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Overview

Chapter 1 briefly illustrates the content, background, and motivation for the studies of

the present dissertation.

Chapter 2 provides an overview on voice physiology including the structural anatomy
of the larynx and the functional systems involved in voice production. Furthermore, it

outlines differences between trained and untrained voices.

Chapter 3 describes the concepts of expertise research in the music domain, which

basically explain musical proficiency as a function of deliberate practice.

Chapter 4 gives a brief introduction on the basic principles of magnetic resonance im-
aging, with a particular focus on the methods and procedures of functional magnetic

resonance imaging (fMRI) and data processing.

Chapter 5 reports on an fMRI experiment with professionally trained singers. This
study focused on the common and distinct neural networks underlying vocal control

during both overt and imagined singing of an Italian aria.

Chapter 6 presents the results of a subsequent fMRI study investigating experience de-
pendent changes in functional brain activation during overt singing in a large sample of

opera singers, vocal students and amateurs.

Chapter 7 gives a summary on the results and procedures employed in the present

dissertation, and provides an outlook to future research.
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Chapter 1 Introduction

The human voice is a remarkable system, but one that is not well understood with re-
gard to the neural networks that govern it. During the last 50 years, scientific studies
have substantially increased our knowledge of the behavioral and biomechanical princi-
ples involved in voice production. Among these, it was particularly the work of Johann
Sundberg and Ingo Titze that contributed most to the discovery of the unique properties
of the vocal system in general and their complex interaction for singing in particular.
Although vocal function in speaking and singing shares the same basic principles, sing-
ing requires a much higher level of control over vocal subsystems. This is particularly
evident in classically trained singers, whose vocal efficiency can be distinguished from
untrained singers as well as from other singing styles. Such highly developed singing

skills affect both vocal biomechanics and resulting sound production.

Much less is known about the neural mechanisms underlying vocal motor control in
singing. The technological advances in the cognitive neurosciences provide the means to
investigate this question. Particularly the developments in imaging technology allow
unraveling the neural underpinnings of behavior, and offer new possibilities to study the
cognitive processes involved when actions are planned and executed by the brain. To
date, several studies investigated these mechanisms with respect to speaking, while only
few of them involved simple singing in untrained subjects. Studying singing in trained
experts allows investigating the role of sensorimotor integration and neural plasticity in
a domain that has not yet received much attention and that is distinct from the well-

researched peripheral motor system.

The present work addressed this subject matter for the first time in two neuroimag-
ing experiments with professionally trained (classical) singers. The first experiment
aimed at identifying the brain networks involved in overt professional singing, and com-
pared these results with the neural activation during imagined singing. Experienced
singers were to sing excerpts of an [talian aria within a magnetic resonance scanner util-

izing an advanced functional magnetic resonance imaging (fMRI) design that allows for
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undisturbed auditory feedback during singing. Subsequently, the same aria was sung
entirely in their minds, without any overt production. Motor imagery has often been
viewed as a window to cognitive motor processes and particularly to motor control. We
were interested in detecting the possible differences or commonalities in neural net-

works involved in overt and imagined singing.

In the second study, we investigated the effects of expertise and training in classical
singing on corresponding neural adaptation of the central nervous system. Three groups
were measured in an fMRI scanner during overt singing, differing with respect to their
singing skills: professional opera singers, vocal students and amateurs. To date, most of
the neuroimaging work on motor control has addressed motor skill acquisition related
to peripheral movement. Neuroimaging studies of professional instrumentalists demon-
strated extensive experience-dependent neural adaptation (cortical expansion) related
to the training of complex motor sequences and sensory feedback/control of the periph-
eral motor system. Yet, singing has been largely neglected and the neural consequences

of vocal training are unknown.

The project of the present research was stimulated by the question of how the brain
organizes and controls the complex vocal system during singing. A system that works
largely autonomously when we speak, and that has already been trained extensively in
verbal communication, but that requires a much higher level of control and additional
mechanisms when one sings. The present work aims at identifying (a) the brain net-
works underlying vocal control during overt and imagined singing in voice experts and
(b) at investigating how the brain adapts its functions with the development of higher
levels of voice control (i.e. singing skills), which may also have ramifications for under-

standing disorders of vocal motor control.
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Chapter 2 Fundamentals of voice physiology

The qualities of the human vocal system allow the production of highly complex
phonological patterns in fluent speech by the age of 3 or 4 but also to create an artful
combination of words and music in singing. I would like to begin with a brief overview
on vocal physiology. At first I will outline the anatomy of the larynx, followed by a func-
tional description of the vocal subsystems and their respective role in sound production.
Finally, I will present some of the characteristics that distinguish singing from speaking

and singers from non-singers.

2.1 Anatomy of the larynx

The larynx, the primary source of sound production, is suspended within a complex
system of extrinsic laryngeal muscles attached to the oblique line of thyroid cartilage

and the cricoid cartilage (Figure 1).

notch
thyroid _
cartilage

cricoid
cartilage

Larynx
viewed from
the front

Figure 1 Left: Extrinsic larynx muscles. Muscles raising the thyroid cartilage are (a) m. thyrohyoideus, (b)
m. palato-laryngeus, and (c) m. stylo-pharyngeus. Muscles lowering the larynx are (d) m. sterno-
thyreoideus and (e) m. crico-pharyngeus. Right: Front view of the larynx. (adapted from Husler & Rodd-
Marling, 1976)

One of their functions is to change the position of the larynx by raising and lowering

the thyroid cartilage, thereby affecting vocal tract length (measured from the vocal folds
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to the lips), airway protection during swallowing but also intrinsic laryngeal muscle
function (Ludlow, 2005). The intrinsic muscles of the larynx are specialized for vibration
and airway protection reflexes (Figure 2). They are located within thyroid and cricoid
cartilages. Most of these muscles have multiple compartments that play functionally dis-
tinct roles, which is also expressed by their respective muscle fiber type composition.
The main functions of the intrinsic laryngeal muscles are airway protection, respiration,
and phonation (i.e. the generation of sound). Traditionally, they are grouped analogously

to their main actions into adductors, abductors, and tensors.

(2) The arytenoid ,

muscles: :

Adduction of the
vocal folds

(1) The lateral cri- o~
coarytenoid = | )
muscles:
Adduction of the
vocal folds

(3) The posterior
cricoarytenoid
muscle:
Abduction of vocal
folds

(5) The thy-

(4) The cricothyroid roarytenoid . SNy
joint and muscle: muscle: N "1\\ 4
lengthening of vocal ! : ,', Its medial vocalis w iy
folds, increasing B Sk 7+ sub-compartement) | SN/
tension —% WU ™ shortens & thickens\

- . vocal folds -

Figure 2: Intrinsic laryngeal muscle functions (adapted from

http://webanatomy.net/anatomy/laryngeal_muscles.jpg).

The adducting muscles are comprised of (1) the lateral cricoarytenoid, which in-
creases medial compression of the vocal folds and (2) the arytenoid (consisting of the
transverse arytenoid that adducts vocal folds and the oblique arytenoid that pulls the
apex medially). The only intrinsic muscle that abducts vocal folds is (3) the posterior
cricoarytenoid - the antagonist of the lateral cricoarytenoid. There are two vocal tensors
in the larynx consisting of (4) the cricothyroid and (5) the thyroarytenoid. The latter is
the principal component of the vocal folds and plays a significant role in controlling
voice quality, intensity, and pitch. It consists of two sub-compartments: the lateral mus-

cularis and medial vocalis both having different attachments and different directions.
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The vocalis muscle fibers run parallel and lateral to the vocal ligament, which is often
referred to as the vocal cords. The vocalis not only affects phonation frequency of the
vocal folds but also the natural oscillation of the vocal ligaments that cover the vocal

folds (Titze, 1994).

Three pairs of nerves provide the motor and sensory innervation of the larynx: (1)
the recurrent laryngeal nerve, (2) the external, and (3) the internal superior laryngeal
nerve. All of them are branching off the vagus nerve (Hoh, 2005; Monfared, et al., 2001).
As depicted in Figure 3, the superior laryngeal nerve descends into the carotid triangle
where it divides into a smaller external and a larger internal branch, the latter of which
is considered to carry mainly afferent (sensory) fibers from the mucosa of the larynx
and trachea (Merkel, 1902). It may, however, also contain motor efferences to the ary-
tenoid muscle for laryngeal protective reflexes (Sanders & Mu, 1998). The external
branch descends along and deep to the superior thyroid artery to reach and supply the
cricothyroid muscle. All other laryngeal muscles receive innervation from the terminal
branch of the recurrent laryngeal nerve. A nerve plexus of extreme complexity is found
in the thyroarytenoid muscle containing the vocalis muscle, which plays a major role in

vocal fold vibration (Sanders, et al., 1993).

( brain
) ~
|
\
superior \ ( ( &\
laryngeal \ l Y
nerve \ ):

\\ g .‘., g )‘I\‘ nerve

e~ VN
Y 7' Q¢
thyroid cartilage Q 49 /\ \
7N

\ &
\ C \ 1 \\

left recurrent
laryngeal nerve

aorticarch

Figure 3: Innervation of the larynx (from Koufman, et al.,, 2009).
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It is probably highly relevant for both voice production and airway protection, that
the densest concentration of sensory receptors in the human body is found in the mu-
cosa of the larynx (Sanders & Mu, 1998). The laryngeal mucous receptors are of vital
importance for laryngeal reflexes during breathing and in the protection of the airway
during coughing, swallowing and vomiting (Storey, 1968; Harding et al., 1978). How-
ever, these reflexes also contribute substantially to volitional motor control in voice
production (Ludlow, 2004). The mechanoreceptors in the vocal folds mucous play there-
fore an important role in the motor management of intrinsic laryngeal muscles during
singing and speaking (Wyke, 1974a, 1974b), where they act in concert with articular
mechanoreceptors located in the fibrous capsules of the intercartilaginous joints of the
larynx and with stretch-sensitive myotatic mechanoreceptors (muscle spindles) located

in the intrinsic laryngeal muscles (Abo-el-Enein, 1966).

The peculiarities of the vocal mechanisms also demand for particular muscle proper-
ties. In fact, intrinsic laryngeal muscles are not only uniquely suited to their specialized
role in phonation and articulation; they are also distinct from any other human skeletal
and craniofacial muscle. Mammalian skeletal muscle fibers can be classified into func-
tional types by the heavy chain (MyHC) and light chain (MyLC) isoforms of myosin, the
primary motor protein that they contain. Myosin controls the kinetics of energy trans-
duction and therefore the kinetic properties of muscle fibers (Hoh, 2005). Sciote et al.
(2003) reported that laryngeal muscles possess a highly heterogeneous expression of
MyHC that allows for variable shorting speeds that can be up to twice as fast as limb
muscles. Fast-type MyHC fibers dominate the adducting twitch-muscles. In contrast,
mixed type fast-slow MyHC fibers are largely present in abductor muscles (Shiotani, et
al,, 1999). Interestingly, functionally adequate differences were observed by Wu et al.
(2000) within the sub-compartments of the thyroarythenoid muscle. As mentioned
above, the thyroarythenoid muscle is a highly complex muscle that is crucially important
in controlling voice quality, intensity, and pitch (Hirano, 1974; Titze, 1988). Its medial
sub-compartment, the vocalis muscle, is the vibrating part of the vocal folds and the
main influence on vocal fold behavior in speaking and singing. A high proportion of
slow-twitch muscle fibers (STF) are found in the vocalis muscle. This allows for fatigue

resistant, sustained and precisely controlled contractions (Han, et al., 1999). Only the
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human vocalis muscle is characterized by STF, with the highest expression of STF in the
most mobile, medial part of the vibrating vocal folds (Han, et al., 1999), which indicates a
special role of STF in providing appropriate muscular control for singing. Interestingly,
the superior medial vocalis also contains a higher amount of muscle spindles (Sanders,
et al.,, 1998). Muscle spindles provide the central nervous system with sensory informa-
tion about the muscle, resulting in precise motor adjustments only in this part in which
the sensory organ is present (English & Weeks, 1984). This co-occurrence of sensory
muscle receptors and SFT along with the high density of mucosal mechanoreceptors

points to a strong role of proprioception for voice control in singing (Han, et al., 1999).

With respect to the evolution of the human vocal system, only comparative methods
are available. When comparing vocal function across all primates, the essentials of voice
production are similar. Yet the existing difference between human speech and non-
human vocalization can be directly attributed to two anatomical differences that oc-
curred during the course of evolution. The descended larynx and the increased thoracic
innervation (Ghazanfar & Rendall, 2008). The deeper position of the human larynx in the
vocal tract compared to non-human primates results in an enlarged pharyngeal cavity in
addition to the oral cavity. This two-tube configuration coupled with an agile tongue and
rapid lip movements allows the precise shaping of dynamic resonances, which enables
the latitude of articulatory movements in humans and affects the resonances defining
the components of language and the sound properties of the singing voice. The increased
innvervation of the thorax, on the other hand, is directly linked to an increased control
of air-pressure from the respiratory system. This exquisite control over breathing is re-
quired for speaking or singing long sentences without disruptive pauses for inhalation. A
third component that reflects evolutionary differences between human and non-human
primate vocalization is the neo-cortical control of voice production in humans, with a

widely distributed network of speech functions in the cortex that is extended in singing.

2.2 Functional anatomy of the vocal system

Voice occurs through an interaction of three components: a power source, an oscilla-
tor, and a resonator (Figure 4): the lungs represent the power source, providing the vo-

cal folds with energy. Air stream control is defined by action of the diaphragm, the chest
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muscles, and abdominal muscles. The sound source is generated at the larynx, or more

precisely, by the vocal folds.
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Figure 4: Diagram of the vocal subsystems involved in voice production (from Koufman, et al., 2009)

A complex interaction of vocal fold muscular forces with aerodynamic forces causes
the vocal folds to oscillate. The subsequent resonating system modifies the sound as it
travels further from its source. It is comprised of the throat (pharynx), the oral cavity
and the nasal cavity. This “vocal tract” is constantly changed through activity of the ar-
ticulators (Titze, 1994). The interaction of aerodynamic forces with laryngeal muscular
forces is described by the aerodynamic-myoelastic theory of voice production (Titze,
1980). That is, airflow from the lungs sets the vocal folds into vibration and the mass
and tension of the vocal folds, controlled by intrinsic laryngeal muscles, determines the
quality and quantity of the sound produced. These factors work in opposite directions;
increases in mass lower vibration frequency while increases in tension raise frequency.
When the vocal folds vibrate, they create a series of high-speed air puffs that convert air

pressure into sound waves. A particular characteristic of vocal fold vibration is that they
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do not vibrate as a single unit (Figure 5). Instead, each of the inferior and superior

masses of the vocalis muscle vibrate slightly out of phase (Adachi & Yu, 2005).

Figure 5: Left image: Diagram of a vocal fold vibration cycle seen from the front. Right image: high-speed
stroboscope images of vocal folds in motion during one vibration cycle, viewed from the top. 1. Air pres-
sure moves from the lungs towards the closed vocal folds. 2-3:Air pressure opens bottom of vibrating
layers (mucosal wave: orange; muscle: yellow). 4-5: Air pressure opens the top of vocal folds. 6-10: The
low pressure behind the fast moving air column causes the bottom to close (Bernoulli effect), followed by
the top layer. 10: Closure of the vocal folds cuts off the air column and releases a pulse of air. The inferior
and superior vocalis muscles support the two masses seen in vocal fold vibration. (Left image from (Titze,

1980), right image from (Kayelemetrics, 2009))

The mucous membrane, which covers the vocal folds, plays a crucial role during this
process. In fact, the voice quality depends critically upon the mucous. For example, al-
terations in the flexibility of the mucous cause the well-known difficulties in speaking
and singing during an infection. The vocal folds are characterized by three layers: epi-

thelium, lamina propria and vocalis muscle (Figure 6).
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Figure 6: Cross-section of vocal folds layers (from Koufman, et al., 2009).

The mucous consist of the epithelium and the superficial lamina propria. The vocal
ligament (i.e. the vocal cord) beneath is composed of the intermediate lamina propria
and the deep lamina propria. The superficial mucous has the greatest degree of elasticity
and is passively involved in vibration during phonation. This passive involvement is ex-
plained by the Bernoulli (1783) effect. That is, when the vocal folds are adducted during
phonation, air pressure begins to build up below the vocal folds. When the pressure is
high enough, the soft tissues of the vocal folds are forced to separate and the airstream
flows through the vocal folds. As the airstream accelerates, a drop in pressure follows it,
which forces the vocal folds back together. This airstream-driven wave sustains vibra-
tion and takes part in the production of higher frequencies of the sounds spectrum. If
several opening and closing periods are sustained at steady time intervals, a sound wave
of a certain frequency is generated. This vocal fold oscillation frequency determines the
fundamental frequency, which characterizes the pitch level. For example, when a so-
prano sings the musical note A5’ with a fundamental frequency of 880 Hz, the vocal folds
open and close 880 times per second. In addition, a whole spectrum of upper harmonic
partials is produced and modulated through the ligament's tensile stress, which rises

rapidly with elongation of the vocal folds.
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In conclusion, the interaction of air-pressure from the lungs and adjustments of in-
trinsic laryngeal muscles determine the three main characteristics of the resulting
sound: (1) pitch level, (2) loudness, and (3) primary sound spectrum. Loudness is chiefly
related to increased sub glottal air pressure while the lengthening and shortening of la-
ryngeal muscles determine the primary control of pitch. Vocal fold stiffness modulates
the wave of the mucosal cover. Importantly, these parameters are not independent and

must be tightly controlled in singing (Sundberg, 1987).

