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Abstract

Objective: To demonstrate and investigate the activation patterns of the primary auditory
cortex (Heschl’s gyrus) using functional magnetic resonance imaging (fMRl).

Material and methods: Pure tone stimuli at 750 Hz and 2000 Hz were delivered to the right and
left ear of 32 normal-hearing volunteers (18-49 years old) in 20-second on-off cycles. The fMRI
data were obtained using a 1.5 Tesla scanner and processed with SPM2.

Results: For both tone frequencies, bilateral hemispheric activation was identified in the
transverse temporal gyrus (Heschl’s gyrus) in 29 subjects (90.62% in response to pure tone
stimuli with a probability level of P<.001. For monaural stimulation, bilateral hemispheric
activation was observed with generally greater extent of activation in the Heschl’s gyrus (HG)
contralateral to the stimulated ear.

Conclusions: These results demonstrate that fMRI is a useful imaging technique to investigate
the auditory cortex. The contralateral auditory cortex is more responsive than the ipsilateral
cortex to tones presented monaurally.
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PALABRAS CLAVE
Resonancia magnética
funcional;

Via auditiva;

Resultados en el estudio del cortex auditivo mediante resonancia magnética
funcional (lI): caracteristicas generalesy resultados individuales

bjetivo: Investigar y demostrar los modelos de activacion en el cértex auditivo primario medi-

Material y métodos: Se estimul6 la audicién, a 32 voluntarios normooyentes (intervalo de edad,
18-49 afos), con tonos de 750 y 2.000 Hz en ciclos de 20 s de estimulacion, seguidos por 20 s de
reposo. Se empled un escaner de RMde 1,5 Ty la herramienta estadistica SPM2.

Resultados: Para ambas frecuencias (750 y 2.000 Hz) en 29 de 32 sujetos (9.62% se registré una ac-
tivacion cortical auditiva en la circunvolucion de Heschl de ambos hemisferios con una p < 0,001.
Ante la estimulacién auditiva monoaural se ha registrado una activacion cortical auditiva bilat-
eral que, generalmente, fue mayor en el hemisferio contralateral al oido estimulado.
Conclusiones: Estos resultados demuestran que la RMf es una técnica de imagen til paralain-
vestigacion del cortex auditivo. La estimulacion monoaural con tonos puros activa, predomi-

) - Resumen
Cortex auditivo;
Audicion ante la resonancia magnética funcional (RVF).
nantemente, el cortex auditivo contralateral.
© 2008 Hsevier Espana, SL. Todos los derechos reservados.
Introduction

Within the auditory brain cortex we can distinguish one or
more primary areas surrounded by secondary or association
areas. The primary auditory cortex is located at the level
of the temporal lobe in the transverse Heschl’s gyrus (areas
41 and 42).

This large lobe is located below the lateral scissure and,
on its outer side, presents three circumvolutions oriented
obliquely: the superior, middle and inferior gyri. The
superior temporal scissure is parallel to the lateral scissure,
and caudally presents an ascending branch which ends in
the angular circumvolution. At the external edge of the
lateral scissure, several oblique circumvolutions form the
transverse gyrus of Heschl; these transverse and relatively
short circumvolutions, medial to the posterior part of the
superior temporal gyrus, constitute the primary auditory
cortex in humans. The primary auditory cortex or coniocortex
isequivalent to area 41 of Brodmann, and correspondsto the
first superior temporal gyrus. The paraconiocortex, included
or not, accordingto different authors, inthe primary auditory
cortex, corresponds to area 42 of Brodmann and to the rest
of transverse circumvolutions and the temporal plane, the
smoothest portion of the superior surface of the temporal
lobe and caudal to the transverse circumvolutions.2

The temporal plane, behind the paraconiocortex, and
the posterior part of the superior circumvolution include
area 22, which extends towards the operculum and inferior
parietal lobe. This area in the left hemisphere is known as
Wernicke’s area or the speech area. It isacentre of auditory
understanding, wherelesionscause anaphasiafundamentally
characterized by a deficit in the understanding of the words
which are heard. For some authors, this area extends to
all the inferior parietal lobe: area 39, angular lobe, and
area 4. supramarginal lobe. Areas 39 and 40 are polymodal
areas, of integration of sensory information, auditory,
visual, and somesthetic, which therefore correspond to the

secondary auditory cortex of non-human primates and other
mammals. All cortical areas are interconnected with the
auditory cerebral cortex of the contralateral hemisphere
through the corpus callosum. Within each hemisphere, the
arcuate fascicle is the main route of auditory association.
This fascicle connects Wernicke’s area and the parietal lobe
with Broca's area or area triangularisof the inferior frontal
gyrus. Broca’s area includes areas 44 and 45 of Brodmann
and is the motor centre for language.

