
Acta Otorrinolaringológica Española

www.elsevier.es/ otorrino

0001-6519/ $ - see front  mat ter © 2008 Elsevier España, S.L. All rights reserved.

Acta Otorrinolaringol Esp. 2009;60(3):160-8

*Corresponding author.  

 E-mail  address:  34227lmc@comb.es o lmenendez@sescam.j ccm.es (L.M. Menéndez-Colino).

Abstract

Obj ect ive:  To demonst rate and invest igate t he act ivat ion pat t erns of  t he primary audit ory 

cortex (Heschl’s gyrus) using funct ional magnet ic resonance imaging (fMRI).

Material  and methods:  Pure tone st imuli 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.

Resul t s:  For bot h t one f requencies,  bi lat eral  hemispheric act ivat ion was ident if ied in t he 

t ransverse t emporal gyrus (Heschl ’s gyrus) in 29 subj ect s (90.62%) in response t o pure t one 

st imul i wit h a probabil i t y level of  P<.001.  For monaural st imulat ion,  bilat eral hemispheric 

act ivat ion was observed with generally greater extent  of act ivat ion in the Heschl’s gyrus (HG) 

cont ralateral to the st imulated ear.

Conclusions: These results demonst rate that  fMRI is a useful imaging technique to invest igate 

the auditory cortex. The cont ralateral auditory cortex is more responsive than the ipsilateral 

cortex to tones presented monaurally.

© 2008 Elsevier España, S.L. All rights reserved.

KEYWORDS

Funct ional magnet ic 

resonance;

Auditory pathways;

Auditory cortex;

Hearing

ORIGINAL ARTICLE

Results of a functional magnetic resonance study of the primary 

auditory cortex (I): general characteristics and individual 

outcomes

Luis M. Menéndez-Colino,a,* Josep Traserra,b Carles Falcón,c Joan Berenguer,d  
Teresa Pujol,d Joan Doménech,b and Manuel Bernal-Sprekelsenb

aServicio de Otorrinolaringología, Hospit al  Virgen de la Salud, Toledo, Spain 
bServicio de Otorrinolaringología, Hospit al  Clínic, Barcelona, Spain 
cUnidad de Resonancia Magnét ica Funcional, Universidad de Barcelona, Barcelona, Spain 

dCent ro de Diagnóst ico por la Imagen (CDI), Hospit al  Clínic, Barcelona, Spain

Received October 2, 2008; accepted December 22, 2008



Results of a funct ional magnet ic resonance study of the primary auditory cortex (I) 161

Introduction

Within the auditory brain cortex we can dist inguish one or 
more primary areas surrounded by secondary or associat ion 
areas. The primary auditory cortex is located at  the level 
of the temporal lobe in the t ransverse Heschl’s gyrus (areas 
41 and 42).

This large lobe is located below the lateral scissure and, 
on its outer side, presents three circumvolut ions 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 circumvolut ion. At  the external edge of the 
lateral scissure, several oblique circumvolut ions form the 
t ransverse gyrus of Heschl; these t ransverse and relat ively 
short  circumvolut ions, medial to the posterior part  of the 
superior temporal gyrus, const itute the primary auditory 
cortex in humans. The primary auditory cortex or coniocortex 
is equivalent  to area 41 of Brodmann, and corresponds to the 
irst superior temporal gyrus. The paraconiocortex, included 
or not , according to different  authors, in the primary auditory 
cortex, corresponds to area 42 of Brodmann and to the rest  
of t ransverse circumvolut ions and the temporal plane, the 
smoothest  port ion of the superior surface of the temporal 
lobe and caudal to the t ransverse circumvolut ions.1,2

The temporal plane, behind the paraconiocortex, and 
the posterior part  of the superior circumvolut ion 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  is a cent re of auditory 
understanding, where lesions cause an aphasia fundamentally 
characterized by a deicit 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 integrat ion of sensory informat ion, auditory, 
visual, and somesthet ic, which therefore correspond to the 

Resultados en el estudio del córtex auditivo mediante resonancia magnética  

funcional (I): características generales y resultados individuales

Resumen

Obj et ivo:  Invest igar y demost rar los modelos de act ivación en el córtex audit ivo primario medi-

ante la resonancia magnét ica funcional (RMf).

Material  y métodos: Se est imuló la audición, a 32 voluntarios normooyentes (intervalo de edad, 

18-49 años), con tonos de 750 y 2.000 Hz en ciclos de 20 s de est imulación, seguidos por 20 s de 

reposo. Se empleó un escáner de RM de 1,5 T y la herramienta estadíst ica SPM2. 