The third functional component of voice production is the resonating vocal tract,
comprised of the throat (pharynx), the oral cavity and the nasal cavity (Sundberg, 1987;
Titze, 1994). In general, a resonator amplifies and reinforces the frequencies that the
sound source produces. In musical instruments, their size and shape mainly determine
the resonance properties. Yet the resonating vocal tract, which acts as a source filter of
the primary sound from the larynx, is constantly modulated by activity of the articula-
tors (Figure 7A). As a consequence, changes affecting the vocal tract cavity (e.g. the posi-
tion of the tongue, the area of opening of the mouth, the position of the larynx) will also
retune the resonance characteristics. Resonance phenomena are often described by
“formants”; strong peaks in the harmonic sound spectrum that consist of closely
grouped energy-rich harmonic partials. The relationship between the first two formants
determines the vowel we hear (Figure 7B), whereas the opening of the jaw determines
the frequency level of the first formant, the tongue shape the second and the tip of the

tongue the third (Hall, 1997).
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Figure 7: (A) The resonating vocal tract and places of articulation (passive & active): 1. Exo-labial, 2. Endo-
labial, 3. Dental, 4. Alveolar, 5. Post-alveolar, 6. Pre-palatal, 7. Palatal, 8. Velar, 9. Uvular, 10. Pharyngeal,
11. Glottal, 12. Epiglottal, 13. Radical, 14. Postero-dorsal, 15. Antero-dorsal, 16. Laminal, 17. Apical, 18.
Sub-apical (from http://en.wikipedia.org/ wiki/Places_of_articulation). (B) Examples of vocal tract con-
figurations (left) and resulting frequency spectra (right) for the vowels /i/ (in “beat”) and /ae/ (in “bat”)
in the top and bottom row respectively. Arrows indicate the first two formant peaks in the spectrograms
(F1 & F2). The relationship between the first two formants determines which vowel we hear (adapted

from Patel, 2008).

Trained singers, however, require a control over vocal tract resonances that reaches
far beyond speech intelligibility, affecting voice quality, timbre, as well as loudness. Tra-
ditionally, the linear theory of vocal acoustics assumes that the source of sound (larynx)
and the resonator of sound (vocal tract) work independently (Sundberg, 1987). How-
ever, this poses problems considering the limitations of vocal tract size. A recent non-
linear source filter theory proposes that there is an interaction between the sound
source and the resonances of the vocal tract (Titze, 2008a). Because the vocal tract is
only about 17 cm long, reinforcing a whole cluster of harmonics simultaneously using an
energy-feedback process would increase its efficiency dramatically. This effect raises the
inert reactance of the vocal tract, which in turn enhances the driving pressures of the
vocal folds and the glottal flow, thereby increasing the energy level at the source. When
singers create the appropriate conditions in their vocal tract, they ‘provide an extra, pre-
cisely timed "kick" to each cyclic opening and closing of the folds that reinforces their
vibration to create stronger sound waves. A singer's task is to adjust the shape of the

vocal tract (by carefully selecting favorable "singing" vowels) so that the inert reactance
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is experienced over most of the pitch range’ (Titze, 2008b). This process takes many

years before mastery is achieved.

2.3 Trained and untrained voices

Up to now, numerous studies have demonstrated functional and acoustical differ-
ences between speaking and singing and between trained and untrained singing voices.
Singing compared to speaking requires enhanced control over air-pressure, more effi-
cient vocal fold vibration, and distinct vocal tract resonance characteristics (Sundberg,
1987). Since a complete review of the literature is beyond the scope of this chapter, I will
briefly mention two characteristic differences between trained and untrained voices. It
is obvious to listeners that classical singers can produce higher sound pressure levels
(i.e. a louder voice) than non-singers. However, what we cannot hear is that singers
achieve this with less sub-glottal air pressure and lower muscle tension than amateurs,
which reflects the increased efficacy of vocal fold vibrations in professionals (Koufman,
1996). This study showed that classical singers had lower muscle tension scores than
non-classical singers, with the lowest muscle tension scores being seen in those singing
choral music (41%), art song (47%), and opera (57%), and the highest being seen in
those singing jazz/pop (65%), musical theater (74%), bluegrass/country and western
(86%), and rock/gospel (94%). With respect to vocal tract resonances, skilled classical
singing was also found to result in more pronounced higher frequencies in opera singers
compared to speaking and to other forms of singing (Sundberg, 1987). In particular,
classically trained singers show a prominent amplitude in their sound spectrum in the
range of 3 kHz, referred to as the "singer's formant". This formant results from a cluster-

ing of formants 3, 4, and 5 because of articulatory fine-tuning (Sundberg, 1974, 2001).
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Figure 8: The effect of the “singing formant” on the audibility of the voice despite competing sound from

an orchestra (adapted from Sundberg, 1977)

Such resonance phenomena have several advantages (Sundberg, 1994): They con-
tribute to voice quality and have significant effects on the audibility of the singing voice
(Figure 8). In Chapter 5, we will demonstrate for the first time in a neuroimaging ex-
periment the neural correlates associated with both overt and imagined singing of an

Italian aria in professionally trained singers.
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Chapter 3

Expertise and deliberate practice

Musicians represent a highly select group that differs most apparently from non-
musicians in their exceptional skill level and motor dexterity. Within this group, there is
only a very small sample of excellent musicians, who passed the entrance qualifications
for music conservatories, trained extensively for many years and work eventually as

professional musicians.

An often-heard characterization of musicians refers to their allegedly natural gifted-
ness or talent for music (for an overview, see McPherson & Williamon, 2006). The term
giftedness corresponds to innate capacities that are distinctly above average in at least
one aptitude domain, involving intellectual, creative, socio-affective and sensorimotor
abilities. The individual blending of these characteristics is thought to determine a pre-
disposition for musical achievement. Musical talent, on the other hand, refers to superior
performance in a specific domain of musical activity (e.g. performing, improvising or
composing) and becomes evident through behavior and training (Gagné, 1985, 2000).
Thus, a multitude of factors seems to contribute to musical achievement, ranging from
genetic components for musical ability (Simonton, 1999), gene-environment interaction
(Scarr & McCartney, 1983), and hormonal differences (Hassler, 2000), to intrapersonal
characteristics (e.g. motivation, volition, personality and physique), environmental fac-
tors (e.g. parental support) and chance (McPherson & Williamon, 2006). However, while
the distribution of these aspects may vary between musicians, it is evident that musical
talent is more than just being naturally inclined or disposed for learning an instrument.
In fact, no amount of musical aptitude will guarantee success as professional musician
without intense, systematic learning and practice (Howe, et al., 1998). Therefore, excep-
tional skill is thought to be predominantly related to the amount of deliberate practice,
which refers to a ‘highly structured activity with the explicit goal of improving some as-

pect of performance’ (Jorgensen, 2001).
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Expertise research convincingly demonstrated evidence for a close connection be-
tween accumulated musical practice and overall achievement in both young and older
musicians (Sloboda, et al., 1996; Williamon & Valentine, 2000). The “monotonic benefit
assumption” states that ‘the amount of time an individual is engaged in deliberate prac-
tice is monotonically related to that individual’s acquired performance’ (Ericsson, et al.,
1993, p.368). Deliberate practice is thus thought as being a direct cause of musical
achievement (Howe, et al.,, 1998). This route to expertise generally involves four distinct
stages: (1) a period of play and fun with music, (2) a period of deliberate practice with
high assistance of family and teachers, (3) an intensification of deliberate practice with
acknowledged experts in a music conservatory, whereby music becomes the core of life
planning, and (4) a stage after graduation, where the level of expertise shows through
outstanding performance (see Jorgensen, 2001). The amount of training required before
a professional career can be started is stunning and involves more than 10 000 hours of
dedicated practice over a period of approximately 10 years. Young pianists in a study by
Sosniak (1985) even required an average of 17 years of training before they started
their careers as concert soloists, having accumulated over 60 000 hours of dedicated

practice towards the end of their careers (Krampe, 1997).
According to Jorgensen (2002), the assessment of deliberate practice is based on:

1. The initial starting age when formal lessons began.

2. The accumulated amount of practice from initial starting age with formal training to

present situation.

3. The amount of practice at one particular time or during a limited period of time.

The majority of musicians who have reached high levels of expertise also started
early, in the order of 4-6 years, and therefore accumulated also a large amount of prac-
tice (Jorgensen, 2002). Yet, not all musicians are early starters as Jorgensen (2001) ob-
served. He found in a study on music conservatory students that piano and string play-
ers started earliest (7.8 and 7.3 years respectively), followed by brass (11.6 years) and
woodwind (12.8 years) players, while vocal students were comparably late beginners
(14.4 years on average). However, the generally positive relationship between starting

age and achievement was confirmed for the whole music student population under in-
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vestigation. Similar results were found for instrumentalists with respect to the amount
of weekly practice and the number of practice days in a week but not for vocal students,
who practiced only half of the time than instrumentalists (Jorgenson, 2002). A neverthe-
less existing difference in performance levels between singers had thus been attributed

to the overall accumulated practice time.

Professional musicians have increasingly become the focus of cognitive neuroscience,
mainly because of the large amount of time spent with the training and development of
highly specific motor skills. This is what makes musicians a particularly attractive study
group for investigating learning dependent plasticity of the brain. Over the last 15 years,
several neuroscientific studies have demonstrated that extensive training with a musical
instrument can result in corresponding functional and structural adaptation of the brain
(for a review, see Munte, et al., 2002). Interestingly, the magnitude of change was usually
related to the age at which musical training commenced, which points towards a role of
accumulated motor skill practice in neural plasticity. However, these studies have en-
tirely focused on the peripheral motor system. Up till now, evidence for neural adapta-
tion in conjunction with vocal motor training is sparse and mainly derived from clinical
rehabilitation studies. Changes in neural correlates with respect to experience and train-
ing levels in classical singing have not yet been reported. In Chapter 6 we will describe a
functional magnetic resonance imaging experiment with professional opera singers, vo-
cal students, and amateurs during overt singing of an Italian aria. We will provide the
first evidence that accumulated training and performance of classical singing skills re-

sults in distinct and functionally related neural reorganization of the brain.
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Chapter 4

Principles of functional magnetic resonance imaging (fMRI)

4.1 Introduction

In this chapter, I will give a brief introduction into the principles of functional mag-
netic resonance imaging, which was the method we employed in the experiments of this
dissertation. Magnetic resonance imaging (MRI) is a widely used non-invasive tool for
clinical diagnosis that produces high quality images of the soft tissues of the human
body. Unlike Computer Tomography, it does not involve the use of ionising radiation.
Whereas MRI is useful for anatomical and morphometric investigations, technical ad-
vances in the 1980s and 1990s resulted in the development of a functional MRI (fMRI)

technique that allowed for in-vivo measurements of brain activity.

MRI is based on the nuclear magnetic resonance (NMR) phenomenon. Atomic nuclei
with an odd number of protons and neutrons possess specific quantum mechanical
magnetic properties called magnetic spin. If placed in an externally applied magnetic
field, these nuclei align accordingly and absorb radiofrequency energy, which they re-
emit if transferred back to their original state. Described and measured in molecular
beams by Isidor Rabi in 1938, the first successful nuclear magnetic resonance experi-
ment in condensed matter was carried out in the laboratories of Felix Bloch and Edward
Purcell in 1946, for which they shared the Nobel Prize in physics in 1952. It took another
27 years before Lauterbur (1973), and Mansfield and Granell (1973) independently
proposed that the NMR can be used to obtain tomographic images of objects. Paul Lau-
terbur was the first to illustrate the process of acquiring 2D and 3D images by NMR,
known as magnetic resonance imaging (MRI). Both Mansfield and Lauterbur received
the Nobel Prize for their discoveries related to MRI in 2003. Another MRI pioneer was
Raymon Damadian, who discovered that normal and cancerous tissue can be distin-
guished based on the different response signals (i.e. relaxation times) they emit

(Damadian, et al., 1974), which eventually resulted in the application of MRI in clinical
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diagnosis. Since the 1980s, MRI technique has developed rapidly and became an indis-
pensible tool for uncovering the involvement of the nervous system in cognitive, emo-

tional, perceptual and motor processes.

4.2 The physics of MRI

The strength of a magnetic spin differs with the type of nucleus. The hydrogen nu-
cleus, which is composed of a single proton, has the strongest magnetic moment. In addi-
tion, it has also the highest biological abundance in humans. Fat and water, the major
hydrogen containing components, are widely distributed in the body. MRI takes advan-
tage of these facts and uses the NMR signal from the hydrogen nuclei for constructing

high-resolution 3D images with excellent soft-tissue contrasts.

Generally, the magnetic spin of a proton has no particular orientation and therefore
does not produce an overall magnetization (Figure 9A). Yet, if exposed to an externally
applied magnetic field the hydrogen nucleus is restricted to adopt two principle quan-
tum states that differ energetically. That is, the protons are either oriented anti-parallel
to the external magnetic field (requiring a higher energetic state) or they are assuming
an orientation in parallel with the external magnetic field (requiring a lower energetic
state). A majority of protons, however, will align themselves in the direction of the ap-
plied magnetic field, thereby producing a net polarization (or magnetization) parallel to
the external field (Bo, see Figure 9B). The higher the field strengths are (e.g. 1.5 or 3.0
Tesla) the higher the number of protons aligning with the external field, which enhances
the sensitivity of the technique. Because of the net magnetization (M) in the XY plane,
each spin will rotate (precess) in a cone-like fashion about the Z-axis of the externally
applied magnetic field Bo (Figure 9C). Described by the Larmor equation, the precession
frequency of the individual proton behaves proportional to the strength of the external

magnetic field (Bo) according to the gyromagnetic ratio.
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Figure 9: (A) Without an externally applied magnetic field, the magnetic spin has now particular orienta-
tion. (B) When a strong external magnetic field is applied, the majority of hydrogen protons align with the
external field. While protons are forced to precess in the direction of By to lower their energy content, they
produce the net magnetisation ‘M’ (C) The proton precesses in a cone-like fashion about the Z axis in the

magnetic field (adapted from Mathiak 2002).

For a hydrogen nucleus, the gyromagnetic ratio is 4257 Hz/Gauss. Thus at 1.5 Tesla
(15,000 Gauss), the precession frequency is 63.855 Megahertz, which is in the radio fre-
quency (RF) range. This relation is of central importance for magnetic resonance imag-
ing. A further step required for detecting a signal involves the introduction of a second
magnetic field referred to as Bi. This new field must follow two important rules: (1) it
has to be applied perpendicular to By, and (2) it has to be at the resonant frequency of
the precessing protons. An RF pulse (B1), applied with an appropriate RF coil, will ag-
gregate the protons to a higher energy state by forcing their spin orientation out of
alignment with By and towards the direction of the coil (see Figure 10). That is, the RF
pulse tips the orientation of the proton out of the longitudinal Z plane and towards the
transverse XY plane of B1. The length and intensity of this pulse determine the flip angle
of the spins. Once the RF pulse is turned off, the protons will return to their original
equilibrium (low energy) state in the direction of the z-axis (Bo), thereby releasing the

absorbed radio frequency.
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Figure 10: (top) Applying an RF pulse (B1) on the net magnetisation M creates a second magnetic field Mx-
y. M is flipped from its original along the direction of the external magnetic field By, into the transverse x-y
plane along the direction of the second magnetic field Bi. The protons aggregate to a higher energetic
state. The bottom image illustrates the flip angle, which is determined by the strength and duration of the

RF pulse (from http:// www.easymeasure.co.uk/principlesmri.aspx).

