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1
About ten percent of the western population suffers from some type of 

hearing impairment, hearing loss or deafness. The source of these hearing 
impairments can be found in the peripheral or central auditory nervous 
system. Unfortunately, many of the centrally caused hearing deficits are 
not fully understood and hence lack treatment. This lack in understanding 
central hearing deficits also reflects our limited knowledge of the normal 
structure and function of the central auditory system. In the past, animal 
studies and postmortem human studies revealed the auditory pathways from 
the cochlea up to the auditory regions in the brain and backwards, although 
only schematic and not fully mapped. Our knowledge on the function of the 
central auditory system has increased during the past few decades by the 
development of functional neuroimaging tools. These techniques are very 
valuable because they allow investigators to study the human brain function 
in vivo. They measure changes in brain activity due to changes in behavior 
or cognition, induced by well-controlled tasks. 

Functional neuroimaging tools are based on the concepts of functional 
segregation and integration. Functional segregation is based on our 
knowledge that the human brain can be divided in several regions based on 
a distinct neuronal architecture, or cytoarchitecture, and states that specific 
brain functions can be attributed to these different regions. Functional 
integration acknowledges that displaying a specific behavior requires the 
interaction of various regions, each with its own specific function. Hence 
functional integration requires anatomical connections between different 
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brain regions, i.e. functional connectivity requires anatomical connectivity. 
In the early days of functional neuroimaging, the techniques were mainly 
used for functional localization, i.e. the locations of certain functions were 
explored. Over time, new neuroimaging methods were developed, which 
allowed investigators to study the functional networks of the brain. These 
developments increased our knowledge on the functional processing in 
general and also on the central auditory system in particular. Combining 
this knowledge with current technological know-how has resulted in the 
development and implementation of several revolutionary treatments for 
hearing impairments, like cochlear implants and implant devices for tinnitus. 
The ongoing developments in neuroscience and technology allow us to be 
optimistic and to envisage further options for treating or even curing hearing 
impairments. In this evolution, functional neuroimaging research can play 
an important role in: 1) acquiring the basic knowledge about the central 
nervous system, like its normal function or changes in the central auditory 
system caused by hearing deficits, 2) evaluating the impact of treatment on 
the function of the auditory system and 3) patient selection. Although the 
first steps towards treatment of centrally located hearing deficits are made, 
there are still gaps in our basic understanding of the functional localization 
and integration of the central auditory system. 

The present thesis contributes to the assessment of basic knowledge on 
the central auditory nervous system. We investigated its function in normal 
hearing subjects using positron emission tomography (PET). We focussed 
on imaging the primary auditory cortex and investigated how the activation 
in this region can be influenced by the sex of the volunteers using auditory 
stimuli alone and visual stimuli that have a strong link with auditory 
stimuli. 

In chapter 2, an overview is presented on the structure and function 
of the human central auditory system and the application of functional 
neuroimaging techniques to assess its function in vivo. We discuss the 
possibilities and limitations of neuroimaging research with a focus on 
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PET and highlight how these techniques have increased our knowledge on 
auditory processing.   

In the subsequent chapters we describe PET-experiments on hearing 
related topics.  In chapter 3 we investigated how the sex of the volunteers 
can influence a fairly basic functional imaging experiment on auditory 
processing. We used auditory stimuli that are well known in neuroimaging 
research and studied brain activity, with a focus on the primary auditory 
cortex, in a population of healthy male and female subjects. The results of 
this study prompted us to investigate also the influence of sexual orientation 
on auditory processing, which is discussed in chapter 4. In chapter 5 and 
6 we further explored the influence of sex on activation patterns by using 
silent lipreading, i.e. using visual stimuli that have a very strong link with 
an auditory counterpart. Chapter 5 contributes to the ongoing debate on 
whether or not the primary auditory cortex is involved in silent lipreading, 
by showing a relation with the sex of the volunteers. Chapter 6 additionally 
explores the (dis)similarities between males and females in overall brain 
activation during silent lipreading. Chapter 7 concludes with a general 
discussion reviewing the results of the previously described experiments by 
putting them in a general framework. At the end future perspectives of PET 
in auditory functional imaging are given.

Preface and outline of the thesis
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Introduction

Hearing is one of the most important senses for communication. 
In combination with vision and the ability to speak, it contributes in a 
significant way to the human quality of life. Hearing loss may be serious 
handicap in social interaction and thus constitutes an important restriction 
on human functioning. About ten percent of the population suffers from 
hearing loss. Investigating hearing and hearing loss involves the outer and 
inner ear, where the sounds are received, up to the brain, where they are 
interpreted to form a meaningful percept. 

The auditory nervous system is the most complex of all sensory 
pathways. Its structure and function in humans is still poorly understood 
compared to e.g. the visual system. The last few decades, the knowledge 
of the central auditory system has increased rapidly thanks to functional 
imaging tools like Positron Emission Tomography (PET), functional 
Magnetic Resonance Imaging (fMRI), electroencephalography (EEG) and 
magnetoencephalography (MEG). 

This chapter reviews the current knowledge of the central auditory 
system. However, this can only be understood thoroughly if we also consider 
the neuronal networks in which the auditory cortex is embedded, e.g. its 
subcortical connections as well as connections to other cortical areas. Firstly, 
we describe the anatomy of the central auditory system. Subsequently, 
the principles of functional neuroimaging, with an emphasis on the PET-

Chapter 2 2Functional imaging of the central 
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technique, are given and the state-of-the-art in functional neuroimaging 
in auditory research is briefly discussed. Finally, we discuss the future 
perspectives of the PET-technique in functional imaging of the auditory 
pathways. 

  
Anatomy of the central auditory nervous system

The description of the anatomy below is a simplified representation 
of current knowledge on the central auditory pathways. Most of this 
knowledge is based on postmortem human studies and invasive studies with 
experimental animals like cats and monkeys. The auditory system of the latter 
is comparable to that of humans, although some structures of connections 
might slightly differ (Møller, 2000). The auditory nervous system consists of 
ascending and descending systems. The ascending system has neural fibers 
that connect the cochlea to the auditory cortex via main nuclei throughout 
the brainstem. This is the basis for the parallel and hierarchical neural 
processing that is characteristic of the classical ascending pathway. 

 
Afferent auditory connections

A schematic view of the afferent auditory pathways is shown in 
Figure 1. The hair cells of the cochlea are innervated by bipolar sensory 
neurons, which have their cell body in the spiral ganglion. The central 
axons form the cochlear part of the vestibulocochlear (eight cranial) nerve. 
Neurons of the eight cranial nerve project to the ipsilateral cochlear nucleus, 
which is located at the junction of the medulla and pons. The cochlear 
nucleus can be divided in three parts: an anteroventral, posteroventral and 
dorsal cochlear nucleus. Each primary nerve fiber connects to all three 
divisions of the cochlear nucleus and thus presents the information of a 
single afferent fiber into a multiple channel system (Eggermont, 2001). This 

Chapter 2
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Figure 1. A schematic view of the principal human afferent (solid line) and 
efferent (dotted line) auditory pathways (adapted and modified from Kingsley, 
1996).
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represents the first stage of the parallel processing in the auditory system. 
The cochlea is tonotopically organized, which means that each frequency 
component of a sound stimulates a distinct region of the cochlea. The nerve 
fibers throughout the auditory system are organized in a systematic way that 
preserves the tonotopy (Brawer et al., 1974). 

Axons from the dorsal cochlear nucleus cross the midline at the 
dorsal acoustic stria and travel to the contralateral inferior colliculus via 
the lateral lemniscus. Axons from the posteroventral cochlear nucleus form 
the intermediate acoustic stria. Some axons synapse in the ipsilateral and 
contralateral superior olivary complex, while the main branch joins the 
lateral lemniscus to ascend to the inferior colliculus. The superior olivary 
complex is located in the caudal pons and is divided in three parts: the medial 
superior olive, the lateral superior olive and the nucleus of the trapezoid 
body. These three nuclei are surrounded by a number of small nuclei, i.e. 
the peri-olivary nuclei. Some axons of the anteroventral nucleus project to 
the ipsilateral superior olivary complex. Others travel across the midline 
via the most ventral acoustic stria, i.e. the trapezoid body, and terminate in 
the contralateral superior olivary complex. The superior olivary complex is 
the first structure in the ascending hierarchy to receive binaural input. Its 
medial and lateral superior olives are involved in the detection of interaural 
time and intensity differences. 

The lateral lemniscus carries fibers from the dorsal and intermediate 
acoustic striae and from the superior olivary complex. The fibers of 
the lateral lemniscus terminate in the inferior colliculus, located in the 
midbrain tectum, and many of them send collateral axons to the nucleus of 
the lateral lemniscus. The left and right nuclei of the lateral lemniscus are 
interconnected via the commissure of the lateral lemniscus. The inferior 
colliculus is believed to integrate spectral and temporal information to 
construct a spatial auditory map. 

Afferent fibers leaving the inferior colliculus innervate mainly 
the ipsilateral medial geniculate body, the thalamic nucleus of the 

Chapter 2
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auditory system, and the contralateral inferior colliculus. There are two 
thalamocortical pathways: the first one starting at the ventral part of the 
medial geniculate body and ending in the primary auditory cortex (PAC), 
the second one from the medial and dorsal nuclei in the medial geniculate 
body to the secondary regions. These thalamocortical projections are 
called the auditory radiation. As described below, there are tight reciprocal 
connections between the medial geniculate body and the auditory cortical 
areas. This allows a close regulation of information in both thalamus and 
cortex. Auditory areas of both hemispheres are connected via the corpus 
callosum (Kingsley, 1996;Eggermont, 2001;Henkel, 2002;Martin JH, 
2003;Griffiths and Giraud, 2004;Langers et al., 2005).

Efferent auditory connections

Apart from the ascending pathway, the auditory nervous system 
consists also of descending pathways, forming reciprocal connections from 
the auditory cortex to the cochlea (Figure 1). They form feedback loops that 
provide circuits to modulate information processing, i.e. they may enhance 
certain signals and/or suppress others. 

The primary auditory cortex also has descending projections back 
to the ipsilateral thalamus. The auditory corticothalamic pathway forms a 
feedback loop that allows reverberant activity of the thalamus and cortex 
(He, 2003;Winer, 2005). There are only a few descending pathways from the 
thalamus. Instead, many of the axons descending from the cortex bypass the 
thalamus and travel to the midbrain tectum, where they end in the ipsilateral 
inferior colliculus. Descending axons from the inferior colliculus terminate 
mainly in the region of the superior olivary complex. 

 The olivocochlear efferent system arises from cells in the peri-olivary 
nuclei in the superior olivary complex and is called the olivocochlear bundle. 
The lateral olivocochlear axons form ipsilateral synapses on the afferent 
axons of the inner hair cells in the cochlea and occasionally on the inner 
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hair cell bodies themselves. The medial olivocochlear cells have bilateral 
projections that terminate directly on outer hair cells in the cochlea. The 
efferent terminals on the outer hair cells are more numerous than those on 
the inner hair cells. The direct feedback to the outer hair cells may influence 
cochlear mechanisms and consequently the sensitivity and frequency 
selectivity of the cochlea (Kingsley, 1996;Rouiller and Welker, 2000;Suga et 
al., 2000;Henkel, 2002;Moore and Linthicum F.H., 2004).

Auditory cortical areas 

The human auditory cortex is located within the superior temporal 
lobe. The primary auditory cortex (PAC) is situated in the medial two-third 
of the transverse temporal gyrus, also called Heschl’s gyrus (Figure 2). 

Chapter 2

Figure 2. Location of the primary (BA 41) and secondary (BA 42, 22) auditory 
areas in the superior temporal gyrus of the human brain.
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The transverse gyrus is often partially duplicated into a double or occasionally 
triple convexity (Leonard et al., 1998). If the transverse gyrus is duplicated, 
the PAC is located in the anterior-most gyrus. The cytoarchitecture of 
the PAC is described as koniocortex or granular cortex and designated 
by Brodmann as area 41 (Brodmann K., 1909) (the regions of Brodmann 
are discussed in a following section). There is no fixed nomenclature for 
designating the PAC and BA 41 is one of the most used, but also names 
as A1, Te1 or core are used. The position, the extent and the absolute size 
of this area varies across individuals and between the left and right side in 
one individual (Morosan et al., 2001;Rademacher et al., 2001b). In general, 
the PAC in the right hemisphere is located more anteriorly when compared 
to the left hemisphere (Rademacher et al., 2001b). Through the corpus 
callosum, each auditory cortical area is connected with the reciprocal areas 
in the other hemisphere. A study comparing the size of the primary auditory 
areas in males and females found them to be consistently larger bilaterally in 
women (Rademacher et al., 2001a). 

The human primary auditory cortex is surrounded by and 
reciprocally connected with a secondary auditory region.  This region covers 
the lateral part of the transverse temporal gyrus and extends anteriorly 
and posteriorly onto the superior temporal plane (Figure 2) (Moore and 
Linthicum F.H., 2004). This region was designated as area 42 by Brodmann 
(1909). This area 42 is in turn surrounded by an extensive auditory area (BA 
22) that covers the remainder of the superior temporal plane and the lateral 
surface of the superior temporal gyrus, with exception of its rostral pole. The 
exact borders of the non-primary auditory areas are not always clearly and 
uncontroversially defined (Shapleske et al., 1999;Westbury et al., 1999). 

It is thought that the primary area is involved in processing basic 
sound features like frequency and intensity level, and that the non-primary 
areas play a role in processing spectrotemporally more complex sounds 
(Wessinger et al., 2001;Hall et al., 2003;Langers et al., 2003). Part of the left 
BA 22, at the temporoparietal junction, is called the area of Wernicke and 
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is important in interpretive speech mechanisms. Wernicke’s area is tightly 
connected with Broca’s area in the frontal lobe (BA 44, 45). The latter is 
important in speech production. This temporal-frontal pathway is called the 
arcuate fasciculus and goes from Wernicke’s area via the angular gyrus and 
supramarginal gyrus to the frontal operculum where the area of Broca is 
located (Figure 3). 

The anatomical division of the superior temporal pole into three 
auditory regions has also been found in other species of primates. They are 
called the core, belt and parabelt, resembling BA 41, 42 and 22 respectively 
in humans. In these animal studies, extensive connections between the three 
auditory regions have been demonstrated (e.g. Kaas and Hackett, 1998). 

Chapter 2

Figure 3. Location of language related areas in the human brain.
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Mind and Brain

History of functional neuroimaging

Untill recently, our knowledge of the brain was based predominantly 
on post-mortem or lesion human brain studies or invasive animal studies. The 
past few decades this knowledge has increased rapidly by the development 
of (functional) neuroimaging techniques. With these techniques we are able 
to identify the anatomy (e.g. with MRI) and functionality (e.g. with positron 
emission tomography, PET, or functional magnetic resonance imaging, 
fMRI) of brain areas in vivo. These techniques rely on a long history of 
brain studies. 

In 400 BC, Hippocrates realized that the brain was the material 
substrate underlying all cognitive and affective processes. Almost two 
millennia passed before Franz Joseph Gall (1758-1828) proposed a paradigm, 
which lead researchers to a more functional specialization of the brain. He 
stated that all mental faculties have their own distinct material substrate 
in regions of the brain. Gall thought he could determine the relative sizes 
of cortical areas and hence the differential mental faculties from the size 
and shape of the skull. The Catholic Church considered his craniology 
(later termed phrenology) as contrary to religion (that the mind, created 
by God, should have a physical seat in brain matter, was an anathema). 
Also the established science condemned him because he could not provide 
real scientific proof of his theory, but also because phrenology was quickly 
taken over by quacks and was considered a kind of moneymaking fraud. 
Nevertheless, Gall made a major contribution to neuroscience in the sense 
that he used an anatomical method to study the mind-brain relationship. 

After Gall, neuroscience developed in a direction of anatomoclinical 
evidence. Scientists tried to locate mental abilities in the brain, by studying 
postmortem brains of patients with disorders and brain lesions. Language 
disorders were the first to be studied systematically. For example, Paul 
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Broca (1824-1880) and Carl Wernicke (1848-1904) found areas involved 
in language processing by studying the brains of patients with language 
loss, these areas were later named after the scientists. Many other mental 
impairments, like visual recognition disorders, agraphia, memory loss etc. 
were described and associated with lesions. However, a lot of objections 
were made to this anatomoclinical approach. The inference from localized 
symptoms to localized normal functions is anything but straightforward and 
needs to be complemented by investigations of the healthy brain. 

At the end of the 19th century, researchers realized they had to study 
the intact living brain to get a better picture of the functional organization of 
the brain. Cerebral thermometry was one of the first techniques used for this 
purpose. Lombard explored the cerebral temperature in 1867. He placed 
thermometers on the scalp and measured temperatures in the corresponding 
areas during mental tasks. He compared the task measurements with a 
control-state where no mental effort was made. Lombard was one of the first 
to understand the importance of a control-state or baseline (Marshall and 
Fink, 2003). Nowadays modern imaging techniques like PET and fMR rely 
on the principle of a baseline. 

The past few decades, new techniques of functional brain 
imaging emerged: positron emission tomography (PET), functional 
magnetic resonance imaging (fMRI), electroencephalography (EEG) and 
magnetoencephalography (MEG). PET and fMRI measure localized 
changes in cerebral bloodflow, whereas EEG/MEG measure neuronally 
mediated electrical and magnetic activity. The importance of these imaging 
techniques lies in providing investigators with a tool to study how the pattern 
of activity in the human brain in vivo changes as a function of perceptual 
or psychological variables. In the study of the brain-behavior relationship, 
these developments are a significant complement to the anatomoclinical 
approach. 

Chapter 2
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Principles of functional neuroimaging

The main question when using functional neuroimaging tools is 
“which areas are involved while performing a task?” or in other words “which 
areas are active during the task?”. The human brain consists of billions of 
neurons, which transmit information from one brain region to another by 
electrochemical impulses. Local neuronal electrical activity is a measure of 
local brain activity. The most direct, but also invasive, way of studying brain 
activity in the living brain is direct single cell recording, i.e. an electrode is 
inserted directly into the brain. This technique is restricted to animal studies 
because of the invasiveness. This technique gives detailed information about 
the moment of neuronal firing and about the location of the neuron, hence 
it has a high temporal and spatial resolution, but only a very small area can 
be recorded. EEG and MEG are more indirect techniques, they measure 
respectively the electrical or magnetic field resulting from the synchronized 
activity of many neurons through electrodes placed on the scalp (EEG) or 
magnetic detection coils (MEG) while subjects perform a task. They have 
a very high temporal resolution (about 10-100 ms) but a very poor spatial 
resolution (> 1 cm). 

Other functional neuroimaging techniques for studying the living 
brain are PET and fMRI. The brain of subjects is scanned with PET 
or fMRI while performing a task. Neuronal activity in regions involved 
in the task will change and this will change the energy consumption in 
that region (Figure 4). This change in activity can either be an in- or 
decrease, denoted by activation or deactivation of that area respectively. 
A change in the energy consumption in a region translates in a change in 
blood flow and glucose utilization (for review see Raichle, 1998). In PET-
studies, a radioactive tracer is administered to the subject. PET imaging 
measures regional cerebral blood flow during different conditions directly 
by measuring the uptake of a radioactive tracer administered to the subject. 
This gives a direct measure of the perfusion in the brain. In activated brain 

Functional imaging of the central auditory system using PET
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regions, the blood flow increases to respond to the higher glucose demand 
and the blood oxygenation levels change, i.e. the amount of available oxygen 
in the activation region will increase (higher supply than demand). This 
accounts for the blood-oxygen-level-dependent (BOLD) signal of fMRI 
(Gusnard and Raichle, 2001). 

Functional imaging studies conducted with PET or fMRI are so 
called activation studies. They provide a means of measuring local changes 
in brain activity in the awake subject. In less than an hour or two, a subject 

Chapter 2

Figure 4. Principles of PET and fMRI. A cognitive or behavioral task 
will change the neural activity in a certain region. This will alter the 
energy consumption of that region and hence the blood properties 
change. PET measures the haemodynamic responses in terms of 
changes in blood flow and fMRI measures the oxygen content of the 
blood.
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can be lead through a noninvasive battery of imaging procedures that yields 
a picture of active brain areas across several conditions. Imaging can be 
done on normal and lesioned brains. In the early activation studies, the 
investigator established a task, developed the stimuli, instructed the subject 
and measured brain activity during the task (e.g. Lauter et al., 1985). But 
soon scientists learned that this method was not satisfying because the 
brain activity was not specific enough, they could not associate a specific 
region to a specific task. This is when the subtraction method evolved. The 
idea behind the subtraction method in functional imaging is to compare 
the functional signals between two scans, each representing a different 
experimental condition. The loci of the differences in signal between the 
two images presumably delineate brain regions differentially involved in 
the two conditions. The experimental condition with the least demanding 
task is often called ‘the baseline’ and is sometimes even a complete resting 
condition (no stimulation, passively resting in the scanner). The choice of an 
appropriate baseline is fundamental to the understanding of complex systems 
and has been subject of many discussions (Gusnard and Raichle, 2001). 

A drawback of functional neuroimaging techniques like PET and 
fMRI is that they do not measure the neural activity directly, but only 
indirectly via vascular changes. This implicates that it is not possible to 
distinguish between excitatory and inhibitory neural activity since both 
processes demand higher energy consumption and consequently an increase 
in blood flow. However, because inhibitory synapses are less numerous 
and less metabolically demanding than excitatory synapses, the measured 
responses will probably result mainly from excitation rather than from 
inhibition (Waldvogel et al., 2000). A deactivated region is sometimes 
confused with an inhibitory region. However, a deactivated region is an 
area in which the rCBF is lower during the stimulus/task than during 
the baseline. Like Demonet and colleagues (2005) stated, deactivation loci 
correspond to regions that are inhibited rather than inhibiting. 