Resultados: Para ambas frecuencias (750 y 2.000 Hz) en 29 de 32 sujetos (9.62%) se registró una ac-

t ivación cort ical audit iva en la circunvolución de Heschl de ambos hemisferios con una p < 0,001. 

Ante la est imulación audit iva monoaural se ha regist rado una act ivación cort ical audit iva bilat -

eral que, generalmente, fue mayor en el hemisferio cont ralateral al oído est imulado.

Conclusiones:  Estos resultados demuest ran que la RMf es una técnica de imagen út il para la in-

vest igación del córtex audit ivo. La est imulación monoaural con tonos puros act iva, predomi-

nantemente, el córtex audit ivo cont ralateral.

© 2008 Elsevier España, S.L. Todos los derechos reservados.
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secondary auditory cortex of non-human primates and other 
mammals. All cort ical areas are interconnected with the 
auditory cerebral cortex of the cont ralateral hemisphere 
through the corpus cal losum.  Within each hemisphere, the 
arcuate fascicle is the main route of auditory associat ion. 
This fascicle connects Wernicke’s area and the parietal lobe 
with Broca’s area or area t r iangularis of the inferior frontal 
gyrus. Broca’s area includes areas 44 and 45 of Brodmann 
and is the motor cent re for language.

In summary, the primary auditory cortex (area 41) 
corresponds to Heschl’s gyrus (HG) in it s medial part ,  
and according to some authors, is also part  of Brodmann 
area 42 (lateral part  of HG) and the secondary auditory or 
associat ion cortex is formed by area 22 (planum polare and 

planum t emporale);  for some authors this area extends to 
the complete inferior parietal lobe; area 39, angular lobe, 
and area 4. supramarginal lobe.3

From the point  of view of neuroimaging, the term brain 
act ivat ion refers to the fast  and concomitant  biochemical 
and biophysical changes of neurons, the basic funct ional 
units of the brain, in relat ion to it s act ivity. Recent  
developments in magnet ic resonance imaging (MRI) based 
on the possibilit y of detect ing changes in blood oxygenat ion 
and those related to the rapid acquisit ion of images have 
led to techniques that  can measure, in the ent ire brain 
and non-invasively, the physiological processes believed to 
be related to neuronal act ivity. These new techniques are 
known as funct ional MRI (fMRI). Increased regional brain 
act ivity carries with it  a local increase in perfusion and 
metabolism. This relat ionship has been tested with high-
resolut ion opt ical images,4 blood low studies using positron 
emission tomography (PET)5,6 and fMRI studies.7

The obj ect ives to meet  during the present  study were:

—   Deinition of auditory stimulation protocols (paradigms) 
and implementat ion of the proposed auditory fMRI 
proj ect , which was already part ially published.8
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—   Demonst rate the abil it y to record and clearly separate, 
through fMRI,  the brain act ivit y related to the 
percept ion of  auditory st imuli f rom other concurrent  
brain act ivit y.

—   Evaluat ion of possible dif ferences in cort ical response 
with regard to age, gender, presentat ion of the sound 
st imulus and frequency of the st imulus, to establish 
parameters of auditory cort ical act ivity in subj ects with 
normal hearing that  can serve as reference for studies 
of auditory cort ical act ivity in pat ients with alterat ions 
in hearing.

—   Assess the degree of reproducibilit y of the auditory 
fMRI.

Material and methods

Study subjects

This study was conducted with a sample of 32 volunteer 
subj ects with normal hearing, of both genders, aged between 
18 and 50 years. A sample of 32 subj ects was considered, as 
it was estimated that it would be suficiently representative 
to establish the parameters of normality. The 32 subj ects 
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 subj ect  of a subsequent  study.

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

Inclusion criteria

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

—   Subj ects of 18-50 years of age with no history of 
claust rophobia or other reasons that  prevent  the pract ice 
of fMRI (pacemakers, ferromagnet ic material . . .).

—   Subj ects with otolaryngology and audiological examinat ion 
within normal range.

Exclusion criteria

—   Pat ient  with history of middle and inner ear surgery 
(vent ilat ion tubes, tympanoplasty, neurectomy, etc).

—   Pat ients under 18 years of age or 50 or more years 
of age, with a history of claust rophobia or other 
reasons prevent ing the pract ice of fMRI (pacemakers, 
ferromagnet ic material. . .).