This process is called ‘relaxation’ and can be detected by the MRI coils. The time con-
stant that describes the return to an equilibrium state is called the spin lattice relaxation
time (T1). More exactly, T1 is the time taken for approximately 63% of the initial longi-
tudinal (Bo) magnetization to be restored following a resonant RF pulse. In contrast, T2
relaxation (also known as T2 decay) is the decrease in the transverse x-y (or B1) compo-
nent of magnetization, which does not involve the emission of energy. Because the T1
and T2 relaxation times vary with the type of body tissue, they deliver excellent tissue
contrasts. For the final spatial encoding step of the position of the spins, magnetic field
gradients must be superimposed on the otherwise homogeneous external magnetic field
(Bo). The principle role of the gradient coils is to produce linear changes in the magnetic
field in the x, y and z directions. Three magnetic field gradients, placed orthogonally to
one another inside the bore of the magnet, are required to encode information in three
dimensions. When the gradients are switched on, some columns of spins perpendicular
to the axis precess at slightly different Larmor frequencies depending on the specific
gradient strength. This allows exciting only a narrow plane of protons with the correct
resonant RF pulse while all other protons in the sample receive the wrong frequency of

excitation for resonance to occur.
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By employing time constant maps based on T1 or T2 relaxation, encoding of spatial
information and reconstruction of anatomic images is made possible. A summary of the

processes involved is depicted in Figure 11.

4.3 Functional MRI (fMRI)

Functional MRI is based on the magnetic resonance principles described above. It
works by detecting levels of oxygen throughout the brain. Since its development in the
early 1990s by Seiji Ogawa (Ogawa, et al., 1990; Ogawa, et al.,, 1993), it has become one
of the leading research tools for mapping functional brain activity. Basically, the fMRI
takes advantage of two principles: (1) the interactions of cerebral blood flow (CBF), en-
ergy demand, and neural activity, also known as neurovascular coupling; and (2) that

oxygenated and deoxygenated blood have different magnetic properties.

The brain constantly demands adequate supply with oxygen and glucose, delivered
with the cerebral blood flow through a complex mechanism. If neural activation occurs,
an energy-consuming metabolic process is launched that is followed by enhanced sub-
strate delivery (oxygen and glucose) to the activated brain area. This hemodynamic re-

sponse occurs as a direct cause of regional neural activity (Logothetis & Pfeuffer, 2004).
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The hemodynamic activity is mainly correlated with neurotransmitter release and syn-
aptic field potentials, reflecting local signaling, although the exact relation is not yet fully
understood (Logothetis, 2003). Following the increased blood flow, different concentra-
tions of oxygenated and deoxygenated venous blood emerge with respect to the baseline
state (Figure 12). Deoxygenated blood is slightly paramagnetic relative to brain tissue
and causes distortions in the magnetic field around vessels. Oxygenated blood, on the
other hand, is isomagnetic and does not cause distortions. fMRI detects these inhomoge-
neities and measures what is know as the “blood oxygenation level dependent” (BOLD)
signal. For capturing the BOLD signal, a fast imaging method is required that allows the
collection of whole brain data in a few seconds or less. Echo planar imaging (EPI) is such
a method, which enables the formation of an image in 30-100ms at the expense of spa-
tial resolution (Stehling, et al., 1991). It is based on the T2 decay of transverse magneti-
zation but measures inhomogeneities related to changes in the oxygenation of venous
blood (T2*). The correlation of the signal time course in each volume element (voxel)
with the known time course of the task makes it possible to identify those voxels in the

brain that show changes associated with the brain function under consideration.
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Figure 12: This diagram shows the change in blood desoxygenation during neuronal activity (Matthews &
Jezzard, 2004). In the basal state, deoxygenated blood (deoxyHb) causes field inhomogeneities around the
blood vessels and reduces BOLD signal. In the activated (or stimulated) state, neurons require increased
oxygen and glucose supply causing an increased cerebral blood volume (CBV). The increased cerebral
blood flow overcompensates for the increase in oxygen and ultimately delivers an oversupply of oxygen-
ated blood. As a consequence, the relative amount of deoxyHb decreases whereas the BOLD signal in-

creases.
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This requires an exact modeling of the hemodynamic time course. The hemodynamic
response (HDR) typically reaches its plateau between 6-12 seconds before it falls back to
baseline level (Figure 13). BOLD responses are modeled for statistical analysis by means
of a transfer function, called the Hemodynamic Response Function (HRF; Friston, 2002).
The HRF represents the theoretical signal the BOLD fMRI would detect “in response to a
single very short stimulus of unit intensity” (Marrelec, et al., 2003). Importantly, BOLD
fMRI represents only a relative measure of signal change compared to a baseline condi-
tion. These signal changes are usually very small, in the order of 2-4% for motor tasks,
and much smaller for cognitive tasks. Therefore, great efforts must be undertaken to
control for possible artifacts, and advanced statistical methods must be employed for

reliably localizing functional brain activity.
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Figure 13: Group average hemodynamic response curves for different brain structures. It has been previ-
ously assumed that the vascular response remains constant throughout the human brain and across sub-
jects. However, studies provided evidence for substantial variability in the shape of responses across sub-
jects and between areas. The typical response however reaches its plateau between 6-12 seconds, before
falling back to baseline. A precisely modeled HDR is critical for detecting activated brain networks in neu-

roimaging experiments.

4.4 Experimental designs of fMRI studies

Functional MRI is a powerful method for detecting and localizing brain responses to
numerous stimuli and various active tasks. The careful selection of an experimental de-
sign that suits the respective stimulus or tasks under investigation is of crucial impor-
tance. Considerations must take into account the temporal dynamics of the HDR, the

spatial and temporal resolution of the sequence employed, the area of brain coverage,
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and possible artifacts. Paradigms that require auditory processing must additionally
consider interfering effects with the loud scanner noise. Based on the temporal dynam-
ics of the BOLD signal, the two main strategies for acquiring images in fMRI experiments

are “block” and “event-related” designs.

An fMRI experiment typically consists of several scanning sessions, during which the
subjects’ brain responses to stimuli are repeatedly measured. In block designs, these
sessions are segregated in relatively long blocks (30-60 seconds), where stimuli belong-
ing to the same experimental condition are presented in close succession (Figure 14A).
In its simplest form, there are only two conditions (AB block-design). One active condi-
tion and one baseline (or rest) condition alternate with each other. Each measured block
contains the averaged activation of all items belonging to the same category (e.g. A or B).
The advantage of this approach is the relative robustness of results, increased statistical
power and high BOLD signal change ratios compared to baseline (Amaro & Barker,
2006). However, not all task types may be appropriate for this paradigm, such as oddball
experiments for example. In contrast, the event-related approach allows an individual
analysis of responses to single stimuli or trials belonging to different experimental con-
ditions (Figure 14B). Each of these randomly presented stimuli are preceded and fol-
lowed by baseline conditions lasting for 6-12 seconds. The great advantage of this de-
signs is that it avoids habituation as well as item prediction and that it allows distinct
analyses related to individual responses (e.g. emotional judgments or behavioral errors)
through the detection of transient variations in hemodynamic responses to single short
stimuli (Amaro & Barker, 2006). Those voxels consistently activated within a distinct
brain response pattern are detected as event related activation. Therefore, each trial
onset must be convolved with a modeled HRF. In contrast, block designs assess effects of
interest using boxcar regressors convolved with a synthetic HRF. The disadvantage of
event-related paradigms is their lower signal to noise ratio, resulting in longer acquisi-

tion times.
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Figure 14: Experimental designs in fMRI studies. (A) Block design: stimulus of the same condition are
presented subsequently, the BOLD response is actually composed from individual HRFs from each stimu-
lus, and is generally of higher magnitude. (B) Event-related design: each stimulus’ HRF is detected, and
may be analyzed in detail; (C) mixed design, a combination of events closely presented alternating with a

series of control condition.

A variant of the event-related design is also known as “sparse-sampling”, since scan-
ning is paused during task execution. Image acquisition is only sampled after task com-
pletion, taking advantage of the time course of the hemodynamic response. This ap-
proach is increasingly used in studies requiring undisturbed auditory processing
(Krumhansl, 2003). Mixed designs consisting of block-sampling and sparse-sampling
features are sometimes employed to combine the advantages of both (Figure 14C). That
is, a series of event-related image acquisitions involve the consecutive presentation of
same category tasks, alternating with a series of baseline conditions. Because of the con-
secutive presentation of similar tasks a complete recovery of the hemodynamic re-

sponse is avoided, which increases signal to noise ratio and statistical power.

4.5 Analysis of fMRI data

The main purpose of the statistical analysis in functional imaging is to identify signal
changes in voxels that vary with the changing brain states of interest across the serially
acquired images. A multitude of software packages is available from different labs for
carrying out such analyses (e.g, FSL at http://www.fmrib.ox.ac.uk/fsl; XBAM at
http://www.brainmap.co.uk; Brain Voyager at http://www.brainvoyager.de; SPM at
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http://www.WL. ion.usl.ac.uk/spm; AFNI at http://afni.nimh.nih.gov/afni). Common to
most of them are two major steps involved in data analysis: (1) spatial and temporal
pre-processing, including movement correction, normalization to a canonical space and
spatial smoothing, and (2) statistical inference, performed via parametric or non-

parametric statistical approaches (Figure 15).
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Figure 15: Overview of data pre-processing and statistical analysis with the “Statistical Parametric Map-
ping” software package (Friston, 2007). The first step requires a series of pre-processing operations, aim-
ing at increasing data quality and statistical inference by reducing motion artifacts, co-registering func-
tional and structural images, normalizing images to a standard brain template, and smoothing data to
increase signal to noise ratio. The second step involves statistical modeling of data followed by the calcula-
tion of probability levels for each activated voxel and comparisons between subject groups or task modali-

ties.

In this chapter, [ will briefly review the steps involved in fMRI data analysis with the
“Statistical Parametrical Mapping” (SPM) software package developed at the Wellcome
Department of Imaging Neuroscience (London, UK), which was employed in this disser-

tation.
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4.5.1 Spatial and temporal processing

4.5.1.1 Motion correction (Realignment)

Statistical inference depends on the accuracy of locating activated brain voxels. This
process is complicated by data from different functional scans or brains of different sizes
and shapes that must be properly aligned (or registered). If the images are not aligned,
then the statistical analysis at a voxel will be from different locations in the brain across
the time series. A significantly confounding factor in fMRI studies is its sensitivity to mo-
tion artifacts, originating from whole head movement or from pulsations within the
brain due to respiratory or cardiac cycles. Most of the movement happens between con-
secutive series of images. However, head movement during image acquisition may not
only “dislocate” the brain with respect to the previously acquired image in the series, it
also alters the spin-magnetization affecting the signal intensity - i.e., some regions be-
come brighter. Although experimenters take measures to restrict head movement dur-
ing image acquisition, the first step in fMRI analysis always requires the post-hoc rea-
lignment of brain volumes using automated algorithms to minimize the difference
between subsequent images. In SPM, the realignment algorithms are based on the esti-
mation of six movement parameters (Figure 16) that describe movement along three
translations (i.e. differences in mm along the X, y, and z-axis) and three rotations (i.e. the
degree of pitch, roll, and yaw). The model uses these parameters to align all of the im-
ages in a time series to the first functional image acquired, using a least squares ap-
proach. In a second step, these parameters are incorporated as confounds in the statisti-
cal model to improve statistical inference. The degree to which motion affects the result
of an activation study depends to a certain extent upon the type of experimental design
that is employed. In general, event-related related designs are less sensitive to head-

movement (Huang, etal., 2002).
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Figure 16: Movement parameter estimates for SPM realignment procedures. Top: translation along the x,
y, and z-axis; bottom: the degree of rotation (pitch, roll, and yaw). These images depict motion artifacts

due to head nodding.

4.5.1.2 Co-registration

Co-registration is used to register a structural image to a mean functional one. Struc-
tural images with higher spatial resolution are usually collected before or after func-
tional experiments. They are used for the superimposition of functional images on the
individual’s own anatomy or to overlay group-level functional activation onto an aver-
age structural image. Because functional and structural scans have different characteris-
tics such as signal intensity, voxel orientation and size, they need to be co-registered by

SPM automated image-matching algorithms.

4.5.1.3 Slice-timing correction

This is an optional feature in SPM to correct for differences in acquisition time be-
tween slices. Different slices within a scan volume have different acquisition times be-
cause the respective images are acquired consecutively throughout the repetition times
(TR) and not simultaneously. The order in which slices are acquired may vary, in most
cases either ascending (bottom-top) or descending (top-bottom). That implies a delay in
acquisition time between the respective images. Consequently, the hemodynamic re-
sponse for voxels in later slices will appear to be ahead of that for earlier slices. If a sin-

gle basis function (such as a canonical HRF) were used to model the response, the data
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of the earlier acquired slices would not match the data of the later acquired slices. This
might lead to poor parameter estimates and decreased sensitivity of the statistical
analysis. The slice-timing feature in SPM aims to correct for this mismatch. However, if
applied before motion correction, rapid movements could cause errors in the slice-
timing interpolation, resulting in a blurring across voxels from different brain regions.
On the other hand, performing motion correction first might change the order in which
the slices were acquired, thus affecting the temporal correction. Therefore, the applica-

tion of slice timing must be carefully considered.

4.5.1.4 Spatial normalization

Before assigning an observed response to a particular brain structure, the data must
conform to a known anatomical space. This is why spatial normalization is carried out. It
is employed to warp images from different participants onto a template brain to make
functional results comparable within standard stereotactic space. The two widely used
brain templates available are the anatomical atlas of Talairach & Tournoux (1988) and
the anatomical template of the Montreal Neurological Institute (MNI, Quebec, Canada).
The MNI template was created by averaging a high number of fMRI scans from right-
handed subjects and is the SPM default template. SPM uses a voxel-intensity-based ap-
proach for normalization, adopting a two-step procedure: First, a linear transformation
is applied based on translations and rotations, accounting for the major differences in
head shape and position. A precise match of the brain shape is achieved with the second
step. That is, non-linear transformation (warping) parameters are identified to correct
for smaller-scale differences in brain anatomy (Brett, et al., 2002; Talairach & Tournoux,
1988). This method warps the images such that functionally homologous regions from
different subjects are as close together as possible. In principal, there are different op-
tions for fMRI normalization that either uses the structural or the functional image for
warping. For example, one method uses the mean image of the functional series (that
was created during co-registration) to estimate the warping parameters for an EPI tem-
plate. The normalization parameters are then applied to the EPI images and to the (co-
registered) anatomical image. The other method, standard in SPM5, first segments the
individual’s structural image into gray matter, white matter and cerebrospinal fluid to

identify normalization parameters to then warp it for matching an estimate for the
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structural template. The caveats of spatial normalization are that it is impossible to
make a perfect structural match between subjects, due to individual differences in anat-
omy. However, a solution for remaining small-scale differences in anatomical or func-

tional location is provided with the next step in SPM preprocessing,.

4.5.1.5 Spatial smoothing

Because of the limitations of normalization, homologous regions can never be pre-
cisely registered. Spatial smoothing helps to spread out the different areas and compen-
sates for the discrepancy. The main advantage of smoothing is basically to increase the
signal to noise ratio, thus resulting in enhanced sensitivity, and greater validity of statis-
tical assumptions. This is typically achieved by convolving functional data with a Gaus-
sian kernel, specified as full-width at half-maximum (FWHM) of two times the voxel size
of the functional data. The effect is a blurring of individual differences through the aver-
aging of neighboring data points, which in turn facilitates inter-subject comparisons. The
disadvantages of spatial smoothing are the loss of spatial resolution. This has to be con-
sidered with respect to the focus of a given study. Smaller Gaussian kernels are more
efficient for detecting individual differences in circumscribed brain regions but less suit-
able for generalizing the results. A kernel that is three times the size of the original voxel
resolution (e.g. 3x3 mm2) typically yields a good balance between spatial resolution and

the extension of results to the population.

4.5.2 Statistical analyses

Statistical methods are employed to assess the acquired data for evidence of an ex-
perimentally induced effect. There are several different classes of statistics available that
include parametric and non-parametric approaches. SPM generally employs parametric
statistical methods based on the “General Linear Model” (GLM; Friston, 2007). In order
to make inferences about effects of interest, statistical analysis of fMRI data must follow

three consecutive steps:

* (1) The modeling of data.
* (2) The estimation of effects.

* (3) The testing of these effects for significance.

43



Data from fMRI time series must be initially modeled as to decompose the observed
variability into effects of interest and effects of no-interest (e.g. confounds). This is ex-
pressed by using matrix notation. The emerging design matrix has one row per observa-
tion, and one column (or explanatory variable) per model parameter with the remainder
being the error measures (i.e. residuals). This quantifies the information about the ex-
perimental factors that may explain the expected signal. To further improve the mode], it
convolves a stimulus function with a canonical hemodynamic response function to pre-
dict the time course more accurately. The HRF is included along with other parameters
as regressors in the respective model. The next step requires the estimation of effects
and error using the least-squares parameter estimate. These parameters define the con-
tribution of each component of the design matrix to the value of Y by calculating a “best-
fit” between design matrix and data, thus leading to “fitted values”. Differences between
the observed data, Y, and that predicted by the model, reflect the error. That is, ‘of all
linear parameter estimates consisting of linear combinations of the observed data
whose expectation is the true value of the parameters, the least squares estimates have
the minimum variance’ (Friston, 2007). Each voxel in a regressor of the design matrix is
then represented by a beta value. Finally, the model parameters are used to look for an
effect we are interested in. Therefore, the parameter estimates are converted into Stu-
dent’s t values, by dividing the parameter estimate (beta) through its standard error. In
SPM, t-values and corresponding (probability) p-values are calculated for all voxels in
the brain separately, which results in a large volume of statistical values. Only voxels
that survived a statistical threshold will be presented in a color scale superimposed on a
standard brain, representing the “activation map” or “statistical parametrical map”
(SPM). For single subjects, these steps are referred to as “first-level” analysis, whereas
the “second-level” statistics apply the general linear model to interrogate questions

based on group statistics that incorporate combined first-level results (i.e. t-contrasts).