Positron emission tomography (PET)

Functional imaging of the central auditory system using PET
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Positron emission tomography is based on coincidence detection 
of gamma radiation resulting from annihilation of positrons emitted by 
a radioactive tracer that is injected into the subject. Positron emitting 
radionuclides have a surplus of positively charged particles in their nucleus. 
Because this is an unstable situation, these radionuclides emit a positron, a 
particle with the same weight as an electron but with a positive charge, to 
achieve stability in the nucleus. After travelling a small distance (the average 
range for the most used radionuclides is less than 2 mm), the positron 
encounters an electron in the tissue and annihilates (Figure 5). 
Annihilation means that the mass of the two particles is converted into 

energy by emission of two photons. For electron-positron annihilation both 
photons have an energy of 511 keV. The two photons are emitted under 
an angle of 180 degrees. The axis of the pair of emitted gamma photons is 
randomly oriented. The two photons travel through the tissue and air. If 

Chapter 2

Figure 5. Coincidence detection with a PET-camera. Annihilation of a positron (_+) and 
an electron (e-) results in emission of two photons in opposite directions. If two detectors 
simultaneously detect these photons, coincidence is counted. The line of respons indicates 
the spot where annihilation took place (from Buursma, 2006).
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two detectors, situated opposite one another, detect a photon simultaneously 
(i.e. within 5-15 ns), coincidence is counted, also known as “coincidence 
detection”. Since the positions of the two detectors, which detected the 
two gamma photons, are known, the line on which the annihilation took 
place is determined. This line is called ‘the line of response’. A PET camera 
consists of thousands of scintillation detectors, positioned in multiple rings, 
which register the radiation at different angles. This allows mapping of the 
distribution of radioactivity. For now however, the major limiting resolution 
factor of most PET-scanners is the detector size. The spatial resolution that 
can be attained with the currently used clinical PET cameras is 4-5 mm.

Limitations of PET

One should be aware of the limitations of a functional neuroimaging 
technique in order to interpret results appropriately. One of the most 
important limitations of PET is its use of radioactive tracers. There are strict 
guidelines regarding the administration of ionizing radiation. Typically, 
subjects are scanned 10-12 times at 500 MBq [H2

15O] per scan. Twelve scans 
represent a total radiation dose of 5.6 millisieverts [mSv]. According to the 
International Committee on Radiological Protection, administration of 1-10 
mSv has a minor to intermediate level of risk. Concerns about the radiation 
dose limit repeated tests in one subject and exclude PET as a research tool 
in children. A second limitation is the poor temporal resolution of PET. 
One of the conditions of PET-research is that during the scan, a steady-
state (i.e. constant perfusion) in the brain is accomplished. This means that 
the stimulation (or task) must begin before the actual measurement and has 
to continue throughout the scanning period. As stated above, the optimal 
scanning time is 120 seconds (Kanno et al., 1991). All data collected during 
these two minutes are summed and hence no inferences can be made on 
temporal resolution of less than two minutes. Thirdly, the spatial resolution 
of PET-cameras is limited (4-5 mm). However, some experimental so called 
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‘Brain PET scanners’ have a better resolution which can be compared to 
BOLD fMRI scanning. PET-studies investigating the auditory ascending 
pathway up to the thalamus encounter a lack of sensitivity and power. 
Activations of auditory brainstem nuclei are more often absent (e.g. Mirz 
et al., 1999) than present (e.g. Lockwood et al., 1999) when imaging sound 
processing. 

Advantages of PET

On the other hand, although fMRI is overtaking PET as an imaging 
tool of preference because it does not involve the use of ionizing radiation, 
PET has several advantages. First and very important in auditory research: 
PET is a quiet imaging technique. Investigators do not have to worry about 
possible influences of the very loud scanner noise of fMRI devices. Secondly, 
patients with (auditory) implants that are not magnet compatible can, in 
contrast to fMRI studies, participate in PET-studies. Thirdly, close contact 
with subjects before, during and after scanning is possible in PET-protocols. 
Fourthly, because PET-scanners are head-only devices, unlike most 
fMRI equipment, they are less likely to provoke claustrophobic reactions. 
Furthermore, PET is less sensitive than fMRI for artifacts resulting from 
subject motion during scanning. 
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Data analysis

In a functional brain study with PET, a subject is scanned several 
times under different conditions. To improve the signal to noise ratio, 
multiple scans of one condition are obtained. But because of the radiation 
dose, multiple scanning in one person is limited. The signal of one subject is 
often too weak and therefore it is necessary to scan multiple subjects. This 
allows making assumptions about the population. Consequently, the data 
analysis consists of several preprocessing steps, first combining scans within 
a subject and then comparing the scans of multiple subjects. The aim of 
the data analysis is to compare different images of different conditions to 
identify brain areas that respond differently to each condition.

During the whole scanning period, which typically lasts 2 hours, it 
is possible that a subject’s head changes position. A first step in the data-
analysis is the realignment of all scans to one of the scans in the series to 
obtain the same orientation of all scans of one subject (Figure 6). Next, all 
participants will have slightly different shaped brains and to compare these 
different brains of different subjects, it is necessary to transform all the images 
to match a template brain. All the scans of all the subjects are transformed 
into a standard coordinate system, which allows comparison of the data to 
other data sets that are transformed to the same coordinate system. This step 
is called spatial normalization (Ashburner and Friston, 1999). A final step in 
the preprocessing is smoothing with an isotropic Gaussian Kernel (Worsley 
et al., 1996). Smoothing reduces intersubject variability in neuroanatomy 
and smoothness of the data is required when applying the random Gaussian 
field theory, needed to correct for the problem of multiple comparisons (see 
below). 

The data are now ready for the actual statistical analysis. Depending 
on the data, several variables (scans, subjects, groups, conditions) and 
covariates (e.g. age, scan order, global blood flow) are fitted in a model to 
represent the data. 
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Functional brain mapping studies are usually analyzed with 
some form of statistical parametric mapping (SPM). The term statistical 
parametric mapping refers to the construction of spatially extended statistical 
processes to test hypotheses about regionally specific effects (Friston et al., 
1991;Friston, 1996). Statistical parametric mapping constructs a map of the 
brain, which consists of voxels that are, under the null hypothesis, distributed 
according to a known probability density function, usually the Student’s T 
or F distributions. Each voxel typically represents the activity of a particular 
co-ordinate in three-dimensional space. The exact size of a voxel can be 
chosen by the researcher and depends on the imaging technique being used. 
Parametric statistical models use the general linear model to describe the 
variability in the data in terms of experimental and confounding effects, and 
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Figure 6. Full-color in appendix. Overview of the image preprocessing 
and analyzing steps (from Johnsrude et al., 2002).
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residual variability. The analysis of variance assumes that the underlying 
distributions are normally distributed and that the variances of the 
distributions being compared are similar. Hypotheses expressed in terms of 
the model parameters are assessed at each voxel with univariate statistics. 

To explore the effect of a condition on brain activity, contrast 
weights are attached to each condition. With SPM we test a null hypothesis 
of no difference in blood flow between the contrasted conditions (Friston 
et al., 1991). Often one-sided t-tests are applied, implicating that increases 
(activations) and decreases (deactivations) in blood flow are tested separately. 
SPM performs the analysis voxel-by-voxel and a correction for these multiple 
comparisons has to be made. In this thesis we used the False Discovery Rate 
(FDR) correction to control for these multiple comparisons (Genovese et al., 
2002). A common significance threshold is p<0.05 corrected for multiple 
comparisons.

 As opposed to the voxel-by-voxel analyses of the standard SPM 
analyses, also region of interest (ROI) analyses can be conducted by pooling 
the SPM results. One way of performing ROI analyses is using MarsBaR 
(MARSeille Boîte À Région d’intérêt, (Tzourio-Mazoyer et al., 2002). A 
ROI analysis pools the data of all voxels in a defined region and hence the 
statistical sensitivity is improved and inferences about the whole region can 
be made. 
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Data identification

The final step of the analysis is the identification of activated 
regions. There are several ways of labeling an area, namely with stereotaxic 
coordinate labels, macroanatomic labels or microanatomic labels. 

Identification with macroanatomical labels relates brain activity 
to cortical gyri/sulci or deep brain nuclei. Macroanatomical labels are of 
great use when there is an established relationship between structure and 
function. For example, although the exact location of the primary auditory 
cortex varies across subjects, it has a clear relationship with Heschl’s gyrus 
(Rademacher et al., 2001b). Unfortunately this is not always the case, 
because many sulci in the brain are highly variable between subjects (e.g. 
Juch et al., 2005).

Identification with stereotaxic labels is based on a standard coordinate 
system, like the widely used atlas of Talairach and Tournoux (Talairach J and 
Tournoux P, 1988). This atlas displays labeled diagrams of slices of a post-
portem brain of a 60-year old woman. A coordinate in a brain that has been 
transformed to this system matches the same coordinate location in the atlas 
slices. In the Talairach coordinate system, a brain is aligned to the anterior 
and posterior commissures (AC and PC), two relative invariant structures 
in the brain. The brain is rotated so that the AC-PC line is on a horizontal 
plane and the interhemispheric fissure is on a vertical plane. A coordinate 
system relative to a x-, y- and z-axis is defined. The origin of these axes is the 
anterior commissure (Brett et al., 2002).  A major advantage of a common 
coordinate system is the ability to compare different studies using the same 
coordinates. The limitation of the Talairach coordinate system is the fact 
that only one female template brain was used to construct the atlas. 

Microanatomical labels refer to the cytoarchitecture of the layers 
of the brain. Regional variations in morphology and distribution of layers 
often correlate with regional specialization of function (Brett et al., 2002). A 
century ago, Korbinian Brodmann studied a postmortem brain and divided 
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the brain in different regions based on the laminar structures (basically, 
the appearance of the cortex under the light microscope) and numbered 
the different regions (Figure 7). These so-called Brodmann areas are still 

widely used (Brodmann K., 1909). It is common in functional imaging to 
use the Talairach coordinate system to assign Brodmann areas to a site 
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Figure 7. Lateral and medial view of the right hemisphere 
with the microstructural cortical subdivisions of Brodmann 
as indicated by numbers (from Brodmann, 1909).
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of activation (Brodmann K., 1909;Talairach J and Tournoux P, 1988). 
However, the cytoarchitectonic labels shown in the Talairach atlas are not 
based on a microstructural analysis. The authors inferred where the areas 
of Brodmann could be located in their female subject, based on the sulcal 
landmarks and gross morphology (Brodmann K., 1909;Talairach J and 
Tournoux P, 1988;Eickhoff et al., 2005). There is a general consensus that a 
model based on microstructure can be regarded as a functional model of the 
cortex (Eickhoff et al., 2005). In case of the auditory cortex, there is a clear 
link between the microscopic appearance of the region and its function. 

However, large intersubject variability exists in location and size 
of cytoarchitectonically defined areas. To overcome this problem, Zilles 
and collegues defined probabilistic cytoarchitectonic maps of various 
cortical areas, including the primary auditory cortex (e.g. Amunts et 
al., 1999;Amunts et al., 2000;Morosan et al., 2001;Rademacher et al., 
2001b). They generated these probability maps by quantifying the degree 
of intersubject overlap in each stereotaxic postion (Rademacher et al., 
2001b). The maps are based on the cytoarchitectonic analysis of five male 
and five female human post-mortem brains. Eickhoff and colleagues (2005) 
implemented these probability maps in a toolbox which enables investigators 
to combine functional and anatomical data.  
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Neuroimaging in auditory research

Most neuroimaging studies on auditory function are confined to 
the auditory cortex and only a minority studied the subcortical structures 
(e.g. Giraud et al., 2000;Melcher et al., 2000;Langers et al., 2005). Studies 
on the auditory cortex can be divided into studies those that focus on the 
representation of an auditory function in the auditory areas and studies that 
investigate a neural circuitry on a larger scale. 

Functional organization of the auditory cortex

Understanding how the human primary auditory cortex is 
functionally organized, is an essential step in identifying the neural 
mechanisms underlying the perception of sound. The relationship between 
several aspects of auditory stimuli and auditory cortex activation has 
been investigated with functional neuroimaging tools. Previous functional 
imaging studies have shown various patterns of activation of the superior 
temporal areas using different types of non-verbal auditory stimuli like 
white noise (Mirz et al., 1999), pure tones (Lauter et al., 1985;Lockwood et 
al., 1999;Mirz et al., 1999), noise bursts (Zatorre et al., 1994), click stimuli 
(Laureys et al., 2000) and pulsed tones (Tanaka et al., 2000). They show 
that the cortical response to an acoustic stimulus depends on many factors, 
like frequency, intensity, presentation rate and complexity of the stimulus 
(Strainer et al., 1997).  

The functional representation of the frequency of an auditory 
stimulus in the primary auditory cortex was one of the first auditory 
topics investigated with functional imaging techniques. These studies 
were based on electrophysiological and cytoarchitectonical findings in 
non-human primates, which revealed multiple tonotopic maps in primary 
and surrounding secondary auditory areas (Merzenich and Brugge, 
1973;Morel and Kaas, 1992;Morel et al., 1993;Rauschecker et al., 1997). 
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However, the results in humans were less clear. Discrepancies were found 
in precise orientation and the number of tonotopic maps (Schonwiesner et 
al., 2002;Wessinger et al., 2001). Nevertheless, it was consistently shown that 
high-frequency tones activated the medial and posterior part of the primary 
auditory cortex and low-frequency tones the anterior-lateral lateral part 
(Lauter et al., 1985;Pantev et al., 1989;Lockwood et al., 1999;Schonwiesner 
et al., 2002;Formisano et al., 2003). Hence, the tonotopic organization in 
the cochlea remains throughout the auditory pathway along the different 
brainstem nuclei to the primary auditory cortex. But the relationship between 
cytoarchitectonically defined fields of the auditory cortex and functionally 
characterized areas in humans remains less established than in non-human 
primates and questions about the cortical tonotopic maps remain. This might 
be due to technical limations of functional neuroimaging tools compared to 
spatially highly specific electrophysiological measurements in non-human 
primates.

Not only frequency, but also the intensity of the stimulus has an 
effect on brain activity. The spatial extent of the neural responses increases 
with increasing stimulus intensity ( Jancke et al., 1998;Lockwood et al., 
1999), which is called ampilotopic organization of the auditory cortex. 
Another important factor is the presentation rate, with the maximal cortical 
activation to pulsed pure tones at a presentation rate of 5 Hz (Tanaka et al., 
2000). Furthermore, in several imaging studies, the effect of stimulation side 
has been investigated. Studies with pure-tones, consonant-vowel syllables or 
click stimuli all revealed a lateralization contralateral to the stimulated ear 
in normal hearing subjects (Lauter et al., 1985;Laureys et al., 2000;Jancke 
et al., 2002).
 Spectral and temporal variations in acoustic stimuli influence 
the response of auditory areas. The primary auditory cortex in both 
hemispheres responds to temporal variation, while the anterior superior 
temporal areas bilaterally respond to the spectral variation. The responses to 
the temporal features were weighted towards the left, while responses to the 

Chapter 2



38 39

spectral features were weighted towards the right. These findings confirm 
the specialization of the left-hemisphere auditory cortex for rapid temporal 
processing (important for language) and right hemisphere specialization for 
spectral cues (important for music) (Zatorre and Belin, 2001;Zatorre et al., 
2002a).

Functional neuroimaging work has revealed a hierarchy of multiple 
cortical steps in auditory processing that is, like in monkeys (Rauschecker 
et al., 1997), organized serially and in parallel (Wessinger et al., 2001). The 
core of the processing hierarchy is located in the medial part of Heschl’s 
gyrus and later stages of processing spreading laterally and medially form 
there. Like the visual system, later stages build on the outputs of the early 
stages. Simple acoustic stimuli like pure tones activate the center of the 
primary auditory cortex (Figure 8), whereas spectrally more complex tones 
also activate the surrounding higher order areas  (Wessinger et al., 2001). 

Functional imaging of the central auditory system using PET

Figure 8: Full-color in appendix. Activation of auditory areas by noise (A) and 
music (B). Noise activates the primary auditory cortex, located in the transverse 
gyrus, whereas the activation of music is located in the primary and surrounding 
secondary auditory areas. R= right hemisphere, L=left hemisphere.
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The knowledge on hierarchical processing was further extended 
by studies of Kaas and Hackett (1998), Hackett and colleagues (1999), 
Romanski and colleagues (1999a, 1999b), Rauschecker and Tian (2000) 
and Romanski and Goldman-Rakic (2002) revealing connections between 
the secondary auditory areas and areas in parietal and prefrontal lobes in 
monkeys. They supported a popular working model of two hierarchical 
sequences of cortical areas, so-called “streams”. The ventral stream 
specializes in object identification (what is it?) and a dorsal stream specializes 
in object localization (where is it?). This model was already identified for 
the human visual system (Ungerleider and Haxby, 1994). With functional 
neuroimaging it was investigated whether these “where” and “what” streams 
are also applicable to the human auditory system. Several PET and fMRI 
studies supported this model (Bushara et al., 1999; Weeks et al., 1999; Belin 
and Zatorre, 2000;Zatorre et al., 2002b;Arnott et al., 2004). Although some 
aspects of this model have been argued (Middlebrooks, 2002; Gifford and 
Cohen, 2005), the auditory dual-stream model has gained support of lesion 
and functional imaging studies (for review see Rauschecker and Tian, 2000). 

Hierarchical processing of the auditory system leads us to complex 
sound processing like music and language. Speech and music represent the 
most complex cognitive uses of sound by the human species. They are both 
built up by rule-base permutations of a limited set of basic elements (phonemes 
or tones) to result in meaningful structures (words or melodies). Speech and 
music are interesting stimuli in functional imaging studies, because all 
normal functioning humans seem to be capable of processing sophisticated 
music and speech without explicit training and hence they are likely to be 
related to the functional organization of the human auditory system (Zatorre 
et al., 2002a). But there is an important difference between the two stimuli: 
speech consists of rapid temporal changes, whereas music tends to have 
slower changes but the small variations in frequency are important. Zatorre 
et al. argue that the auditory cortices in the two hemispheres are relatively 
specialized, such that temporal resolution (important for speech) is better in 
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the left auditory cortical areas and spectral resolution (music) is better in the 
right auditory cortex (Zatorre et al., 2002a). 

Speech processing has been extensively studied, because of its 
scientific and clinical importance and relevance. Speech comprehension 
comprises several processing stages. The first stage of acoustic analysis of 
the speech sound in the primary auditory cortex has been described in 
the preceding section. After the basic acoustic analysis, a speech sound is 
phonetically and sublexical phonologically processed, i.e. identification and 
processing of the constituent phonemes. Then, an access to the lexicon and 
semantics has to be found to retrieve the meaning of the presented word. 
And finally, words have to put together to form a sentence.

The exact location of the phonological and phonetic speech analysis 
in the superior temporal region is somewhat controversial. Some studies 
found left-lateralized posterior superior temporal gyrus activation when 
listening to a story in a foreign language. Processing foreign speech sounds 
involves phonological processing of the phonemes, but there is no entry 
to the semantics of the words (Mazoyer et al., 1993). But others reported 
bilateral activation of the posterior part of the superior temporal sulcus when 
comparing pseudowords to tones (Binder et al., 2000). Once the perceived 
word has been phonetically and phonologically analyzed, the word meaning 
has to be retrieved. The lexico-semantical processing is not restricted to the 
superior temporal lobe, but it relies on a whole network of cortical region. 
This so-called language network involves left anterior superior and middle 
temporal gyrus, posterior inferior temporal gyrus, angular gyrus, inferior 
frontal gyrus and dorsal prefrontal areas and in the right hemisphere, it 
involves posterior inferior temporal gyrus and the angular gyrus (Binder 
et al., 2000; Demonet et al., 2005). Furthermore, neuroimaging studies 
on neural substrates of syntax processing have shown the involvement of 
the left inferior frontal region (Caplan et al., 1999). However, it remains 
to be shown whether such activations reflect highly specific grammatical/
syntactic processing or working memory involvement in general. For a 
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review on functional neuroimaging and language processing, see Demonet 
and colleagues (2005). 

A relative specialization in the right hemisphere for music processing 
is supported by functional imaging data from a wide variety of perceptual 
tasks: pitch judgements in melodies or tones, imagery for tunes, timbre 
judgements in dichotic stimuli, etc. (Zatorre et al., 1994;Halpern and 
Zatorre, 1999;Zatorre, 2001;Zatorre, 2003). It is beyond the scope of this 
introduction to describe in detail the many different (sub)cortical regions 
found in this multitude of tonal tasks. In short, the overall pattern that 
emerges is similar to the hierarchical organization of speech stimuli, but now 
primarily in the right hemisphere: primary auditory areas are involved in 
low-level processes related to extraction and ordering of pitch information, 
whereas the secondary and associative areas are involved in the more 
complex analysis of processing tone patterns (Zatorre et al., 2002a). Finally, 
because music processing involves organization of sounds in time, working 
memory is involved and interactions with right frontal lobes are observed 
while processing music (Zatorre et al., 1994). 

Although is it clear that music and language have in part separate 
neural pathways, there is evidence that some functions, such as syntax, may 
require common neural resources for speech and music (Patel, 2003). In 
other words, the ability to organize a set of words into meaningful sentence 
and the ability to organize a set of notes into a structured melody might 
engage the same brain structures. 

The cortical response to an acoustic stimulus depends on many 
variables as shown above, like frequency, intensity, melody. But also the 
subject’s attention can influence neural responses to sounds. When greater 
demands are made on auditory selective attention during dichotic tasks, 
activation within the primary auditory cortex (together with prefrontal 
attention areas) was increased (Pugh et al., 1996;Tzourio et al., 1997;Zatorre 
et al., 1999).  Attentional modulation presumably performs an important 
gating function for perceptual information. 
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Non-auditory functions of the auditory cortex

It is generally believed that a primary sensory cortex is restricted to 
responding to that particular sensory input and that information of different 
modalities integrate on a higher level in the cortical hierarchy, namely in 
the secondary and associative areas. Although in many respects this view 
is probably still correct, recent studies have yielded data suggesting that 
primary cortices may have a function in processing stimuli other than their 
primary modality. 