—   Pat ients with an auditory alterat ion in the otolaryngeal 
examinat ion (tone threshold audiomet ry with a frequency 
threshold greater than 25 dB).

—   Pat ients with Ménière’s disease, otosclerosis or chronic 
middle ear infect ions.

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

—   Pat ients with hearing aids.
—   Pat ients with language disorders.
—   Pat ients with a history of recent  severe head inj ury.

Material

For this study we prepared the following resources:

1.    MRI equipment  (1.5 T) from the Cent re for Diagnost ic 
Imaging (CDI) at  the “ Hospital Clínic de Barcelona.”

2.    Audio system compat ible with MRI, necessary for the 
auditory st imulat ion of the brain cortex.

3.    IBM compat ible PC Pent ium IV and the stat ist ical tool 
SPM (Stat ist ical Paramet ric Mapping) necessary for 
processing the images obtained by fMRI.

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

The equipment  in points 3 and 4 was obtained through 
the co-operat ion of the Amplifon S.L. company.

Type of study and methods

This is a prospect ive longitudinal, cont rolled clinical-
experimental t rial in volunteer pat ients with normal hearing 
(normal tonal audiomet ry), between 18 and 50 years of 
age.

All subj ects in the study had a full medical history taken 
and an otologic examinat ion comprising: oto-microscopy, 
tympanomet ry, and tone threshold audiomet ry of the air 
and bone routes. Once it was veriied that the previous 
tests were within normal ranges, each subj ect  received an 
fMRI consist ing in:

—   Sagit tal locators.
—   Axial anatomical slices (10) in sequence enhanced in T1 

of the region under study (temporal cortex).
—   Sequences of auditory funct ion in the 10 axial slices. 

The acquisit ion parameters were TE=60 ms; TR=2000 ms; 
delay =8000 ms for the paradigm.

—   3D st ructural image (slice thickness of 1.5 mm) to locate 
the exact  anatomical region of the act ivat ion pat terns. 
The paradigm used involved alternat ing periods of silence 
of 20 s and 20 s of auditory st imulat ion, with 4 dif ferent  
types of st imuli 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 
discont inuous tones of 125 ms of durat ion.

Preparation and statistical analysis of the data

The neurofunct ional images have been recorded in DICOM 
format (individual iles each corresponding to a volume 
slice) and converted to Analyze 7.5 format  using the MRICRO 
programme (software developed by Chris Rorden; www.
psychology.not t ingham.ac.uk) and 50 volumetric iles of 10 
slices were obtained (covering the auditory cortex), from 
the original 500.

All t reatments carried out  on these funct ional image 
volumes were performed using the stat ist ical tool SPM2 
(Stat ist ical Paramet ric Mapping, software from Wellcome 
Department  of Cognit ive Neurology, Inst itute of Neurology, 
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3 subj ects no act ivat ion was observed. In other words, in 
90.62% of  the cases cort ical act ivat ion has been observed 
in response to auditory st imulat ion with the paradigm 
used in the study. A stat ist ical t hreshold of  P<.001 has 
been used in this result .  Figure 1 and Table show the 
probabil it y of  act ivat ion of  dif ferent  points (voxels) or 
cont iguous regions of  voxels (clusters) corresponding to 
a volunteer with normal hearing, ie the probabil it y that  
the t ime evolut ion of  that  Voxel or cluster is random (null 
hypothesis) or is inluenced by the periods of auditory 
st imulat ion and rest  of  the paradigm used. Therefore, 
a very low value indicates that  it  is very unlikely that  
the temporal evolut ion of  that  voxel is random and it  is 
concluded that  that  voxel or cluster has been act ivated 
during the auditory st imulat ion (paradigm).

Table 1 Probabilit ies of act ivat ion of clusters of the volunteer with normal hearing in Figure 1

Set -level     Cluster-level Voxel-level

P c pcorrected 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 —12 —0

      .000 .000 7.10 5,77 .000 56 —4 —18

      .029 .000 5.60 4,90 .000 60 —16 4

   .000 1276 .000 .000 .000 7.77 6,13 .000 —50 —24 —4

      .000 .000 7.49 5,90 .000 —52 —10 —16

   .350 80 .036 .967 .020 3.70 3,50 .000 54 12 —16

      .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

Figure 1 Glass brain of a volunteer with normal hearing, with 

bilateral register of temporal cort ical act ivity (auditory cortex) 

higher  i n t he r i ght  hemisphere in t he t hree or t hogonal 

proj ect ions.