In general, performing statistical analysis is testing against the null hypothesis, which
states that the condition of interest caused no effect. Therefore one compares the statis-
tical value with a null distribution. The easiest method to decide when the null hypothe-
sis can be rejected is to select a statistical threshold that is applied to every voxel in the

statistical map. For example, adopting a conventional threshold of p=0.05 would limit
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the chance that the experimental results were actually a consequence of the null distri-
bution to 5%. That is, one accepts a 5% chance that the null hypothesis was actually true
and the results false positives (i.e. type I error). If statistical values survive this thresh-
old, the null hypothesis is typically rejected. For neuroimaging data, a level of p=0.001
may be acceptable when testing for activated voxels was performed within restricted
areas (i.e. small volumes). However, this method is usually problematic in fMRI experi-
ments because of the many voxels in the brain that may result in a large amount of sta-
tistical tests to be carried out. This is particularly the case when no ad-hoc hypotheses
exist about where in the brain the effect may occur and tests are carried out for the
whole brain volume. This increases the chance of type I errors. For example, if 20 000
voxels are tested with a significance threshold of p=0.05, 1000 voxels may be expected
to activate by chance, even if no stimulation was applied. One way to solve this problem
is to employ statistical adjustments. In SPM, there are two methods available: the Family
Wise Error Rate (FWE) and the False Discovery Rate (FDR). The former is based on the
“Bonferroni correction”, which divides the respective p-values through the number of
tests carried out. Applied to the example above, a threshold level of p=0.05 would be
divided through 20 000 (voxels), resulting in 0.00000025 falsely activated voxels that
survived significance level. This is a very conservative method that increases type Il er-
rors (i.e. false negatives) as it likely eliminates also correctly activated voxels. This is
because most functional imaging data have also some degree of spatial correlation be-
tween neighboring statistic values, so that there may be actually fewer independent val-
ues in the statistic volume than voxels. In contrast to the Bonferroni correction, FDR
controls for the expected proportion of false positive voxels within those declared posi-
tive, rather than controlling the total number of false positive voxels whether or not the
null hypothesis was rejected (Genovese, et al., 2002). The advantage of the FDR method
is that it adapts its threshold to the features of the data. It is therefore more sensitive to
individual differences across subjects and represents a more reliable method for con-

trolling the multiple testing problems in neuroimaging experiments.

Statistical analysis of fMRI data knows two fundamentally different strategies, de-
pending on the statistical inference that is aimed at. They are known as either “fixed ef-

fects” or “random effects” analyses. The “fixed effects” analysis does not take into ac-
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count the subject-to-subject variability and can therefore not be used to make generali-
zations about the larger population from which the group was drawn. This measure of
often employed for first-level analyses of individual subjects or case studies. On the
other hand, the random effects model considers the variance in measurements between
individuals in addition to the variance in a measurement for an individual subject. It is
therefore used for the comparison of group statistics. A deviation from the attempt to
detect differences between groups or conditions is the conjunction analysis. This ap-
proach is based on the commonalities of conditions. Hence, the conjunction analysis
aims at identifying common patterns of BOLD response, which are present in all subjects
or conditions analyzed. This method helps to unravel the basic processes involved in the
performance of a task. After the statistical analysis is completed, the last step involves
the identification of activated areas. This is typically done with automatic labeling soft-
ware, accessible from within SPM. These labeling packages associate the coordinates of
activation loci in stereotactic space with the respective brain area. The most prevalent
maps are those based on the cytoarchitectonic areas defined by Brodmann (1909). Re-
cently developed labeling procedures also allow for a combination of probabilistic cy-

toarchitectonic maps with functional imaging data (Eickhoff, et al., 2005).
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Chapter 5

Overt and imagined singing of an Italian aria

5.1 Introduction

Performing music in ones mind is a technique commonly used by professional musi-
cians to rehearse various aspects of a musical piece, e.g. difficult parts of an already exe-
cuted musical passage (Lotze, et al., 2003). Composers write their music regardless of
the presence of a musical instrument, as for example Schubert or Mozart did routinely.
Beethoven composed his violin concerto in D-major (op. 61) even though he was already
deaf and famous musicians like Vladimir Horowitz and Walter Gieseking reported fre-
quent use of mental practice (Gieseking & Leimer, 1972; Schonberg, 1987). Several ex-
periments have proven the benefits of motor imagery in motor skill learning and its use
as a tool to probe the neural basis of overt motor performance is increasingly appreci-
ated (Langheim, et al., 2002; Yue & Cole, 1992). For example, the training of auditory
imagery has shown to improve harmony skills in children (Humphreys, 1986). Highben
and Palmer (2004) demonstrated that the ability of pianists to learn an unfamiliar piece
without auditory feedback depends on their degree of aural skills (e.g. the ability to per-
ceive melodic differences). In a seminal study, Pascual-Leone (2003) demonstrated that
mental practice has not only the capacity to improve performance but also to change the
size of the cortical representation of the motor cortex over time. Motor imagery can im-
prove the dynamics of motor performance (Yaguez, et al., 1998) and the velocity and
smoothness of sequential movements trajectories (Lacourse, et al., 2005). The system-
atic and repetitive use of mental motor practice is a technique that has been successfully
used to improve skill learning in sports (Hall, 2001). Yet mental music rehearsal does
not only include motor, kinesthetic and auditory imagery but also emotional aspects of
the piece rehearsed, which involves three components: a semantic meaning component,

a stimulus component and a response component that defines the imagined emotion
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(Lang, 1979). Emotional memory retrieval therefore represents an associative network
processing that may reflect a prototype of a propositional network in the brain for overt

responding.

Singing in the field of classical music involves both technical-motor and a strong emo-
tional engagement in order to transport the musical intention and to communicate artis-
tic, emotional and semantic aspects of the song or aria. Whilst classical singing shares
some aspects with speech: i.e., articulation and movements of the vocal tract, expression
of meaning, reading or recalling words and prosodic modulation of the voice, other ele-
ments are quite different. These involve the stylistic accuracy demanded in classical
singing (e.g. in German Lied, Baroque music or Late Romantic opera), the tight regula-
tion of musical pitch, meter and rhythm as well as an increased sound intensity and vo-
cal range, vibrato and an emphasized dramatic expression of emotions. Such behaviors
require a much higher level of vocal control compared to speech (Natke, et al., 2003).
Motor aspects of these requirements are reflected in the finer laryngeal motor control
(e.g. for accurate intonation), the appropriate adjustment of the resonating vocal tract
(affecting for example timbre and vocal quality) and the high involvement of the dia-
phragm and the thoracic muscles for a precise control of the airflow during singing
(Watson & Hixon, 1985). However, studies investigating cerebral correlates of singing

are sparse and only focused on non-musicians.

A first fMRI-study that investigated silent singing in musically untrained subjects
demonstrated a lateralization of the motor representation of the tongue area to the right
during singing in comparison to a left lateralization during speech (Wildgruber, et al,,
1996). The first study of overt singing used Positron Emission Tomography (PET) in
subjects with musical training less than one year. Cerebral activation during singing of
pitch and spoken vowels was compared (Perry, et al., 1999) and activity in motor areas
(primary and secondary; cerebellar hemisphere in lobule VI), auditory areas (right gyrus
of Heschl), the bilateral insula, the medial cingulate cortex, the parietal and occipital lobe
and the brain stem was observed. Overt humming of a melody (W.A. Mozart's "Kleine
Nachtmusik") compared to word generation revealed cerebral lateralization to the right
in the insula and temporal pole and to the left in the cerebellar hemisphere (Riecker,

Ackermann, Wildgruber, Dogil, et al., 2000). Hickok and colleagues (2003) were pre-
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dominantly interested in audio-motor coupling and compared humming with listening
to piano pieces. They reported a left parieto-temporal and frontal network active during
humming. One study investigated neural correlates of overt singing and speaking by us-
ing the same bisyllabic words/phrases for both conditions in a group of non-
professional singers (Ozdemir, et al, 2006). They reported a shared network for sen-
sorimotor processes in both singing and speaking, which involved the inferior pre- and
post-central gyrus, superior temporal gyrus (STG) and the superior temporal sulcus
(STS) on both hemispheres. However, singing in comparison to speech revealed a larger
network that involved bilateral activations in the anterior to mid-portions of the STG
(enhanced in the right hemisphere) including Heschl’s gyrus but also in the anterior por-
tion of BA 22 and BA 38, the most inferior portion of the inferior frontal gyrus (Broca’s
region), inferior aspects of the central operculum, and the middle and most inferior por-
tions of the sensorimotor cortex, possibly reflecting a greater bihemispheric organiza-
tion for singing. All of the above-mentioned studies were carried out with non-
experienced or amateur singers. Studies with professional singers have not yet been
published. The assessment may have been limited by artifacts elicited by movements of
the head and jaw and changes of air-space during vocalization and articulation (Soltysik
& Hyde, 2006). fMRI-techniques controlling for the artifacts produced by overt singing
are now available (Gracco, et al., 2005; Soltysik & Hyde, 2006) and sparse sampling
techniques allow for auditory feedback during singing (Gaab, et al., 2003; Ozdemir, et al.,

2006).

While substantial evidence corroborates the contribution of primary visual cortex
during certain visual imagery tasks (Kosslyn & Thompson, 2003), the relative contribu-
tion of primary (core) and secondary (belt) auditory areas during auditory imagery is
still a matter of discussion (Zatorre & Halpern, 2005). The primary auditory cortex of
healthy subjects seems to have “a propensity to spontaneously ‘activate’ during silence”
(Hunter, et al., 2006). Primary auditory cortex activation in the absence of auditory in-
put has been found for short gaps of silence (lasting 2-5s) that were inserted at different
points during the soundtrack of familiar music (Kraemer, et al.,, 2005) and in a sound
detection task during the preceding silence of the emerging sounds (Voisin, et al,, 2006).

A further report of primary auditory activation during mental imagery of a computer
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generated monotone (Cmaj) comes from Yoo and colleagues (2001) but a recent inspec-
tion of the exact locus of activation indicated in that study questioned their results
(Halpern, et al.,, 2004). More compelling evidence exists regarding the contribution of
secondary (or association) auditory cortex during mental imagery of complex, meaning-
ful sounds (Bunzeck, et al., 2005; Halpern & Zatorre, 1999; Shergill, et al., 2000; Shergill,
et al, 2001; Zatorre, et al,, 1996). These results are supported by studies on imagined
musical performances in professional instrumentalists (Langheim, et al., 2002; Lotze, et
al,, 2003). We were therefore particularly interested in the involvement of auditory ar-
eas during imagined singing of the Italian aria “Caro mio ben” (by Tommaso Giordani).
Given the more complex motor pattern for mental imagery of classical singing compared
with other imagery tasks used in experimental situations, we expected strong activation
of secondary auditory cortex. Due to the combination of lyrics and melody this activation
should be represented bilaterally (Zatorre & Halpern, 2005). Furthermore, we expected
left temporo-parietal sylvian cortex activation during imagined singing of a classical aria,

supporting auditory-motor integration (Hickok, et al., 2003).

Imagined singing can be regarded as auditory imagery of a familiar tune. Yet mental
singing involves not only auditory mental representations but also somatosensory and
kinesthetic aspects, which require a declarative knowledge about the different compo-
nents of the task (Jackson, et al,, 2001) - a knowledge almost absent in unskilled sub-
jects. In fact, Driskell and colleagues (1994) found that the behavioral effect of motor
imagery in sports depends on the previously acquired knowledge with a physical task.
That is, a stronger effect of motor practice on learning and overt performance can be
expected for more experienced subjects, whereas when motor representations are lack-
ing, subjects will benefit only in the cognitive domain. Thus, a kinesthetic representation
of the motor components involved is essential before motor imagery can efficiently im-

prove the behavioral performance (Fourkas, et al., 2008).

Imaging studies on simple motor paradigms confirmed that imagined movements
share certain neural substrates with executed movements in the supplementary motor
area (SMA), the dorsal and ventral premotor cortex (PMC) the cerebellar hemispheres
and also - to a lesser extent - the primary motor cortex (Lotze, Laubis-Herrmann, et al.,

1999; Porro, et al., 1996; Sabbah, et al., 1995). Using fMRI and TMS, Kuhtz-Buschbeck
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and colleagues (2003) demonstrated that the primary motor cortex contralateral (cM1)
to the imagined movements was active during imagery tasks of increasingly complex
movements, a result consistent with a previous finding of more prominent involvement
of cM1 with performance of complex motor sequences (Gerloff, et al., 1998; Lotze, Erb, et
al,, 2000). Furthermore, kinesthetic motor imagery (i.e. to try to feel the sensations that
are usually felt in the muscle-tendon complexes when actually executing the movement
rather than just visualizing the execution) involved the primary motor cortex to the
same extent as motor execution conditions, indicating a comparable activation of this
brain structure in both conditions (Caldara, et al., 2004). Earlier studies focusing on
mental performance in professional instrumentalists however, did not observe signifi-
cant M1 and S1 activation (Langheim, et al., 2002; Lotze, et al.,, 2003). It is interesting in
this respect that singing and particularly singing of classical music as compared to in-
strumental music requires more body-core centered motor and anatomic activity involv-
ing muscles and internal organs of vital bodily importance such as respiration, saliva-
tion, ingestion, speech and social communication. In contrast, string instruments and
piano playing investigated in most brain imaging experiments involves rather fine con-
trol of peripheral muscle groups. Therefore, we propose that imagery of such vital body-
centered activity mobilizes the entire motor system (primary, secondary, basal ganglia,
thalamus, cerebellum, brain stem) while mental re-enactment of sensory stimuli fre-
quently used in MR-studies of imagery (see Kosslyn & Thompson, 2003 for an overview)
are “capturing” much less vital body-core functions and therefore report less areas acti-
vated. In addition, singing is evolutionary older and more genetically primed than in-
strumental music, constituting the first basic function to express emotive meaning
(Brown, 2000; Molino, 2000). Motor and autonomic associative networks should there-
fore be more widespread. Given that singing an aria is highly associated with emotional
expression, and perhaps even more so when free from the demands of actual perform-
ance, we also expected activation of areas involved in emotional processing such as the
amygdalae, hippocampus, temporal poles, anterior cingulate cortex (ACC), anterior in-

sula, ventral striatum and ventrolateral prefrontal cortex (VLPFC) (Koelsch, et al., 2005).
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5.2 Methods

5.2.1 Participants:

16 right-handed classical singers (4 chorus; 4 opera, 8 vocal students; mean age:
31.06 +8.27 years; range: 20-44 years; 5 men) without reported history of neurological
or psychiatric disease participated in the study. The average experience of training in
singing was 14.06 +7.59 years; range 7-28 years. Participants took their first profes-
sional singing lessons at the average age of 16.91 £3.14 years and reported an average of
25.73 £7.26 hours spent with practicing per week during the 3 months before fMRI-
scanning. All singers reported experience in mental rehearsal. The study was approved
by the Ethics Committee of the Medical Faculty of the University of Tuebingen. Written
informed consent was obtained according to the guidelines of the Declaration of Hel-

sinki.
5.2.2 Singing Task:

We selected six phrases from the first line of the bel canto aria “Caro mio ben” by
Tommaso Giordani, each phrase sung separately after a visual signal (see Figure 17A).
This piece was selected since it is well known by classical singers, it involves strong
emotional expression, lyrics and melody are easily memorized, all voice types (tenor,
soprano etc) can perform it and the vocal demands are such that it can be performed in a
scanner environment without extreme pitches or forti, which might induce additional
artifacts. Additionally, the phrase structure of that piece is such that the 3 seconds
phrases naturally fit the sparse sampling technique employed, which allowed for natural
auditory feedback during singing. Phrases were rehearsed before (by B.K.) with re-
corded scanner sound and were trained again within the scanner for the first six
phrases. The overt singing part was followed by the mental rehearsal of singing in dis-
tinct sections. In the latter section, subjects sung the same phrases only in their imagina-
tion. Six periods of singing (and imagined singing respectively) alternated with six peri-

ods of deep inspiration not followed by singing (or imagined singing).

