parietal lobule, the left superior occipital gyrus, the precuneus and cuneus bilaterally, the right
anterior and the left and right middle and posterior cingulate gyrus and the left thalamus. This network of brain areas corresponds well to results
from previous PET studies of patients with tinnitus. Though TCL seems to have a clinically measurable effect on the central nervous system the

neurophysiological mechanism leading to the observed activated neuronal network remains unknown.

© 2006 Elsevier Ireland Ltd. All rights reserved.
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Tinnitus is a frequent and often very disturbing phantom per-
ception of sound as it cannot be attributed to an external source
[7]. Almost 25% of a representative cohort reported to have
experienced spontaneous tinnitus, 3.5% of them classified it as
moderate to severe, 2% reported a severe effect on quality of life
[20].

In general a dysfunction of the auditory system is assumed to
be the reason for tinnitus. The pathophysiological background of
tinnitus is, however, discussed controversially. Besides a periph-
eral damage at the level of the inner ear (cochlear dysfunction
like damage of the hair cells, stereocilia decoupling, changes
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in calcium ion concentration) [34], aberrant neural activity at
higher levels of the auditory pathway [4,6,16] is also discussed.
Most likely chronic tinnitus leads and/or is established by plastic
changes in the auditory and limbic system [12].

Though the exact peripheral mechanism of tinnitus is still
under debate, it is widely agreed upon that the conscious per-
ception of tinnitus must involve the cerebral cortex [7]. Sev-
eral positron emission tomography (PET) demonstrated areas
subserving auditory processing, also involvement of the pre-
frontal cortices and limbic system in the perception of tinnitus
[2,3,11,13].

Besides several standard methods, transmeatal cochlear low-
level laser irradiation (TCL) [28,29] has been discussed as an
alternative therapeutic procedure for cochlear dysfunction such
as chronic cochlear tinnitus or sensorineural hearing loss.
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The therapeutic mechanism of this procedure is under debate.
It has been assumed, that low intensity laser irradiation increases
cell proliferation [5], synthesis of ATP [19] and collagen [23],
the release of growth factors [10,33], promote the local blood
flow in the inner ear and activates repair mechanisms in the inner
ear through photochemical and photophysical stimulation of the
hair-cell mitochondria [9]. The improvement rates varied from
15 to 67% of the patients, in some studies indistinguishable from
placebo-effects [14,21,29,31,32].

Low-level laser therapy (LLLT) is an alternative approach
to standard needle acupuncture, and has no perceivable sensory
effects. In previous studies it was shown that laser acupuncture
leads to activation of related cortical areas [24,25] in healthy
subjects. Since TCL could have a direct effect on the inner ear,
but also could involve central neural structures the aim of the
present study was to determine the effect of TCL using functional
magnetic resonance imaging (fMRI) in healthy volunteers. Stim-
ulation was applied in a randomized placebo-controlled, double-
blind design.

Ten healthy, right-handed volunteers (five male, five female,
age 18-35 years, average age 26 & 2.4) participated in this study
that was approved by the local ethics committee. They were med-
ication free and naive to laser stimulation or laser acupuncture.
All subjects signed a written consent.

Throughout the fMRI measurements, volunteers were
instructed to remain relaxed with their hands upon the abdomen,
to keep their eyes closed and not to perform or focus on any
specific mental activity. The light within the magnet room was
dimmed and during measurement there were no other sounds
besides the scanner noise. Foam padding and a special helmet
fixed to the head coil was used to restrict head motions during
all measurements.

A noninvasive laser-needle system (Laserneedle, Beverun-
gen, Germany) for transmeatal cochlear laser stimulation was
used. This new optical stimulation device was originally devel-
oped and build for application in acupuncture. For this study it
was modified for MRI use.

The low-level-laser unit was equipped with eight identical
diode lasers delivering continuous wave (CW) laserlight with a
wavelength of 685 nm. This laser-needle system emits red light
in CW-mode with an absolute output power of 50 mW and an
effective output power of about 20 mW per laser needle, caused
of the length (9 m) of the optical fibers in the fMRI environment
as measured by an external power meter. The fiber core diame-
ter was about 500 nm. The time of irradiation was 3 min x 1 min
resulting in an energy density of about 20kJ/cm? at each tym-
panic membrane.

The laser irradiation of the eight laser diodes is transmitted
to eight optical fibers that end in eight laser needles. For the
present study four laser needles were bundled for stimulation of
either side. They were inserted into a special fixation material
in a specifically designed head-set so that they could be posi-
tioned into the right and left external auditory meatus without
direct contact to the tympanic membrane. The laser-light was
applied to the external auditory meatus by laser needles deliv-
ering a flat homogeneously illuminated circular irradiation field
(Fig. 1).