Neuroimaging data of congenitally blind and deaf subjects 
demonstrated input variability in a primary sensory area after loss of that 
sensory modality. Blind subjects showed activation of the primary visual 
cortex during tactile and auditory tasks (Sadato et al., 1996;Cohen et al., 
1997;Weeks et al., 2000). Later, also the input plasticity of the primary 
auditory cortex was investigated in early deaf subjects. It was found that 
secondary, but also primary auditory areas were involved in the processing 
of purely visual stimuli (Finney et al., 2001). This suggests that removal 
of one sensory modality leads to neural reorganization of the remaining 
modalities. 

In the light of plasticity of the auditory cortex, patients with cochlear 
implantation are a unique subject group. With a cochlear implant deaf 
subjects can (re)gain (part of ) their hearing ability. Deafness is a model of 
sensorineural deprivation and cochlear implantation provides an interesting 
opportunity to examine how cortical responses change as a function of 
time when sensory stimulation is again provided via the implant device. 
The past ten years, functional neuroimaging has been used to answer 
plasticity questions related to this patient group. It is beyond the scope 
of this introduction to review all these experiments (for review see Truy 
(1999) and Syka (2002). Still, one study of Giraud and colleagues (2001) 
clearly marks the important integrating role of the auditory areas. They 
studied postlingually deaf subjects with PET at different time points after 
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implantation to measure brain activation during stimulation with words or 
various noise control conditions. It was shown that the primary auditory 
cortex activated increasingly with postimplantation time. It reflects that 
cortical activity is associated with decoding speech sounds, which improves 
over time. Another remarkable result in the study of Giraud et al. was a 
concomitant increase in visual cortical activity. The authors propose that 
the visual cortex participates in speech decoding because deaf subjects have 
learned to use lipreading along with auditory information to understand 
speech. Since a cochlear implant provides a degraded input to the auditory 
cortex, compared to a natural situation of speech comprehension, implant 
users rely on lipreading in addition to the auditory input.  

This interaction between visual and auditory information in speech 
processing is not new. Already in the 70’s, McGurk showed that visual speech 
information can influence the auditory percept, also known as the McGurk-
effect (McGurk and MacDonald, 1976). Two decades later, a functional 
neuroimaging study showed that viewing silent videos of people mouthing 
words is sufficient to activate the primary auditory cortex in normal hearing 
individuals (Calvert et al., 1997). This shows that purely visual stimuli can 
activate the primary auditory cortex in persons with a normal hearing 
ability, although these results could not be repeated by others (Bernstein et 
al., 2002;Paulesu et al., 2003).

 Activation of the primary auditory cortex without acoustic 
stimulation was also found during auditory verbal hallucinations in 
schizophrenic subjects (Dierks et al., 1999). In experiments with non-
schizophrenic subjects, no primary auditory cortex activation was found 
during hallucinations (e.g. Griffiths, 2000). It is thought that activation of 
the PAC during psychotic hallucinations might help to explain why the 
hallucinations are perceived as real (attributed to external sources) (Dierks 
et al., 1999). 

These examples of normal and impaired subjects demonstrate that 
the function of what we call the auditory cortex is not defined on the cortical 
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level by some independent intrinsic factors, but rather by the pattern of input 
connections and type of sensory input. The traditional view of primary 
sensory cortices being devoted to solely processing that modality is too 
straightforward and is more subtle.  

In conclusion, functional neuroimaging studies increased the 
knowledge on the function of the central auditory system. Researchers 
proposed answers on fundamental and clinical questions about auditory 
processing. However, the central auditory system is still poorly understood 
in comparison to other sensory systems. Therefore, future research is 
needed to further map the different aspects of auditory processing and their 
relationship with hearing impairment and its treatment.
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3Chapter 3
Functional sex differences in human 
primary auditory cortex

Abstract

We used Positron Emission Tomography to study cortical activation 
during auditory stimulation and found functional sex differences in the 
human primary auditory cortex (PAC). Regional cerebral blood flow (rCBF) 
was measured in 10 male and 10 female volunteers while listening to sounds 
(music or white noise) and during a baseline (no auditory stimulation). 
We found a sex difference in activation of the left and right PAC when 
comparing music to noise. The PAC was more activated by music than by 
noise in both men and women. But this difference between the two stimuli 
was significantly higher in men than in women. To investigate whether this 
difference could be attributed to either music or noise, we compared both 
stimuli with the baseline and revealed that noise gave a significantly higher 
activation in the female PAC than in the male PAC. Moreover, the male 
group showed a deactivation in the right prefrontal cortex when comparing 
noise to the baseline, which was not present in the female group. Interestingly, 
the auditory and prefrontal regions are anatomically and functionally 
linked and the prefrontal cortex is known to be engaged in auditory tasks 
that involve sustained or selective auditory attention. Thus we hypothesize 
that differences in attention result in a different deactivation of the right 
prefrontal cortex, which in turn modulates the activation of the PAC and 
thus explains the found sex differences in the activation of the PAC.
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Our results suggests not only that sex is an important factor in auditory 
brain studies but also that sex differences can already be present at the level 
of the primary auditory cortex. 
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Introduction

Previously, investigators tried to relate sex differences in behavior and 
cognition to differences in brain anatomy, function or connectivity. A well-
documented example of sex differences in the brain is the difference in 
overall brain size. We now know that the size of the male brain is on average 
8-10 % larger than the female brain (Dekaban and Sadowsky, 1978;Lynn, 
1994;Peters et al., 1998). It is also thought that, compared to the female brain, 
there is more hemispheric asymmetry in the anatomy of the male brain 
(Kulynych et al., 1994;Amunts et al., 2000;Good et al., 2001;Kovalev et al., 
2003), which is supported by the finding that in the male brain, functions 
are represented more unilaterally (Hiscock et al., 1994, 1995;Kansaku and 
Kitazawa, 2001; Mcglone, 1980; Wisniewski, 1998).  

Sexual dimorphism has also been reported for the anatomy and function 
of the auditory cortex. For example, Rademacher et al. (2001a) reported that 
both left and right primary auditory cortices (PAC: Brodmann’s area 41, 
Brodmann, 1909) are larger in females than in males, although an earlier 
study found no differences (Kulynych et al., 1994). Anatomical reports also 
show larger and more symmetrical auditory association cortices (Brodmann 
areas 42, 22) in females than in males (Kulynych et al., 1994;Harasty et al., 
1997). However, many studies emphasize that there is intersubject variability 
regarding the size and location of the primary and secondary auditory cortex 
(Penhune et al., 1996;Leonard et al., 1998;Shapleske et al., 1999;Morosan et 
al., 2001;Rademacher et al., 2001b, 2002). 

Functional sex differences in auditory brain areas are widely studied 
in the light of language processing. Females depend less on their left 
hemisphere for language processing than males in some studies (Shaywitz 
et al., 1995;Jaeger et al., 1998), whereas in other studies the opposite was 
found (Obleser et al., 2001) or no sex difference could be detected (Frost 
et al., 1999; Sommer et al., 2004). Whether a sex difference in language 
processing can be detected might depend on the nature of the task (Kansaku 
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and Kitazawa, 2001). In all of these studies, however, the focus is mainly on 
functional sex differences in higher order (associative) brain areas, thereby 
ignoring possible sex differences in primary auditory cortices. In the present 
study, we investigated potential sex differences in the activity of the primary 
auditory region, using different auditory stimuli.

Material and Methods

Subjects

Twenty healthy, right-handed volunteers participated in this study (10 
males, 10 females). Mean age for men was 23 years (range 20-25) and for 
women 22 years (range 19-27). All volunteers gave written informed consent 
according to the Declaration of Helsinki and the Medical Ethics Committee 
of the University Medical Center Groningen approved the study. None of 
the subjects had any history of psychiatric or neurological disorders. Prior 
to the scanning, subjects were tested for their hearing thresholds using 
standard audiometric measures. All subjects had normal hearing thresholds 
(< 20 dBHL, 0.25-8 kHz) and only small intersubject variations in hearing 
thresholds were observed.

Data Acquisition

Regional cerebral blood flow (rCBF) was measured using radioactive 
water ([15O]-water, halflife 122 sec) as a tracer. A Siemens Ecat Exact HR+ 
PET scanner, operated in three-dimensional mode with a 15,5 cm axial 
field of view, acquired 63 slices simultaneously. Each subject was scanned 12 
times to measure the distribution of [15O]-water with a 10 minutes interval 
between two scans to allow for decay. Each scan was performed after an 
intravenous bolus injection of 500 MBq of [15O]-water per scan. Except 
for the first scan, scanning started 30 s prior to injection, to account for 
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background activation. Scanning continued for 120 seconds. The activity 
measured during this period was summed and used as a measure of rCBF. A 
scan specific calculated attenuation correction was performed to minimize 
interscan displacement-induced variance (Reinders et al., 2002). All subjects 
were scanned at fixed times on fixed weekdays and male and female subjects 
were addressed to the scan dates randomly.

Experimental design

Three conditions were used in this study: baseline (no auditory 
stimulation), white noise (at an intensity level of 75 dBSL) and music (music 
of the movie “The Piano” at 75 dBSL). Both music and noise have a wide 
frequency range, stimulating a large number of haircells in the cochlea and 
hence a large portion of the cortical auditory areas, but noise has a continuous 
and uniform frequency spectrum whereas music is a dynamic stimulus. 
Each condition was presented four times in a random order. For stimulus 
presentation we used a clinical audiometer (Interacoustics, model AC30), 
a Tandberg Educational taperecorder and E.A.RTone® 3A insertphones 
(with E.A.RlinkTM eartips), which have a flat frequency response between 
100 and 4000Hz, measured in a Zwislocki-coupler. Stimuli were presented 
binaurally. Ten seconds before injection of radioactive water, the stimulus 
was started. Because the tracer reaches the brain approximately 10 seconds 
after injection, subjects were exposed to the stimulus for 20 seconds before 
the distribution of [15O]-water in the brain starts. Subjects were instructed 
to close their eyes, not to move during the scans and to listen to the auditory 
stimuli. Before each scan we informed the volunteers that the scan was about 
to start. Immediately after each scan the volunteers were questioned about 
the scan (did they hear the stimulus, were they uncomfortable or distracted). 
During scanning we monitored the subjects with infrared cameras.
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Data analysis

The 2000 version of Statistical Parametric Mapping (SPM2: software 
from the Wellcome Department of Cognitive Neurology, London, UK) was 
used for spatial transformations (realignment, transformation into standard 
stereotactic space and smoothing with an isotropic Gaussian kernel of 8 mm 
FWHM) and statistical analysis (Friston et al., 1995). An ANOVA estimated 
the following parameters: two groups (male and female), three conditions 
(baseline, noise and music) and the mean perfusion to normalize for global 
flow differences (Multigroup, conditions and covariates). Each scan was 
scaled to a mean global activity of 50 ml/100ml/min. Hypotheses about 
regionally specific condition effects were tested comparing the estimates, 
using linear compounds or contrasts. The resulting set of voxel values for 
these contrasts constituted the associated SPM of the t-statistics. 

The significance threshold used for the analysis of the two groups 
separately (male-female) p<0.05 False Discovery Rate (FDR) corrected 
for multiple comparisons, Genovese et al., 2002) with an extent cluster 
threshold of more than 8 voxels. We used AMIDE software (http://
amide.sourceforge.net/) for color scaling and display of the results on the 
anatomical MRI template of SPM2. For maximum statistical sensitivity and 
for testing the significance of the sex related differences, we conducted a 
region of interest (ROI) analysis in our a-priori hypothesized areas, i.e. the 
left and right PAC, using the SPM Anatomy toolbox (Eickhoff et al., 2005) 
and MarsBaR toolbox (MARSeille Boîte À Région d’intérêt, Tzourio-
Mazoyer et al., 2002). Specifically, we created anatomical ROI’s based 
on the three-dimensional probabilistic cytoarchitectonic maps from the 
SPM Anatomy toolbox brains (Morosan et al., 2001; Rademacher et al., 
2001b; Eickhoff et al., 2005). To compensate for differences in stereotactic 
space between SPM and the Anatomy toolbox, a linear transformation was 
applied to the anatomical ROI’s. MarsBaR was then used to conduct the 
statistical analyses on these ROI’s. The statistical procedure in MarsBaR is 
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the same as in SPM, but instead of analyzing on a voxel-by-voxel basis like 
SPM does, all voxels in a region are averaged and hence inferences about 
the whole region can be made. Also in MarsBaR, contrasts were considered 
significant at p<0.05. 

Results

Music versus noise

For this contrast, in females the SPM-analysis resulted in significant 
bilateral activation clusters with a maximal significant voxel in the secondary 
auditory areas. In men much larger bilateral clusters were found covering not 
only the secondary auditory areas but also the PAC (Figure 1A and Table 1). 
This indicates that males have a much larger activation in the PAC during 
music than during noise. The voxel-wise analysis of SPM did not reveal any 
significant activation differences between the two sexes.

The region of interest analysis in the PAC showed that females do have a 
larger activation in the PAC during music than during noise (p-values 0.005 
and 0.001 for the left and right PAC respectively). But the difference between 
music and noise is much smaller than in males in both the left and right PAC 
(p-values 0.016 and 0.008 respectively, Table 2, Figure 2). No significant 
deactivations were found (i.e. noise versus music).

To determine whether this sex difference can be attributed to the 
processing of either music or noise, we compared these two stimuli with a 
baseline without experimental auditory stimulation.
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Music versus baseline

For this contrast, the SPM-analysis showed both in males and females 
large comparable activation clusters covering primary and secondary areas 
(Figure 1B and Table 1). The ROI analysis showed that there were no 
significant differences in the activation of the PAC between both sexes for 
this contrast (Table 2, Figure 2). Again, no significant deactivations were 
found (baseline versus music).

Noise versus baseline

Comparing noise to the baseline, the SPM-analysis showed two 
significant bilateral activation clusters with maxima in the PAC for the 
female group. In contrast, no significant activations were found in the male 
brain at a corrected level of p<0.05 (Figure 1C and Table 1). Only when 
the data were analyzed at an uncorrected threshold of p<0.01, a small 
activation appeared in the PAC of males, primarily on the right side (Figure 
3). The ROI-analysis confirmed in men the involvement of the PAC while 
processing noise, showing significant bilateral increases of bloodflow, but 
these activations were significantly less than in women in the left (0.042) and 
right PAC (p=0.034) (Table 2). 

The voxel-wise analysis of SPM also revealed a significant 
deactivation in the male group. This deactivation was located in the right 
dorsolateral part of the prefrontal cortex extending to the posterior part of 
the middle frontal gyrus, covering primarily BA 9 (Figure 4 and Table 1). In 
contrast, no significant deactivation was found in the female group. 
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Functional sex differences in human primary auditory cortex

Figure 1. Full-color in appendix. Spatial distribution of significant increases in brain 
activation in men and women when comparing the auditory processing of noise, music 
and a baseline. Activations are superimposed on an anatomical MRI template of SPM2. 
Clusters are significant at p<0.05 FDR corrected for multiple comparisons. L=left 
hemisphere, y=-20 and y=-6 means a coronal plane respectively 20 and 6 mm posterior 
to the anterior commissure, z=8 means a horizontal plane 6 mm dorsal to the anterior 
commissure, z= -1 means a horizontal plane 1 mm ventral to the anterior commissure. 
(A) Contrasting music with noise, women showed activation in the secondary auditory 
areas only, whereas men showed activation in both PAC and secondary auditory areas. (B) 
Comparing music to the baseline, both women and men showed bilateral activation in the 
PAC and secondary auditory areas. (C) Comparing noise to the baseline, women showed 
bilateral activation in the PAC. In men, on the other hand, no significant activation was 
found. The differences between men and women in panels A and C are significant (see 
Table 2). 
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Figure 2. Regional cerebral blood flow relative to the baseline of each group, based on 
all voxels in the left and right PAC (with a global mean flow of 50 ml/100g/min). Error 
bars indicate the 90 % confidence interval of the mean across subjects per condition, the 
confidence interval of the baseline is also given. F=Females, M=Males.

Figure 3. Full-color in appendix. Spatial distribution of significant increases in brain 
activation in men and women for the comparison of noise to the baseline. Clusters are 
significant at p<0.01 uncorrected for multiple comparisons. L=left hemisphere, y=-
20 means a coronal plane 20 mm posterior to the anterior commissure, z=8 means a 
horizontal plane 6 mm dorsal to the anterior commissure. In contrast to Figure 1 C, at 
an uncorrected level men do show activation in PAC, but it is much smaller than in the 
female group.
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Table 1. Overview of brain areas with statistically significant cerebral blood flow changes. 
The region, covered by the whole cluster and noted in Brodmann areas, and the number 
of voxels in the cluster are described (Brodmann, 1909). Only the stereotaxic (Talairach) 
coordinates and t-value of the maximum of the cluster are given. The significance threshold 
was p<0.05 FDR-corrected for multiple comparisons, extent threshold 8 voxels, voxel size 
2x2x2 mm. Brain regions were identified using the Talairach atlas and the stereotactic 
atlas of the human brain of Mai et al. (Talairach and Tournoux, 1988; Mai et al., 1997).

Figure 4. Full-color in appendix. Spatial distribution of significant decreases in brain 
activation in men and women for the comparison of noise to the baseline. Clusters are 
significant at p<0.05 FDR corrected for multiple comparisons. x=20 means a sagittal 
plane 20 mm on the right of the anterior commissure, z=29 means a horizontal plane 29 
mm dorsal to the anterior commissure. Only men showed a significant deactivation in the 
dorsolateral prefrontal cortex.



64 65

Chapter 3

��

�������

�������� ���������

�������������� ������� ������ ������

����� ������� �������
����������������������������������� ����� �����

����������������������������������� ������ ������

������������������������� ������� �������
����� ������� �������

����������������������������������� ����� �����
����������������������������������� ����� �����

������������������������� ������� �������
����� ������ ������
������������������� ������ ������

����������������������������������� ����� �����

����� �� ������ �� �������� �������� �� ��� ���� ��� ����� ������� �������� ������ ������ ���������
����������� ������������ ��� ������� ��������� ��� ������ ��� ��� ��� ����� ���������� �� ���� ��

���������������������������������������������������������

Table 2. Region of interest analysis of the left and right primary auditory cortex (PAC). 
One-sided statistical significance for various contrasts was tested for men and women 
separately as well as for the differences between both. * Significant at p<0.05



64 65

Discussion

Our data demonstrate a sex difference in regional cerebral blood 
flow in the left and right primary auditory cortex (PAC) when comparing 
auditory processing of music and noise. The PAC was more activated by 
music than by noise in both men and women. But this difference between 
the two stimuli was significantly higher in men than in women. To determine 
whether this sex difference can be attributed to the processing of music, 
noise or both, we compared the two stimuli with a baseline of no auditory 
stimulation. Comparing music with the baseline resulted in extensive 
activation of the primary and secondary auditory cortex in both sexes, but 
no significant sex difference was found. On the other hand, a sex difference 
was detected in the processing of noise, because females activated their PAC 
significantly more than males. The finding that sex differences in auditory 
processing can already be detected at the level of the primary cortex is very 
important, because it is often assumed that sex differences act exclusively 
upon higher-order cortical areas. 

The question is whether this sex difference is caused by the 
experimental conditions or by other factors like anatomical differences or 
methodological errors. The reported differences in activation of the PAC 
stand or fall by a correct identification of this area in the region of interest 
analysis. Several authors reported substantial intersubject variability in size 
and location of the PAC (Penhune et al., 1996;Leonard et al., 1998;Morosan 
et al., 2001;Rademacher et al., 2001b, 2002). To overcome this problem 
of variability in size and location of the PAC, we employed linear resizing 
and shearing as well as non-linear warping of the brain to normalize the 
individual brains into a standardized stereotactic frame. In addition, a 
Gaussian smoothing filter of 12 mm was used to remove residual variance 
in brain structure that remains after the stereotactic normalization. 
Furthermore, we used probability maps, based on the cytoarchitecture of 
10 subjects, to identify the PAC (Morosan et al., 2001; Rademacher et al., 
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2001b; Eickhoff et al., 2005). Other studies suggested that the volume of the 
PAC is bilaterally larger in females than in males (Rademacher et al., 2001a). 
It is therefore necessary that the region of interest depicts the PAC of both 
men and women. This is the case, because the probability maps of the SPM 
Anatomy toolbox are based on the cytoarchitecture of 5 male and 5 female 
brains (Morosan et al., 2001; Rademacher et al., 2001b; Eickhoff et al., 
2005). For these reasons we believe that possible intersubject or intergroup 
differences in size and location of the PAC do not bias our results. 