London; http://www.il.ion.ucl.ac.uk/spm;  with the 
programme Mat lab 6.5 MathWorks, Nat ick, United States). 
The images have been processed using a Pent ium IV 
processor with Windows 98 operat ing system.

The irst volume (corresponding to the initial 10 s for the 
stabilizat ion of the signal) of each subj ect  was discarded and 
the remaining 49 were used for further analysis. The SPM 
is a digital tool allowing stat ist ical analysis of informat ion 
collected in medical imaging. The neurofunct ional images 
have been subj ected to ident ical pre-t reatment  in all cases, 
consist ing of mot ion correct ion, spat ial normalizat ion and 
smoothing.

Statistical veriication is then obtained using the general 
l inear model to see in which parts of the brain the variat ions 
in image intensity during the test  correlate with phases of 
auditory st imulat ion.

Results

General characteristics

The irst tests of auditory fMRI were started in April 2002 
and, after t rying several paradigms in 15 dif ferent  subj ects, 
a paradigm for auditory st imulat ion was successfully 
established and installed on a PC laptop. A total of 40 fMRI 
tests were carried out  on 32 volunteer subj ects. In the end,  
8 of them underwent  a second cont rol test  of auditory fMRI to 
assess the reproducibilit y of the test . In 3 dif ferent  subj ects 
the fMRI had to be interrupted due to the emergence of 
claust rophobic feeling, without  any further consequence 
or complicat ion. The average age (standard deviat ion)  
of the 32 subj ects 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 
(35-49 years), 7 males and 9 females. Of the 32 subj ects,  
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 subj ects tested for auditory fMRI, 
statistically signiicant bilateral activation was observed 
in the primary auditory cortex in 29 and in the other  
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Thus, the red line shows the probabilit y that  the voxel 
indicated by the red arrow in the glass brain is <.001 and, 
therefore, is very likely to have been act ivated. Similarly, 
the probability of randomly inding that cluster with that 
pat tern of act ivity-rest  by chance is virtually zero.

On the other hand, the blue line shows that  the probabilit y 
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 inding 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 pat tern of 
act ivat ion-rest  or has a random behaviour.

The 3 subjects (9.38%) in whom no statistically signiicant 
cort ical act ivat ion was observed (P<.001) were males of 28, 
27 and 47 years of age, and like all subj ects in the study, 
showed a normal audiomet ry.

In analyzing the results of the 32 subj ects, which are 
obtained with monaural st imulat ion of the right  ear, bilateral 
cort ical act ivat ion was recorded in 29 cases (90.6%) and no 
cort ical act ivat ion was observed in 3 (9.4%).

Of the 29 (90.6%) cases with bilateral cort ical act ivat ion, 
in 27 (84.3%), it  is greater on the side which is cont ralateral 
to the st imulated ear, that  is, in the left  hemisphere, and in 
2 of the 32 subj ects (6.3%) the observed cort ical act ivat ion 
was also bilateral,  but  higher on the side ipsilateral to 
the st imulated ear, ie higher in the right  hemisphere 
(Figure 2).

Figure 2 shows the glass brain and the table of probabilit y 
of act ivat ion of dif ferent  voxels and clusters or set  of 
voxels of volunteer with normal hearing, after auditory 
st imulat ion of the right  ear. The glass brain shows that  the 
recorded cort ical act ivat ion is bilateral,  although greater in 

Figure 2 Glass brain, table of probabilit ies of another volunteer with normal hearing, when applying auditory st imulat ion to the 

right  ear.
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the cont ralateral area (left  hemisphere) to the st imulated 
ear (right  ear).

In analyzing t he resul t s of  t he 32 subj ect s,  obt ained 
wit h monaural  st imulat ion of  t he lef t  ear,  bi lat eral 
cort ical  act ivat ion was observed in 28 subj ect s (87.5%) 
and in 4 (12.5%) no st at ist ical ly signif icant  cort ical 
act ivat ion was observed.  Of  t he 28 subj ect s (87.5%) wit h 
bi lat eral  cort ical  act ivi t y regist rat ion,  t his bi lat eral 
act ivat ion was great er in t he cont ralat eral  area t o t he 
st imulat ed ear in 25 of  t hem (78.1%),  in ot her words, 
in t he right  hemisphere (Figure 3) and in 3 (9.4%) t he 
observed cort ical  act ivat ion was also bi lat eral ,  but  
great er in t he area ipsi lat eral  t o t he st imulat ed ear, 
ie great er in t he lef t  hemisphere.