Fig. 1. Fixation device for safe application of the Laserneedle® irradiation to
the tympanic membrane. Laserlight within CW-mode with an effective output
power of nearly 20 mW per laser needle and a wavelength of 685 nm was applied.

The laser-needle system was fully controlled by a com-
puter using PRESENTATION Software that also synchronized
laser irradiation with the MR-scanner. The computer determined
the order of runs randomly and unknown to the investigators
(double-blind design).

The experiment was performed on a 1.5 T whole body scan-
ner (Magnetom VISION, Siemens, Germany) with an echo-
planar capable gradient system (rise time 300 s, 25 mT/m)
and a circular polarized head coil. For fMRI, we employed a
T2* weighted single shot echo-planar sequence (repetition time:
0.96 ms, echo time: 66 ms, time resolution: 4 s, FOV: 250 mm,
matrix: 64 x 64, slice thickness: 5 mm, inter slice gap: 1.25 mm,
391 mm x 3.91 mm inplane resolution, flip angle: 90°). Per
image, 24 axial slices were acquired parallel to the intercommis-
sural line. The trigger signals from the scanner were recorded to
the nearest millisecond on a separate computer and were used to
control stimulus presentation delivered by the laser-needle sys-
tem. The first five images of each functional measurement were
discarded from the analysis to allow for magnetic saturation.

A double-blinded, placebo controlled cross-over design was
used. An experimental session consisted of two fMRI measure-
ments: One run applying placebo stimulation (no stimulation-
laser diodes turned off) and another run with laser stimulation.
The order of the two runs and the switching on/off of the laser
canals were chosen randomly by the computer and was unknown
to the experimenter and the participant. The runs were acquired
with a break of 10 min in between. The laser needles were placed
before the first run and kept in exactly the same position during
both conditions resulting in the same tactile stimulus in both
runs. During the laser stimulation the laser light was alternately
switched on and off in a typical fMRI block design. For the dura-
tion of 15 fMRI images the laser light was alternately switched
on (condition A) and off (condition R) controlled by the com-
puter. The measurement on a single image took 4s. A total
amount of 90 images was acquired (duration: 6 min, condition
sequence: RARARA). Five dummy images were acquired prior
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Table 1
Activation clusters detected for the laser stimulations group results

Anatomical Location Brodmann area p-Value T-value Cluster-size MNI-coordinates of max value

X y b4
RL Precuneus 7 0.000 5.96 273 8 —68 44
RL Cuneus 31
L Superior occipital gyrus 19
R Superior parietal lobule 7
RL Posterior cingular gyrus 23
RL Middle cingulate gyrus 23 0.001 4.77 60 -36 —68 —24
L Thalamus
R Medial frontal gyrus 8/9 0.028 4.75 30 8 32 36
R Middle cingulate gyrus 32
R Anterior cingulate gyrus 32
L Superior frontal gyrus 10 0.034 4.30 28 —-32 60 8
R Middle frontal gyrus 8/9 0.048 3.85 25 44 20 40

Activations are reported for clusters which surpassed an initial threshold of p <0.001 uncorrected and had a corrected p-value of p <0.05 on cluster level.

to the experimental time series to allow for magnetic saturation.
They were discarded from the analysis.

After each run subjects were asked to guess whether they
just received placebo or verum TCL. They stated that both runs
were indistinguishable for them. There were no feelings of heat
or anything else, or cues by sound or light accompanying the
stimulation. To investigate the ability of subjects to perceive
the presence of stimulation, an additional behavioral experiment
with 10 volunteers (five male, five female, average age 26 +=2.4)
outside the scanner was conducted. The laser was put to the
tympanic membrane of each ear in the same way like the fMRI
experiment and stimulation was randomly applied (25 times on,
25 times off in total per subject). The experimenter was seated
behind the subject and controlled the stimulation. The partici-
pants were told that laser stimulation was switched on in half
of the trials and that they should guess either way, even if they
were unable to feel anything. No participant was able to indicate
the presence or absence of laser stimulation significantly above
guessing probability (binomial test).

Data analysis was performed using SPM99 (The Wellcome
Department of Cognitive Neurology, London; http://www.fil.
ion.ucl.ac.uk/spm/). The functional images of each partic-
ipant were realigned, coregistered to the individual high-
resolution anatomical scan and finally normalized into a stan-
dard stereotactic space [27]. The coordinates given by SPM99
were corrected to correspond more closely to the atlas of
Talairach & Tournoux [27] using the transformation algorithm
by M. Brett (http://www.mrc-cbu.cam.ac.uk/Imaging/Common/
mnispace.shtml).

