Chapter 18
Functional Neuroimaging
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Keypoints

1. Different functional imaging methods, such as
SPECT, PET, and fMRI, have been used for investi-
gating tinnitus.

2. Neuroimaging methods have provided windows to
the brain that allow detection of the localization of
tinnitus-related changes in the brain.

3. Such studies have shown signs of abnormalities in many
parts of the brain, including auditory brain regions but
also nonauditory brain areas involved in sensory inte-
gration, in attention, or in emotional evaluation.

4. New treatment strategies have evolved from fMRI
and PET findings of abnormal neuronal activity in
the auditory cortex.
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Introduction

Tinnitus-related functional changes of neural activity
have been investigated with functional imaging tech-
niques such as single photon emission computed
tomography (SPECT), positron emission tomography
(PET), and functional magnetic resonance imaging
(fMRI). The different methods and the results of their
use in the investigation of subjects with tinnitus will
be presented in detail in the following sections.
Finally, we will discuss how the different techniques
have contributed to identify the anatomical location of
the functional abnormalities that cause some forms of
tinnitus.

Single Photon Emission Computed
Tomography (SPECT)

SPECT (single photon emission computed tomogra-
phy) scanning makes use of a radioactive tracer emit-
ting gamma rays to measure blood flow in regions of
the brain (regional cerebral blood flow, rCBF). The
emission of photons is recorded by a camera that pro-
vides a 3D image of the anatomical location of indica-
tors of neural activity. To obtain a SPECT scan, the
individual person receives an injection of a small
amount of aradio-labeled compound, e.g., Technetium-
HMPAO. The distribution of this compound is related
to blood flow and is used as a measure for local neural
activity.

A study of rCBF using SPECT [1] in 45 depressed
individuals, of whom 27 had severe tinnitus, found
decreased CBF in the right frontal lobe Brodmann
area 45 (Broca, pars triangularis), the left parietal lobe
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area 39 (angular gyrus, part of Wernicka’s area), and
the left visual association cortex area 18 (secondary
visual cortex, V2) in tinnitus patients compared with
nontinnitus patients. In patients with tinnitus, the CBF
was increased in the primary, secondary, and auditory
association areas of the temporal lobe (Brodmann’s
area 41, primary auditory cortex; area 21, middle tem-
poral gyrus; area 22, superior temporal gyrus) as com-
pared to gender-matched controls and depressed
patients who did not have tinnitus. The study also
showed signs that the superior temporal gyrus bilater-
ally (primary and secondary auditory cortex) and three
further brain areas were more active in depressed
patients who had tinnitus than in depressed patients
without tinnitus: Brodmann areas 18 (V2), 39 (infe-
rior parietal, angular gyrus), and 45 (Broca’s homo-
logue, VLPFC) [1]. Another study in two individuals
who had tinnitus found differences in the temporal,
frontal, parietal, hippocampal, and amygdala regions
when compared with normative Tc-HMPAO SPECT
data [2].

Positron Emission Tomography

PET has a similarity to SPECT and makes use of a
radioactive tracer (a short-lived radioactive isotope)
to identify the anatomical location of indicators of
neural activity such as blood flow or glucose
metabolism.

As the radioactive atoms in the compound decay,
they release positively charged positrons. When a posi-
tron collides with a negatively charged electron, they
are both annihilated and two photons are emitted. The
photons move in opposite directions and are detected
by the sensor ring of the PET scanner. Reconstruction
of the three-dimensional paths of the articles provides
information about the maximum accumulation or
metabolism of the short-lasting radio-labeled isotope
at a higher resolution than obtained with a SPECT scan
(1 cm for SPECT).

PET retains unique advantages in studies of audi-
tory processing over fMRI because it is not associated
with any noticeable noise, as are fMRI machines,
which produce up to 130 dB noise at the location
where the person who is scanned is placed. Unlike
fMRI, PET can be used to study individuals with
cochlear implants or other kinds of implanted

electrodes, which do not allow use of fMRI [3]. PET is
also much less sensitive to body movements, such as
those from arterial pulsations in the brainstem. On the
other hand, PET is not widely available, is relatively
expensive, and is always associated with exposure to
ionized radiation, which precludes repetitive imaging
sessions.