In summary, the primary auditory cortex (area 41)
corresponds to Heschl’s gyrus (HG) in its medial part,
and according to some authors, is also part of Brodmann
area 42 (lateral part of HG) and the secondary auditory or
association cortex is formed by area 22 (p/lanum polare and
planum temporale); for some authors this area extends to
the complete inferior parietal lobe; area 39, angular lobe,
and area 4. supramarginal lobe.?

From the point of view of neuroimaging, the term brain
activation refers to the fast and concomitant biochemical
and biophysical changes of neurons, the basic functional
units of the brain, in relation to its activity. Recent
developments in magnetic resonance imaging (MRl) based
on the possibility of detecting changesin blood oxygenation
and those related to the rapid acquisition of images have
led to techniques that can measure, in the entire brain
and non-invasively, the physiological processes believed to
be related to neuronal activity. These new techniques are
known as functional MRl (fMRI). Increased regional brain
activity carries with it a local increase in perfusion and
metabolism. This relationship has been tested with high-
resolution optical images,* blood flow studies using positron
emission tomography (PET)%® and fMRI studies.”

The objectivesto meet during the present study were:

— Definition of auditory stimulation protocols (paradigms)
and implementation of the proposed auditory fMRI
project, which was already partially published.®
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— Demonstrate the ability to record and clearly separate,
through fMRI, the brain activity related to the
perception of auditory stimuli from other concurrent
brain activity.

— Bvaluation of possible differences in cortical response
with regard to age, gender, presentation of the sound
stimulus and frequency of the stimulus, to establish
parameters of auditory cortical activity in subjects with
normal hearing that can serve as reference for studies
of auditory cortical activity in patients with alterations
in hearing.

— Assess the degree of reproducibility of the auditory
fMRL.

Material and methods

Study subjects

This study was conducted with a sample of 32 volunteer
subj ectswith normal hearing, of both genders, aged between
18 and 50 years. Asample of 32 subjectswas considered, as
it was estimated that it would be sufficiently representative
to establish the parameters of normality. The 32 subjects
were divided into two groups: group A (between 18 and
34 years) and group B (between 35 and 50 years).

The age was limited to 50 years because above this age,
presbyacusis phenomena may occur to distort the results;
this age group may be the subject of a subsequent study.

Each of the volunteers signed an informed consent before
the fMRI testing, reflecting their agreement to participate
in the study.

Inclusion criteria

— Voluntary subject, with no medical-surgical neurological
or otolaryngeal history, especially without a history in
middle and inner ear.

— Subjects of 18-50 years of age with no history of
claustrophobia or other reasonsthat prevent the practice
of fMRI (pacemakers, ferromagnetic material ...).

— Subj ectswithotolaryngology and audiol ogical examination
within normal range.

Exclusion criteria

— Patient with history of middle and inner ear surgery
(ventilation tubes, tympanoplasty, neurectomy, etc).

— Patients under 18 years of age or 50 or more years
of age, with a history of claustrophobia or other
reasons preventing the practice of fMRI (pacemakers,
ferromagnetic material...).

— Patients with an auditory alteration in the otolaryngeal
examination (tone threshold audiometry with afrequency
threshold greater than 25 dB).

— Patients with Méniére’s disease, otosclerosis or chronic
middle ear infections.

— Professionals exposed to environmental and/or work-
related noise.

— Patients with hearing aids.

— Patients with language disorders.

— Patients with a history of recent severe head injury.