If the reported sex and contrast dependent differences in rCBF 
patterns are not caused by underlying anatomical differences, metabolic 
differences or methodological errors, they must have been induced by 
the experimental stimulus. During the baseline condition subjects had to 
lie quietly in the scanner and no auditory stimulus was applied. Without 
auditory stimulation and a specific task, the variance in rCBF might 
increase, resulting in less statistical power when comparing conditions to 
the baseline. However, as shown in Figure 2, the confidence interval for the 
model parameters was very similar for the three conditions. In addition, the 
confidence interval was also very similar for the two sexes. This means that 
the different contrasts tested have similar statistical power. Considering the 
significant sexual dichotomy in the processing of music versus noise and the 
results when comparing either the music or noise with the baseline condition, 
we conclude that males and females differ in the processing of noise. Thus 
our data demonstrate a sexual dichotomy in auditory processing. But which 
mechanism could explain this sexual dichotomy? A key to answering this 
question is the role of the prefrontal cortex, which we found to be deactivated 
in men during listening to noise. In humans, the prefrontal cortex is engaged 
in diverse cognitive processes including cognitive control, working memory 
and attention (Miller et al., 2001). For example, Gisselgård et al. (2003, 2004) 
investigated the influence of irrelevant speech on working memory tasks and 
revealed a functional link between auditory and prefrontal regions. Tzourio 
et al. (1997) demonstrated that prefrontal areas are engaged in auditory tasks 
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that involve sustained or selective auditory attention. In the present study, 
no explicit (attention-) task was implemented. Subjects lay passively in the 
scanner and were instructed to listen to the auditory stimuli. While listening 
to an insignificant stimulus like noise, males deactivated the prefrontal 
attention areas as compared to silence. Females, on the other hand, had no 
deactivation of the attention areas and had a higher activation in the primary 
auditory cortex. Deactivation of the prefrontal regions was only seen in the 
right hemisphere, which is consistent with Tzourio et al. (1997), who stated 
that a right hemisphere dominance exists for attention. The present results 
suggest a relationship between activation of PAC and prefrontal cortex. 
From literature, anatomical evidence exists concerning auditory-prefrontal 
connections. Studies on monkeys have shown that the prefrontal cortex is 
reciprocally connected with auditory association areas (i.e. belt and parabelt 
in the monkey brain) (Barbas and Mesulam, 1985). The secondary and 
primary auditory areas are reciprocally connected (e.g. Kaas & Hackett, 
1998). More recent studies on monkeys identified two auditory-prefrontal 
processing streams: a dorso- and ventrolateral auditory stream (Romanski 
et al.,1999a; 1999b; Romanski and Goldman-Rakic, 2002). Although, one 
should be cautious when comparing human and non-human primate brains, 
a similar organization of several parts of the human and monkey prefrontal 
cortex has been reported (Petrides and Pandya, 2001; Öngür et al., 2003,). 

To summarize, we know from literature that the auditory and 
prefrontal regions are anatomically and functionally linked and our data 
show a sexual dichotomy in the (de)activation of both regions. Apparently, the 
male and female brains handle an insignificant stimulus like noise differently 
and we propose that this is done by a different engagement of the auditory-
prefrontal attention network. Namely, differences in attention result in a 
different deactivation of the right prefrontal cortex, which in turn modulates 
the activation of the PAC and thus explains the found sex differences in 
the activation of the PAC. This corresponds with previous findings that sex 
differences exist in the frontal-temporal network, namely males have higher 
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intrahemispheric functional connectivity of frontal and temporal areas than 
females (Gootjes et al., 2006). And it is also known from ERP-studies that 
sex differences exist in orienting attention to auditory stimuli (Nagy et al., 
2003). It must be noted that even though our data indicate differences in the 
auditory-system, no independent behavioral data regarding the attention 
levels during scanning are available. Hence the present experimental design 
allows us only to speculate about the correlation between the different 
deactivation of the prefrontal cortex and differences in attention. Further 
research is needed to fully clarify the role of attention on PAC activation and 
to determine whether our results can be repeated. 

To our knowledge, this is the first time that a sexual dichotomy in 
the function of the PAC is demonstrated. Previously, a sexual dichotomy 
has been reported in auditory feedback loops although they were found in 
the corticofugal auditory network. For example, men show more suppression 
of repeated acoustic stimuli than females. This sex difference in auditory 
gating is probably the result of differential neuronal inhibition to repeated 
stimulation (Hetrick et al., 1996). Likewise, the stronger spontaneous 
otoacoustic emissions (SOAE’s) in females are thought to originate from a 
relatively larger amount of efferent inhibition in males (McFadden, 1993). 
This efferent innervation would start in the olivary complex and terminate 
in the outer hair cells of the cochlea (MacFadden, 1993). 

Although the present sexual dichotomy would be consistent with 
the concept of evolutionary advantages in a hunter-gatherer society (e.g. 
Kimura, 1999) where the inhibition of constant irrelevant stimuli in men 
may facilitate them to focus their attention to a single task i.e. hunting, this 
concept remains speculation.

In conclusion, a very significant sexual dichotomy was found in the 
activation of the PAC with different types of acoustic stimuli (noise and 
music) together with sex differences in deactivation of prefrontal areas. It 
is known that the auditory and prefrontal regions are anatomically and 
functionally linked and the prefrontal cortex is engaged in auditory attention 
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tasks. Hence we hypothesize that differences in attention result in a different 
involvement of the right prefrontal cortex, which in turn modulates the 
activation of the PAC.  This shows that sex influences brain activity already 
at the level of primary sensory cortex and that in functional imaging studies 
on primary sensory cortical areas, sex can not be ignored.
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4
Abstract

Previously, we demonstrated sex differences in auditory processing in 
the primary auditory cortex. In the present study, we expanded this data set 
with groups of homosexual males and females to study the influence of both 
sex and sexual orientation on cortical activation during auditory processing. 
Regional cerebral blood flow (rCBF) was measured with positron emission 
tomography in 39 subjects (10 heterosexual females, 10 heterosexual males, 
10 homosexual females and 9 homosexual males) while listening to sounds 
(music or white noise) and during a baseline (no auditory stimulation). A 
region of interest analysis in primary and secondary auditory areas revealed 
that the effect of sex on the activation in these regions is dependent on 
the sexual orientation of the volunteers and vice versa. Some main effects 
for sex were found, but these reflect the strong sex differences of the 
heterosexual groups. Sex differences in homosexuals were much smaller. 
Comparing hetero- and homosexuality showed different results for males 
than for females. Combining the results of males and females did not reveal 
a significant main effect for sexual orientation. These results show that sex 
and sexual orientation are not independent of each other and that they are 
important variables to take into account. Hence, a clear description of the 
experimental groups in terms of sex and sexual orientation is essential in 
neuroimaging studies.
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Introduction

In the past, studies on sex differences in brain activity have focussed 
on imaging well-established sex-typical behavior, for example finding 
the neural base for the known sex differences in language skills. Most 
reported sex differences concern higher cognitive tasks and hence higher 
order cortical areas. In contrast, the influence of sex has been neglected in 
many functional neuroimaging studies investigating activation patterns in 
tasks without obvious sex differences in behavior and in studies focussing 
on primary sensory areas. In the previous chapter, we demonstrated that 
sex does influence brain activation already at the level of primary cortices. 
We showed that the primary auditory cortex (PAC) of males and females 
process auditory stimuli differently with both sexes having similar hearing 
thresholds. The study pointed to sex as an important factor in functional 
auditory brain studies. 

The existence of sex differences in brain function generated 
questions about the influence of sexual orientation. A number of studies 
found differences in brain structure and function between hetero- and 
homosexuals (Allen & Gorski, 1992; Reite et al., 1995; Swaab et al., 1995; 
Swaab and Hofman, 1995; Kimura, 1996; Sanders and Wright, 1997; 
Wegesin, 1998; Swaab et al., 2001; Kinnunen et al., 2004; Rahman, 2005; 
Savic et al., 2005; Kranz and Ishai, 2006). The influence of sex and sexual 
orientation on the peripheral and central auditory system has been shown 
in otoacoustic emissions and auditory evoked potentials (Bilger et al., 
1990; McFadden, 1993; McFadden et al., 1996; McFadden and Pasanen, 
1998; McFadden and Pasanen, 1999; McFadden, 2000; McFadden and 
Champlin, 2000; McFadden, 2002; Loehlin and McFadden, 2003). 
McFadden and colleagues found a masculinization of the auditory system in 
homosexual females compared to heterosexual females. For the male groups 
results were less straightforward. On some measures no differences between 
the male groups were found, on other measures a hypermasculinization of 
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homosexual males was detected. These findings together with our previously 
found sex differences lead to the present experiment, namely investigating 
with functional neuroimaging the effect of sex and sexual orientation on 
auditory cortical regions. Therefore, we extended our previous data set of 
heterosexual males and females with a male and female homosexual group 
and we compared the activation patterns induced by music, noise and 
baseline (no auditory stimulation) in the four groups. 

Material and Methods

Subjects

Thirty-nine healthy volunteers participated in this study, divided 
in four groups: heterosexual males (Mht, 10 subjects), heterosexual females 
(Fht, 10 subjects), homosexual males (Mhm, 9 subjects) and homosexual 
females (Fhm, 10 subjects). The mean ages were 23 years, 22 years, 36 and 
32 years respectively. Homosexuality was rated according to the Kinsey 
homosexuality scale and only volunteers with score 6 were included as 
homosexual (Kinsey et al., 1948; Kinsey et al., 1953). Note that for the 
previous groups of heterosexual volunteers these data were not available. 
Right-handedness was assessed using the Edinburgh Handedness Inventory 
(Oldfield, 1971). Prior to the scanning, subjects were tested for their hearing 
thresholds using standard audiometric measures. All subjects had normal 
hearing thresholds (< 20 dBHL, 0.25-8 kHz). All volunteers gave written 
informed consent according to the Declaration of Helsinki and the Medical 
Ethics Committee of the University Medical Center Groningen approved 
the study. None of the subjects had any history of psychiatric or neurological 
disorders. 

Functional neuroimaging of the auditory cortex in hetero- and homosexuals
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Data Acquisition

Regional cerebral blood flow (rCBF) was measured using radioactive 
water ([15O]-water, halflife 122 sec) as a tracer. A Siemens Ecat Exact HR+ 
PET scanner, operated in three-dimensional mode with a 15,5 cm axial 
field of view, acquired 63 slices simultaneously. Each subject was scanned 12 
times to measure the distribution of [15O]-water with a 10 minutes interval 
between two scans to allow for decay. Each scan was performed after an 
intravenous bolus injection of 500 MBq of [15O]-water per scan. Except 
for the first scan, scanning started 30 s prior to injection, to account for 
background activation. Scanning continued for 120 seconds. The activity 
measured during this period was summed and used as a measure of rCBF. A 
scan specific calculated attenuation correction was performed to minimize 
interscan displacement-induced variance (Reinders et al., 2002). 

Experimental design

As previously, three conditions were used in this experiment: baseline 
(no auditory stimulation), white noise (at an intensity level of 75 dBSL) and 
music (music of the movie “The Piano” at 75 dBSL). Each condition was 
presented four times in a random order. For stimulus presentation we used a 
clinical audiometer (Interacoustics, model AC30), a Tandberg Educational 
taperecorder and E.A.RTone® 3A insertphones (with E.A.RlinkTM eartips), 
which have a flat frequency response between 100 and 4000Hz, measured in 
a Zwislocki-coupler. Stimuli were presented binaurally. Ten seconds before 
injection of radioactive water, the stimulus was started. Because the tracer 
reaches the brain approximately 10 seconds after injection, subjects were 
exposed to the stimulus for 20 seconds before the distribution of [15O]-water 
in the brain starts. Subjects were instructed to close their eyes, not to move 
during the scans and to listen to the auditory stimuli. 
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Data analysis

The 2000 version of Statistical Parametric Mapping (SPM2: software 
from the Wellcome Department of Cognitive Neurology, London, UK) was 
used for spatial transformations (realignment, transformation into standard 
stereotactic space and smoothing with an isotropic Gaussian kernel of 8 mm 
FWHM) and statistical analysis (Friston et al., 1995). An ANOVA estimated 
the following parameters: four groups (Fht, Mht, Fhm and Mhm), three 
conditions (baseline, noise and music) and the mean perfusion to normalize 
for global flow differences (Multigroup, conditions and covariates). Each scan 
was scaled to a mean global activity of 50 ml/100ml/min. Hypotheses about 
regionally specific condition effects were tested comparing the estimates, 
using linear compounds or contrasts. The resulting set of voxel values for 
these contrasts constituted the associated SPM of the t-statistics. 

The significance threshold was assessed by multiple linear regression 
analyses (threshold p<0.05 FDR corrected for multiple comparisons 
(Genovese et al., 2002), with an extent cluster threshold of more than 8 
voxels). The results of the SPM-analyses are rendered onto a standard 
anatomical template of SPM2. In this chapter, we focus on the differences 
between the four groups in activation of the auditory areas, namely the 
primary and secondary auditory areas. We conducted voxel-wise SPM 
analyses on the whole brain and regions of interest analyses were performed 
to reach maximal statistical sensitivity in the primary and secondary 
auditory regions. The a priori defined regions of interest were the primary 
auditory cortex (PAC) and superior temporal gyrus (STG) bilaterally. For 
the PAC, we used the three-dimensional probabilistic cytoarchitectonic 
maps from the SPM Anatomy toolbox (Eickhoff et al., 2005). To compensate 
for differences in stereotactic space between SPM and the Anatomy toolbox, 
a linear transformation was applied to the anatomical ROI’s of the PAC. To 
depict the bilateral STG, the automated anatomical labeling (AAL) regions 
from MarsBaR were used (MARSeille Boîte À Région d’intérêt, Tzourio-
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Mazoyer et al., 2002). MarsBaR was then used to conduct the statistical 
analyses on these ROI’s. The statistical procedure in MarsBaR is the same 
as in SPM, but instead of analyzing on a voxel-by-voxel basis like SPM does, 
all voxels in a region are averaged and hence inferences about the whole 
region can be made. Also in MarsBaR, contrasts were considered significant 
at p<0.05. 

With three conditions (noise, music, baseline), two sexes (males, 
females) and two sexual orientations (hetero- and homosexuality), this study 
represents a 3 * 2 * 2 factorial design (Price et al., 1997). Figure 1 represents 
an overview of a sex * sexual orientation factorial design. For each contrast 
of auditory conditions (e.g. music minus baseline), this diagram can be 
completed. A factorial design enables the assessment of several effects: 
simple subtractions, main effects and interaction effects. The analysis starts 
by calculating the contrasts between the different auditory conditions (e.g. 
music minus baseline) for all 4 groups (Fht, Fhm, Mht and Mhm) and 
assessing its significance. Then, simple subtractions can be assessed, i.e. the 
contrasts of auditory conditions, just established, can be compared between 
two groups, e.g. Mht versus  Fht.  In these subtractions, one factor is constant 
(in the example heterosexuality) and the other factor is contrasted (in the 
example males versus females). Furthermore, for each contrast of auditory 
conditions, main effects for sex and main effects for sexual orientation can 
be assessed. A main effect investigates the effect on our auditory contrasts of 
one factor irrespective of the other factor by summing the simple subtraction 
results, e.g. (Mht+Mhm) versus (Fht+Fhm) gives the main effect for sex. 
Finally, the factorial design allows the assessment of interactions between 
the factors. An interaction between factors would show that the main effects 
for sex and sexual orientation are not independent of each other. Thus, if an 
interaction effect is present, the main effect for sex, obtained by pooling the 
results of hetero- and homosexuals, would depend on the sexual orientation 
and the main effect for sexual orientation, obtained by pooling the results 
of males and females, would depend on the sex. On the other hand, if there 
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is no interaction effect, the main effects show the effect of sex and sexual 
orientation independent of each other. 

Note that all analyses in SPM and in MarsBaR were one-sided t-
tests. For clarity reasons, figure 1 only shows one side of the analyses (e.g. 
males-females). In the actual analyses also the negative contrasts were tested 
(e.g. females-males) and the most significant side is reported in the tables. 

Functional neuroimaging of the auditory cortex in hetero- and homosexuals

Figure 1. Overview of the sex * sexual orientation factorial design and its corresponding 
statistical analyses.  It displays subtractions, main effects and interaction effects. For each 
possible contrast of auditory conditions, e.g. music minus baseline, this scheme can be 
filled in. Fht=females heterosexual, Fhm=females homosexual, Mht=males heterosexual, 
Mhm=males homosexual (see method section for details).
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Results

Figure 2 shows activated brain areas in each group separately for 
different contrasts of conditions. For each contrast, the four groups differ in 
activation pattern and when comparing noise to the baseline and vice versa 
some groups did not reveal any significant voxels. When pooling all the voxels 
of the PAC, the region of interest analysis did show significant activations 
for the four groups as shown by table 1. We investigated whether or not 
the previously reported sex differences in the heterosexual group can also 
be found in the homosexual group. Table 2a shows p-values of differences 
in activation between heterosexual males and heterosexual females (upper 
part) and between homosexual males and homosexual females (lower part). 
In the heterosexual group, sex differences were found mainly in the primary 
auditory area, the homosexual groups show only one sex difference in the 
superior temporal gyrus. The main effects for sex are demonstrated in table 
2b, i.e. hetero- plus homosexual males are compared with the whole group of 
females. Main effects were found in the right PAC and right STG for music 
compared to noise and in the right STG for noise versus baseline.  

Differences in activation due to sexual orientation were also 
investigated, table 3a shows the results for males and females separately. 
One significant effect of homosexuality was found in the female group and 
two significant effects for homosexuality in the male group. These results 
were combined to investigate possible main effects for sexual orientation, i.e. 
comparing the whole group of heterosexuals with all homosexuals (table 3b), 
but no main effect for sexual orientation was detected.

Table 4 shows several interaction effects for sex and sexual orientation 
in the left PAC and left and right STG.  
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Functional neuroimaging of the auditory cortex in hetero- and homosexuals

Figure 2. Full-color in appendix. Spatial distribution of significant (p<0.05 FDR 
corrected) changes in brain activation when comparing noise, music and the baseline 
in each group, Fht= Females heterosexual, Fhm=Females homosexual, Mht=Males 
heterosexual, Mhm=Males homosexual. Activations are displayed as an overlay on the 
volume rendered single subject anatomical template of SPM2. Contrasts that did not show 
significant (p<0.05 FDR corrected) in– or decreases in rCBF are not shown.



84 85

Chapter 4

��

�������

��� ���

���� ����� ���� �����

�������������

��� ���� ���� ���� ����

��� ���� ���� ���� ����

��� ���� ���� ���� ����

��� ���� ���� ���� ����

����������������

��� ���� ���� ���� ����

��� ���� ���� ���� ����

��� ���� ���� ���� ����

��� ���� ���� ���� ����

����������������

��� ���� ���� ���� ����

��� ���� ���� ����� �����

��� ���� ���� ����� ������

��� ���� ���� ���� �����

����� �� �������� �� ���������� ������ ���� ������ ������ ��
�������� �������� �� ��� ���� ��� ����� ������� �������� ������ �����
��� ���� ��� ����� �������� �������� ����� ������ ��� �������

��������� �� ����������� ��������� ����������� ������������ ���
������ ��� ���� ����� ����������� ����������� �������������
���� ������� ����������� ��������� �������������
����������������������������������������������������

Table 1. Contrast of conditions within each group. Region of 
interest analysis in the left and right primary auditory cortex (PAC) 
and left and right superior temporal gyrus (STG). For various 
contrasts of conditions, one-sided statistical significance was tested 
for each group separately. Fht=Females heterosexual, Fhm= 
Females homosexual, Mht=Males heterosexual, Mhm=Males 
homosexual. * = not significant at p<0.05.
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76

P-value

PAC STG

Left Right Left Right

Heterosexuals:
Mht vs Fht
Music - noise 0.020

†
0.009

†
0.129

†
0.223

†

Music - baseline 0.287
†

0.226
†

0.483* 0.088*

Noise - baseline 0.049* 0.037* 0.096* 0.009*

Homosexuals:
Mhm vs Fhm
Music - noise 0.791

†
0.083

†
0.202

*
0.050

†

Music - baseline 0.441
†

0.077
†

0.310
†

0.097
†

Noise - baseline 0.169
†

0.494
†

0.092
†

0.353*

Table 2a. Effect of sex within each group of sexual
orientation. Region of interest analysis in the left and right primary
auditory cortex (PAC) and left and right superior temporal gyrus
(STG). For various contrasts of conditions, one-sided statistical
significance was tested for the comparison of sexes within each
group of sexual orientation. M=Males, F= Females, ht=
heterosexual, hm=homosexual,

†
= males > females, *= females >

males. Significant values are printed in bold.

76

P-value

PAC STG

Left Right Left Right

(Mht vs Fht)   + (Mhm vs Fhm) =  (Mht + Mhm) vs (Fht + Fhm)

Music - noise 0.171
†

0.004
†

0.399
†

0.046
†

Music - baseline 0.303
†

0.065
†

0.381
†

0.449*

Noise - baseline 0.322* 0.108* 0.520* 0.028*

Table 2b. Main effect of sex. Region of interest analysis in the
left and right primary auditory cortex (PAC) and left and right
superior temporal gyrus (STG). For various contrasts of conditions,
one-sided statistical significance was tested for the main effects of

sex. M=Males, F=Females, ht=heterosexual, hm=homosexual,
†
=

males > females,
*
= females > males. Significant values are

printed in bold.

Table 2a. Effect of sex within each group of sexual orientation. Region 
of interest analysis in the left and right primary auditory cortex 
(PAC) and left and right superior temporal gyrus (STG). For various 
contrasts of conditions, one-sided statistical significance was tested 
for the comparison of sexes within each group of sexual orientation. 
M=Males, F= Females, ht= heterosexual, hm=homosexual, †= 
males > females, *= females > males. Significant values are printed 
in bold.

Table 2b. Main effect of sex. Region of interest analysis in the left 
and right primary auditory cortex (PAC) and left and right superior 
temporal gyrus (STG). For various contrasts of conditions, one-sided 
statistical significance was tested for the main effects of sex. M=Males, 
F=Females, ht=heterosexual, hm=homosexual, †= males > females,  
*= females > males. Significant values are printed in bold.
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77

�������

��� ���

���� ����� ���� �����

�������
����������
Music - noise ������ 0.165* 0.097� 0.410�

Music - baseline 0.308* 0.489� 0.306* 0.192�

Noise - baseline 0.081� 0.149� 0.207� 0.234�

�����
����������
Music - noise 0.143� 0.561* 0.246� 0.282�

Music - baseline 0.477* 0.292* 0.152* ������

Noise - baseline 0.114* 0.232* ������ 0.113*

����� ��� ������ �� ������ ����������� ������ ���� ����� ��
���� Region of interest analysis in the left and right primary
auditory cortex (PAC) and left and right superior temporal gyrus

(STG). For various contrasts of conditions, one-sided statistical
significance was tested for the comparison of sexual orientation
within each group of sex. M=Males, F=Females, ht=heterosexual,
hm=homosexual,

†
= heterosexual > homosexual, *= homosexual >

heterosexual. Significant values are printed in bold.