With respect to the imagined singing task, subjects were required to imagine the

physical performance of singing as vividly as possible without performing any move-
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ments. Concentration, vividness of imagery of singing, singing related movements,
tempo and rhythm during the fMRI-scanning was assessed with Visual Analogue Scales
(VAS; from 0 = "not at all” to 10 = "very good”) after each block. Auditory control by mi-
crophone during the imagery period did not reveal any sound-production. To test for
possible movements of throat muscles involved in overt and imagined singing we re-
corded surface electromyography (EMG) of the musculus cricothyroideus with the
Nexus-10 polygraph (MindMedia, NL) and superficial silver chloride electrodes in 10
subjects during baseline (breathing), mental rehearsal (imagined singing) and (overt)
singing (see Figure 17B). EMG was measured outside of the scanner since EMG-
electrodes resulted in substantial artifacts if placed in a head coil. Signals were acquired
at 1024 samples per second, bandpass filtered (20-500Hz; IIR filter, Butterworth 4th
order) and sent via Bluetooth to a PC for data visualization, storage and preprocessing
using BioTrace Software (MindMedia, NL). EMG amplitudes were calculated (root mean
square, epoch size 1/16 second, 32 samples per second (SPS)) and averaged over 30
seconds for baseline, imagined singing and singing for each subject. Differences between
the three measures were compared with ANOVA followed by paired t-tests using the

Statistical Package for the Social Sciences (SPSS 10.05).
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Figure 17: A. Design of the procedure. First line: visual signals indicate breathing & singing during fMRI
scans. Red circles for singing blocks (overt & imagined) and green circles for breathing only blocks respec-
tively. Below: Scanning during pausing, for each block 66 scans were performed alternating singing and
rest. The imagined singing block was indicated with the same symbols but subjects were instructed to use
mental rehearsal instead of overt singing. B. Superficial EMG amplitudes (uV root mean square (RMS), 32
samples per second) of musculus cricothyroideus, averaged over 30 seconds during baseline (breathing
only), imagined singing and overt singing from 10 of the participants recorded outside of the scanner.
Baseline and imagined singing did not differ (t(8)=0.59; n.s.) whereas singing versus imagined singing
(t(9)=4.90; p<0.001) and singing versus baseline differed significantly (t(9)=4.87; p<0.001). C. Rating of
imagination intensity (visual analogue score from 0 to 10) by all singers obtained after scanning. Move-
ment rating showed a trend of decreased tempo rating (t(15)=2.11) but this result did not stand correc-

tion for multiple comparisons.

5.2.3 fMRI technique:

Whole head scans (66 volumes per block) were performed with a 1.5 Tesla whole
body Scanner (Siemens Vision) using echo planar imaging (EPI; TE: 40 ms; TR: 3 sec, 36
transversal slices of 3 mm thickness and 1 mm gap, matrix 64*64). A sparse sampling
method was employed to avoid movement artifacts and to allow auditory control during
singing. The first 3 EPI data sets of each session were discarded prior to analysis to al-

low for T1-saturation effects. T-1 weighted images (MPRage; 176 sagittal slices with
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1mm effective thickness) were measured for anatomical reference. Data were analyzed
with the statistical parametric mapping program (SPM99 (for preprocessing and single
subject statistics) and SPM2 (random effects group statistics), Wellcome Department of
Imaging Neuroscience) running on Matlab (MathWorks Inc; Natick, MA; USA). SPM2 was
used for group statistics to allow for non-sphericity correction in case of unequal vari-
ances between levels or groups, an option not available in SPM99. Each individual scan
was realigned to the first one of each scanning condition to correct for movement arti-
facts. The realigned data were spatially normalized to the MNI-template and resliced
with 3*3*3 mm. The resulting images were smoothed with a 9 mm (full width at half
maximum) Gaussian filter. Individual statistical maps (fixed effect) were calculated for
singing and imagined singing (main effect) and for differences between both. Contrast
images of each subject were then used for group statistics calculated as random effects
analysis at the 2nd level, which takes variance between subjects into account. The statis-
tical threshold used to report group-activations was set as p<0.05 corrected for the
whole brain (false discovery rate; FDR; Genovese et al., 1999). T-values of significant
activations of the highest activated voxels were given for the MNI-coordinates and were
assigned to anatomical regions. All regions were detected with the “Automated Ana-
tomical Labeling” software (AAL) (Tzourio-Mazoyer, et al., 2002) or if already cytoarchi-
tectonically mapped (primary motor cortex (BA 4a and p); primary somatosensory cor-
tex (BA 1,2,3), primary auditory cortex (PAC 1.0, 1.1, 1.2), Broca’s area and analogon (BA
44/45) and SII (POP 1,3 and 4; Morosan et al. (2001), Wernickes area) with maps based
on cytoarchitectonical data with 50% probability (Eickhoff, et al., 2005). The auditory-
association area in the temporo-parietal lobe was selected after the highest activated
voxels given by Hickock et al. (2003). The lateralization index (LI) was calculated with
the LI-tool (Wilke & Schmithorst, 2006) by the following formula: (left-
right) /(left+right). Activation maps were overlayed on a T1-weighted anatomical image,
which  fits best to the MNI-space by using MRIcro software
(http://www.sph.sc.edu/comd/rorden/mricro.html).
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5.3 Results

5.3.1 Rating of imagery:

Concentration (7.57 +1.73 of 10), vividness of imagined singing (7.15 +2.04 of 10),
tempo (7.72 +2.54 of 10), rhythm (7.56 +2.35 of 10) and singing related movement (6.13
+2.13 of 10) were rated moderate to high and did not differ significantly (Figure 17C).

5.3.2 EMG-measures

ANOVA revealed a significant effect for condition (overt, imagined and baseline;
F(9,1)=48,45; p<0.001) for the superficial EMG of musculus cricothyroideus. Post-hoc
paired t-tests (Figure 17B) revealed no difference between baseline and imagined sing-
ing (t(8)=0.52; n.s.) whereas singing versus imagined singing (t(9)=5.33; p<0.001) and
singing versus baseline differed significantly (t(9)=5.28; p<0.001).

5.3.3 Results of fMRI analysis

5.3.3.1 Overt singing:

The results of the main effect for singing performance are plotted in Supplementary
Table 1 and examples of activation sites are given in Figure 18. Overt singing involved
the primary sensorimotor cortex bilaterally (in the somatotopic area of articulatory
movements) but also secondary motor areas (SMA, right PMC), basal ganglia, the thal-
ami, the cerebellar hemispheres and the vermis. Interestingly, medulla activation was
found around the nuclei of the cerebral nerves V, IX, X, XII, associated with articulation
and phonation. The primary auditory cortex (A1) and the surrounding belt area were
active bilaterally during singing in comparable magnitude (lateralization index (LI) Al:
0.06). The auditory association area was active bilaterally (left: t = 4.91, peak in -51; -42;
21; right t = 3.03, 51; -36; 18). Both, Broca’s and Wernicke’s areas and their homologues
were activated. No area (BA 44/45, S1, M1, SII, PMC, parietal) showed relevant laterali-
zation (LI <0.05). Some areas related to emotional processing (anterior insula, ACC)

showed significant activation.
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Overt Singin

Figure 18: Main effects of overt singing. Activation maps were projected on Collin’s reference brain, pro-
vided by MRIcro, which is most similar to the MNI-average brain. Bilateral sensorimotor cortex and cere-
bellum, bilateral auditory cortex, Broca’s and Wernicke’s area and their homologues, medulla, thalamus
and ventral striatum but also ACC and insula were activated. Coordinates of cuts are given above each

slice.

5.3.3.2 Imagined singing:

The results of the main effect for imagined singing performance are plotted in
Supplementary Table 2 and examples of activation sites are given in Figure 19. Imagined
singing activated predominantly the fronto-parietal loop. This included secondary and
tertiary motor areas (supplementary motor area (SMA); premotor cortex (PMC(C)),
Broca’s area and its homologue (no lateralization; LI < 0.11) and the superior and infe-
rior parietal lobe. Additionally, subcortical motor areas were involved (bilateral cerebel-
lar hemisphere and vermis, bilateral putamen, pallidum and caudate nucleus). Interest-
ingly, the primary motor (M1) and somatosensory cortex (S1) and the thalami were
active bilaterally. Furthermore, the medulla was also active during imagery. No activa-
tion was found in the primary auditory cortex or in the auditory belt area but in the
temporo-parietal lobe bilaterally (left: t= 4.90, peak in -51; -42; 21; right t = 9.73, 48; -
39; 15). Several areas associated with emotional processing showed significant activa-
tion (anterior insula, bilateral amygdala, ACC, bilateral temporal pole, bilateral anterior

hippocampus, mPFC).
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Figure 19: Main effects of imagined singing. Imagined singing involved typical imagery regions (SMA,
PMC, parietal lobe, BA 44/45 bilaterally) as well as primary sensorimotor areas, the thalamus, the basal
ganglia and more inferior regions of the cerebellum in both hemispheres. Areas processing emotions
showed intense activation (ACC and bilateral insula, hippocampus, bilateral amygdala, ventrolateral pre-
frontal cortex). Bilateral A1 showed no significant activation. Coordinates of cuts are given above each

slice.

5.3.3.3 Overt minus imagined singing:

The results of the difference in activation maps for the calculation overt minus imag-
ined singing are plotted in Table 1 and examples of activation sites are given in Figure
20A. Overt minus imagined singing revealed bilateral activation in the primary motor
cortex, in the primary and secondary somatosensory cortex, bilateral superior temporal
gyrus including primary auditory cortex. Subcortical motor areas (right cerebellar hemi-

sphere, thalamus, medulla) showed also an increase during execution.
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Overt minus Imagined Singing

Figure 20: A. Overt singing showed higher activation in bilateral sensorimotor cortex in the somatotopic
area of the articulators, bilateral auditory cortex and other areas of the superior temporal gyrus, SII, supe-
rior cerebellar hemispheres, thalamus and medulla. B. Mental rehearsal of singing showed higher activa-
tion in BA 6 (SMA and PMC), dorsal and ventrolateral prefrontal cortex, BA 44 left and 45 right, the parie-

tal lobe and the ACC. Coordinates of cuts are given above each slice.

5.3.3.4 Imagined minus overt singing:

The results of the difference in activation between imagined and overt singing are plotted in
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Table 2. Examples of activation sites are given in Figure 20B. Imagined minus overt
singing showed increased activity in the SMA, the prefrontal cortex (PFC) and the infe-
rior parietal lobe. Broca’s and Wernicke’s area and their homologues were stronger acti-
vated during the imagination task. Areas associated with emotional processing were
also enhanced during imagined singing (ACC, ventrolateral and medial prefrontal cor-

tex).
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Table 1: Overt minus imagined singing (FDR corrected: p < 0.05 for the whole brain. Voxel extent thresh-

old >5; cytoarchitectural masks are indicated with a *. BA = Brodmann area)

Area clusterin  t-value X y zZ
mask
left S1* (primary sensorimotor; BA 1,2,3) 34 6,18 -57 -12 33
right S1* (primary sensorimotor; BA 1,2,3) 45 4.85 39 -24 39
left M1* (primary motor cortex; BA 4a+p) 16 5.97 -54 -9 33
right M1* (primary motor cortex; BA 4a+p) 17 5.02 48 -12 36
left A1* (primary auditory cortex; BA 41) 42 6.01 -39 -30 12
right A1* (primary auditory cortex; BA 41) 67 5.44 45 -21 12
left superior temporal gyrus (BA 22) 336 5.66 -45 -21 3
right superior temporal gyrus (BA 22) 333 5.47 66 -3 -6
left occipital lobe (BA 17, 18, 19) 34 5.20 -21 -75 9
left cerebellar hemisphere (H VII) 16 5.02 -9 -42 -24
right cerebellar hemisphere (H VII) 8 4.14 15 -63 -24
left SII* (secondary sensory cortex; OP 1,3,4) 44 7.38 -63 -9 21
right SII* (secondary sensory cortex; OP 1,3,4) 29 5.59 63 -6 12
Medulla 30 5.29 6 -30 -45
Thalamus 5 4.41 18 -24 -3
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Table 2: Imagined minus overt singing (FDR corrected: p < 0.05 for the whole brain. Voxel extent threshold

>5; cytoarchitectural masks are indicated with a *. BA = Brodmann area)

Area clusterin t-value X y yA
mask
SMA* (medial supplementary motor; BA 6) 26 7.25 -9 12 51
right PFC (ant. med front gyrus; BA 9) 5 5.70 42 45 33
left ventrolateral prefrontal (BA 47) 13 4.22 -36 30 -12
right ventrolateral prefrontal (BA 47) 10 4.76 42 39 -9
anterior cingulate cortex (ACC; BA 24) 34 6.18 9 42 9
anterior cingulate gyrus 4.86 -15 45 -6
left parietal inferior (BA 39, 40) 156 6.79 -48 -57 48
right parietal inferior (BA 39, 40) 93 7.23 60 -51 45
left parietal superior (BA 5, 7) 9 4.86 -33 -75 51
right BA 45* (Brocca’s analogon, BA 45) 42 5.61 51 27 24
left BA 44* (Brocca’s area, BA 44) 6 4.35 -50 9 42
left angular gyrus (BA 40) 110 6.19 -39 -69 45
right angular gyrus (BA 40) 77 5.12 57 -63 24
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5.4 Discussion

In the present study, we report cerebral activation sites of professional singers during
singing and imagined singing of an Italian aria. Using a sparse sampling technique, cere-
bral mapping of overt and imagined singing revealed a number of activation sites. These
sites were subsumed in the following subgroups: those involved with the motor per-
formance or the motor-concept; those involved in auditory control of the produced
sound and audio-motor co-processing, those involved in working-memory processes (or
involved in the recall of lyrics and musical aspects of the song respectively) and areas
involved in emotional processing. These functional loops do partially overlap. Since our
material contains both lyrics and melody this study will not contribute to the extensive
discussion about overlapping or differentiated functional maps of language and music
(e.g. see Patel, 2003). A striking feature of this study was that most areas involved in
motor processing during overt production were also activated during imagined singing.
In contrast, most areas involved in auditory control during overt singing were absent
during imagery. Yet imagery also showed increased activation in a fronto-parietal work-

ing memory network as well as in emotion processing areas.

5.4.1 Motor system:

5.4.1.1 Cortex:

The cortical representation sites in the sensorimotor cortex comprised areas cen-
tered in the somatotopic representation of the articulators and lip and tongue move-
ments (Lotze, Erb, et al., 2000; Lotze, Seggewies, et al., 2000). No activity was seen in the
supposed representation of the diaphragm and inspiration muscles in the area of the
thoracic wall. Probably because deep inspirations were also performed in the baseline
period and these activations might have been cancelled out. Activation in the primary
motor (M1) and somatosensory cortex (S1) was significantly increased during overt
singing in a pattern, similar to one recently reported for non-professional singers
(Ozdemir, et al., 2006). Interestingly, M1 and S1 were also active during imagined sing-
ing. Earlier studies on imagined performance in instrumentalists did not observe signifi-

cant activation of M1 and S1 (Langheim, et al., 2002; Lotze, et al., 2003). This could be a

63



consequence of the increased statistical power of the present study, which investigated
more subjects - it has been reported that imagery involves M1 only about 30% of the
intensity than overt performance does (Lotze, Montoya, et al., 1999; Porro, et al., 1996).
On the other hand, subtle movements of the articulators during scanning cannot not be
fully excluded based on superficial EMG results of baseline and imagined singing outside
of the fMRI scanner, or by controlling for sound production during the imagery-task in
the scanner - an important difference to the feasible EMG-control of hand movements in
instrumentalists during scanning. However, it has been previously reported that imag-
ined singing (without EMG-control) may also involve the precentral gyrus (Wildgruber,
et al., 1996). Therefore, we assume that imagined singing might indeed differ from imag-
ined instrumental performance with respect to the involvement of M1 and S1. This in-
ference may be further supported by activation of the anterior insula during both overt
and imagined singing. While the anterior insula plays an important role in emotion
processing (see discussion below), the left insula also seem to contribute to the actual
coordination of muscles engaged in articulation and phonation. (Ackermann and

Riecker, 2004).