The two PET methods have been used in the inves-
tigation of tinnitus: one uses a radioactively labeled
glucose (FDG PET), which reflects metabolic activity,
and the other type uses radioactively labeled water
(["O]-H,0 PET), which provides a measure for cere-
bral blood flow.

Studies Using ['*0]-H,0 PET

Estimates of changes in rCBF using PET with radioac-
tively labeled water (['*O]-H,O PET) have been used
as an indicator of changes in neural activity during
transient reduction of tinnitus loudness, e.g., by the
administration of lidocaine [4, 5].

Several PET studies of rCRB took advantage of the
fact that few individuals can modulate their tinnitus by
orofacial movements [6, 7] or eye movements, a condi-
tion which may occur after surgical operations in the
cerebellopontine angle [8]. Thus, Giraud et al. [9]
found that such forms of tinnitus are associated with
an increase in CBF bilaterally, especially in auditory
temporoparietal association areas.

Individuals with unilateral tinnitus who could alter
the loudness of their tinnitus by orofacial movements
showed indications that neural activity in areas adja-
cent to the contralateral auditory cortex increased and
decreased in parallel to the reported change in loud-
ness of tinnitus [10]. In contrast, auditory stimulation
in the same individuals resulted in bilateral activation
of the auditory cortex, suggesting that the abnormal
neural activity that caused the sensation of tinnitus
originated in the central auditory system rather than
the cochlea [10]. When investigating subjects with
gaze-evoked tinnitus, Lockwood et al. [11] found signs
of CBF alterations in a large part of the frontal, pari-
etal, and temporal cortex, as well as the lateral pontine
tegmentum and the primary auditory cortex. Whereas
lateral gaze reduced rCBF in the temporal lobe in
control subjects, this was not the case in individuals
with tinnitus whose condition worsened during lateral
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gaze. This finding suggests that gaze-evoked tinnitus
may be caused by reduced gaze-evoked inhibition of
the auditory cortex [11].

Tinnitus was also associated with more widespread
activation of neural structures in the brain not acti-
vated by sound stimulation, including activation of
limbic structures, which indicated that plastic changes
of the auditory nervous system had occurred (see
Chap. 12).

Several investigators using PET scans have shown
indications that intravenous administration of lido-
caine can modulate tinnitus [4, 5, 12, 13]. Most studies
of the effect of lidocaine on tinnitus have been done
in individuals where lidocaine decreased the loudness
of the tinnitus. In such a study, Reyes et al. [5] found
that the decrease in the loudness of the tinnitus was
associated with changes in the neural activity in the
right auditory association cortex. These findings were
confirmed and extended by Plewnia et al. [4], who
found changes in CBF in a broad region of the auditory
cortex (middle temporal gyrus), including areas
involved in the integration of sensory stimuli (gyrus
angularis) and cognitive processing (posterior cingu-
lated cortex) of sensory stimuli.

In a recent study, Andersson et al. [14] showed
evidence that reduction of tinnitus loudness during a
cognitive task (silent backward counting) is accompa-
nied by reduced CBF in auditory cortex.

Taken together, measurements of rCBF with
[*O]-H,O PET have consistently provided evidence
for tinnitus-related increases of neural activity in
auditory pathways as well as in some nonauditory
neural systems. However, the use of this technique
depends on the ability to influence the loudness of the
tinnitus by specific interventions, which means that it
can only be used in individuals who can modulate
their tinnitus.

Studies Using FDG-PET

Another, and perhaps more direct method for getting
estimates of neural activity uses measurements of
regional glucose uptake (FDG-PET) that is related to
metabolic activity and, in turn, is a marker for steady-
state neuronal activity. This technique has been applied
to measure steady-state brain activity in individuals
with tinnitus [15-17].