77

�������

��� ���

���� ����� ���� �����

�����������������������������������������������������������

Music - noise 0.303* 0.286* 0.341* 0.398*

Music - baseline 0.346* 0.357* 0.139* 0.277*

Noise - baseline 0.449� 0.416� 0.239* 0.363*

����� ��� ���� ������ �� ������ ������������ Region of interest
analysis in the left and right primary auditory cortex (PAC) and left
and right superior temporal gyrus (STG). For various contrasts of
conditions, one-sided statistical significance was tested for the
main effects of sexual orientation. M=Males, F=Females,
ht=heterosexual, hm=homosexual,

†
= heterosexuals >

homosexuals,
*
= homosexuals > heterosexuals. Significant values

are printed in bold.

Table 3b. Main effect of sexual orientation. Region of interest 
analysis in the left and right primary auditory cortex (PAC) 
and left and right superior temporal gyrus (STG). For various 
contrasts of conditions, one-sided statistical significance was 
tested for the main effects of sexual orientation. M=Males, 
F=Females, ht=heterosexual, hm=homosexual, †= heterosexuals > 
homosexuals,  *= homosexuals > heterosexuals. Significant values 
are printed in bold.

Table 3a. Effect of sexual orientation within each group of 
sex.Region of interest analysis in the left and right primary auditory 
cortex (PAC) and left and right superior temporal gyrus (STG). For 
various contrasts of conditions, one-sided statistical significance was 
tested for the comparison of sexual orientation within each group 
of sex. M=Males, F=Females,ht=heterosexual, hm=homosexual, 
†= heterosexual > homosexual, *= homosexual > heterosexual. 
Significant values are printed in bold.
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�������

��� ���

���� ����� ���� �����

��������������������������������������������������������

Music - noise ������ 0.216� 0.081� 0.283*

Music - baseline 0.377� 0.343* 0.357* ������

Noise - baseline ������ 0.105* ������ 0.085*

����� �� ����������� ������� ��� � ������ �����������. Region of interest
analysis in the left and right primary auditory cortex (PAC) and left and right
superior temporal gyrus (STG). For various contrast of conditions, one-sided
statistical significance was tested for the interactions sex x sexual orientation.
M=Males, F=Females, ht=heterosexual, hm=homosexual,

†
= the difference

between males and females is larger for heterosexuals than for homosexuals,
or equivalently the difference between heterosexuals and homosexuals is
larger in males than in females; *= the difference between males and females
is larger in homosexuals than in heterosexuals, or equivalently the difference

between heterosexuals and homosexuals is larger in females than in males.
Significant values are printed in bold.

Table 4. Interaction effects sex x sexual orientation. Region of interest 
analysis in the left and right primary auditory cortex (PAC) and left and right 
superior temporal gyrus (STG). For various contrast of conditions, one-sided 
statistical significance was tested for the interactions sex x sexual orientation. 
M=Males, F=Females, ht=heterosexual, hm=homosexual, †= the difference 
between males and females is larger for heterosexuals than for homosexuals, or 
equivalently the difference between heterosexuals and homosexuals is larger in 
males than in females; *= the difference between males and females is larger 
in homosexuals than in heterosexuals, or equivalently the difference between 
heterosexuals and homosexuals is larger in females than in males. Significant 
values are printed in bold.
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Discussion

Previously, we found sex differences in the auditory processing of 
music and noise, stimuli that have been used extensively in earlier functional 
neuroimaging research. The present study extends the previous results by 
investigating the influence of sexual orientation on auditory processing. 
We used the same experimental design as in the previous study so that our 
previous groups could be used as control groups. However, this implied a 
possible limitation.  In the present study, we used the Kinsey scale to rate 
homosexuality for inclusion of homosexual volunteers. The previously 
scanned heterosexual groups were not rated for sexual orientation. 
Prevalence of homosexuality has been extensively investigated and Sandfort 
and colleagues (2003) reported that 2-3% of the sexually active population 
in the Netherlands has same-sex partners. With a prevalence of 3%, the 
chance of 1 homo- or bisexual in a group of 10 control subjects is 23% and 
the chance on two or more is less than 2%. Hence, the fact that our control 
groups might not be exclusively heterosexual can reduce the statistical 
power when comparing the different groups. Because there is a difference 
in comparing sexes between hetero-and homosexuals (upper and lower part 
of table 2a), it is likely that the differences between heterosexual males and 
females (upper part) become even more significant when including only 
exclusive heterosexuals. The same applies to tables 3a (comparing sexual 
orientations within the sexes) and table 4 (interactions between sex and 
sexual orientation). The effect on table 2b, the main effect of sex irrespective 
of the sexual orientation, would be minimal. On the other hand, it is very 
unlikely that the p-values of the main effects for sexual orientation (table 3b) 
will change dramatically and reach significance when using homogeneous 
heterosexual groups. We thus conclude that the lack of information about 
the sexuality of our control group is a limitation of this study, but will 
actually reduce the power of our analysis, i.e. the reported differences are an 
underestimation of the true differences due to sex or sexual orientation.
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The previously found sex differences in auditory processing raised 
new questions, which we investigated in the present study. Firstly, are these 
sex differences also present between homosexuals? This is shown in table 
2a, which displays sex differences in both hetero- and homosexual groups. It 
is clear that significant sex differences are mainly present when comparing 
heterosexual males and females. Significant differences between homosexual 
males and females are less common. When these results of the heterosexual 
and homosexual groups are combined to assess the main effect of sex (table 
2b) the number of significant sex differences reduces. This is consistent 
with differences seen in table 2a since the main effect is determined by 
summing two dissimilar results. Apparently, sex differences depend on 
the sexual orientation of the experimental groups. Indeed, the sex * sexual 
orientation interaction effects (table 4) show that the main effects for sex are 
not independent of sexual orientation. 

The factorial design also allows the specific assessment of the 
influence of sexual orientation. In table 3a we separated the sexes to look at 
the differences between hetero- and homosexuality. Significance was only 
reached in a few cases and when the results for males and females were 
combined to assess the main effects for sexual orientation no effects were 
found (table 3b). This is consistent with the different results obtained for 
males and females as shown in table 3a. This dependence of the differences 
between hetero-and homosexuality on the sex of the experimental group is 
shown again by the interactions of table 4. 

This is the first time the influence of sex and sexual orientation on 
auditory processing is demonstrated in a brain activation study. It is clear 
that both factors have an interacting influence on auditory processing 
in both primary and secondary auditory regions. Previously, it has been 
found that sex and sexual orientation affect the peripheral auditory system 
using click-evoked and spontaneous otoacoustic emissions (McFadden and 
Pasanen, 1998;McFadden and Pasanen, 1999). And consistent with our 
results, both factors also have an influence on the central auditory system, 
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which was studied with auditory brainstem, middle latency and long-latency 
responses (McFadden and Champlin, 2000). 

This study gives important information about how to choose 
experimental groups when investigating central auditory processing using 
functional neuroimaging tools. In particular the interaction effects show 
that the four groups each have unique properties and choosing one group or 
mixing groups can influence the outcome of the study. Firstly, mixing males 
and females has the largest implications if the subjects are heterosexual, 
in the homosexual groups the effect is less. Mixing sexual orientations 
can have a subtle influence on the results in both males and females when 
investigating either males or females. Secondly, if one is interested in 
studying sex differences in brain activity, it is more likely to find differences 
when choosing heterosexual groups since homosexual males and females 
appear to be more homogeneous. And finally, when investigating the effect 
of sexual orientation, one should choose either males or females and not mix 
the sexes. This shows that clear reporting of the sex and sexual orientation of 
the experimental groups is essential in neuroimaging studies.
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5
Abstract

Recent studies investigating whether the primary auditory cortex 
(PAC) is involved in silent lipreading gave inconsistent results. We used 
Positron Emission Tomography to identify which areas in the temporal lobe 
process visible speech, with a focus on the PAC. Subjects were tested on 
lipreading numbers and only the eighteen best lipreaders were included in 
the study (9 female, 9 male). Each subject was scanned while either watching 
a movie with a speaker silently articulating numbers (lipreading condition) 
or watching a static image of the same speaker (baseline condition). 
Subjects were instructed to respectively repeat internally the seen number 
or the number ‘one’. Compared to the baseline condition, silent lipreading 
activated temporal areas in both hemispheres with the largest activations 
in the left hemisphere. When the whole group was examined, no activation 
in the primary auditory cortex was found. But when investigating the two 
sexes separately, the female group did demonstrate an activation of the left 
PAC. There was no significant activation in the right female PAC or in the 
left and right male PAC. This sex difference in activation pattern indicates 
that males and females use different neural strategies to come to the same 
performance in lipreading and explain previous inconsistent results where 
no differentiation for sex was made.  

Chapter 5
Activation in primary auditory cortex 
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Introduction

Lipreading is the ability to perceive language by watching the 
lip, tongue, and jaw movements of a speaker. Hearing impaired persons 
use lipreading to compensate for their hearing loss, but also with normal 
hearing, lipreading facilitates the perception of speech, particularly in noisy 
surroundings (Erber, 1975). The influence of these visual cues is normally 
outside the awareness of normal hearing persons. Lipreading is a natural 
skill in hearing impaired and in normal hearing persons. Short-term training 
only slightly improves the ability in lipreading, but longterm reliance on 
visual speech perception, like in congenitally deaf subjects, does affect the 
lipreading performance (Bernstein, 2000, 2001; Summerfield, 1992).

The influence of vision on heard speech is demonstrated when the 
visual image and auditory signal don’t match. An example in daily practice 
is a dubbed movie, which results in a disturbing feeling. Another example of 
visual images not matching the auditory signal is the phenomenon known as 
the McGurk effect, where an auditory illusion originates from lip movements 
that do not match the auditory syllables (e.g. auditory /ba/ combined with 
visual /ga/ is perceived as /da/) (McGurk and MacDonald, 1976).

Apparently, in speech perception, normal hearing subjects do not 
only rely on auditory cues, but also visual cues have an influence. This was 
confirmed by brain-language studies that revealed a modulation of temporal 
region responses when speech sounds were simultaneously presented with 
visual lip movements (Sams et al., 1991; Mottonen et al., 2002; Besle et al., 
2004; Ojanen et al., 2005). Even when visible speech is presented alone, 
it affects auditorytemporal regions. Silent lipreading (only visible speech) 
produces activation of the temporal lobe, with secondary auditory cortex 
activation being consistently reported (Calvert et al., 1997; Ludman et al., 
2000; MacSweeney et al., 2000; Campbell et al., 2001; Bernstein et al., 2002; 
Calvert & Campbell, 2003; Paulesu et al., 2003). Whether this activation of 
temporal areas during silent lipreading is restricted to hierarchically higher 
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order association areas or whether it also involves primary auditory cortex 
(PAC) remains unsolved (e.g. Calvert et al., 1997; Bernstein et al., 2002). It is 
generally assumed that primary sensory cortices are devoted to one sensory 
modality only, in this case hearing. This theory has exceptions, like in early 
deaf subjects where the primary auditory cortex has been activated by visual 
stimuli (Finney et al., 2001) and reciprocally in early blind subjects (Cohen et 
al., 1997; Weeks et al., 2000), indicating the ability of the brain to reorganize 
after loss of a sensory modality. But the debate on whether or not the PAC 
is activated during silent lipreading concerns normal hearing subjects. If 
this activation would indeed be found, it would indicate variability for input 
modality in primary cortices. This study was designed to investigate whether 
or not the primary auditory cortex is involved in processing visible speech. 

Materials and Methods

Subjects

Eighteen healthy, right-handed volunteers participated in this study 
(9 males, 9 females), their ages ranged from 18 to 27 years (mean 21 years) 
for the males and from 19 to 25 years (mean 22 years) for the females. All 
volunteers gave written informed consent according to the Declaration of 
Helsinki. The Medical Ethics Committee of the University Medical Center 
Groningen approved the study. None of the subjects had any history of 
psychiatric or neurological disorders. Prior to the scanning, subjects were 
tested for their hearing thresholds using standard audiometric measures 
(all subjects had thresholds < 20 dBHL, for 0.25-8 kHz) and were tested 
on their lipreading ability using the same silently articulated numbers as 
during scanning. As stated above, lipreading is a natural skill and it is 
difficult to train subjects in lipreading to reach a higher level of performance 
(Summerfield, 1992).  Therefore, only subjects who scored more than 75 % 
on the lipreading test were included in this study. On the day of scanning, 
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the lipreading test was again conducted while subjects were positioned in the 
scanner.

Data Acquisition

Regional cerebral blood flow (rCBF) was measured using [15O]-water 
and a Siemens Ecat Exact HR+ PET scanner operated in three-dimensional 
mode with a 15,5 cm axial field of view. The scanner acquires 63 slices 
simultaneously. Each subject was scanned 12 times for the distribution of 
[15O]-water with a 10 minutes interval between two scans to allow for decay. 
Each scan was performed after an intravenous bolus injection of 500 MBq of 
[15O]-water per scan. Except for the first scan, scanning started 30 s prior to 
injection, to account for background activation. Ten seconds before injection, 
the stimulus was started. After injection, data were collected during 120 s. A 
scan specific calculated attenuation correction was performed to minimize 
interscan displacement-induced variance (Reinders et al., 2002).

Experimental design

The experimental design is adopted from Calvert et al. (1997) and 
is similar to the designs used by MacSweeney et al. (2000), Campbell et 
al. (2001) and Paulesu et al. (2003). It consists of a baseline and lipreading 
condition. During the lipreading condition, participants viewed a movie of 
the whole face of a speaker silently articulating numbers (no auditory speech) 
with an interval of 3 s and were instructed to silently repeat the viewed 
numbers. During the baseline condition, subjects viewed a static image of 
the speaker with the same interval of 3 s. Subjects were instructed to repeat 
the number ‘one’ each time the face appeared to control for subvocalization 
and to focus attention. Each condition was presented 6 times in a random 
order. For the baseline, the same set of images was shown 6 times, for the 
lipreading condition 6 different sequences of numbers were made to avoid 
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the effect of learning throughout scanning. Subjects had earplugs to reduce 
surrounding noise and were trained not to move lips or tongue when silently 
repeating numbers. 

Data analysis

The 2000 version of Statistical Parametric Mapping (SPM2: software 
from the Wellcome Department of Cognitive Neurology, London, UK) was 
used for spatial transformations (realignment, transformation into standard 
stereotactic space and smoothing with a isotropic Gaussian kernel of 8 mm 
FWHM) and statistical analysis (Friston et al., 1995). An ANOVA estimated 
the following parameters: two groups (male and female), two conditions 
(lipreading and baseline) and the mean perfusion to normalize for global flow 
differences (Multigroup, conditions and covariates). Each scan was scaled to 
a mean global activity of 50 ml/100ml/min. Hypotheses about regionally 
specific condition effects were tested comparing the estimates, using linear 
compounds or contrasts. The resulting set of voxel values for these contrasts 
constituted the associated SPM of the t-statistics. The significance threshold 
used for the analysis was p<0.05 corrected for multiple comparisons with 
False Discovery Rate (Genovese, C. R., Lazar, N. A. & Nichols, T., 2002) 
with an extent cluster threshold of more than 8 voxels. The results are 
displayed on the smoothed anatomical MRI template of SPM2. 

Pekkola et al. (2005) stated that the signal changes in the PAC due 
to lipreading might be weaker compared to activation elicited by auditory 
stimulation and therefore they conducted a region of interest (ROI) analysis 
in the PAC. A ROI analysis of the PAC is also more appropriate since it 
gives the overall statistical result for the PAC i.e. it is both more specific and 
sensitive. Our a-priori hypothesized areas, i.e. the left and right PAC, were 
defined using the SPM Anatomy toolbox (Eickhoff et al., 2005) and MarsBaR 
toolbox was used for the ROI analyses (MARSeille Boîte À Région d’intérêt, 
Tzourio-Mazoyer et al., 2002). Specifically, we created anatomical ROI’s 
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based on the three-dimensional probabilistic cytoarchitectonic maps from 
the SPM Anatomy toolbox (Eickhoff et al., 2005).

 A correct identification of the PAC is essential for correct 
interpretation of the data. Several authors reported intersubject variability 
in size and location of the PAC (Penhune et al., 1996;Leonard et al., 
1998;Morosan et al., 2001;Rademacher et al., 2001b). To account for this 
problem of variability in size and location of the PAC, the individual brains 
were normalized into a standardized stereotactic frame and to remove 
residual variance in brain structure a Gaussian smoothing filter of 12 mm 
was applied. Furthermore, we identified the PAC using probability maps, 
based on the cytoarchitecture of 5 male and 5 female brains (Morosan et 
al., 2001; Rademacher et al., 2001b; Eickhoff et al., 2005). The inclusion 
of both male and female brains is essential since it has been found that the 
proportional volume of the PAC is bilaterally larger in females  (Rademacher 
et al., 2001a).

To compensate for differences in stereotactic space between SPM and 
the Anatomy toolbox, a linear transformation was applied to the anatomical 
ROI’s. MarsBaR was then used to conduct the statistical analyses on these 
ROI’s independently i.e. lateralization was not investigated. The statistical 
procedure in MarsBaR is the same as in SPM, but instead of analyzing on a 
voxel-by-voxel basis like SPM does, all voxels in a region are averaged and 
hence inferences about the whole region can be made. Also in MarsBaR, 
contrasts were considered significant at p<0.05. 
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Results

 In this chapter, we only report and discuss the temporal areas 
involved in silent lipreading. Comparing lipreading with the baseline in 
all 18 subjects, an activation cluster was observed in the temporal lobe 
of both the left and right hemisphere. The cluster in the left hemisphere 
involved parts of the superior and middle temporal gyrus and fusiform gyrus 
(Brodmann areas 21, 22 and 37) (Figure 1A and Table1). The cluster in the 
right hemisphere covered a smaller part of the superior and middle temporal 
gyrus at the junction of the temporal and occipital lobe (BA 22 and 37). The 
activation in the left and right superior temporal regions covered the planum 
temporale (secondary auditory region) but did not cover the medial part of 
Heschl’s gyrus, where the primary auditory region is located (see Figure 
1B).

Activation in the PAC was investigated with a region of interest 
analysis. Results of the whole group (females and males) did not reveal 
activity in the left or right PAC; the mean activity had a p-value of 0.356 
and 0.646 for the left and right PAC respectively. But when the female group 
was analyzed separately, significant activation in the left PAC was revealed 
(p=0.042) (Figure 2). They did not show significant activation in the right 
PAC (p=0.366). Males on the other hand showed no significant activity in 
the left (p=0.879) or right PAC (p=0.804). The difference between men and 
women in activity of the left PAC was significant with p=0.021. 
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Figure 1. Full-color in appendix. Spatial distribution of significant increases 
in brain activation of the whole group (9 males and 9 females) when 
comparing lipreading to the baseline. Activations are superimposed on the 
smoothed anatomical template of SPM2. Clusters are significant at p<0.05 
FDR corrected for multiple comparisons. R=right, L=left hemisphere. (A) 
Activations in the cerebral cortex as an overlay on the volume rendered 
template. The activation cluster in the left temporal lobe is much larger than 
the cluster in the right homologue. (B) A horizontal slide 7 mm above the 
anterior commissure (z=7). The probabilistic cytoarchitectonic maps of the 
left and right primary auditory cortex are displayed in blue (Eickhoff et al., 
2005). This slide shows that the significant activations (in red) do not cover 
the primary auditory regions. 
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Table 1. Clusters of significant* voxels for lipreading minus baseline of the whole 
group (males and females) located in the temporal lobes. Only the highest peaks of 
activation are reported for each cluster, with corresponding stereotaxic (Talairach) 
coordinates and t-value. *Significant at cluster level for p<0.05 FDR-corrected for 
multiple comparisons, extent threshold 8 voxels, voxel size 2x2x2 mm. Brain regions 
were identified using the Talairach atlas and the stereotactic atlas of the human brain 
of Mai et al. (Talairach and Tournoux, 1988;Mai et al., 1997)

Figure 2. Regional cerebral blood flow during lipreading relative to the baseline 
of each group, based on all voxels in the left or right PAC (with a global mean 
flow of 50 ml/100g/min). Error bars indicate the 90 % confidence interval of 
the mean across subjects per condition. * = Significant (p<0.05) in- or decrease 
in perfusion during lipreading relative to the perfusion of the baseline of the 
group, **= Significant (p<0.05) difference between the two groups.
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Discussion

The present study was designed with a lipreading condition and a 
static face baseline condition and with the instruction of internal repetition. 
We adopted the design of (Calvert et al, 1997), who was the first to report 
PAC activation during lipreading. One of the drawbacks of this design is the 
lack of a moving content in the baseline condition. It is however unlikely that 
this difference in moving content between the two conditions explains the 
activation of the PAC in females and its absence in males. Another possible 
constraint is the use of internal repetition, which disallows the investigators 
to monitor the subjects’ performance or attention. The use of internal 
repetition was used in previous studies that did find (Calvert et al., 1997) or 
did not find (MacSweeney et al. 2000; Campbell et al., 2001; Paulesu et al., 
2003) PAC activation during lipreading. Because we wanted to contribute to 
the debate on involvement of the PAC during silent lipreading, we choose the 
task of internal repetition to closely resemble the previous studies. 