5.4.1.2 Cerebellum:

The representation sites in the anterior cerebellar hemispheres mirror those of the
cortical sites around the central sulcus. The cerebellum is preferentially involved in tim-
ing of complex movements with sensory feedback (Thach, et al., 1992) and has been re-
ported to serve additionally as an integrator of multisensory information from the cere-
bral cortex into a motor frame of reference (Bloedel, et al., 1993). The spinocerebellum
is also involved in sensorimotor tasks (Gao, et al., 1996). Activation maps were larger
than those reported for simple tongue and lip movements but were predominantly re-
stricted on the area inferior to the fissura prima (Larsell lobule HVIa) (Grodd, et al,,
2001). Consistent with previous observations, imaging showed an activation peak infe-
rior and posterior Larsell’s lobule HVII to areas involved in motor execution in the cere-
bellum (Lotze, Montoya, et al., 1999) but extended also anteriorly to HVIb. Cerebellar
activity is highly correlated with the temporal sequencing of speech movement
(Mathiak, et al., 2002). The functional demands of singing may explain this activity. Ver-

mis activation, not described in previous studies investigating singing, was present dur-
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ing overt singing. The vermis is involved in balancing of the body during gait (lesion-
data: (Muley & Bushara, 2004); imaging-data: (Jahn, et al, 2004)). For singing, only
speculative interpretations of the function of the vermis can be provided, as it may also
be associated with the unnatural lying-position during classical singing in the scanner. It
would be interesting in this context to investigate in a further study whether opera sing-
ers, who are often required to sing in unusual positions show increased vermis-

activation when compared to, for example, concert singers.

5.4.1.3 Basal ganglia:

Parts of the dorsal basal ganglia (putamen and pallidum) were activated during sing-
ing. This activation is likely to be associated with the motor loop (Alexander & Crutcher,
1990) and less so with the sensory-attention loop (Liu, et al., 1999). Here, the basal gan-
glia may be involved in the modulation of the voice, comparable to the modulation of

smooth movement performance (Brooks, 1995).

Interestingly, the basal ganglia were also active during imagined singing. The com-
parison between overt and imagined singing revealed no differences. The basal ganglia
activation may indicate an associative connection during overt and imagined singing
between the dorsolateral prefrontal and orbito-frontal cortex via the nucleus caudatus
pointing to working memory activation (dorsolateral PFC) and perhaps to an anticipa-
tory fine-tuning of text and melody (ventrolateral PFC). The basal ganglia activation also
involves the limbic-emotional loop, predominantly connecting the ventral striatum with
the ACC (Alexander & Crutcher, 1990). In contrast to other studies on musical percep-
tion (Blood & Zatorre, 2001; Menon & Levitin, 2005) we did not observe any activation
in the nucleus accumbens located in the ventral striatum. The reason for this is unclear;
both the uncomfortable position in the scanner and the strict regime of the task may

have decreased the pleasure of this singing aria.

5.4.1.4 Medulla:

We observed circumscribed activation in the superior medulla in a region where cra-
nial nerves VII, IX, X and XII are relayed to movements related to articulation, vocaliza-

tion and phonation. This activation is most likely not elicited by movement artifacts
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based on articulation dependent cerebral fluid pulsation, since activation maxima were
located distinct from the border of the spinal fluid and the brain stem. Patients with le-
sions in the superior medulla express drastic impairments in articulation and swallow-
ing (Vuilleumier, et al., 1995). Brainstem activation in our study was significantly in-
creased for overt singing compared to imagined singing, thus pointing to the executive

function of this activation site.

5.4.1.5 Secondary motor areas (BA 6):

The supplementary motor area (SMA) and the medial cingulate cortex were compa-
rably active during both overt and imagined singing. Both areas have previously been
described to be involved in overt vocalization (Perry, et al., 1999). Together with the
premotor cortex (PMC) these areas seem to be critical for the planning, timing and idea-
tion of the movement and the motor imagery (for an overview see: (Lotze & Halsband,
2006). It is possible that the access to motor programs during mental rehearsal is real-
ized through functional activation of BA 6, which has also shown to be involved in kines-

thetic imagery tasks (Gerardin, et al., 2000; Stephan, et al., 1995).

5.4.2 Areas involved in auditory control:

During overt singing, we observed bilateral activation of the primary auditory cortex
(A1) and the auditory belt area with comparable intensity. Recent functional imaging
studies suggest a relative left-hemispheric specialization for rapid temporal and rhythm
processing (Boemio, et al., 2005; Overy, et al., 2004; Zatorre & Belin, 2001) whereas
right auditory cortex shows a stronger sensitivity for spectral and melody processing
(Overy, et al., 2004; Zatorre & Belin, 2001) and for processing of auditory information
with slower temporal resolution (Boemio et al., 2005). With regard to lateralization ef-
fects of primary auditory cortex, simple humming without language production activates
A1l only in the right hemisphere (Perry, et al,, 1999) whereas pitch memory has also
been associated with increases in the left Heschl’s gyrus (Gaab, et al., 2006). The am-
biguous role of Al lateralization in melody perception tasks may be mediated by the
listening style (Evers, et al,, 1999). For example, listeners who determined pitch infor-
mation from the spectral composition of a tone showed a pronounced rightward activity

in the lateral Heschl’s gyrus when compared to listeners who focus on the fundamental
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frequency only (Schneider, et al., 2005). The Italian aria used in our study was com-
prised of text, rhythm and melody. Thus, the bilateral activation of A1 with comparable
magnitude is not surprising. The activation of the auditory cortex found in our study was
similar to the one reported by Ozdemir and colleagues (2006) for non-professional sing-
ers, who also found bilateral activation in the middle section of the superior temporal
lobe for overt singing as well as for overt speaking when compared to silence, suggesting
a bihemispheric activation for both tasks. In their study, only the contrast singing more
than speaking revealed A1l activation more pronounced in the right hemisphere. Callan
et al. (2006) compared Japanese singing versus speech production and found an in-
creased activation for singing in the right planum temporale. Since speech was highly
lateralized to the left in their study, bilateral planum temporiale activation during sing-
ing resulted in increased right hemispheric activity after contrasting singing with
speech. This result corresponds with our findings of bilateral planum temporale activa-

tion during singing.

During imagery, activation of A1 (Morosan, et al.,, 2001) was completely absent (see
Figure 19). This is in line with several observations on sound and music imagery, which
found activity the secondary auditory cortex during imagery but not in A1 (Ducreux, et
al, 2003; Halpern & Zatorre, 1999; Kraemer, et al., 2005; Yoo, et al., 2001; Zatorre &
Halpern, 2005). It is interesting in this respect that our subjects rated the vividness of
imagined singing as high and reported no problems with attention during the imagery
task. Vividness of imagery has previously been shown to correlate high with psycho-
physiological responses during imagery (Lang, 1979). Yet we did not assess to what ex-
tent our subjects experienced the imagined aria as an auditory or kinesthetic represen-
tation. Two earlier studies that investigated imagined performance in instrumentalists
did also not observe A1l activation during imagery (Langheim, et al., 2002; Lotze, et al,,
2003) although the rating of imagined melody was high (Lotze, et al., 2003). Conversely,
when professional and amateur violinist were tapping an imagined and well-known
piece of music without auditory feedback, activations in the primary auditory cortex
were found, especially in the professional group (Lotze, et al,, 2003). This finding may
represent a tight interconnection between motor action, sensory perception and audi-

tory control in musicians (Bangert, et al, 2001; D'Ausilio, et al., 2006). Comparable
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cross-modal interactions in singers could be perturbed by the lack of activity in the so-
matosensory and motor modality. However, that assumption is contradicted by the ac-

tivity of M1 and S1 during imagined singing in our study.

An auditory association area in the left hemisphere was reported to be responsible
for the control of spoken and listened words (Hickok, et al.,, 2003). We also observed
activity around the peak of this area in the temporo-parietal lobe during both overt and
imagined singing, although this was bilaterally expressed. It is possible that auditory
association for leading the melody during both singing and imagined singing may be

represented in this area.

5.4.3 Speech and song processing:

We observed no relevant lateralization during both overt and imagined singing in
Broca's area. Bilateral activation in comparable magnitude may be related to the combi-
nation of melody and lyrics in the Italian aria. Compared to simple humming, which
showed right lateralized activity (Perry, et al.,, 1999), the singing of an aria involved also
linguistic, tempo and rhythm processing previously shown to be lateralized to the left
(Tramo, 2001). In a very recent paper Lahav et al,, (2007) compared listening to un-
trained and trained musical sequences. Interestingly, Brocca’s area and its homologue
were increasingly active during listening to a trained piece compared to listening to the
same piece before training. The authors concluded this area has a multifunctional role in
action listening besides its role for sensorimotor integration (Binkofski, et al., 2000). In
the light of this study, bilateral activation of the inferior frontal gyrus during both overt
and imagined singing might not necessarily be related to the recall and internal repre-
sentation of lyrics but might point to the recall of trained motor processes or sensorimo-

tor interactions.

Increased processing of memory for pitch was reported to be related to activation in
BAG6, 44, 45, and BA 40 and 7 (Koelsch & Siebel, 2005) - areas that were all active during
the imagery task in our study. Together with additional mobilization within BA 9 (Zhang,
et al,, 2003), this increased activation during mental imagery may suggest that it is less
automated than overt singing. If the auditory feedback is missing, increased resources

may be needed to keep track, which may lead to an increased working memory demand
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in the frontal and parietal lobes. The inferior frontal cortex seem to play a particular role
in the processing of musical structure and syntax (Tillmann, et al., 2006). It has recently
been attributed to emotional intonation processing (Wildgruber, et al., 2005) and motor
preparation for vocal production (Ozdemir, et al., 2006). Furthermore, auditory imagery
of familiar melodies and inner speech involve the inferior frontal gyrus, together with
SMA and auditory association areas in the superior temporal gyrus (Halpern & Zatorre,
1999; Shergill, et al., 2001). All these areas where active during imagined singing in our
study, which supports the idea that the frontal cortex may be involved in auditory im-

agery processes (Zatorre & Halpern, 2005).

Parieto-temporal association areas for controlling auditory stimulation are located
near or within Wernicke’s area and its homologue. Its involvement in auditory imagery
has been demonstrated before (Halpern & Zatorre, 1999; Shergill, et al., 2001). We found
increased inferior parietal cortex activation bilaterally during both tasks, which could
reflect activation of a store for phonetic and intonational acoustic information contribut-
ing to the working memory system (Wildgruber, et al., 2005; Zatorre, 2001; Zatorre, et
al,, 1994).

The superior parietal lobe (BA 7) also showed increased activation during imagined
singing. This area has been reported to be activated during imagery of complex move-
ments trajectories (Wolbers, et al., 2003). The superior parietal lobe is closely connected
to the posterior SMA but also to the PMC (Rizzolatti & Arbib, 1998). Spatial trajectories
of the movement may be transformed in corresponding motor programs, processed and
stored in the superior parietal lobe. Patients with parietal lesions were found to have
problems with tasks that involve imagined movements (Sirigu, et al., 1996). Thus, the
parietal lobe might be crucial for mental rehearsal. This could be especially true for mu-
sicians, since more inferior parts of the parieto-temporal lobe found during imagery

could be essential for the auditory processing of the piece that was mentally rehearsed.

Activation in the occipital lobe during both overt and imagined singing was more
pronounced during overt singing. Arguably, overt singing needs a closer attentive con-
trol of the symbolic instructions, which indicated onset and end of a performance period,

although Perry et al. (1999) reported occipital activation during humming despite his
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subjects having their eyes closed. They concluded that visual imagery might account for

this activation.

5.4.4 Emotional processing:

The overt singing task activated only the anterior cingulate cortex (ACC; for differen-
tiation see: (Bush, et al., 2000)) and the insula. The ACC contributes strongly to the recall
of emotions (Phan, et al., 2004) - a capability which might be important for both overt

and imagined performance.

We observed bilateral insula activation during overt and imagined singing, an area
that has been termed "limbic sensory cortex" and that is associated with emotional
states, emotional recall/imagery and emotional tasks with cognitive demand (Phan, et
al., 2002). Insula activation also accompanies the experience of “chills” during the per-
ception of pleasurable music (Blood & Zatorre, 2001). The anterior part seems particu-
larly related to emotional valence, reflecting the intensity dimension of an emotion
(Anders, et al.,, 2004), whereas the dorsal part of this structure is more active during

cognitive tasks (for a meta-analysis see Wager, 2004).

Interestingly, imagined singing showed additional activation in areas related to emo-
tion processing involving the medial prefrontal cortex (mPFC), the bilateral ventro-
lateral prefrontal cortex (VLPFC; also called orbitofrontal lobe; BA 47), the bilateral
temporal poles and amygdala. The temporal poles are involved in conscious self-
regulation of emotional responses (Beauregard, et al., 2001; Lane, 2000). The amygdala
is known to be mainly involved in more passive avoidance or approach tasks (Morris,
Ohman, et al., 1999; Morris, Scott, et al., 1999). This is consistent with the fact that the
amygdala was not active during overt singing. Although amygdala activation has been
reported for the perception of unpleasant musical material (Blood, et al., 1999; Koelsch,

2005; Koelsch, et al., 2005) its activation is not specific for negative emotions.

Other areas such as the mPFC, the VLPFC - active during imagined singing in our
study - have also been related to unpleasant musical stimuli (Blood, et al., 1999), but
results from meta-analyses on studies investigating visually presented emotional mate-

rial did not find area specificity for positively or negatively rated stimuli (Murphy, et al.,
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2003; Phan, et al,, 2002). Instead, the mPFC may play a “general” role in emotional proc-
essing for appraisal/evaluation, experience, and response and can be related to self-
referential processing about one’s own emotional experience (Phan, et al., 2004).
VLPFC-activation in BA 47 is associated with prosody perception (Wildgruber, et al.,
2005) and visually presented expressive gestures (Lotze, et al., 2006). Lesions in this
area result in impaired recognition of vocal expressions (Hornak, et al.,, 2003). Signifi-
cantly increased activation during imagined compared to overt singing was only ob-
served in the ACC and the VLPFC. Therefore, we believe that enhanced activation of

these areas may reflect an increased emotional recall during imagined singing.

5.5 Conclusions

To date, several studies have proven the value of music imagery to improve various
aspects of overt musical performance (Highben & Palmer, 2004; Humphreys, 1986;
Lacourse, et al., 2005; Pascual-Leone, 2003; Yaguez, et al,, 1998). By comparing overt
and imagined singing of an Italian aria we showed a broad range of activations in partly
overlapping cortical and sub-cortical areas. While overt singing predominantly activated
areas processing complex motor sequences and sensory feedback/control, most of the
areas related to motor processing were also active during imagery. This is of notable
interest, because imagined motor performance commonly activates secondary cortical
motor areas (Munzert, et al.,, 2009), whereas the contribution of primary motor cortex
during motor imagery is less clear and still a matter of controversy (Dechent, et al,
2004). Medial and lateral premotor areas, related to the planning and preparation of
movement, obviously require adequate motor memory for efficient function and should
therefore also be active during imagery. In the primary motor cortex, anticipatory ac-
tivity based on encoded information for upcoming movement sequences has only re-
cently been suggested and might be less pronounced during imagery (Lu & Ashe, 2005).
Yet considering the vital functions of the voice and the extensive training of articulation
for verbal communication and singing throughout the life span of an artist, motor se-
quence encoding in the primary motor area representing voice functions might also be
more pronounced. These findings have possible implications for artistic as well as for
clinical needs. Since imagined motor rehearsal of skilled peripheral movement has the

capacity to enhance overt performance, trained singers might particularly benefit from
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rehearsing the physiological underpinnings of musical performance without the sen-
sorimotor and auditory confounds of overt production as a means of improving vocal
accomplishment (Langheim, et al.,, 2002). By making imagery a fundamental component
of their everyday practice routine, this technique could also help prevent repetitive
strain injuries, one of the most common problems of extensive overt practice in profes-
sional musicians (Lederman, 2003). Clinical studies increasingly use imagery as a com-
plementary therapeutic tool in motor rehabilitation (Page, et al., 2007). Our results sug-

gest that non-fluent aphasic patients could particularly benefit from this approach.

A major distinction between musical imagery and overt performance, however, is the
lack of motor and sensory consequences in the former. Consequently, imagery should
also engage areas distinctive from those involved in overt tasks. We found additionally a
large fronto-parietal network activated, which points to an increased involvement of
working memory processes during mental imagery. This indicates that imagined singing
is less automatic than overt singing, although subjects were experienced with imagined
rehearsal. A recent finding (Desmurget, et al., 2009) showed that electrical stimulation
of inferior parietal cortex triggered a strong intention to move in the contralateral hand,
foot, arm or mouth areas, and when the stimulation intensity was increased participants
believed they had really performed these movements although no electromyographic
activity was detected. Hence, we speculate that the associative networks activated dur-
ing imagery are more complex, more variable and more adjusted to the individuals’ per-
sonal training history. The main advantage of imagery is that it “frees” us from the
chains of external perceptual cues, providing more resources to be dedicated to other
aspects of the task. This is in line with our observations that emotion-processing areas
were also increasingly active during imagined singing. Although this may reflect in-
creased emotional recall during imagery, the lack of sensory processing also allows

dedicating more attention to emotional aspects of the task.
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Chapter 6

Experience-dependent neural adaptation in trained singers

- an fMRI study

6.1 Introduction

There is considerable evidence that cortical representation of the body may be con-
tinuously changed in response to activity, behavior and skill-acquisition (Adkins, et al.,
2006; Buonomano & Merzenich, 1998). Adaptive changes in neural circuitries related to
motor skill-training have also been attributed to improved performance (Nielsen &
Cohen, 2008). For investigating the latter professional musicians are ideally suited since
they begin with training during early childhood and practice extensively throughout
their life to achieve the most astonishing levels of motor skill perfection (Jgrgensen,
2002). This combination of training specificity (i.e. highly specific motor skills), training
intensity, and early training onset results in extensive use-dependent neural plasticity in

professional musicians (Munte, et al., 2002).