Figure 3 shows the glass brain and the table of  probabil it y 
of  act ivat ion of  dif ferent  voxels and clusters or set  of 

Figure 3 Glass brain, table of probabilit ies of another volunteer with normal hearing, when applying auditory st imulat ion to the 

left  ear.

voxels of  another volunteer,  af ter auditory st imulat ion of 
the lef t  ear.

In the case of the 2 left -handed individuals (a 27-year-
old male and a 23-year-old female), the act ivat ion after 
auditory st imulat ion, registered at  the cort ical level, was 
bilateral.

With monaural st imulat ion of the right  ear, both subj ects 
showed bilateral act ivat ion which was greater in the 
cont ralateral area to the st imulated ear, that  is, in the left  
hemisphere. With monaural st imulat ion of the left  ear, both 
subj ects showed bilateral act ivat ion which was greater in 
the cont ralateral area to the st imulated ear, ie in the right  
hemisphere.

It  is possible to obtain high-resolut ion or three-dimensional 
images of the act ivat ion recorded at  the cort ical level, 
characterized by great  brightness (Figure 4).
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Discussion

Elaboration of the paradigm

In April,  2002, the init ial auditory fMRI tests began to be 
carried out  at  the Hospital Clínic in Barcelona, thanks to 
an agreement  between the otolaryngology service and the 
CDI, and the backing of the company Amplifon Ibérica S.L. 
During the irst 6 months the auditory stimulation paradigm 
was determined. In order to do this, dif ferent  types and 
sequences of fMRI were tested as well as auditory st imuli in 
a pilot study on 15 different subjects. The irst tests used 
auditory st imuli applied via an analogue audiometer and 
standard fMRI sequences without inding a reproducible 
cort ical act ivity level. Auditory st imuli were also used 
through a reading of text , and resulted in an act ivat ion 
of the auditory area, both of the primary and associat ion 
areas, and therefore this type of st imulat ion was dismissed 
since the obj ect ive was st imulat ion only in the primary 
auditory area.

In developing the auditory st imulat ion paradigm, the 
background noise produced by the MRI scanner (96 dB 
SPL) had to be taken into account , because this noise 
causes auditory st imulat ion in the subj ect  under study 
and contaminates the cort ical act ivat ion produced by the 
auditory st imulat ion paradigm used.

To avoid this problem, tests were carried out  with 
dif ferent  parameters and periods of st imulat ion/ rest , unt il 
a paradigm was obtained that  caused a targeted act ivat ion 
of the auditory cortex.

This paradigm consists of alternat ing periods of 20 s of 
silence and 20 s of auditory st imulat ion, with 4 dif ferent  
types of st imuli 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 discont inuous tones last ing 125 ms and with an intensity 
of 86 dB SPL. The acquisit ion parameters were: TE=60 ms; 
TR=2000 ms; delay =8000 ms for the paradigm.

This delay is necessary to record the cort ical act ivat ion due 
solely to the st imulus presented through the headphones, 
since the act ivat ion 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 test ing, there is a period (20 s) in which there is 
auditory st imulat ion and another one of rest  (20 s) in which 
the MRI machine records the cort ical act ivity produced by 
the previous period of auditory st imulat ion.

Aside from the need to develop a “ good paradigm”  
that produces cortical activation of a speciic area, the 
auditory cortex in this case, it  must  be borne in mind that  
the “ at tent ion”  of the subj ect  during the test  run is a 
determinant  factor in the regist rat ion of cort ical act ivity, 
as demonst rated by some studies reported in the literature. 
Thus, Czisch et  al9 compared cort ical act ivity in 14 subj ects 
with normal hearing during the periods of wakefulness and 
sleep, and noted that  during all stages of sleep (REM and 
non-REM), the cort ical act ivity due to acoust ic st imulat ion 
was lower than during the period of wakefulness. This would 
indicate that  during sleep the processing of external st imuli 
is not abolished but can be signiicantly altered compared to 
the wakeful state. These indings are similar to the results 
of studies on the inluence of attention on the activation 
of primary sensory areas carried out  by Somers et  al10 and 
Watanabe et  al.11 In cont rast , other authors such as Porter 
et  al12 observed a similar auditory cort ical act ivat ion during 
sleep and during wakefulness, requiring further studies to 
at tempt  to explain the discordant  results between these 
studies.