The voxel-wise analysis of SPM did not have enough power to 
detect significant activation of the PAC in the whole group, nor in the two 
groups separately. Like Pekkola et al. (2005), we used region of interest 
analysis to reach maximal statistical power in the study of PAC activation 
during lipreading. A difference in power between the two analyses might be 
expected. Pooling the data of all voxels in the PAC gives a reduced standard 
error, resulting in a higher t-value and hence more power. And indeed, with 
this ROI analysis we did find a significant activation of the left PAC in females 
but not in males and this sex difference in PAC activation was significant. 
Of course, caution has to be made when pooling data to improve sensitivity. 
However, in this study, a priori defined regions were used and the significant 
activation in the left PAC, as shown in figure 2, shows a contrastvalue that 
is not uncommon for PET activation studies. This clearly indicates that the 
reported results are true effects and not an artifact of shifting thresholds.

Our study contributes to the debate on whether or not the PAC is 
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involved in silent lipreading by showing that PAC involvement depends 
on the sex of the experimental group, with only females having activation 
in the left PAC during lipreading. Literature showed inconsistent results 
concerning the involvement of the PAC. A few studies found PAC activation 
(Calvert et al., 1997; Pekkola et al., 2005), whereas other studies only found 
secondary auditory cortex activation (Campbell et al., 2001; Bernstein et al., 
2002; Paulesu et al., 2003). In these previous studies, sex was not investigated 
as an explanatory parameter. Some of these studies didn’t mention the sex 
of their volunteers (Calvert et al., 1997; Bernstein et al., 2002; Olson et 
al.,2002). On the other hand, Campbell et al. (2001), Calvert et al. (2003) 
and Pekkola et al. (2005) noted the number of male and female subjects in 
their volunteer group, but only the results of the whole group were displayed. 
And in a third group of studies, PAC activation was found in only one of 
the subjects, but the sex of these individuals was not noted (Ludman et al., 
2000; MacSweeney et al., 2000). Finally, Paulesu et al. (2003) and Sekiyama 
et al. (2003) investigated only male subjects and they found no activation 
in primary areas during silent lipreading, which is in agreement with our 
results for the male group. 

Our results show a larger activation cluster in the left than in the 
right hemisphere, although no formal test for lateralization was performed, 
and the ROI analysis showed that the left PAC was activated in the female 
group. This is in agreement with previous results on laterality in lipreading 
(Campbell et al., 1996; Smeele et al., 1998). Also heard speech is strongly 
left lateralized in subjects (for review see Tervaniemi & Hugdahl, 2003). 
On the other hand, face-processing is largely based in the right hemisphere 
(Rhodes, 1985). As Campbell (1998a) stated: while the right hemisphere 
could sometimes show a speed advantage in analyzing facial speech images, 
it is the left hemisphere that is critical for categorizing speech.

Although the present chapter focuses on activation in the PAC,  
possible activation differences in visual areas between males and females 
might be of interest for the discussion of the PAC results, namely the seen sex 
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differences in the PAC might be due to a sex difference in the first processing 
modality. Therefore we also investigated the visual areas (to be published 
separately). A region of interest analysis in the visual areas did not show a 
correlation with the sex differences in the PAC. Hence, the differences in the 
PAC are not a mere result of a higher visual activation in females.  

Activation of the primary auditory cortex in females during visible 
speech processing suggests that there is more variability for input modality 
than had been suspected (Campbell, 1998b). In the case of normal hearing 
subjects, activation of the PAC was assumed only to occur in purely auditory 
processing. The present results show a relation between visual input and PAC 
activation. These findings raise questions about how the PAC is embedded 
in the visible speech network and about its function. With the current PET 
design, these questions can not be answered but literature gives us strong 
indications about the pathway and function. 

There are two possible pathways which may connect the PAC 
into the visible speech network: 1) either the PAC is activated in an early 
stage through a subcortical relay station or 2) the information is processed 
from the primary visual cortex to associative areas, including higher order 
auditory areas, which in turn have projections to the primary auditory 
cortex, i.e. a late involvement of the PAC. In the latter, the PAC is activated 
because of associations with heard speech. Our study design does not allow 
us to determine the time course of activated areas. However, when Nishitani 
and Hari (2002) measured cortical activation sequences in subjects viewing 
verbal lip forms with whole-head magnetoencephalography (MEG), they 
found that cortical activation progressed from the occipital visual areas to the 
superior temporal cortex, from there to the inferior parietal lobe, proceeding 
to the inferior frontal lobe (area of Broca) and ending in the primary motor 
area. It must be noted that Nishitani and Hari (2002) only found activation 
in the secondary auditory areas. But it is known from monkey studies that 
secondary and primary auditory areas are reciprocally connected (e.g. Kaas 
and Hackett 1998). If the early involvement theory would be more likely, the 
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activation of the superior temporal regions had to be detected together with 
the occipital areas or even sooner, which was not found by Nishitani and 
Hari (2002). Based on this MEG-study, we think that the involvement of the 
PAC in the present study results from a late involvement mechanism of the 
PAC through association cortices. 

What can be the function of involvement of the PAC during silent 
lipreading? One possible explanation was stated by the group of Campbell 
et al. (2001). In one study they did find activation in the PAC (Calvert et 
al., 1997), but in others they didn’t (Campbell et al., 2001). They explained 
these seemingly contradictory results in terms of familiarity of the subjects 
with the voice of the seen speaker, i.e. activation in temporal areas 
specialized for acoustic speech processing may reflect a form of acoustic 
imagery, capturing the voice qualities of the speaker (Campbell et al., 2001). 
However, this explanation of Campbell et al. (2001) seems unlikely because 
other studies demonstrated that auditory verbal imagery is associated with 
activity in secondary but not in primary auditory areas ( Jancke and Shah, 
2004). Moreover, none of our subjects, neither from the male nor from the 
female group, knew the speaker. Thus, we conclude that familiarity with the 
speaker’s voice can not account for the involvement of the PAC in the female 
group. The involvement of the PAC probably reflects the fact that for normal 
hearing subjects the sight of the speaker is usually accompanied by heard 
speech and visual and auditory speech perception is tightly connected. 

But then the question remains why would females exhibit more 
activation in the PAC than males? It is generally believed that women 
have better language skills than men and in general females also perform 
better on lipreading tasks than their male counterparts (Watson et al., 
1996; Kimura, 1999). A better lipreading ability is accompanied by larger 
activation in temporal brain areas (Ludman et al., 2000). But because all our 
subjects had similar performance scores on the lipreading test and because 
we used a fixed set of lipreading items, it is unlikely that a difference in 
lipreading ability causes the sex difference in PAC activation. However, it is 
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possible that females have a different strategy for lipreading than males and 
hence involve different cortical areas for processing the visible speech, even 
though both groups had the same level of performance. Hence, we can only 
speculate about the function of PAC involvement during silent lipreading. 
Differences in lipreading strategy might be linked to differences in active 
listening of the primary auditory cortex, i.e. the female brain might attend 
more to the (normally accompanying) auditory sound than the male brain. 
Activation in primary auditory cortex during silence as part of an auditory 
attention system has been demonstrated by Hunter and colleagues, but no 
sex differences were investigated (Hunter et al., 2006). Hence it is possible 
that females connect the visible speech image to the associated auditory 
speech sound thereby activating not only secondary, but also primary 
auditory areas. Males, on the other hand, only activated secondary auditory 
areas, which might indicate that they rely less on the auditory counterpart of 
the visible speech image than females. 

In conclusion, our data show that only females significantly activate 
the left primary auditory cortex during visible speech processing. These 
results suggest that a different neural network is involved in lipreading in 
the two sexes. Both groups scored high on the test and this indicates that 
neither pattern of activity is superior to the other in terms of performance in 
the present lipreading task. This study contributes to the ongoing debate on 
whether or not the PAC is involved in silent lipreading by showing that this 
involvement of the PAC depends on the sex of the experimental group.
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6
Abstract

In the past, researchers investigated silent lipreading in normal 
hearing subjects with functional neuroimaging tools and showed how the 
brain processes visual stimuli that are normally accompanied by an auditory 
counterpart. Previously, we showed activation differences between males 
and females in primary auditory cortex during silent lipreading, i.e. only 
the female group significantly activated the primary auditory region during 
lipreading. Here we report and discuss the overall activation pattern in 
males and females. We used Positron Emission Tomography to study silent 
lipreading in 19 normal hearing subjects (9 females). Prior to scanning, 
subjects were tested on their lipreading ability and only good lipreaders were 
included in the study. Silent lipreading was compared with a static image. 
In the whole group, activations were found mainly in the left hemisphere 
with major clusters in superior temporal, inferior parietal, inferior frontal 
and precentral regions. The female group showed more clusters and these 
clusters were larger than in the male group. Sex differences were found 
mainly in right inferior frontal and left inferior parietal regions and to a 
lesser extent in bilateral angular and precentral gyri. The sex differences 
in the parietal multimodal region supports our previous hypothesis that 
the male and female brain process visual speech stimuli differently without 
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differences in overt lipreading ability. Specifically, females associate the 
visual speech image with the corresponding auditory speech sound whereas 
males focus more on the visual image itself.
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Introduction

Lipreading is the ability to extract speech information from the 
lip, tongue and jaw movements of a speaker. Hearing impaired persons 
use lipreading to compensate for their hearing loss. But also in people with 
normal hearing, speech is perceived by ear and by eye, although often 
unconsciously. Numerous studies have shown that seeing a person speak 
has a profound influence on speech perception (Brancazio and Miller, 2005; 
Erber, 1975; Ross et al., 2006). The auditory illusion of the McGurk effect 
demonstrates the integration of auditory speech sounds and visual speech 
images (McGurk and MacDonald, 1976). They demonstrated that when lip 
movements do not match the auditory speech, subjects perceive something 
intermediate (e.g. auditory /ba/ combined with visual /ga/ is perceived as 
/da/). 

The neural basis of auditory-visual integration has been investigated 
with functional imaging tools like fMRI, PET and MEG (e.g. Olson et al., 
2002;Jones and Callan, 2003;Sekiyama et al., 2003;von Kriegstein et al., 
2003;Macaluso et al., 2004). In normal hearing subjects, silent lipreading 
(i.e. only the visual speech image) has been used to study how the brain 
processes visual stimuli that are usually accompanied with an auditory 
matching part. The pattern of activated brain areas varied depending on the 
specific task and stimuli, but some brain areas were consistently reported: 
auditory association areas in superior temporal region, auditory-visual 
integration areas in the inferior parietal lobe, area of Broca in the left inferior 
frontal region and premotor areas in the precentral gyrus (Campbell et al., 
2001;Nishitani and Hari, 2002;Olson et al., 2002;Calvert and Campbell, 
2003;Paulesu et al., 2003;Sekiyama et al., 2003). On the other hand, the 
involvement of the primary auditory cortex during silent lipreading was 
less consistent (Calvert et al., 1997;Ludman et al., 2000;Bernstein et al., 
2002;Pekkola et al., 2005). In the previous chapter, we studied subjects 
with good lipreading abilities and demonstrated that the activation of the 
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primary auditory region by visual speech images depends on the sex of the 
subject, namely only the female group significantly activated the primary 
auditory cortex during lipreading. These results are important, because they 
suggest that the male and female brain use different neural processes while 
still achieving the same performance. Our data suggested that the male 
brain relies more on the visual speech image during lipreading whereas the 
female brain associates the visual image to its auditory counterpart. Previous 
studies either made no differentiation for sex (Campbell et al. 2001; Pekkola 
et al., 2005; Calvert et al., 2003), or they did not mention the sex of the 
volunteers (Calvert et al., 1997; Bernstein et al., 2002; Olson, Gatenby & 
Gore, 2002), or finally, only male subjects were investigated (Paulesu et al., 
2003; Sekiyama, Kanno, Miura & Sugita, 2003). Sex differences in speech 
perception on the other hand, have been extensively debated, especially in 
the light of lateralization differences (Shaywitz et al., 1995;Jaeger et al., 
1998;Kansaku and Kitazawa, 2001;Sommer et al., 2004;Kitazawa and 
Kansaku, 2005;Ortigue et al., 2005). Therefore, in the current chapter, 
we further investigated the set of lipreading data in males and females by 
analysing changes in brain activity firstly throughout the whole brain and 
secondly with a focus on cortical areas known to be involved in lipreading. 

Material and Methods

Subjects

Nineteen healthy volunteers participated in this study (10 males, 9 
females), their ages ranged from 19 to 27 years (mean 21 years) for the males 
and from 19 to 25 years (mean 21 years) for the females. All volunteers gave 
written informed consent according to the Declaration of Helsinki. The 
Medical Ethics Committee of the University Medical Center Groningen 
approved the study. All subjects were right-handed as assessed by the 
Edinburgh Inventory (Oldfield, 1971) and none of the subjects had any 
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history of psychiatric or neurological disorders. Prior to scanning, subjects 
were tested for their hearing thresholds using standard audiometric measures 
(all subjects had thresholds < 20 dBHL, for 0.25-8 kHz) and were tested on 
their lipreading ability using the same mouthed numbers as during scanning. 
As stated above, lipreading is a natural skill and it is difficult to train subjects 
in lipreading to reach a higher level of performance (Summerfield, 1992).  
Previously, it has been found that differences in activation pattern exist 
between good and poor lipreaders (Ludman et al., 2000). We choose to only 
include good lipreaders since they had the most elaborate activation pattern 
in the study of Ludman and colleagues (2000). Therefore, only subjects who 
scored more than 75 % on the lipreading test were included in this study. 
There were no differences in performance between the males and females. 
On the day of scanning, the lipreading test was conducted again while 
subjects were positioned in the scanner prior to the actual scanning session. 
One additional female subject was scanned but the data was excluded from 
the study because she showed deviant responses in the whole brain, which 
might be due to a previous psychiatric problem, which was initially discarded 
during the inclusion.

Data Acquisition

Regional cerebral blood flow (rCBF) was measured using [15O]-
water and a Siemens Ecat Exact HR+ PET scanner operated in three-
dimensional mode with a 15,5 cm axial field of view. The scanner acquires 
63 slices simultaneously. Isotropic resolution was 6 mm. Each subject was 
scanned 12 times for the distribution of [15O]-water with a 10 minutes 
interval between two scans to allow for decay. Each scan was performed 
after an intravenous bolus injection of 500 MBq of [15O]-water per scan. 
Except for the first scan, scanning started 30 s prior to injection, to account 
for background activation. Ten seconds before injection, the stimulus was 
started. After injection, data were collected during 120 s. A scan specific 
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calculated attenuation correction was performed to minimise interscan 
displacement-induced variance (Reinders et al., 2002).

Experimental design

During the lipreading condition, participants viewed a movie of the 
whole face of a female speaker mouthing numbers between 6 and twenty-
five (no auditory, only visual speech) and were instructed to silently repeat 
the viewed numbers. During the baseline condition, subjects viewed a static 
image of the speaker. Subjects were instructed to silently repeat the number 
‘one’ each time the face appeared to control for subvocalization and to focus 
attention. During the two minutes scanning, 40 items were presented to the 
subject with an interstimulus interval of 3 seconds. Both conditions were 
presented 6 times and in a random order. For the baseline, the same set of 
images was shown 6 times, for the lipreading condition 6 different sequences 
of numbers were made to avoid the effect of learning throughout scanning. 
Subjects had earplugs to reduce surrounding noise and were trained not to 
move lips or tongue when silently repeating numbers. 

Data analysis

The 2000 version of Statistical Parametric Mapping (SPM2: 
software from the Wellcome Department of Cognitive Neurology, London, 
UK) was used for spatial transformations (realignment, transformation into 
standard stereotactic space and smoothing with a isotropic Gaussian kernel 
of 8 mm FWHM) and statistical analysis (Friston et al., 1995). An ANOVA 
estimated the following parameters: two groups (male and female), two 
conditions (lipreading and baseline) and the mean perfusion to normalise 
for global flow differences (Multigroup, conditions and covariates). Time 
(indicated by scan number) was tested as a covariant. Each scan was scaled 
to a mean global activity of 50 ml/100ml/min. Hypotheses about regionally 
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specific condition effects were tested comparing the estimates, using linear 
compounds or contrasts. The resulting set of voxel values for these contrasts 
constituted the associated SPM of the t-statistics. The significance threshold 
used for the analyses of the whole group and the two groups separately 
was p<0.05 corrected for multiple comparisons with False Discovery 
Rate (Genovese et al., 2002) and for the comparison of the two groups the 
threshold was p<0.001 uncorrected for multiple comparisons. All analyses 
were conducted with an extent cluster threshold of more than 8 voxels. The 
results are rendered onto a standard anatomical template of SPM2. 

The major areas which process the visual speech images of lipreading, 
are known from literature (Calvert et al., 1997;Campbell et al., 2001;Nishitani 
and Hari, 2002;Olson et al., 2002;Calvert and Campbell, 2003;Paulesu et 
al., 2003;Sekiyama et al., 2003). We conducted in these areas region of 
interest analyses, since they give the overall statistical result for these regions, 
i.e. a region of interest analysis is more specific. These a-priori hypothesised 
areas are: the bilateral auditory association areas (superior temporal region), 
auditory-visual integration region (inferior parietal region), motor language 
areas (area of Broca and its right homologue in the inferior frontal region) 
and premotor region of the face (precentral gyrus). To define the bilateral 
inferior frontal regions, we used the SPM Anatomy toolbox, which is based 
on the three-dimensional probabilistic cytoarchitectonic maps and in this 
case we used the probability maps of Brodmann areas 44, 45 (Amunts et al., 
1999;Eickhoff et al., 2005). The SPM Anatomy toolbox also has a probability 
map for the whole premotor cortex. However, we only expected activation 
in the premotor area of the face and therefore we defined a region of interest 
as a sphere with a centre voxel derived from literature (Campbell et al., 
2001;Olson et al., 2002;Calvert and Campbell, 2003;Paulesu et al., 2003). 
The Talairach coordinates for this centre voxels were: x=-47, y=0, z=39 for 
the left premotor area and x=45, y=2, z= 37 for the right premotor region 
(Talairach J and Tournoux P, 1988).  Because currently no probability maps 
for the superior temporal and inferior parietal regions are available in the 
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Anatomy toolbox, we used the automated anatomical labeling (AAL) regions 
from the MarsBaR toolbox to define them (MARSeille Boîte À Région 
d’intérêt, Tzourio-Mazoyer et al., 2002). The region of interest analyses 
were conducted in MarsBaR.  The statistical procedure in MarsBaR is 
the same as in SPM, but instead of analysing on a voxel-by-voxel basis like 
SPM does, all voxels in a region are averaged and hence inferences about 
the whole region can be made. The significance threshold was p<0.05 FDR 
corrected and considering the small sample size, also trends (p<0.10 FDR 
corrected) are indicated (Benjamini and Hochberg, 1995).
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Results

Whole group (females and males)

The voxel-wise analysis revealed activated regions distributed 
throughout the whole brain during lipreading as compared to the baseline 
(Table 1, Figure 1A). Both left and right hemispheres were activated by 
lipreading, with the largest activations being in the left hemisphere. The 
largest activation cluster was found in the left temporal-parietal-occipital 
region. An analogous cluster, but smaller, was found in the right hemisphere. 
In the left and right temporal pole, two small clusters were found. In the left 
frontal lobe, lipreading activated the inferior frontal, precentral and middle 
frontal gyrus. The superior frontal gyrus, located medially in the brain (BA 
6) was also activated. Again, in the right hemisphere clusters were found 
in the same areas, but they were much smaller. Furthermore, activations 
were found in part of the left and right superior and inferior parietal lobule 
and supramarginal gyrus and in the right occipital lobule. And finally, a 
cluster was found in the left cerebellum. It is clear that the whole group 
shows activation in the known areas to be important for lipreading, i.e. 
superior temporal, inferior parietal, inferior frontal and precentral regions 
bilaterally. 

Some regions were deactivated by lipreading, this means a higher 
regional cerebral bloodflow during the static face images than during 
lipreading (Table 1, Baseline-Lipreading). Several deactivation clusters were 
found across the midline, located in the occipital pole (cuneus) and medial, 
superior frontal gyri. Another deactivation was found in the ventral part of 
the left temporal pole. And in the right hemisphere, decreased bloodflow was 
located in frontal, temporal, fusiform and angular gyri.
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Female and male groups separately

To investigate the contribution of the male and female group to 
these activations, the two groups were analysed separately (Table 2-3, 
Figure 1B-C). Overall, the activation patterns of males and females were 
similar but not identical, with females having larger and more numerous 
activation clusters than the males. A few areas were activated both by males 
and females, with females having larger clusters in these areas: left and right 
superior and middle temporal gyrus, the left fusiform gyrus, the left middle 
and inferior occipital gyrus and the left inferior frontal gyrus extending to 
the left insula. Only the left cerebellar activation, which was found in both 
sexes, was larger in males. 

Table 4 and Figure 1D show which areas were significantly more 
activated by females than males. In the left hemisphere, females had 
significantly more activation than males in the parietal region and part of 
the middle temporal and angular gyrus. In the right hemisphere females had 
higher activation in occipital, temporal, angular and inferior frontal gyri. 
There were no areas in which males had significantly higher activation.

Both groups displayed significant deactivations, but the largest 
deactivations were found in the male group. Males deactivated part of the 
cuneus and medial, superior frontal gyri, all located medially in the brain. 
And in the right hemisphere they showed deactivations in the insula, angular 
and middle frontal gyri. In the female group, deactivations were only found 
in the medial frontal gyrus and right middle temporal gyrus. 