In string and keyboard players, exceptional skill has been associated with reduced ac-
tivation of pre-motor areas and a shift towards more focused (or task relevant) activa-
tion in regions related to motor execution - namely in the primary sensorimotor cortex
(Haslinger, et al.,, 2004; Lotze, et al., 2003). Adaptations on the level of functional or
morphologic characterization appear not only as increased cortical representation of
hand and fingers (Amunts, et al., 1997) but involve also the auditory cortex (Schneider,
et al.,, 2002). Corresponding to Hebbian learning rules (Hebb, 1949), cross-modal plas-
ticity has been reported as a consequence of simultaneous integration of auditory and
somatosensory signals (Pantev, et al.,, 2003). Other experience-dependent effects in the
musicians’ brain involve an increased motor cortical excitability (Rosenkranz, et al.,
2007), a larger cerebellum and anterior corpus callosum (Hutchinson, et al., 2003;
Schlaug, et al,, 1995) and even a more structured fiber tract organization in white matter

(Bengtsson, et al., 2005).
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With respect to the vocal system, several neuroimaging studies have investigated
neural correlates of speech motor control (see Ackermann, et al., 2004). A few studies
have examined simple singing (or intoned vocalization) of vowels, syllables, and words
(e.g. Riecker, Ackermann, Wildgruber, Dogil, et al, 2000) as well as short musical
phrases (Callan, et al., 2006; Gunji, et al., 2007) in untrained subjects, mostly in contrast
to speech. Yet little is known about changes in neural activation in response to profes-
sional training of the voice (Kleber, et al,, 2007; Zarate & Zatorre, 2008). Training in-
duced neural reorganization of the vocal motor system remains poorly understood and
seems to be the domain of clinical rehabilitation studies (Crinion & Leff, 2007). How-
ever, studying neural adaptation related to professional vocal training, such as classical

singing, may provide a window into use-dependent plasticity of the vocal system.

Vocal production in speech and singing requires the involvement of more that 100
muscles, which depicts the functional demands, placed on that system. Although this
may be the case for instrumentalists (e.g. wind instrument players) too, the vocal motor
system is different in nature from the peripheral motor system. First, all sound is pro-
duced and amplified entirely within the body in the absence of visual control over
movement. Second, the muscle fibers of the laryngeal and orofacial system are distinct
from the skeletal (i.e. peripheral) muscle systems. They are uniquely heterogeneous and
designed for fast as well as for variable contraction and fatigue resistance (for review,
see Kent, 2004), which enables the vocal folds to open and close several hundred times
per second within a precisely coordinated interplay of laryngeal, respiratory and articu-
latory activity (Dejonckere & Lebacq, 1981). Third, vocal motor activity is routinely per-
formed at a faster discrete rate than any other human behavior, which requires a control

system that mainly depends on an intrinsic reflex system (Abo-el-Enein, 1966).

These complex operations are thought to be automatic in speech once development is
complete (Smith & Zelaznik, 2004). Thus, singers may build their skills on an already
highly evolved system with respect to motor function in singing whereas instrumental-
ists develop entirely new motor patterns. Nevertheless, singers must train intensively
for many years before they are able to adjust their vocal system well enough to achieve
the typical sound characteristics and the level of vocal control required in classical sing-

ing (Sundberg, 1987). They learn to optimize vocal tract coordination by accessing two
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major feedback circuits, auditory and kinesthetic, which act as control systems on laryn-
geal musculature during sound production (i.e. phonation). Auditory feedback seems to
be particularly relevant during early stages of vocal training and plays a fundamental
role in pitch control. In contrast, the kinesthetic feedback circuit becomes increasingly
important with experience and provides information on movement kinematics, sub-
glottal air pressure and the appropriate positioning (i.e. pre-phonatory tuning) of the
articulators that are eventually associated with the desired vocal outcome (Miirbe, et al.,
2004). Vocal motor control in trained singers compared to laymen might therefore rely
more on internal models that involve strong kinesthetic representations of vocal tract

behavior in classical singing.

Based on these findings and on our previous study that involved professional singers
(Kleber, et al., 2007), the present study aimed at identifying differences in neural activa-
tion patterns during overt singing of an Italian aria with respect to the training-level in
classical singing. We proposed that experience in classical singing is reflected by in-
creased involvement of cerebral areas related to somatosensory processing and per-
formance monitoring, allowing for fast adjustments of singing related actions during

musical expression.

6.2 Methods

6.2.1 Participants:

Forty-nine right-handed subjects without reported history of neurological or psychi-
atric disease participated in this study. Ten professional opera singers (choristers and
soloists) from the Stuttgart State Opera (mean age: 38.07 years; ranging from 30 to 44; 7
female); 21 vocal students (mean age: 25.22 years; ranging from 20 to 30; 14 female)
enrolled in the “artist’s diploma” program in singing performance at the State University
of Music and Performing Arts Stuttgart; and 18 laymen (medical students; mean age:
23.54; ranging from 23 to 29; 6 female) from the University of Tiibingen with minimal
singing experience. More than 5 hours of weekly choir singing served as an exclusion
criterion for the selection of laymen. Not represented in the demographic data is one

amateur subject who was eliminated from data analysis due to excessive head move-
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ment (>5mm) and one randomly selected female vocal student, who was excluded to
balance for gender. The Ethics Committee of the Medical Faculty of the University of
Tiibingen approved this study. All subjects gave written informed consent according to

the guidelines of the Declaration of Helsinki.

6.2.2 Singing Experience:

Five laymen reported regular choir singing activity between one to five hours the
week (mean: 2.6). None of them ever received professional vocal training. Vocal stu-
dents took their first professional singing lesson on average at the age of 15 (range: 8-
25). They had a mean of 9.77 years (range: 4-23) professional singing experience
(counted from their first professional singing lesson) and reported an average of 18
hours (range 8-30) weekly singing practice. Opera singers took their first professional
singing lesson on average at the age of 17 (range: 12-22). They had a mean of 21.03
years (range 14-28) professional singing experience and reported an average of 27.6

hours weekly singing practice (range: 20-42). An overview of singing experience is given

in Figure 21.
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Figure 21: Singing expertise in opera singers, vocal students and laymen. White bars represent the esti-
mated amount of weekly singing practice given in hours; grey bars represent the total time of singing ex-
perience given in years, counted from the first professional singing lesson in singers and the number of
years with amateur singing experience in laymen; black bars represent the age at which subjects began
with professional singing training. Respective mean values are given on the y-scale. Error bars represent

one standard deviation.
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6.2.3 Singing Task:

Subjects overtly sung six phrases from the first stanza of the Italian aria “Caro mio
ben” (by Tommaso Giordani, 1730-1806) in an fMRI scanner, each phrase separately
after a visual cue. This aria was selected because lyrics and melody are easy to memorize
and the vocal demands are such that all voice types could perform it in a scanner envi-
ronment. Furthermore, the phrase structure fits naturally the sparse sampling technique
employed (see fMRI Data Acquisition). Although this is a popular aria in classical singing,
only about 2/3 of all experienced singers reported to have sung the aria before. No sub-
jects had actively sung or rehearsed this aria in the 5 years preceding the experiment. All
subjects were provided with sheet music and audio samples of the aria three weeks be-
fore scanning. Task execution was rehearsed outside the scanner and then again within
the scanner before the actual measurement. Successful task accomplishment was moni-

tored via loud speakers.

6.2.4 fMRI Technique:

The fMRI technique applied corresponds to the one we employed previously (Kleber,
et al., 2007). Whole head scans (66 volumes per block) were performed with a 1.5 Tesla
whole body Scanner (Siemens Vision) using echo planar imaging (EPI; TE: 40 ms; TR: 10
sec, TA: 3 sec, 36 transversal slices of 3 mm thickness and 1 mm gap, matrix 64*64).
Head movement during scanning was minimized by a rubber foam head restraint. A
sparse sampling method was employed to delineate singing related movement from
volume acquisition and to allow for undisturbed monitoring of the own voice during
singing. The design involved six consecutive singing periods (phrases from the Italian
aria) of 10 sec TRs respectively alternating with six consecutive baseline periods in
which subjects were inhaling/exhaling only (Figure 22). Thirty-three singing conditions
and thirty baseline conditions with a total duration of approximately 11 minutes were
measured. To control for effects related to excessive inhalation, baseline measurements
required subjects to inhale at the same time points as in the singing condition, followed
by slow exhalation. Each TR contained a delay of 7 sec in which visual signals were pre-
sented, indicating inhalation (1.5 sec) and singing (3 sec) followed by a TA of 3 sec.

Within the 7 sec delay, timings of inhalation and task execution were systematically var-

77



ied by £500 ms to ensure that we covered the peak amplitude of the hemodynamic re-
sponse for each task. The first 3 EPI data sets of each session were discarded prior to
analysis to allow for T1-saturation effects. T1 weighted images (MPRage; 176 sagittal

slices with 1mm effective thickness) were measured for anatomical reference.
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Figure 22: Sparse-sampling fMRI design: six consecutive singing periods alternated with six consecutive base-
line periods in which subjects were inhaling/exhaling only. Each TR (10 seconds) contained a delay of 7 seconds
in which visual signals were presented, indicating inhalation (1.5 seconds) and singing (3 seconds) followed by a
TA of 3 sec. The timings of inhalation and task execution were systematically varied by £500 ms within a 1.5s
time window to ensure to cover the peak amplitude of the hemodynamic response. Silences were adjusted ac-

cordingly. A total of thirty-three singing periods and thirty baseline periods were measured.

6.2.5 fMRI Data Analysis:

Data were analyzed with SPM5 (Wellcome Department of Imaging Neuroscience)
running on Matlab (MathWorks Inc; Natick, MA; USA). Each individual scan was rea-
ligned to the first image of each session to correct for movement artifacts. The realigned
data were spatially normalized to the MNI-template and resliced with 3*3*3 mm. The
resulting images were smoothed with a 9 mm (full width at half maximum) Gaussian
filter. The movement parameters estimated during the realignment procedure were in-
troduced as covariates of no-interest into the general linear model. Individual statistical

maps (fixed effect) were calculated for each subject (main effect). First level contrast
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images of each subject were then used for group statistics calculated as random effects
analysis at the 2nd level. A one-way ANOVA with three groups (laymen, vocal students
and opera singers) was performed. Non-sphericity correction was applied to account for
the possibility of unequal variances due to the different group size of opera singers. Age
was added as a nuisance covariate to account for differences between groups. Gender
was included as a nuisance covariate to correct for an uneven gender distribution within
groups. We measured experience-dependent differences in BOLD response based on
expertise-levels in classical singing by comparing cerebral activation during overt sing-
ing of an Italian aria in three groups: highly experienced opera singers, music conserva-
tory vocal students who train to become professional singers, and laymen with little
singing experience. Main effects of overt singing were calculated for the whole brain in

each group followed by a conjunction analysis (conjunction null, Friston, et al., 2005) .

Based on these data as well as on our previously published results (Kleber, et al,,
2007), a-priori defined regions of interest (ROIs) were selected for all subsequent ana-
lyzes. Therefore, a single anatomical mask was formed from anatomical ROIs to avoid
alpha-error inflation due to multiple testing. For regions already cytoarchitectonically
mapped we used ANATOMY (Eickhoff, et al., 2005). The following regions were in-
cluded: primary sensorimotor cortex (Brodmann’s area (BA) 1,2,3ab and BA 4ap se-
lected from ANATOMY), premotor cortex and supplementary motor area (BA 6), pri-
mary auditory cortex (TE1.0, 1.1, 1.2) and superior temporal gyrus, BA 44 and 45,
superior and inferior parietal lobe. For all other regions selected, we used the atlas of
Tzourino-Mazoyer (AAL, Tzourio-Mazoyer, et al.,, 2002): the dorsolateral prefrontal cor-
tex (occupying the posterior superior and middle frontal gyrus), the cerebellar hemi-
spheres, limbic areas (insula, anterior cingulate cortex, amygdala, hippocampus), the
thalamus, the basal ganglia (putamen, pallidum, caudate nucleus) and the temporal

poles.

Post-hoc contrasts (Student’s t-tests) were applied to assess between-group effects
for the following comparisons: vocal students versus laymen, opera singers versus lay-
men and opera singers versus vocal students. Statistical inference for all analyses was
based on the resulting t-statistics in the mask using a p-value of 0.001 uncorrected for

multiple comparisons. T-values of significant activations of the highest activated voxels
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were given for MNI-coordinates and were assigned to anatomical regions. Where appli-
cable, probabilities for anatomical localization of activation maxima were calculated
(Eickhoff, et al., 2005). While the former analyses addressed only differences between
groups as defined by their singing standard (laymen, students, professionals), we per-
formed an additional regression analysis to assess the effect of singing expertise on
BOLD response. We entered the estimated total amount of singing practice across all
subjects in a linear regression model and controlled for age and gender by adding them
as nuisance regressors. The accumulated amount of singing practice was approximated
by multiplication of singing experience (based on the age of commencement with formal
singing training in experts or years of amateur singing experience in laymen respec-
tively) with the estimated weekly singing practice (years experience*weekly singing
practice). The resulting value was subsequently transformed to a logarithmic scale to
obtain a more uniform distribution of data along the abscissa, more suitable for linear
regression. Activation maps were superimposed on the MRIcron ch2better template,

which fits best to the MNI-space (http://www.sph.sc.edu/comd/rorden/mricron/).
6.3 Results

6.3.1 Main effects:

Main effects of each group were calculated for the whole brain. Peak activations in-
cluded bilateral primary sensorimotor cortex (M1, S1), secondary somatosensory cortex
(SII), premotor cortex, primary auditory cortex (A1), the temporal poles, inferior and
superior parietal cortex, visual cortex, the insula and the cingulate cortex. At the subcor-
tical level activations were found in the thalamus, the basal ganglia (putamen, pallidum,
caudate nucleus) and the cerebellum. Full statistical tables of respective main effects are

available in Supplementary Table 3-5.

6.3.2 Conjunction analysis:

Common activation in all groups was found in the superior temporal gyrus including
the primary auditory cortex (TE 1.0-3), the bilateral primary sensorimotor cortex (M1
and S1) focused in the cortical representation of the orofacial area, bilateral SII (OP4),

the supplementary motor area and right inferior premotor cortex (BA6), as well as in
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the cerebellum (Larselle’s lobule VI) and in left inferior parietal cortex (Figure 23A). Full

statistical information of the conjunction analysis is available in Supplementary Table 6.

6.3.3 Vocal students versus laymen:

Vocal students showed increased activation in bilateral S1 (BA 1) in the somatotopic
area of articulation and the larynx (see Table 3 and Figure 23B). Further cortical activa-
tion maxima could be assigned to the angular gyrus and dorsolateral prefrontal cortex
(DLPFC) bilaterally, and left temporal pole. Significant differences in vocal students
compared to laymen involved also the right pallidum and the right cerebellum in

Larsell’s lobule HVI.

6.3.4 Opera singers versus laymen:

Opera singers showed increased activation in left S1 (BA 1) and overlapping S1/M1
(BA 4p and 3a) in the right hemisphere (see Table 4 and Figure 23C). Activation maxima
were also found in the left SII (OP4), the left temporal pole and right inferior parietal
cortex. Differences in opera singers compared to laymen involved furthermore the basal
ganglia (putamen, pallidus and caudate nucleus), the left thalamus and the cerebellum in

Larsell’s lobules HVI and Crus 1 and 2 bilaterally.