Material
For this study we prepared the following resources:

1. MRl equipment (1.5 T) from the Centre for Diagnostic
Imaging (CDI) at the “Hospital Clinic de Barcelona.”

2. Audio system compatible with MRI, necessary for the
auditory stimulation of the brain cortex.

3. IBM compatible PC Pentium IV and the statistical tool
SPM (Satistical Parametric Mapping) necessary for
processing the images obtained by fMRI.

4. Laptop with programme generating the necessary sound
files as paradigms for stimulation of the auditory cortex.
The composition of these sound files is detailed in the
methodology.

The equipment in points 3 and 4 was obtained through
the co-operation of the Amplifon SL. company.

Type of study and methods

This is a prospective longitudinal, controlled clinical-
experimental trial in volunteer patientswith normal hearing
(normal tonal audiometry), between 18 and 50 years of
age.

All subjects in the study had a full medical history taken
and an otologic examination comprising: oto-microscopy,
tympanometry, and tone threshold audiometry of the air
and bone routes. Once it was verified that the previous
tests were within normal ranges, each subject received an
fMRI consisting in:

— Sagittal locators.

— Axial anatomical slices (10) in sequence enhanced in T1
of the region under study (temporal cortex).

— Sequences of auditory function in the 10 axial slices.
The acquisition parameters were TE=60 ms; TR=2000 ms;
delay =8000 ms for the paradigm.

— 3D structural image (slice thickness of 1.5 mm) to locate
the exact anatomical region of the activation patterns.
The paradigm used involved alternating periodsof silence
of 20 sand 20 s of auditory stimulation, with 4 different
types of stimuli that are applied cyclically for 8 min and
20 s (3 phases) with an intensity of 86 dB SPL: 750 Hz in
the left ear, 750 Hz in the right ear, 2000 Hz in the left
ear, and 2000 Hz in the right ear, all of them formed by
discontinuous tones of 125 ms of duration.

Preparation and statistical analysis of the data

The neurofunctional images have been recorded in DICOM
format (individual files each corresponding to a volume
slice) and converted to Analyze 7.5 format using the MRICRO
programme (software developed by Chris Rorden; www.
psychology. nottingham.ac.uk) and 50 volumetric files of 10
slices were obtained (covering the auditory cortex), from
the original 500.

All treatments carried out on these functional image
volumes were performed using the statistical tool SPM2
(Satistical Parametric Mapping, software from Wellcome
Department of Cognitive Neurology, Institute of Neurology,
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London; http://www.fil.ion.ucl.ac.uk/spm; with the
programme Matlab 6.5 MathWorks, Natick, United Sates).
The images have been processed using a Pentium IV
processor with Windows 98 operating system.

The first volume (corresponding to the initial 10 s for the
stabilization of the signal) of each subject wasdiscarded and
the remaining 49 were used for further analysis. The SPM
is a digital tool allowing statistical analysis of information
collected in medical imaging. The neurofunctional images
have been subjected toidentical pre-treatment in all cases,
consisting of motion correction, spatial normalization and
smoothing.

Statistical verification is then obtained using the general
linear model to see in which partsof the brain the variations
in image intensity during the test correlate with phases of
auditory stimulation.

Results

General characteristics

The first tests of auditory fMRI were started in April 2002
and, after trying several paradigmsin 15 different subjects,
a paradigm for auditory stimulation was successfully
established and installed on a PC laptop. Atotal of 40 fMRI
tests were carried out on 32 volunteer subjects. In the end,
8 of them underwent a second control test of auditory fMRIto
assess the reproducibility of the test. In 3 different subjects
the fMRI had to be interrupted due to the emergence of
claustrophobic feeling, without any further consequence
or complication. The average age (standard deviation)
of the 32 subjects was 34.75 (8.67), with an interval of
23-49 years. Of the 32 volunteers, 17 were women and
15 men. By age sub-group, 16 were included in group A
(18-34 years), 8 males and 8 females, and 16 in group B
(85-49 years), 7 males and 9 females. Of the 32 subjects,
30 were right-handed and 2 left-handed (one 27 year-old
male and one 23-year-old female).