Regions of interest analyses were conducted for maximal statistical 
specificity in the regions known to be important for lipreading, i.e. bilateral 
superior temporal, inferior parietal, inferior frontal and precentral regions. 
The female group had significant activation in all regions of interest in both 
hemispheres (Figure 2, Table 5). The male group showed activation in the 
left superior temporal, left inferior frontal and left precentral region. The 
difference between the two groups was strongest in the right inferior frontal 
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area  and left inferior parietal region, which is consistent with the voxel-wise 
analysis of the whole brain. Also in the bilateral precentral regions females 
tend to have more activation than males during lipreading compared to the 
baseline. In these a priori defined regions, no significant deactivations were 
found in any of the groups.

There was no influence of time on the activation patterns in the two 
groups, indicating no learning effect during the scanning period.
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Figure 1. Full-color in appendix. Spatial distribution of 
significant increases in brain activation during lipreading, 
compared to the baseline of a static image. Results of the whole 
group (N=19), of the female group (N=9), of the male group 
(N=10) and of females minus males are displayed. Activations 
are rendered onto the single subject anatomical template of 
SPM2. (A-C) clusters are significant at p<0.05 FDR corrected 
for multiple comparisons, (D) clusters are significant at p<0.001 
uncorrected. 
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Figure 2. Regional cerebral blood flow in the regions of interest during lipreading relative 
to the baseline of each group in that region (with a global mean flow of 50 ml/100g/min). 
Error bars indicate the 90 % confidence interval of the mean across subjects per condition. 
* = Significant at p<0.05 FDR corrected, **= Significant at p<0.10 FDR corrected. L= 
left, R= right, STG= superior temporal gyrus, IP= inferior parietal, IF= inferior frontal, 
PrC= precentral. 
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Talairach Coordinates

Brain region (Brodmann Area) Number of voxels
in cluster

  t-value x y z
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Table 1. Activated (lipreading minus baseline) and deactivated (baseline minus lipreading) 
clusters of significant* voxels in the whole group (males and females). Only the highest 
peaks of activation are reported for each cluster, with corresponding stereotaxic (Talairach) 
coordinates and t-value.  *Significant at p<0.05 FDR-corrected for multiple comparisons, 
extent threshold 8 voxels, voxel size 2x2x2 mm. Brain regions were identified using the 
Talairach atlas and the stereotactic atlas of the human brain of Mai et al. (Talairach and 
Tournoux, 1988; Mai et al., 1997)
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Talairach Coordinates

Brain region (Brodmann Area) Number of voxels
in cluster
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Baseline – Lipreading

��������������
����������� ��� ���� �� ��� ��

���� �� ���� ��

���� � ��� �
��������������������������������� ��� ���� � �� ���

���� � �� ���

��� � �� ���
������������������������������������ ��� ���� �� �� ��

���� ��� �� ��
���� �� �� ��

������������� �� ���� � ��� ��

����� ����

���������������
���������������������������� ��� ���� ��� �� ���

���� ��� �� ���

���� ��� � ���

����� ���
����������������

��������������������������� ��� ���� �� �� ��
��������������������������������������� ��� ���� �� �� ���

���� �� � ���

���������������������� �� ���� �� �� ���
���� �� ��� ���
���� �� �� ���

������������������ �� ���� �� ��� ��

����� ���

Males + Females
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Table 1 continued. Activated (lipreading minus baseline) and deactivated (baseline minus 
lipreading) clusters of significant* voxels in the whole group (males and females). Only the 
highest peaks of activation are reported for each cluster, with corresponding stereotaxic 
(Talairach) coordinates and t-value.  *Significant at p<0.05 FDR-corrected for multiple 
comparisons, extent threshold 8 voxels, voxel size 2x2x2 mm. Brain regions were identified 
using the Talairach atlas and the stereotactic atlas of the human brain of Mai et al. 
(Talairach and Tournoux, 1988; Mai et al., 1997)
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Table 2. Activated (lipreading minus baseline) and deactivated (baseline minus lipreading) 
clusters of significant* voxels in the female group. Only the highest peaks of activation are 
reported for each cluster, with corresponding stereotaxic (Talairach) coordinates and t-value.  
*Significant at p<0.05 FDR-corrected for multiple comparisons, extent threshold 8 voxels, 
voxel size 2x2x2 mm. Brain regions were identified using the Talairach atlas and the stereotactic 
atlas of the human brain of Mai et al. (Talairach and Tournoux, 1988; Mai et al., 1997)
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Males

Table 3. Activated (lipreading minus baseline) and deactivated (baseline minus lipreading) 
clusters of significant* voxels in the male group. Only the highest peaks of activation are 
reported for each cluster, with corresponding stereotaxic (Talairach) coordinates and t-value.  
*Significant at p<0.05 FDR-corrected for multiple comparisons, extent threshold 8 voxels, 
voxel size 2x2x2 mm. Brain regions were identified using the Talairach atlas and the stereotactic 
atlas of the human brain of Mai et al. (Talairach and Tournoux, 1988; Mai et al., 1997)
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Lipreading – Baseline: Females > Males

Chapter 6

Table 4. Clusters of significant* voxels which were significantly more activated by females 
than by males for lipreading minus baseline. Only the highest peaks of activation are 
reported for each cluster, with corresponding stereotaxic (Talairach) coordinates and t-
value.  *Significant at p<0.001 uncorrected, extent threshold 8 voxels, voxel size 2x2x2 
mm. Brain regions were identified using the Talairach atlas and the stereotactic atlas of the 
human brain of Mai et al. (Talairach and Tournoux, 1988; Mai et al., 1997)
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Neural responses to silent lipreading in normal hearing male and female subjects

Table 5. Region of interest analysis for lipreading minus baseline in eight a-priori 
defined regions. One-sided statistical significance for various contrasts was tested for 
men and women separately as well as for the differences between both.  *= p<0.05 
FDR corrected, **= p<0.10 FDR corrected.
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Discussion

For lipreading, compared to a static image, an activation pattern 
distributed in the left and right hemisphere was found, with major clusters 
in auditory and visual association areas, language regions, premotor and 
supplementary motor areas. This is consistent with previous functional 
imaging studies (Calvert et al., 1997;Campbell et al., 2001;Nishitani and 
Hari, 2002;Olson et al., 2002;Calvert and Campbell, 2003;Paulesu et 
al., 2003). From the activation of males and females separately, it is clear 
that females had a more elaborate activation pattern than the males. Sex 
differences in activation were shown by both the voxel-wise analysis and the 
region of interest analyses, namely females had more activation than males 
in the right inferior frontal and left inferior parietal regions. The voxel-wise 
analysis also showed a sex difference in parts of the left and right angular 
gyri, areas that were not implemented in the region of interest analysis. 
Furthermore, the region of interest analysis also indicated sex differences in 
the bilateral precentral areas. Note that relatively small group sizes were used 
in this study and that further research is needed to replicate these results.

Since no sex differences were found in the prefrontal attention areas, 
it is unlikely that different male and female attention levels can explain these 
results. We showed sex differences in brain activation despite comparable 
behavioural performances of the two groups. Differences in activation 
pattern without differences in performance have been reported earlier 
( Jaeger et al., 1998;Jordan et al., 2002;Thomsen et al., 2000). These findings 
together with the reverse, no sex differences in brain activation accompanied 
by sex differences in behavioral performance (Halari et al., 2005), provide 
support for sex differences in brain-behaviour relationships.

The data show more and larger activation clusters in the left 
than in the right hemisphere in the whole group and in the two groups 
separately. Left hemisphere lateralization for language is well established 
from neurological, neuropsychological and functional imaging studies. 

Chapter 6
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On the other hand, the cortical basis of face processing is right lateralized 
(Rhodes, 1985;Young et al., 1985). Thus, the question is whether silent 
lipreading, which is a face-based skill, is left- or right lateralized. Studies on 
laterality of silent lipreading have shown a left-hemisphere superiority for 
some lipreading tasks (Campbell et al., 1996;Smeele et al., 1998), but not for 
others (Campbell, 1986). Studies on lipreading in patients with unilateral 
brain lesions demonstrated that lipreading is more severely damaged with 
left hemisphere lesions, but that also right hemisphere lesions have an impact 
on lipreading and therefore the right hemisphere component can not be 
ignored (e.g. Campbell, 1986;Campbell et al., 1990). Campbell suggested 
that initial image analysis is usually faster in the right hemisphere, but the 
linguistic categorisation itself is left hemisphere based (Campbell, 1998). 
The present data, showing activation clusters in both hemispheres with the 
largest being in the left, are in agreement with this idea of a stronger left 
hemisphere component for silent lipreading.

When looking closer at the two groups separately, the lateralization 
matter is more complex. It is clear that the female group activated key 
cortical areas, known to be involved in lipreading, in both the left and right 
hemisphere (though larger in the left). The male group, on the other hand, 
showed activation in the ‘lipreading’ areas only in the left hemisphere, with 
exception of the right temporal auditory association area. These results might 
be related to previously found sex differences in lateralization of language 
tasks (Shaywitz et al., 1995;Jaeger et al., 1998;Kansaku and Kitazawa, 
2001). Although these sex differences in lateralization have been subject 
to debate (Sommer et al., 2004;Kitazawa and Kansaku, 2005;Ortigue et 
al., 2005), it is proposed that, depending on the task, females have more 
bilateral language representation than males (Shaywitz et al., 1995;Jaeger et 
al., 1998;Kansaku and Kitazawa, 2001).

Bilateral activation in females versus unilateral left activation in 
males was found in the inferior frontal area. The left inferior frontal region, 
the area of Broca, has repeatedly been reported to be involved in silent 

Neural responses to silent lipreading in normal hearing male and female subjects
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lipreading (MacSweeney et al., 2000;Campbell et al., 2001;Paulesu et al., 
2003). Traditionally, Broca’s area is associated with production of speech 
(Geschwind, 1970), but it is recently seen to be involved in observing and 
imitating someone else’s actions (Iacoboni et al., 1999;Heiser et al., 2003). 
Activation in Broca’s area during lipreading gives support for the motor 
theory of speech, which suggests that processes related to speech production 
are essential in speech perception (Liberman et al., 1967;Liberman and 
Mattingly, 1985;Floel et al., 2003;Mottonen et al., 2005). This motor theory 
of speech is further supported by activation of the premotor area (precentral 
gyri). This activation was only found in females and although not identified 
by the voxel-wise analysis, the region of interest analysis suggested a sex 
difference in this region. This sex difference might indicate that females 
relate the visual speech image more to the motor production of speech than 
males. 

This concept of females associating the visual image to another 
related sensory modality, is also supported by the seen sex differences in the 
left inferior parietal region (BA 40, 7), in which females had more activation 
than males. This region has been identified to be involved in multisensory 
integration, for example audio-visual integration, by studies in non-human 
primates (for review see Pandya and Seltzer, 1982) and by lesion and 
functional neuroimaging studies in humans (Iacoboni et al., 1998;Calvert et 
al., 2000;Lewis et al., 2000;Calvert, 2001;Campanella et al., 2001;King and 
Calvert, 2001). In the present study, the activation in males did not reach 
significance in the parietal cross-modal integration area. We previously 
showed that males also had less activation in the primary auditory 
cortex than females. These results suggest that males exhibit a weaker 
association between the visual speech image and the auditory speech sound. 
Furthermore, sex differences were found in parts of the left and right angular 
gyrus at the occipito-temporal junction with males displaying a deactivation 
during lipreading in the right angular gyrus. This is consistent with a 
deactivation found by (MacSweeney et al., 2000). The traditional concept 
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about the angular gyrus is that it plays a critical role in semantic processing, 
but this region is also shown to be involved in mapping written words to 
their respective auditory representations (Demonet et al., 1992;Demonet et 
al., 2005). Taken together, the sex differences in the angular and inferior 
parietal region and our previous findings of exclusive female activation in 
the primary auditory cortex, indicate that during silent lipreading females 
connect the visual speech image to the auditory counterpart, which normally 
accompanies the image of moving lips, while males focus more on the visual 
image without association with the auditory speech sound.

 Other deactivations were found in medial parts of the occipital 
lobe (cuneus, BA 18) where only the male group had a large deactivation. 
A deactivation in BA 18 was also reported by (Calvert, 2001), although they 
found it more caudally compared to our deactivation. The more lateral parts 
of BA 18 were activated by lipreading. This probably reflects additional 
visual information in the dynamic display, as well as task-related activation 
(Calvert, 2001). It is however not clear why only men deactivated the medial 
part of the occipital region.

In summary, consistent with current literature we showed that silent 
lipreading activated specific cortical areas in the right and predominantly 
in the left hemisphere. In addition, our results also showed that males and 
females have different activation patterns during lipreading, with major 
differences in the right inferior frontal and left parietal and to a lesser extent 
in bilateral angular and precentral regions. The present results together 
with previously reported data indicate that during silent lipreading females 
associate the visual speech image with the corresponding auditory speech 
sound while males focus more on the visual image itself. 

Neural responses to silent lipreading in normal hearing male and female subjects
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With functional neuroimaging techniques, functions of the human 
brain can be assessed in vivo. These tools contributed in a significant way 
to our understanding of the functional organization of the human brain in 
general and, of particular interest for this thesis, the central auditory system. 
Among these techniques, positron emission tomography has proven its merit 
over the last two decades. 

This thesis started with an introductory review on functional 
neuroimaging of the central auditory system, with a focus on the PET 
technique. The basic anatomy of the auditory pathways was described, 
followed by the principles of brain activation studies and the highlights of 
their findings in auditory brain research. In chapter 3 and 4 we investigated 
brain activation induced by auditory stimulation with music and noise and 
the influence of sex and sexual orientation on this brain activity. In chapter 3 
we found differences in how male and female brains process a noise stimulus. 
Females displayed higher activation in the primary auditory cortex during 
noise and the male group had a significant deactivation in the prefrontal 
cortex. We explained this difference in activation of the auditory cortex 
by functional sex differences in the auditory-prefrontal network, which is 
engaged in auditory attention. This experiment showed that sex can influence 
brain activity already at the primary level of a sensory cortex. For the first 
time, a sex difference in the functioning of the primary auditory cortex was 
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shown. Chapter 4 extended these results by showing that not only the sex 
of the volunteers affects auditory activation, but also sexual orientation. 
The main finding of the experiment described in this chapter was the fact 
that the variables sex and sexual orientation are not independent in brain 
activation studies. This means that investigating sex differences in brain 
activation depends on the sexual orientation of the groups and vice versa 
and that mixing groups can have a significant influence on the outcome. 
The results showed that sex and sexual orientation are important variables 
to take into account in (auditory) functional neuroimaging research. Hence, 
a clear description of the experimental groups in terms of sex and sexual 
orientation is essential in brain activation studies.

In the two subsequent chapters, the influence of sex on the central 
auditory system as part of a multimodal network was explored. We used 
silent lipreading, i.e. visual speech images without the speech sounds, in 
normal hearing subjects to detect how the human brain processes visual 
stimuli that are normally accompanied by speech sounds. In chapter 5, we 
examined the possible role of the primary auditory cortex in silent lipreading, 
a role that was previously debated in the literature. We discovered that 
only females activated this region during silent lipreading, which explains 
previous seemingly inconsistent results since no differentiation for sex was 
made before. Our results show that, at least in females, the primary auditory 
cortex also processes stimuli that are not auditory in nature. This shows 
that the traditional view on primary sensory cortices, which states that, in 
healthy subjects, these areas only process stimuli of that particular sensory 
modality and that that the information of different modalities is integrated in 
the higher order associative areas is too simple. It also shows that activation 
of the primary auditory cortex by visual stimuli depends on the sex of the 
experimental group. Apparently, males and females use different neural 
strategies to come to the same result. We hypothesized that females make 
a connection with the auditory speech sound, which normally goes along 
with the moving lips, whereas males focus more on the visual image itself. 
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These different ways of processing the same stimuli was further investigated 
in chapter 6. In that chapter, we did not focus on the auditory areas alone, 
but we explored regions distributed throughout the whole brain. The overall 
activation pattern differed between males and females, including differences 
in integration areas in which females displayed higher activation. This is 
consistent with our previous hypothesis of the female brain associating the 
visual speech image to its auditory counterpart as opposed to the male brain. 
Hence, male and female brains process visual speech stimuli differently 
without differences in overt lipreading ability. 

Overall this thesis raises one major point, namely that sex can have a 
considerable influence on neuroimaging results even in experiments that are 
thought of as basic. In the past, possible sex differences were often neglected 
in fundamental neuroscience research. Nevertheless, many clinical disorders 
are known to vary with the sex of the patients. For example in some 
neurodevelopmental disorders such as autism, hyperactivity and mental 
retardation males have a disadvantage (Gualtieri and Hicks, 1985). In order 
to understand these disorders, it is important to know how the healthy brain 
functions, including normal variations in its function and variables that 
influence this function. Sex can influence the normal brain function, as 
shown in this thesis. Therefore, in future neuroscience research, sex should 
be considered as a variable of influence and a detailed description of the 
experimental groups is essential. 

The present results also generate new questions for future central 
auditory system research. Chapters 3 and 4 clearly show that activation 
induced by well-known auditory stimuli can be affected by sex and sexual 
orientation. But these experiments concentrate on a small part of the 
auditory process. Firstly, we focussed mainly on the primary auditory cortex. 
Subcortical and other cortical areas were not extensively investigated. 
Secondly, only a small set of auditory stimuli was used. To further understand 
the relationship between sex and auditory processing, other auditory stimuli 
and tasks need to be explored. 
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Chapter 5 presents information about visual processing in the 
primary auditory cortex and the influence of sex on this processing. These 
new findings might be important when studying subjects with hearing 
deficits, who rely on visual cues for speech comprehension. It has been 
thought that when a sensory modality is lost, the corresponding primary 
region gets involved in processing other modalities. We showed that even 
in normal functioning, other modalities are processed in a primary sensory 
region. This is important to take into account when studying subjects with 
sensory deficits. Especially for patients with cochlear implants it is interesting 
to investigate if sex influences the outcome of the revalidation process. Among 
the factors that predispose implanted children to higher levels of language 
development is female sex, regardless of the modality of speech (Geers et al., 
2003). Chapters 5 and 6 allow us to hypothesize that because females have 
a stronger association between the visual and auditory modalities, they have 
an advantage for language output. Furthermore, these two chapters present 
new research topics for further research in the multimodal integration field. 
We hypothesized that males focus more on the primary sensory modality 
(in this thesis vision) and that females have stronger associations with other 
related modalities (in this case audition). It indicates that females might 
be more susceptible to situations in which the information of different 
modalities does not match, like in the McGurk effect. Research in this 
field is important for clinical studies on deficits in integration of different 
information streams. For example in schizophrenia, female patients display 
more auditory hallucinations (Leung and Chue, 2000), which can be linked 
to the present results.   

We used positron emission tomography to study the function of the 
central auditory system. As discussed in chapter 2, other techniques exist to 
investigate brain function in vivo, each with their own (dis-)advantages. In 
functional neuroimaging studies, fMRI is gaining support as the imaging tool 
of preference, because of its noninvasiveness and better temporal resolution. 
Even in auditory research, fMRI is overtaking PET, since solutions for the 
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loud scanner noise have been proposed. However, PET remains an important 
tool to study the function of the central auditory system especially in relation 
to clinical issues. Therefore we will conclude this thesis by highlighting the 
possibilities of PET in auditory functional neuroimaging research. 

The major advantage of PET is the possibility to use equipment that 
is not magnetic compatible during scanning. PET has proven its clinical 
value in the study on brain reorganization after cochlear implantation (Truy 
et al., 1995;Truy, 1999) and there are still questions left unanswered. In this 
respect, PET will become more important since several new implant devices 
are developed to treat centrally located disorders. One exciting development 
is the use of electrical stimulation of (sub)cortical structures to temporarily 
reduce tinnitus (Plewnia et al., 2003; De Ridder et al., 2005). In an attempt 
to permanently treat tinnitus, neurostimulative devices around the cochlear 
nerve (Holm et al., 2005) or extradural (De Ridder et al., 2004) were 
implanted. However, these studies are still in their infancy. With functional 
neuroimaging studies in the implanted patients we might better understand 
the effects of the neurostimulation and the neural base of tinnitus itself. 
Moreover, PET might also have a diagnostic value to select candidates 
for cochlear or neurostimulative implantation. When used simultaneously 
with transcranial magnetic stimulation, PET might predict the outcome of 
the implant. In general, the future use of PET in functional neuroimaging 
studies will probably focus on studies in which fMRI can not be applied, like 
studies which use equipment that is not magnetic compatible.

In conclusion, the present thesis contributes to our basic 
understanding of how the central auditory system functions and how this 
function can be influenced. New findings on auditory and visual processing 
in auditory cortical areas are presented. By contributing to basic knowledge 
of the central auditory system inspiration for future research, fundamental 
as well as clinical, is given.    
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Nederlandse samenvatting

Tien procent van de Westerse bevolking leidt aan een gehoorstoornis. 
Om de stoornissen beter te begrijpen, behandelen of genezen, moeten we 
achterhalen hoe het auditieve systeem functioneert bij gezonde mensen. 
Geluiden die we opvangen in ons oor worden in het perifere gehoororgaan 
omgezet in een elektrisch signaal dat verder verwerkt wordt in het centrale 
auditieve systeem. Het signaal wordt via de gehoorzenuw naar kernen in 
de hersenstam gestuurd en daarvandaan naar de auditieve gebieden in de 
hersenen. De informatie komt eerst aan in de primaire auditieve cortex, 
waar basiskenmerken van het geluid verwerkt worden, zoals frequentie en 
intensiteit. Deze primaire cortex is omringd door secundaire en associatieve 
auditieve gebieden. In de secundaire gebieden worden de complexere aspecten 
van geluid verwerkt, zoals het ritme in muziek. In de associatieve gebieden 
wordt informatie afkomstig van verschillende zintuigen samengevoegd. 
Vergeleken met andere zintuigsystemen, bijvoorbeeld het visuele systeem, 
is er over de functie en anatomie van het menselijke centrale auditieve 
systeem nog weinig bekend. Een van de manieren om de functie van het 
centrale auditieve systeem te onderzoeken is functionele beeldvorming. 
Hiermee kunnen we in levende proefpersonen nagaan welke hersengebieden 
betrokken zijn bij een bepaald proces, zoals het luisteren naar geluiden. Deze 
betrokken gebieden worden ‘actieve’ gebieden genoemd. 