This method does not depend on the ability to
change the tinnitus as does the ['50]-H20 PET and can
therefore be used for diagnostic purposes in almost
every tinnitus patient. The results of using this form of
imaging in individuals with tinnitus was first described
by Arnold et al. in 1996 [15]. These investigators found
asymmetric activation of the auditory cortex, predomi-
nantly on the left side and independent of tinnitus
perceived laterality in tinnitus patients as compared to
controls. Nine out of ten patients with tinnitus (two
right sided, six left sided, and two with tinnitus cen-
tered in the head) had signs of significantly increased
metabolic activity in the left primary auditory cortex
(Brodmann area 41, primary auditory cortex), and one
had increased activity in the right cortex. In one patient,
in whom the severity of the tinnitus fluctuated up and
down, repeated PET scans showed that the metabolic
activity of the left primary auditory cortex changed in
a similar way as the loudness of the tinnitus changed.
These results were confirmed by a case series [18] and
two studies involving larger sample sizes [16, 17] all
of which demonstrated asymmetry in the auditory cor-
tices of tinnitus patients with higher levels of sponta-
neous neuronal activity predominantly on the left side,
irrespective of tinnitus laterality. An example for a
FDG PET scan of a tinnitus patient is given in Fig. 18.1

Fig. 18.1 [18F] deoxyglucose (FDG) positron emission tomo-
graphy (PET) of a patient with right-sided tinnitus. The transversal
slice through the temporal brain region shows unilaterally increased
metabolic activity in projection to the left auditory cortex
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The unilateral activation pattern resembles findings
from Lookwood and colleagues, who observed unilat-
eral auditory cortex activation in individuals with tin-
nitus using a different method [10]. A major limitation
of all published FDG PET studies of tinnitus patients
is that data analysis has been restricted to the auditory
cortex by using a region of interest approach [19].

Functional Magnetic Resonance
Imaging (fMRI)

fMRI is a specialized form of MRI that is used for
identifying regions of the brain, where neural activity
increases in response to neural stimulation, such as
sensory stimulation. The use of fMRI is based on the
finding that magnetic properties of hemoglobin depend
on its oxygenation level and the observation that blood
flow and blood oxygenation is closely related to neural
activity. Regional changes in hemoglobin oxygenation
occur because of local neuronal activation e.g., in
response to a stimulus or during a specific task. Blood
oxygenation level-dependent (BOLD) contrast is the
basis of brain mapping using fMRI. BOLD contrast
provides in vivo real-time maps of blood deoxygen-
ation in the brain under normal physiological condi-
tions. Brain regions of increased oxygen consumption
are depicted by comparison of two MRI images: one at
rest and one with increased oxygen consumption due
to a specific task.

The use of fMRI offers several advantages over
PET. First, participants are not exposed to ionized radi-
ation; second fMRI is easier to perform, less expen-
sive, and more widely available. Furthermore, fMRI
provides high spatial resolution (1 x 1 x 1 mm) [20].

The fMRI obtained in individuals with bilateral
tinnitus show symmetrical activation in all investi-
gated areas of the auditory pathways (auditory cortex,
thalamus, and inferior colliculus) while all published
studies show that in individuals with unilateral tinnitus
altered activation patterns only of structures contralat-
eral to where the tinnitus is perceived were observed
[21-24]. Lanting et al. found an increased sensitivity
of the contralateral inferior colliculus to the loudness
of the presented acoustic stimuli, whereas Melcher
and Smits observed reduced neuronal activation in the
contralateral inferior colliculus in individuals with
tinnitus.

For the correct interpretation of these data, it is
important to remember that functional MRI activation
always represents a comparison between two activation
states. Energy usage by the brain depends largely on fir-
ing rate [25], and it has been shown that high-frequency
activity in the gamma range correlates with the BOLD
signal in the auditory cortex [26, 27]. Thus, increased
spontaneous neural activity, such as postulated in tinnitus
patients, may imply only a limited increase in activity
during stimulation with sound due to a ceiling effect.
According to this saturation model, hypoactivation in
fMRI has been interpreted as a possible indicator of
pathologically increased neuronal spontaneous activity.

Functional MRI can also provide information about
the tonotopic organization of the auditory cortex
(Fig. 18.2). In individuals with pure-tone tinnitus,
fMRI during presentation of a tone with the frequency
of the tinnitus has made it possible to determine the
anatomical localization of the representation of the
tinnitus frequency in the primary and secondary audi-
tory cortices. The fMRI technique has been used for
finding the best placement of the stimulating electrode
for epidural cortical stimulation [28]. However, there

Fig.18.2 Visualization of auditory cortex activation induced
by sounds of different frequencies: activation induced by 4 kHz
is displayed in green, activation caused by 0,5 kHz in red
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are no fMRI studies available that investigated
systematically potential alterations of the tonotopic
map in tinnitus patients.