Individual results

Of the 32 volunteer subjects tested for auditory fMRI,
statistically significant bilateral activation was observed
in the primary auditory cortex in 29 and in the other

3 subjects no activation was observed. In other words, in
90.62%o0f the cases cortical activation has been observed
in response to auditory stimulation with the paradigm
used in the study. A statistical threshold of P<.001 has
been used in this result. Figure 1 and Table show the
probability of activation of different points (voxels) or
contiguous regions of voxels (clusters) corresponding to
a volunteer with normal hearing, ie the probability that
the time evolution of that Voxel or cluster is random (null
hypothesis) or is influenced by the periods of auditory
stimulation and rest of the paradigm used. Therefore,
a very low value indicates that it is very unlikely that
the temporal evolution of that voxel is random and it is
concluded that that voxel or cluster has been activated
during the auditory stimulation (paradigm).

SPM(T, )

e .

Figure 1 Glass brain of a volunteer with normal hearing, with
bilateral register of temporal cortical activity (auditory cortex)
higher in the right hemisphere in the three orthogonal
projections.

Table 1 Probabilities of activation of clusters of the volunteer with normal hearing in Figure 1
Set-level Cluster-level Voxel-level
P c pcorremed kE puncorrected pxxx—corr pxxx—corr 7 (Z) puncorrected X’Y!Z’ mm
.995 5 .000 1460  .000 .000 .000 10.39 7,35 .000 50 —42 0
.000 .000 7.10 5,77 .000 56 —4 —8
.029 .000 5.60 4,90 .000 60 —6 4
.000 1276  .000 .000 .000 7.77 6,13 .000 —50 —24 4
.000 .000 7.49 5,90 .000 —52 —0 —6
.350 80 .036 .967 .020 3.70 3,50 .000 54 12 6
.909 .021 .76 .40 .000 50 16 —6
.964 20 .266 .994 .024 3.71 3,44 .000 50 10 2
1.000 2 .752 1.000 .065 3.30 3,10 .001 —64 —26 4
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Figure 2 Glass brain, table of probabilities of another volunteer with normal hearing, when applying auditory stimulation to the

right ear.

Thus, the red line shows the probability that the voxel
indicated by the red arrow in the glass brain is <.001 and,
therefore, is very likely to have been activated. Smilarly,
the probability of randomly finding that cluster with that
pattern of activity-rest by chance is virtually zero.

On the other hand, the blue line showsthat the probability
of the voxel indicated by the blue arrow in the glass brain
is 0.994, that is, there is a 99.4% chance (96.4%in the
cluster) of finding that voxel (cluster) randomly in the brain
with that behaviour. This indicates that no conclusion can
be drawn as to whether the voxel follows the pattern of
activation-rest or has a random behaviour.

The 3 subjects (9.38%) in whom no statistically significant
cortical activation was observed (P<.001) were males of 28,
27 and 47 years of age, and like all subjects in the study,
showed a normal audiometry.

In analyzing the results of the 32 subjects, which are
obtained with monaural stimulation of theright ear, bilateral
cortical activation was recorded in 29 cases (90.6% and no
cortical activation was observed in 3 (9.4%.

Of the 29 (90.6%) cases with bilateral cortical activation,
in 27 (84.3%, it isgreater on the side which is contralateral
tothe stimulated ear, that is, in the left hemisphere, and in
2 of the 32 subjects (6.3% the observed cortical activation
was also bilateral, but higher on the side ipsilateral to
the stimulated ear, ie higher in the right hemisphere
(Figure 2).

Figure 2 shows the glass brain and the table of probability
of activation of different voxels and clusters or set of
voxels of volunteer with normal hearing, after auditory
stimulation of the right ear. The glass brain shows that the
recorded cortical activation isbilateral, although greater in
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Figure 3 Glass brain, table of probabilities of another volunteer with normal hearing, when applying auditory stimulation to the

left ear.

the contralateral area (left hemisphere) to the stimulated
ear (right ear).

In analyzing the results of the 32 subjects, obtained
with monaural stimulation of the left ear, bilateral
cortical activation was observed in 28 subjects (87.5%
and in 4 (12.5% no statistically significant cortical
activation was observed. Of the 28 subjects (87.5% with
bilateral cortical activity registration, this bilateral
activation was greater in the contralateral area to the
stimulated ear in 25 of them (78.1%), in other words,
in the right hemisphere (Figure 3) and in 3 (9.4% the
observed cortical activation was also bilateral, but
greater in the area ipsilateral to the stimulated ear,
ie greater in the left hemisphere.