Een van de beeldvormende technieken is positron emissie tomografie 
(PET). Met PET worden veranderingen in de doorbloeding van de hersenen 
gemeten. In een actief gebied neemt het energieverbruik toe. Om aan deze 
energietoename te voldoen, neemt de doorbloeding toe. Bij PET wordt 
een geringe hoeveelheid radioactieve stof geïnjecteerd, welke zich via de 
bloedbaan verspreidt in het lichaam. Het verval van deze radioactieve stof 
leidt tot straling, die gedetecteerd wordt door de PET-camera. Op plaatsen 
waar de doorbloeding hoger is, meten we dus ook een hogere signaalsterkte. 
Omgekeerd, kan ook een lagere doorbloeding gemeten worden, dit wordt 
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een deactief gebied genoemd. Aangezien we veranderingen in doorbloeding 
tengevolge van een aangeboden stimulus meten, moeten we ook een 
referentie doorbloeding kennen. We scannen daarom de proefpersonen vaak 
in twee of meerdere condities, een basisconditie en een stimulus conditie. 
Door deze scans met elkaar te vergelijken, kunnen we achterhalen welke 
stimulatie welke gebieden activeert. Een geheel van geactiveerde gebieden 
wordt ook een activatiepatroon genoemd.

In dit proefschrift worden een aantal PET-experimenten besproken, 
die de functie van de auditieve hersengebieden bij normaalhorende personen 
onderzoeken. Ter inleiding van de verschillende experimenten, wordt in 
hoofdstuk 2 een overzicht gegeven van de stand van zaken betreffende de 
kennis van anatomie en functie van het centrale auditieve systeem en de 
bijdrage van functionele beeldvorming aan deze kennis. De mogelijkheden 
en beperkingen van deze technieken, met de nadruk op PET, worden 
toegelicht. 

Hoofdstuk 3 bespreekt een eenvoudig PET-experiment waarbij het 
activatiepatroon tijdens luisteren naar muziek, ruis of stilte werd onderzocht.  
Opmerkelijk zijn de verschillen die gevonden werden tussen mannen en 
vrouwen in de manier waarop hun hersenen de geluiden verwerken. Ruis 
activeerde sterker de auditieve gebieden bij vrouwen dan bij mannen en gaf 
een deactivatie bij mannen in frontale aandachtsgebieden. De resultaten 
wijzen op een sekseverschil in het auditieve aandachtsnetwerk, namelijk dat 
mannen en vrouwen verschillend omgaan met een betekenisloze stimulus 
zoals ruis. Dit is de eerste keer dat sekseverschil met betrekking tot activatie 
van de primaire auditieve cortex werd aangetoond. 

Gezien deze verschillen tussen mannen en vrouwen vroegen we ons 
af of ook seksuele geaardheid een invloed kan hebben op geluidsverwerking 
in de auditieve hersengebieden. Dit werd onderzocht in hoofdstuk 4, waarin 
het eerdere experiment werd uitgevoerd bij een groep homoseksuele 
mannen en een groep homoseksuele vrouwen. Hieruit bleek dat mogelijke 
sekseverschillen in activatiepatroon afhankelijk zijn van de geaardheid 
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van de groepen: de grootste sekseverschillen werden gevonden bij de 
heteroseksuelen. Ook waren verschillen tussen hetero- en homoseksuelen 
afhankelijk van de onderzochte sekse. Deze resultaten geven duidelijk aan dat 
geluidsverwerking in de hersenen afhankelijk is van beide variabelen (sekse 
en geaardheid). Het is dus belangrijk om bij experimenten die gebruik maken 
van (auditieve) functionele beeldvorming deze variabelen te onderzoeken 
en de onderzoeksgroepen duidelijk te beschrijven. Dit is de eerste keer dat 
de invloed van sekse en seksuele geaardheid op geluidsverwerking in de 
hersenen werd aangetoond. De studie nodigt uit om verder onderzoek te 
verrichten naar de invloed van deze variabelen op overige aspecten van het 
auditieve systeem. 

In hoofdstukken 5 en 6 werd de functie van het centrale auditieve 
systeem als onderdeel van een groter netwerk onderzocht. We onderzochten 
hoe de hersenen van normaalhorende personen visuele beelden verwerken 
die gewoonlijk vergezeld worden door klanken, namelijk liplezen in stilte 
(mondbewegingen zonder bijhorende spraakklanken). In hoofdstuk 5 gingen 
we na of visuele spraakbeelden ook de primaire auditieve cortex activeren, 
een vraag waarop de literatuur inconsistente antwoorden geeft. Dit zou 
opmerkelijk zijn, aangezien traditioneel gedacht wordt dat deze primaire 
gebieden enkel geactiveerd worden door geluiden. Het zijn de secundaire en 
associatieve gebieden die informatie van verschillende zintuigen samenvoegt. 
Het activeren van primair auditieve geibeden door visuele beelden zou deze 
theorie deels weerleggen. De resultaten van hoofdstuk 5 geven aan dat 
alleen vrouwen de primaire auditieve cortex activeerden. Aangezien eerdere 
studies geen differentiatie maakten voor geslacht, verklaren onze resultaten 
waarom sommigen wel en anderen geen activatie van dit gebied vonden. 
Onze resultaten geven aan dat, in vrouwen, de primaire auditieve cortex ook 
niet-auditieve stimuli verwerkt. Omdat de lipbeelden bij normaalhorenden 
(bijna) altijd samengaan met de klank, maken de hersenen een koppeling 
tussen het aangeboden beeld en de weggelaten klank. Deze koppeling is 
sterker in vrouwen dan in mannen. Deze verschillende neurale strategieën 
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van mannen en vrouwen zijn gelijkwaardig aangezien beide groepen 
vergelijkbaar scoorden op het liplezen. 

In hoofdstuk 6 wordt verder ingegaan op de verschillende 
activatiepatronen tussen mannen en vrouwen tijdens liplezen. In dit 
hoofdstuk kijken we niet alleen naar de auditieve gebieden, maar naar 
activiteit in de gehele hersenen. De waargenomen verschillen bevonden zich 
met name in corticale gebieden waar informatie van verschillende gebieden 
geïntegreerd wordt. Deze resultaten bevestigen onze eerdere hypothese dat 
vrouwen een sterkere associatie maken tussen het auditieve en visuele beeld, 
terwijl mannen meer focussen op het visuele beeld alleen. De hersenen van 
mannen en vrouwen kunnen dus op verschillende manieren dezelfde stimuli 
verwerken om tot eenzelfde resultaat te komen. 

Ten slotte worden in hoofdstuk 7 de resultaten van de experimenten 
geïntegreerd en worden de gegevens in een breder perspectief geplaatst. 
De invloed van geslacht op de auditieve hersenactiviteit is een rode draad 
in het proefschrift. Tot op heden werd ten onrechte weinig aandacht 
besteed aan de invloed van geslacht op de werking van primaire gebieden 
in beeldvormingstudies. De resultaten van dit proefschrift geven aan dat 
de hersenwerking kan variëren bij gezonde mannen en vrouwen. Het is 
belangrijk deze variaties in kaart te brengen opdat we stoornissen die 
vaker voorkomen bij mannen dan bij vrouwen (of vice versa) beter kunnen 
begrijpen. Dit proefschrift draagt bij aan de kennis over de normale 
functie van het centrale auditieve systeem en hoe deze functie kan worden 
beïnvloed. 
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Prof. dr. F.W.J. Albers, u bent vanaf het begin de drijfveer achter 
dit onderzoek geweest. Uw vertrouwen en interesse in dit project hebben 
mij vaak geholpen door te zetten. U behield het overzicht en greep in waar 
nodig. Ik hoop dat we onze samenwerking even succesvol zullen voortzetten 
in Utrecht. Hartelijk dank voor uw hulp en inzichten bij het totstandkomen 
van dit proefschrift.  

Prof. dr. ir. H.P. Wit, beste Hero, vanaf de zijlijn keek je toe en gaf je 
raad waar het nodig was. Ik kon altijd “binnenspringen” als ik vragen had. 
Vooral je taalkundige kennis was heel waardevol, want het moet gezegd 
worden: Vlaams is toch niet helemaal hetzelfde als Nederlands. Bedankt 
voor je hulp en goede raad. 

Dr. ir. A.T.M. Willemsen, beste Antoon, ik kan terecht zeggen dat 
zonder jouw hulp dit proefschrift er niet was geweest. Ik heb ontzettend 
veel van je geleerd. Het belangrijkste is wel het kritisch zijn tegenover de 
data en eerlijk zijn in de rapportage. Eindeloze brainstormsessies hebben 
we gehad over onze gegevens en de analyse ervan. In het begin was het 
vooral eenrichtingsverkeer van jouw kant, maar tegen het einde werden de 
gesprekken levendiger en boeiender. Ik vind het echt jammer dat we niet 
meer dagelijks zullen samenwerken. Bedankt voor alles!!!

Prof. P. van Dijk, beste Pim, op een enthousiaste manier heb je als 
nieuwe hoogleraar audiologie het onderzoek op de KNO-afdeling een nieuwe 
impuls gegeven. Je bent pas in een latere fase bij dit onderzoek betrokken 
geraakt, maar dat was niet te merken. Meteen was je erg geïnteresseerd en 

Dankwoord
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maakte je alle tijd voor correcties en aanbevelingen. Bedankt.  
Prof. dr. W. Vaalburg, beste Wim, bedankt voor je interesse in dit 

project en de fijne tijd op het PET-centrum.
Prof. dr. A.M.J. Paans, beste Anne, bedankt voor je technische hulp 

bij de experimentele opzet en analyse. 
De beoordelingscommissie, Prof. dr. P. van Dijk, Prof. dr. ir. H. 

Duifhuis en Prof. dr. A.M.J. Paans, wil ik bedanken voor het deskundig 
beoordelen van het manuscript.

Dr. J. Pruim, beste Jan, ik wil je graag bedanken voor het keuren 
van de vrijwilligers en voor je hulp bij de vele METc-perikelen. Aan deze 
studie heb je als METc-verantwoordelijke op het PET-centrum een hele 
kluif gehad. 

Het secretariaat van het PET-centrum: Arja en Erna. Enorm bedankt 
voor jullie hulp bij het inplannen, regelen of verzetten van de scans. Toen de 
tijd begon te dringen gaven jullie mijn scans voorrang, dat waardeerde ik 
zeer. Maar natuurlijk ook een dankjewel voor jullie luisterend oor (waren we 
nu bondgenoten of medeslachtoffers?).

De mnw’ers en in het bijzonder Johan, Judith, Remco, Sabine, 
Yvonne en Yvonne wil ik bedanken voor de professionele uitvoering van het 
protocol en de talloze reconstructies van de scans. Het waren lange, maar 
ook heel gezellige scansessies. Jullie hielpen niet alleen bij het scannen, maar 
ook bij culinaire, bouwkundige, architecturale of vrijetijdsbesteding… Dus 
ook bedankt voor de leuke tijd!

Niet te vergeten: het lab van het PET-centrum, met name Berta, 
Bram, Hilde, Jitze en Lizette. Dankjewel voor de vele waterruns die jullie 
gedraaid hebben voor deze studie. Als er problemen waren deden jullie er 
alles aan om de studie toch te laten doorgaan.

De volgende mensen wil ik bedanken voor hun (technische) hulp bij 
dit onderzoek: Frits (KNO), Klaas Willem (PET-centrum) en Anita (NIC).

Het secretariaat KNO: Tanja, Esther, Sandra, Emma en Ria. Ik kon 
altijd bij jullie terecht voor regeldingetjes, geldzaken of een leuke babbel. 

Dankwoord
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Bedankt voor de hulp en de gezelligheid.
Janniko. Het was een geruststelling te merken dat ik niet de enige was 

die SPM vervloekte, maar samen kwamen we er wel uit! Dankjewel voor je 
goeie raad op gebied van het design, analyse en interpretatie. En natuurlijk 
ook voor de gezellige momenten tijdens congressen of in de kroeg.

Hilke, het was leuk om samen de tinnituspatiënten te scannen. 
Jammer dat we het niet samen kunnen afmaken, maar we houden nog wel 
contact! Bedankt voor de leuke babbels. 

Andere onderzoekers, Anne Rixt, Janine, Johan, Klaas-Pieter, 
Meyke, Oliver, Simone en Lukas en Carolien in het bijzonder. Bedankt voor 
de leuke tijd die we samen op het PET-centrum gehad hebben.

Anton (zoals beloofd een aparte paragraaf). Merci voor de leuke 
momenten het laatste jaar! Tijdens de pauzes en lunches hebben we veel lol 
gehad en dat was nodig tijdens de stressvolle laatste maanden! Ge zijt nen 
toffe kerel! Tot in Amersfoort hé!

De lunch- en borrelclub van KNO. Het waren gezellige momenten. 
Toch wel jammer dat ik die kolonistenbeker niet meer heb kunnen meenemen 
naar Utrecht…

Nen dikke merci voor mijn vriendinnen in België! In het bijzonder 
Brenda, Kristel en Kristin. We zien elkaar minder dan ik zou willen, maar 
elke keer dat we elkaar zien, lijkt het alsof we bij elkaar om de hoek wonen. 
Jullie toonden dat 350 kilometer geen obstakel is voor een vriendschap en 
dat betekent heel veel voor mij. Merci!

Mijn ‘Nederlandse’ vrienden,  in het bijzonder Jacco, Carolien, 
Jeroen en Willemijn. Het is fijn dat jullie niet meer gewoon ‘de vrienden van 
Marijn’ zijn, maar ondertussen ook echt mijn vrienden. De avondjes samen 
waren altijd heel gezellig. We gaan ervoor zorgen dat, nu we (bijna) allemaal 
verhuisd zijn, toch nog vaak contact zullen houden!

Tom, merci voor je hulp bij de lay-out en het mooie ontwerp van het 
kaft! 

Mijn paranimfen, Esther Bakken en Mechteld Stigter. Jullie 

Dankwoord



154 155

waren niet alleen gezellige collega’s, ook naast het werk waren jullie echte 
vriendinnen. De vele etentjes en filmpjes zorgden ervoor dat ik me thuis 
voelde in Groningen. 

Mijn schoonfamilie. Als we weer eens helpende hand of een auto 
nodig hadden, stonden jullie altijd paraat. Bedankt voor alle hulp de voorbije 
jaren!

Mijn (schoon-)broers en zussen, Joris en Ragna, Katrien en Bert. 
Het is fijn te weten dat ik altijd op jullie kan rekenen. Door elkaar minder 
te zien, realiseer ik me hoeveel jullie voor mij betekenen en wat een gezellig 
groepke we samen zijn!! Mijn neefje en nichtje, Jef en Fien, jullie zijn nog zo 
klein, maar jullie komst heeft al veel plezier in mijn leven gebracht. Een paar 
uurtjes met jullie doorbrengen, deed de promotieperikelen snel vergeten.

Mijn ouders, lieve moeke en vake. Ik heb lang nagedacht over 
dit stukje en telkens weer herschreven. Er is zoveel waarvoor ik jullie wil 
bedanken. Zoveel dingen die ik van jullie geleerd heb, die me geholpen 
hebben tijdens mijn Groningentijd en die maken dat ik hier vandaag sta. 
Maar het meest van al wil ik jullie bedanken voor ons toffe, liefdevolle 
gezin!!! Dankjewel!

En dan nog mijne liefste makker, Marijn. Je optimisme en het zoeken 
naar gerichte oplossingen hebben me vaak geholpen tijdens dit onderzoek. 
De laatste maanden waren enorm hectisch, maar we hebben ons erdoorheen 
geslagen en komen straks weer in wat rustiger vaarwater. Ik hoop nog vele 
waters met jou te doorzeilen!

Dankjewel allemaal!
Liesbet
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Appendix

Chapter 2. Figure 6. Overview of the image preprocessing and analyzing 
steps (from Johnsrude et al., 2002).
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Appendix

Chapter 2. Figure 8. Activation of auditory areas by noise (A) and 
music (B). Noise activates the primary auditory cortex, located in 
the transverse gyrus, whereas the activation of music is located in 
the primary and surrounding secondary auditory areas. R= right 
hemisphere, L=left hemisphere.
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Appendix

Chapter 3. Figure 1. Spatial distribution of significant increases in brain activation in 
men and women when comparing the auditory processing of noise, music and a baseline. 
Activations are superimposed on an anatomical MRI template of SPM2. Clusters are 
significant at p<0.05 FDR corrected for multiple comparisons. L=left hemisphere, y=-
20 and y=-6 means a coronal plane respectively 20 and 6 mm posterior to the anterior 
commissure, z=8 means a horizontal plane 6 mm dorsal to the anterior commissure, z= -1 
means a horizontal plane 1 mm ventral to the anterior commissure. (A) Contrasting music 
with noise, women showed activation in the secondary auditory areas only, whereas men 
showed activation in both PAC and secondary auditory areas. (B) Comparing music to 
the baseline, both women and men showed bilateral activation in the PAC and secondary 
auditory areas. (C) Comparing noise to the baseline, women showed bilateral activation in 
the PAC. In men, on the other hand, no significant activation was found. The differences 
between men and women in panels A and C are significant (see Table 2). 
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Appendix

Chapter 3. Figure 3. Spatial distribution of significant increases in brain activation in men 
and women for the comparison of noise to the baseline. Clusters are significant at p<0.01 
uncorrected for multiple comparisons. L=left hemisphere, y=-20 means a coronal plane 20 
mm posterior to the anterior commissure, z=8 means a horizontal plane 6 mm dorsal to 
the anterior commissure. In contrast to Figure 1 C, at an uncorrected level men do show 
activation in PAC, but it is much smaller than in the female group.

Chapter 3. Figure 4. Spatial distribution of significant decreases in brain activation in men 
and women for the comparison of noise to the baseline. Clusters are significant at p<0.05 
FDR corrected for multiple comparisons. x=20 means a sagittal plane 20 mm on the right 
of the anterior commissure, z=29 means a horizontal plane 29 mm dorsal to the anterior 
commissure. Only men showed a significant deactivation in the dorsolateral prefrontal 
cortex.
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Appendix

Chapter 4. Figure 2. Spatial distribution of significant (p<0.05 FDR corrected) changes 
in brain activation when comparing noise, music and the baseline in each group, Fht= 
Females heterosexual, Fhm=Females homosexual, Mht=Males heterosexual, Mhm=Males 
homosexual. Activations are displayed as an overlay on the volume rendered single subject 
anatomical template of SPM2. Contrasts that did not show significant (p<0.05 FDR 
corrected) in– or decreases in rCBF are not shown.
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Appendix

Chapter 5. Figure 1. Spatial distribution of significant increases in brain 
activation of the whole group (9 males and 9 females) when comparing 
lipreading to the baseline. Activations are superimposed on the smoothed 
anatomical template of SPM2. Clusters are significant at p<0.05 FDR 
corrected for multiple comparisons. R=right, L=left hemisphere. (A) 
Activations in the cerebral cortex as an overlay on the volume rendered 
template. The activation cluster in the left temporal lobe is much larger 
than the cluster in the right homologue. (B) A horizontal slide 7 mm above 
the anterior commissure (z=7). The probabilistic cytoarchitectonic maps 
of the left and right primary auditory cortex are displayed in blue (Eickhoff 
et al., 2005). This slide shows that the significant activations (in red) do not 
cover the primary auditory regions. 
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Appendix

Chapter 6. Figure 1. Spatial distribution of significant increases 
in brain activation during lipreading, compared to the baseline 
of a static image. Results of the whole group (N=19), of the 
female group (N=9), of the male group (N=10) and of females 
minus males are displayed. Activations are rendered onto the 
single subject anatomical template of SPM2. (A-C) clusters are 
significant at p<0.05 FDR corrected for multiple comparisons, 
(D) clusters are significant at p<0.001 uncorrected. 
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 Stellingen

 The Hearing Brain in Males and Females
 Liesbet Ruytjens

1 Bij vrouwen is het onvolledig om spraakafzien aan te duiden met de Engelse term  
 “visual speech perception”.

2 De hersenen van mannen en vrouwen verwerken dezelfde informatie op een   
 verschillende manier. Vrouwen  integreren verschillende sensorische modaliteiten,  
 terwijl mannen focussen op een enkele modaliteit. 

3 Prestatie en hersenactivatie zijn niet een op een gekoppeld. Eenzelfde prestatie kan  
 gepaard gaan met verschillende activatiepatronen en omgekeerd. 

4 Bij hersenonderzoek naar de invloed van geslacht dient ook seksuele oriëntatie   
 onderzocht te worden, aangezien beide variabelen afhankelijk zijn van elkaar.

5 Ook bij normaalhorenden kan de primaire auditieve cortex ingeschakeld worden bij  
 de verwerking van visuele stimuli.

6 Definitions belong to the definers, not the defined (Toni Morrison in Beloved, 1998).

7 Ook in de wetenschap geldt het Vlaamse spreekwoord: Boompje groot, Boerke dood.

8 Een Europeaan die voor een Amerikaans tijdschrift wil schrijven, dient eenzelfde  
 cultuuromslag te maken als een Belg die in Nederland wil wonen.

9 Succes wordt nog te vaak bepaald aan de hand van het bereikte doel, men zou ook  
 de weg ernaar toe moeten meenemen.

10 Een pc thuis brengt mensen die ver weg wonen dichterbij, maar degenen die in huis  
 wonen verder weg. 

11 Een gat in de markt is een bouwbedrijf dat zijn afspraken nakomt.