In a recent study, fMRI studies were combined with
an emotional paradigm in order to identify tinnitus-
related changes in emotional processing (Rosengarth
et al., personal communication). The study showed
signs of abnormal neural activity in the hippocampus,
the parahippocampal gyrus, and the amygdala that were
independent from depressive comorbidity. These results
provide further experimental evidence for the involve-
ment of limbic brain structures in tinnitus [29, 30].

Summary of the Use of Imaging
Methods for Studies of Tinnitus

A summary of the findings of functional imaging stud-
ies in tinnitus is given in table 1 and in Fig. 18.3 PET

Table 18.1

studies have shown which areas of the brain are involved
in the tinnitus network: primary [10, 15, 17, 31] and
secondary auditory cortex, extending into the tem-
poroparietal junction (=auditory association area) [1, 2,
9, 31]; (para)hippocampus [10]; medial geniculate
body [10]; anterior [32] and posterior cingulate cortex
[4, 33]; and precuneus and inferior lateral parietal cor-
tex [12]. Voxel-based morphometry adds the subgenual
anterior cingulate cortex extending into the nucleus
accumbens area [34], and both VBM and fMRI add
inferior colliculus [21, 24, 35]. Most of the neural net-
works activated by tinnitus overlap with brain regions
that are involved in attention to and processing of normal
sounds include the primary and secondary auditory
cortex, parahippocampus, amygdala, as well as the
right superior, middle, and inferior dorsolateral pre-
frontal cortex [33, 36] have the important difference
that tinnitus-related activity seems to be predominantly
unilateral. More recent studies have shown that other
brain areas are activated by aversive sound stimulation

Synopsis of the results of imaging studies in individuals with tinnitus

Individuals with tinnitu s compared to controls

Individuals with tinnitus: changes in tinnitus, induced by:

Steady-state

Area metabolism

Effects of sound stimulation

Somatosensory

modulation Gaze Lidocaine

Primary {123 246 A1213
auditory
cortex

Secondary A 1213
auditory
cortex

Auditory assoc.
cortex

Thalamus A3

Inferior f14 JUADB
Colliculus

Auditory
brainstem

Limbic system e

Frontal lobe

i4

T 13
14

$6.7,9. 10

11]0
16,7

Legend:
1 increased asymmetry of FDG uptake

4 increased response to sound; ¥: reduced response to sound

1: increased and reduced rCBF corresponding to increased and reduced tinnitus

A : Abnormal assymetry

Studies:
FDG-PET: 1: Arnold et al. 2006; 2: Wang et al. 2001; 3: Langguth et al. 2006
H,O-PET:  4: Lockwood et al. 1998; §: Giraud et al. 1999; 6: Mirz et al. 1999; 7: Mirz et al. 2000;
8: Lockwood et al. 2001; 9: Reyes et al. 2002; 10: Plewnia et al. 2007
fMRI: 11: Melcher et al. 2000; 12: Kovacs et al. 2006; 13: Smits et al. 2007; 14: Lanting et al. 2008
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Fig.18.3 Schematic tinnitus network, as composed by inte-
grating data from SPECT PET, fMRI and MEG studies. Areas
of neuronal activity predominantly related to the acoustic tinni-

and are related to the reward and emotional system,
such as nucleus accumbens and insula [37].

New treatment strategies have evolved from fMRI
and PET findings of abnormal neuronal activity in the
auditory cortex [38, 39]. The results of several pilot
studies using low-frequency transcranial magnetic
stimulation (see Chap. 88) and direct electrical stimu-
lation of the auditory cortex (see Chap. 90), which
have been based on findings in imaging studies, have
shown promising results for treatment of some forms
of tinnitus. The application of brain stimulation for
treatment of tinnitus patients most likely requires
guidance by neuroimaging studies. Areas of the audi-
tory cortex that have shown signs of increased meta-
bolic activity have been identified as targets for
stimulation. PET scan is now used for guidance of
treatment. Preliminary findings suggest that the results
of PET scanning may also serve as a predictor of the
outcome of treatment [17, 32, 40].

Even data that come from relatively small sample
sizes emphasize the value of fMRI, SPECT, and PET
for developing new therapeutic strategies, but also
show the potential of these procedures to become clin-
ical tools for the diagnostic differentiation between
different forms of tinnitus and for the assessment of
treatment outcome.
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