Figure 3 showsthe glassbrain and the table of probability
of activation of different voxels and clusters or set of

voxels of another volunteer, after auditory stimulation of
the left ear.

In the case of the 2 left-handed individuals (a 27-year-
old male and a 23-year-old female), the activation after
auditory stimulation, registered at the cortical level, was
bilateral.

With monaural stimulation of the right ear, both subjects
showed bilateral activation which was greater in the
contralateral area to the stimulated ear, that is, in the left
hemisphere. With monaural stimulation of the left ear, both
subjects showed bilateral activation which was greater in
the contralateral area to the stimulated ear, ie in the right
hemisphere.

It ispossible to obtain high-resolution or three-dimensional
images of the activation recorded at the cortical level,
characterized by great brightness (Figure 4).
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Figure 4 Three-dimensional image of a volunteer with normal
hearing, showing bilateral activation of the primary auditory
area in the temporal lobe. Axial slice.

Discussion
Elaboration of the paradigm

In April, 2002, the initial auditory fMRI tests began to be
carried out at the Hospital Clinic in Barcelona, thanks to
an agreement between the otolaryngology service and the
CDI, and the backing of the company Amplifon Ibérica SL.
During the first 6 months the auditory stimulation paradigm
was determined. In order to do this, different types and
sequences of MRl were tested as well as auditory stimuli in
a pilot study on 15 different subjects. The first tests used
auditory stimuli applied via an analogue audiometer and
standard fMRI sequences without finding a reproducible
cortical activity level. Auditory stimuli were also used
through a reading of text, and resulted in an activation
of the auditory area, both of the primary and association
areas, and therefore this type of stimulation was dismissed
since the objective was stimulation only in the primary
auditory area.

In developing the auditory stimulation paradigm, the
background noise produced by the MRl scanner (96 dB
L) had to be taken into account, because this noise
causes auditory stimulation in the subject under study
and contaminates the cortical activation produced by the
auditory stimulation paradigm used.

To avoid this problem, tests were carried out with
different parameters and periods of stimulation/ rest, until
a paradigm was obtained that caused a targeted activation
of the auditory cortex.

This paradigm consists of alternating periods of 20 s of
silence and 20 s of auditory stimulation, with 4 different
types of stimuli that occur cyclically during 8 min and 20 s:
750 Hz in the left ear, 750 Hz in the right ear, 2000 Hz in
the left ear and 2000 Hz in the right ear, all of them formed
by discontinuous tones lasting 125 ms and with an intensity
of 86 dB SPL. The acquisition parameters were: TE=60 ms;
TR=2000 ms; delay =8000 ms for the paradigm.

Thisdelay isnecessary torecordthe cortical activation due
solely to the stimulus presented through the headphones,
since the activation due to the noise produced by the
resonance scanner when acquiring images disappears during
the delay (8000 ms=8 s) and is not recorded in the image.

Thus, in testing, there is a period (20 s) in which there is
auditory stimulation and another one of rest (20 s) in which
the MRI machine records the cortical activity produced by
the previous period of auditory stimulation.

Aside from the need to develop a “good paradigm”
that produces cortical activation of a specific area, the
auditory cortex in this case, it must be borne in mind that
the “attention” of the subject during the test run is a
determinant factor in the registration of cortical activity,
asdemonstrated by some studiesreported in the literature.
Thus, Czisch et al® compared cortical activity in 14 subjects
with normal hearing during the periods of wakefulness and
sleep, and noted that during all stages of sleep (REM and
non-REM), the cortical activity due to acoustic stimulation
was lower than during the period of wakefulness. Thiswould
indicate that during sleep the processing of external stimuli
is not abolished but can be significantly altered compared to
the wakeful state. These findings are similar to the results
of studies on the influence of attention on the activation
of primary sensory areas carried out by Somers et al™® and
Watanabe et al." In contrast, other authors such as Porter
et al™ observed a similar auditory cortical activation during
sleep and during wakefulness, requiring further studies to
attempt to explain the discordant results between these
studies.