Individual results

The individual results showed auditory cort ical act ivat ion 
in 29 (90.62%) subj ects and in 3 (9.38%), there was no 
recorded cort ical act ivity. This does not  mean that  in the 
case of these 3 subj ects there was no cort ical act ivat ion in 
the auditory cortex, but  instead that  the signal recorded by 
the resonance scanner, due to the auditory st imulat ion, was 
not suficiently intense and therefore was different from 
the signal recorded by the resonance scanner during the 
period of rest  or without  st imulat ion.13,14

One possible reason explaining why the signal recorded 
by the resonance scanner due to auditory st imulat ion is 
not suficiently intense is that the attention of the subject 
during the test  was low; several authors have noted that  the 
attention of the subject increases signiicantly the extent 
and magnitude of act ivat ion of the auditory cortex. 15

In the analysis of the monaural act ivat ion by the right  
ear, we recorded bilateral cort ical act ivity in the auditory 
cortex in 90.6% of cases (29/ 32), and this act ivity was 
greater in the cont ralateral area to the st imulated ear (left  
auditory cortex) in 84.3% of cases, and in 6.3% the cort ical 
act ivity in the auditory cortex was bilateral,  but  greater in 
the area ipsilateral to the st imulated ear (right  auditory 
cortex), with P<.001.

In 9.4% of cases (3/32) no statistically signiicant auditory 
cort ical act ivat ion was recorded (P<.001).

With respect  to monaural st imulat ion by the left  ear, we 
recorded bilateral cort ical act ivity in the auditory cortex 
in 87.5% of cases (28/ 32), and this act ivity was greater in 
the cont ralateral area to the st imulated ear (right  auditory 
cortex) in 78.1% of cases and in 9.4% the cort ical act ivity in 
the auditory cortex was bilateral,  but  greater in the area 
ipsilateral to the st imulated ear (left  auditory cortex) with 
a P<.001.

Figure 4 Three-dimensional image of a volunteer with normal 

hearing,  showing bilateral act ivat ion of  t he primary audit ory 

area in the temporal lobe. Axial slice.
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In 12.5% of cases (4/32) no statistically signiicant auditory 
cort ical act ivat ion was recorded (P<.001).

These results are consistent  with studies carried out  using 
elect roencephalography (EEG) and magnetoencephalography 
(MEG), in which it  has been observed that , with a monaural 
auditory st imulat ion, the proj ect ions towards the 
cont ralateral auditory cortex take precedence over the 
ipsilateral.16

Greater cort ical act ivat ion cont ralateral to the st imulated 
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 
st imulat ion produces a neural response in both brain 
hemispheres which is greater than the sum of 2 monaural 
st imulat ions.17

In a study using fMRI, the auditory cort ical act ivat ion by 
monaural auditory st imulat ion in both ears was 30% lower 
than the act ivat ion by binaural st imulat ion, indicat ing that  
there is some inhibitory or excitatory mechanism in the 
auditory pathway. A lateralizat ion in the auditory cort ical 
act ivat ion was also noted, as in the results obtained, 
and this act ivat ion was predominant  in the hemisphere 
cont ralateral to the st imulated ear.18

In the individual analysis of the two left -handed subj ects, 
there was no dif ference in the method of act ivat ion of the 
auditory cortex, thus with the monaural st imulat ion the 
auditory cortex is bilaterally act ivated, although less than 
the cont ralateral.  These results cont radict  the theory of 
some authors that  left -handed individuals tend to present  
a greater act ivat ion of the right  auditory cortex, and right -
handed individuals, a greater act ivat ion of the left  auditory 
cortex.19 These results are not signiicant due to the small 
number of left -handed subj ects; therefore, more studies 
are needed to invest igate this possible dif ference between 
left -handed and right -handed individuals.

The possibilit y of obtaining high-resolut ion three-
dimensional images for each volunteer enables us to obtain 
a precise locat ion of the auditory cortex. This informat ion 
could be used as pre-operat ive reference in surgery of 
tumours or other il lnesses affect ing the temporal lobe.20

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 act ivat ion of the auditory cortex after st imulat ion 
of the sensorineural auditory pathway in subj ects with 
normal hearing.

—   The applicat ion of  a paradigm for auditory st imulat ion 
and adequate acquisit ion and delay rest  t imes are 
essent ial t o record and separate cort ical act ivat ion 
by auditory st imulat ion f rom the cort ical act ivat ion 
by the noise of  the device and other concurrent  brain 
act ivit y.

—   In assessing the results obtained, it  appears that  
monoaural st imulat ion of a subj ect  with normal hearing 
produces a bilateral act ivat ion of the auditory cortex, 
and the tendency is for that  act ivat ion to be greater in 
the area cont ralateral to the st imulated ear.
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