The functional data were finally smoothed with a Gaussian
kernel of 8 mm FWHM. The delta function of stimulus onsets
for each condition was convolved with the canonical form of the
hemodynamic response function (HRF) as defined in SPM99
and its first temporal derivative (HRF'). Statistical inferences
were drawn on the basis of the general linear model as it is
implemented in SPM. Linear contrasts were calculated for the
comparisons between conditions. Activations are reported for
clusters which surpassed an initial threshold of p <0.001 uncor-

rected for multiple comparison and had a corrected p-value of
p <0.05 on cluster level. Due to the small number of subjects
a fixed effects analysis was used rather than a random effects
analysis. It should be noted, however, that results from a fixed
effects analysis only relate to the sample being tested and do not
allow generalization to the population.

The group analysis for the laser stimulation versus rest shows
five activation clusters (see Table 1). Significant activations were
found within the left superior frontal gyrus (Brodmann area BA
10), the right middle and medial frontal gyrus (BA 8/9), the
right superior parietal lobule (BA 7), the left superior occip-
ital gyrus (19), the left and right precuneus and cuneus (BA
7/31), the right anterior cingulate gyrus (BA 32), the middle
and posterior cingulate gyrus (BA 23/32) and the left thalamus
(Figs. 2 and 3).

Fig. 2. Glass brain image of the fMRI group data (n = 10) for laser irradiation of
the tympanic membrane showing prefrontal, parietal, occipital and limbic activa-
tion foci. Clusters are reported as being significant if they passed an uncorrected
threshold of p <0.001 with a corrected p-value on cluster-level of less than 0.05,
corrected for multiple comparisons.
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Fig. 3. Surface rendering of the fMRI group results (n = 10) for laser irradiation
of the tympanic membrane.

The analysis placebo versus rest revealed no significantly
activated clusters. Furthermore, the analyses rest versus laser
stimulation and rest versus placebo showed no significant acti-
vation.

A thalamo-limbic-fronto-parietal network was activated by
TCL. This corresponds well to the network of brain areas
reported in previous studies of tinnitus [11,13-15,26]. The
majority of activation foci were in the right hemisphere, in accor-
dance with the results of Mirz and co-workers [13]. In patients
with tinnitus additionally the auditory cortex is activated. It is
suggested that the perception of tinnitus is mediated by a specific
neural network [12,30].

According to the model of central tinnitus generation from
Mahlke and Wallhdusser-Franke [12] the induction of a periph-
eral hearing deficit on the auditory system is the primary and
specific effect. The auditory system tries to compensate for the
loss of input which results in an increased and constant cortical
activation within the auditory cortex (AC) that is not triggered
by an auditory input signal [4,11]. The result is the perception of
“ringing in the ears” in absence of an external auditory source.

The persistence of the enhanced activation in AC or at the
level of the dorsal cochlear nucleus leads to plastic changes in
the related neural network [17,18]. Plasticity is known to be fos-
tered by activation of the limbic system [12], which is part of
the network seen in patients and in the current study as well.
Thalamic and cortical connections from the limbic system facil-
itate the tinnitus signal in evoking an emotional and sympathetic
autonomic response to the tinnitus. Memory, which relates the
stimulus to previous experiences, may play an important role in
this process, too. Therefore, stressors that activate the limbic sys-
tem, and moreover coincide in time with aberrant activity within

the central auditory system, are likely to increase excitability and
plasticity in AC, and thus are likely to consolidate a tinnitus.

The mechanism leading to the observed activated neuronal
network by means of TLC is vague. It cannot be explained by
a supra-sensory stimulation of the tympanic membrane, since
subjects were not able to differentiate between real and placebo
stimulation. The important point that is stressed in the introduc-
tion is the clinically measurable effect. To date the physiological
mechanisms are completely unclear. In this pilot study we were
interested to test the hypothesis that TLC has not only a local
but a central effect.

TLC could lead to a break-down of the pathological enhanced
activity within the tinnitus related neuronal network by means
of overriding pulsed activations at the level of AC or the dorsal
cochlear nucleus. This is certainly highly speculative, however
other therapeutic approaches or interferences with tinnitus rely
probably on comparable mechanisms. It is possible to interfere
with tinnitus setting a virtual lesion in the temporoparietal cortex
with high-frequency transcranial magnetic stimulation [22]. On
the other side behavioral therapeutic approaches [1,8] or simply
masking noises have probably comparable effects.

In conclusion the neuronal correlates of TCL were investi-
gated for the first time. The results demonstrate central activa-
tions in brain regions which play an important role in the devel-
opment and consolidation of tinnitus. While TCL has a clinically
measurable effect the mechanism leading to the observed acti-
vated neuronal network is still unknown. The fact that TCL
interferes with cortical areas could potentially lead to new treat-
ment approaches.
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