Individual results

The individual results showed auditory cortical activation
in 29 (90.62% subjects and in 3 (9.38%, there was no
recorded cortical activity. This does not mean that in the
case of these 3 subjects there was no cortical activation in
the auditory cortex, but instead that the signal recorded by
the resonance scanner, due to the auditory stimulation, was
not sufficiently intense and therefore was different from
the signal recorded by the resonance scanner during the
period of rest or without stimulation.

One possible reason explaining why the signal recorded
by the resonance scanner due to auditory stimulation is
not sufficiently intense is that the attention of the subject
during the test waslow; several authors have noted that the
attention of the subject increases significantly the extent
and magnitude of activation of the auditory cortex.

In the analysis of the monaural activation by the right
ear, we recorded bilateral cortical activity in the auditory
cortex in 90.6% of cases (29/32), and this activity was
greater in the contralateral areato the stimulated ear (left
auditory cortex) in 84.3%o0f cases, and in 6.3%the cortical
activity in the auditory cortex was bilateral, but greater in
the area ipsilateral to the stimulated ear (right auditory
cortex), with P<.001.

In 9.4% of cases (3/32) no statistically significant auditory
cortical activation was recorded (F<.001).

With respect to monaural stimulation by the left ear, we
recorded bilateral cortical activity in the auditory cortex
in 87.5%o0f cases (28/32), and this activity was greater in
the contralateral area to the stimulated ear (right auditory
cortex) in 78.1%o0f cases and in 9.4%the cortical activity in
the auditory cortex was bilateral, but greater in the area
ipsilateral to the stimulated ear (left auditory cortex) with
a P<.001.
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In 12.5% of cases (4/32) no statistically significant auditory
cortical activation was recorded (FP<.001).

These results are consistent with studies carried out using
electroencephalography (EEG) and magnet oencephal ography
(MEG), in which it has been observed that, with a monaural
auditory stimulation, the projections towards the
contralateral auditory cortex take precedence over the
ipsilateral.'®

Greater cortical activation contralateral to the stimulated
ear is also due to complex excitatory and inhibitory
mechanisms in the auditory pathway. Thus, studies in
animals using evoked responses have shown that binaural
stimulation produces a neural response in both brain
hemispheres which is greater than the sum of 2 monaural
stimulations. "

In a study using fMRI, the auditory cortical activation by
monaural auditory stimulation in both ears was 30%lower
than the activation by binaural stimulation, indicating that
there is some inhibitory or excitatory mechanism in the
auditory pathway. A lateralization in the auditory cortical
activation was also noted, as in the results obtained,
and this activation was predominant in the hemisphere
contralateral to the stimulated ear.'®

In the individual analysis of the two left-handed subjects,
there was no difference in the method of activation of the
auditory cortex, thus with the monaural stimulation the
auditory cortex is bilaterally activated, although less than
the contralateral. These results contradict the theory of
some authors that left-handed individuals tend to present
a greater activation of the right auditory cortex, and right-
handed individuals, a greater activation of the left auditory
cortex.' These results are not significant due to the small
number of left-handed subjects; therefore, more studies
are needed to investigate this possible difference between
left-handed and right-handed individuals.

The possibility of obtaining high-resolution three-
dimensional images for each volunteer enables usto obtain
a precise location of the auditory cortex. This information
could be used as pre-operative reference in surgery of
tumours or other illnesses affecting the temporal lobe.?

Conclusions

We can summarize in three points the conclusions drawn
from the results obtained and presented:

— Auditory fMRI is a non-invasive test allowing monitoring
of the activation of the auditory cortex after stimulation
of the sensorineural auditory pathway in subjects with
normal hearing.

— The application of a paradigm for auditory stimulation
and adequate acquisition and delay rest times are
essential to record and separate cortical activation
by auditory stimulation from the cortical activation
by the noise of the device and other concurrent brain
activity.

— In assessing the results obtained, it appears that
monoaural stimulation of a subject with normal hearing
produces a bilateral activation of the auditory cortex,
and the tendency is for that activation to be greater in
the area contralateral to the stimulated ear.
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