6.3.5 Opera singers versus vocal students:

The comparison opera singers versus vocal students (see Table 4 and Figure 23D) re-
vealed increased activation in right hemispheric overlapping S1/M1 (BA 4p and 3a).
Further increased activation in opera singers involved the right putamen, parietal cortex
and the cerebellum (right Larsell’s lobule HV], bilateral Crus1, left Crus 2 and left lobule
HIV-V).
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: Conjunction all

B: Vocal Students vs C: Opera Singers

Laymen

Figure 23: Brain activation associated with overt singing. A: Common activation in opera singers, vocal
students and laymen was found in right M1, bilateral S1, SII, A1, SMA, lateral premotor cortex and the
cerebellum. B: Increased activation in vocal students compared to laymen involved bilateral S1, right
globus pallidus, right cerebellum (Lobule H VI), SMA, IPC, and DLPFC. C: Increased activation in opera
singers compared to laymen was found in bilateral S1 and left SII, right M1 and IPC but also in the right
putamen, right globus pallidus, and right caudate nucleus, the left thalamus and the bilateral cerebellum.
D: Increased activation in opera singers compared to vocal students involved right M1 and S1, right pu-

tamen and bilateral cerebellum.
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Table 3: MNI coordinates and peak t-score values for region-of-interest (ROI) tests
based on the post-hoc contrast (Student’s t-test) vocal students versus laymen (P <
0.001 uncorrected). For anatomic labeling we used AAL (Tzourio- Mazoyer et al.,, 2002).
Areas already cytoarchitectonically mapped (*) were assigned using the Anatomy Tool-
box (Eickhoff et al. 2005) - probabilities are given in brackets. Abbreviations: S1, pri-
mary somatosensory cortex; SMA, supplementary motor area; IPC, inferior parietal cor-
tex; PGa, DLPFC, dorsolateral prefrontal cortex; BA = Brodmann'’s area; L = left; R = right.
PGa and PGp correspond to rostral and caudal divisions of the angular gyrus respec-

tively.

Vocal Students vs. Laymen

Region X y z t Assigned to
Sensorimotor
S1 L -63  -15 36 5.66 Areal (50%)
R 60 -12 39 412  Areal (90%)
SMA L -6 -15 57 3.60 Area 6 (80%)
Parietal
IPC L -48  -57 33 485  PGa (60%)
R 45  -63 36 3.79 PGp (60%)
Frontal
DLPFC R 21 27 54  3.64
-27 21 39 349
Temporal
Temporal Pole L -48 6 -24 395
Subcortical
Globus Pallidus R 24 -3 3 3.82
Cerebellum
Lobule H VI R 24 -66 -27 3.58
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Table 4: MNI coordinates and peak t-score values for region-of-interest (ROI) tests based on the post-hoc
contrasts (Student’s t-test) opera singers versus laymen and opera singers versus vocal students (P <
0.001 uncorrected). For anatomic labeling we used AAL (Tzourio- Mazoyer et al.,, 2002). Areas already
cytoarchitectonically mapped (*) were assigned using the Anatomy Toolbox (Eickhoff et al. 2005) - prob-
abilities are given in brackets. Abbreviations: S1, primary somatosensory cortex; SlI, secondary somato-
sensory cortex; SMA, supplementary motor area; IPC, inferior parietal cortex; SPL, superior parietal lobe;

DLPFC, dorsolateral prefrontal cortex; L = left; R = right.

Opera Singers vs. Laymen Opera Singers vs. Vocal Students
Region x 'y z t Assignedto x y z t Assigned to
Sensorimotor
S1 -60 -15 36 4.84 Area 1 (60%)
36 -18 393.93 Area 3a (60%) 33 -21 36 4.10 Area 3a (50%)
M1 36 -18 39393 Area4p (70%) 36 -18 39 4.11 Area4p (70%)
SII -66 -12 24 3.34 OP 4 (30%)
Parietal
IPC 42 -33 18 3.59 IPFcm (40%)
Precuneus -12 -54 75 3.84
Temporal

Temporal Pole -48 6 -243.35

Subcortical
Putamen 21 6 -63.86 18 6 -6 3.71
Globus Pallidus 24 0 33.72
Caudate 12 9 -9342
Thalamus -21 -21 6384

Cerebellum
Crus 1 -18 -72 -304.72 -18 -72 -30 4.22
Crus 1 42 -69 -303.70
Crus 2 -21 -84 -334.14 -18 -84 -33 4.03
Lobule H VI 21 -66 -244.62 33 -57 -27 3.60
Lobule H VI 27 -63 -304.49 27 -63 -30 3.54
Lobule H VI -21 -63 -273.93
Lobule H IV-V -30 -42 -24 3.36
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6.3.6 Singing practice effects:

Shown in Figure 24, regression analysis based on the accumulated amount of singing
practice revealed positive correlations with cortical activity in bilateral S1 (left BA 3b
and bilateral BA 1), located in the representation area of larynx and articulators. No ef-
fect was found for the primary motor cortex. Positive correlations with singing practice
were also found in bilateral DLPFC (right 24, 27, 54; t(48)=4.25, r=0.40; left -36, 21, 54;
t(48)=3.76, r=0.43), and bilateral angular gyrus (right 42, -63, 39; t(48)=3.95, r=0.40;
left -48, -60, 33; t(48)=4.77, r=0.44). Positive correlations with subcortical areas were
observed in the right pallidum (24, -3, 3; t(48)=3.82, r=0.40).

Correlation with Singing Practice
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Figure 24: Results from the regression analysis including all subjects (opera singers, vocal students and
laymen). The y- scale of the regression plots depicts mean corrected parameter estimates. Statistical infer-
ence was based on the resulting t-statistics for each voxel using a p-value of 0.001 uncorrected for multiple

comparisons.
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6.4 Discussion

We aimed at identifying changes in functional brain activation with regard to exper-
tise level and practice quantity in classical singing. We provided the first evidence that
professional training of classical singing gives rise to increased activation of areas asso-
ciated with kinesthetic information processing from the larynx and the articulators. Ad-
ditional activations involved cortical regions related to the somatosensory guidance of
motor activity and subcortical motor memory areas. We assume that our results reflect
experience-dependent changes in functional activation. In contrast to previous findings
of experience-dependent neural adaptation in musical instrumentalists, high levels of
singing practice did not generally result in increased activation in M1, only in the right

hemisphere of the most experienced opera singers.

6.4.1 Sensorimotor cortex

Studies suggest an experience-dependent reorganization of the primary motor cortex
associated with the retention and acquisition of motor skills (Karni, et al,, 1995). Ana-
tomical and functional reorganization of contralateral sensorimotor cortex in response
to manual motor skill training has been repeatedly reported for professional musicians
who learned to play an instrument (Amunts, et al., 1997). These changes were also di-
rectly linked to the type of musical practice, for example to long-term training of the vio-
lin (right M1 reorganization, Lotze, et al, 2003) or piano playing (bilateral M1
reorganization, Hund-Georgiadis & von Cramon, 1999). However, the total practice in
classical singing did not reveal changes in M1. Instead, it was strongly correlated with
increased activation in ventral primary somatosensory cortex. The reported results sug-
gest that somatosensory feedback might play a particularly important role in the devel-
opment of classical singing skills. This hypothesis is further supported when considering
the physiology of vocal production, which involves two main mechanisms: 1) the gen-
eration of sound at the laryngeal level through an interaction of vocal fold muscular
forces with air pressure from the lungs and 2) the amplification of sound in the resonat-
ing vocal tract by an appropriate shaping of the articulators. Studies on speech articula-
tion have demonstrated that proprioceptive feedback already provides sufficient infor-

mation on the positions of the articulators to achieve precise articulatory movements,
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independent from auditory feedback (Nasir & Ostry, 2006). However, articulatory preci-
sion in speech is primarily relevant for intelligibility. In singing, additional amplification
of certain frequency partials through articulatory shaping of the resonating vocal tract
subserves the production of style specific timbre (Ekholm, et al., 1998) that allows the
voice to be audible despite the competing sound from an orchestra (Sundberg, 1974).
Experienced singers have been extensively trained to focus on timbre, vowel quality,
intonation accuracy and sound intensity in the context of increased emotional expres-
sion. At the level of sound production, this requires enhanced control over laryngeal mo-
tor activity in conjunction with sub-glottal air pressure, whereby the vocal folds oscillate
rapidly between 50 and 1500 Hz (e.g. in high sopranos). To account for the speed of vo-
cal fold vibration, the laryngeal motor system is based on an intrinsic reflex system
(Abo-el-Enein, 1966). Vocal motor control (i.e. changes in tension and positioning of the
vocal folds) during sound production depends largely on kinaesthetic feedback from
laryngeal mechanoreceptors (Wyke, 1974a, 1974b). To optimize this vocal motor sys-
tem, singers utilize a combination of auditory and kinesthetic feedback for vocal control.
The significance of auditory feedback for singing has been reported in several studies
but the kinesthetic feedback circuit seems to be particularly improved after years of
training in classical singing (Miirbe, et al., 2004). This possibly corresponds to the devel-
opment of more accurate feed-forward commands of vocal tract adjustments based on
kinesthetic expectations (or “kinesthetic motor memory”). We therefore believe to have
found the first evidence that excellence in classical singing might be accompanied by
increased involvement of primary somatosensory cortex, reflecting enhanced kines-
thetic motor control for sound production in singing. As the level of peak activation in
bilateral S1 roughly coincides with the transversal plane of a larynx specific area in the
primary motor cortex as reported by Steven Brown and colleagues (Brown, et al., 2009;
Brown, et al,, 2007), our results potentially reflect the improved processing of laryngeal

feedback within the somatotopic orofacial area.

Increased activation in M1 was only found in the non speech-dominant right hemi-
sphere of opera singers, suggesting that prolonged engagement in classical singing
might indeed also result in increased activity patterns in primary motor areas. It has

been demonstrated in studies comparing language and singing that there is a significant
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lateralization in M1 for speech production in the dominant and for melody production in
the non-dominant hemisphere (Riecker, Ackermann, Wildgruber, Meyer, et al., 2000;
Wildgruber, et al.,, 1996). Similar lateralization effects have been reported for the audi-
tory cortex (Zatorre & Gandour, 2008). In singing, word production is reduced com-
pared with speaking in favor of an increased focus on vowel production as the carrier of
the melodic content. Indeed, the concept of vowel quality plays a very important role in
classical singing and is related to timbre and resonance shaping of the vocal tract. The
principal motor components in vocal production may have already been exhaustively
trained in verbal communication, hence no general increases of M1 activation were
found with vocal training. However, the production of words in melody may lead to an
increased activation of the right M1 after years of extensive training and performance of
classical singing. The musical piece’s sensorimotor elements may then change from a
sequence oriented processing mode to a more “gestalt” processing mode with prolonged
experience and constitute a whole inseparable pattern, as expressed in verbal accounts

of highly skilled musicians.

6.4.2 Auditory cortex:

Several studies have demonstrated that training induced improvement of auditory
skills corresponds with increased auditory cortical activation (Gaab, et al., 2006; Pantev,
et al., 1998). However, we could not observe such differences between groups. A recent
study showed increased auditory activation in experienced singers during real-time
shifted auditory feedback (Zarate & Zatorre, 2008). The auditory cortex of singers may
track unexpected changes in vocal production more efficiently than in untrained sub-
jects as reflected by increased responses of auditory cortex to a mismatch of actual and
intended feedback. In our sparse-sampling paradigm, all singers could monitor their
voice undisturbed. Thus, increased auditory activation might not be expected. In addi-
tion, the perception of self-produced utterances can attenuate auditory activation in Al
in contrast to passive perception of the same sounds (Houde, et al., 2002). In monkeys,
approximately 50% of call-responsive neurons in the auditory cortex are inhibited dur-
ing vocalization (Muller-Preuss & Ploog, 1981). An expected match between predicted
and actual sensory consequences in trained singers could thus result in the filtering of

self-produced auditory information, which may contribute to our results.
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6.4.3 Sensory association cortex

We found increased activation in bilateral inferior parietal cortex in relation to the to-
tal singing practice, and in the comparison of vocal students versus laymen. Opera sing-
ers versus laymen showed right hemispheric inferior parietal cortex (IPC) activation.
The functional roles of the IPC involve auditory-verbal working memory (Paulesu, et al.,
1993) and short-term memory for musical pitch, pronounced in the right hemisphere of
musically trained subjects (Gaab, et al., 2003). The angular gyrus, correlated with singing
practice in our study, has been associated with the processing of semantic features in
the left hemisphere (Price, 2000), while its right hemispheric counterpart has shown to
be involved in the computation of action awareness (Farrer, et al,, 2007). More gener-
ally, the IPC has been associated with the integration of sensory and motor signals for
the sensory guidance of movements (Fogassi & Luppino, 2005) utilizing also somatosen-
sory information (Jancke, et al., 2001). A model of speech motor control (Guenther, et al.,
2006) posits a role of the IPC in a feedforward control mechanism of articulatory motor
commands. In this model, the IPC acts as a control system for somatosensory feedback
from the vocal tract by comparing the actual kinesthetic feedback with the kinesthetic
“expectation” for the produced sound. Accordingly, we assume that experience-related
activity of bilateral IPC reflects enhanced processing of a performance module that de-
tects a mismatch between intention, action and consequences and thus allows for more

rapid sensorimotor adaptations/corrections in trained singers.

6.4.4 Performance monitoring

We also found increased bilateral DLPFC activation in the comparison of vocal stu-
dents versus laymen and in the regression analysis based on the total amount of accu-
mulated singing practice in all subjects. The DLPFC is associated with higher cognitive
functions such as working memory (Baddeley, 1992). Training induced improvement of
working memory has been reported to be accompanied by increased involvement of
DLPFC (Olesen, et al,, 2004). Studies report its involvement in executive processes such
as divided attention between sensory modalities (Johnson, et al, 2007) and goal-
directed attention (Weissman, et al., 2004), which includes also the monitoring of self

generated performance and preparation of forthcoming sequential actions (Pochon, et
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al.,, 2001). Where left DLPFC seems to be preferentially activated during extensive se-
mantic elaboration, right DLPFC is recruited with increasing monitoring demands
(Sharp, et al,, 2004). In fact, classical singers are not only required to perfectly integrate
vocal performance and musical expression but must also simultaneously act while at-
tending to several cues. This is particularly the case in opera singers, who also combine
singing with acting on stage. Perhaps the basic motor mechanisms needed to perform
the aria are functioning more autonomously in professionals, so that they have more
resources for performance monitoring, and perhaps for musical expression, than non-

professionals.

6.4.5 Cerebellum, basal ganglia and the thalamus

Cerebellar function is highly correlated with the timing of complex sequential action
and speech movements (Braitenberg, et al.,, 1997). The cerebellum utilizes kinesthetic
feedback to monitor and to coordinate movements, thereby acting as a sensorimotor
predictor based on a combination of sensory inputs and efference copies of motor com-
mands (Bastian, 2006). Studies on movement control show that 80-90% of the cerebel-
lar signal is attributable to sensory information processing (Jueptner & Weiller, 1998). A
recent study could demonstrate that the activation pattern of the cerebellum during
conscious monitoring of rhythmic auditory motor synchronization corresponds to the
activity pattern found in S1, IPC and DLPFC (Thaut, et al., 2009). We observed increased
cerebellar activation in experienced singers compared to laymen, with the largest activa-
tion found in the most experienced opera singers. We assume that cerebellar contribu-
tion to vocal motor control becomes more pronounced with increased singing experi-
ence. This finding is congruent with a morphologic observation that increased cerebellar
volume is associated with long-term training with an instrument (Hutchinson, et al,
2003). However, it stands in contrast to functional studies showing decreased cerebellar
activation during manual coordination tasks in professional pianists (Haslinger, et al.,
2004; Koeneke, et al., 2004). Indeed, there is some uncertainty in the literature as to
whether or not more experience leads to a stronger activation or less activation. Regions
could also become more efficient in their operation recruiting a smaller number of active
neurons to perform a task (Jancke, et al., 2000; Krings, et al., 2000). When considering

this conflicting evidence, attention must been drawn towards the tasks employed in
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these studies. Two studies involved bimanual finger tapping with either one (self-paced,
Jancke, et al., 2000) or four fingers (externally paced, Haslinger, et al., 2004). One study
investigated the self-paced performance of five finger sequences in the right hand
(Krings, et al,, 2000) and yet another required two finger coordination to move a cursor
along a screen (Koeneke, et al., 2004). Touching a key on a console compared to touching
a piano key may result in fundamentally different kinesthetic perception, which is an
important aspect in the control of motor sequences in piano playing. The lack of audi-
tory feedback may furthermore contribute to reduced activation since trained musicians
show stronger brain responses when processing multimodal information (auditory and
somatosensory) compared to the sum of unimodal responses (Schulz, et al.,, 2003). In
contrast, the singing paradigm we employed together with the sparse sampling tech-
nique constitutes a realistic demand on motor control in singing, providing both accu-
rate kinesthetic and auditory feedback. The unusual position with restrained head
movement in the scanner may furthermore require additional corrective responses.
Cerebellar activation was significantly correlated with singing experience but most pro-
nounced in opera singers, who must routinely adapt their vocal system to unusual pos-
tures during singing as part of their stage play. It is likely that this group has developed
an adaptive system to cope with such demands, requiring increased cerebellar process-

ing.

Activation in the basal ganglia was consistently found in the group comparisons and
in the regression analysis. More precisely, we observed increased activation in the right
pallidum of vocal students compared to laymen and in the regression analysis. Opera
singers showed additionally increased involvement of right putamen and caudate nu-
cleus compared to laymen along with the left thalamus. The putamen was also signifi-
cantly more active in opera singers than in vocal students. The basal ganglia are part of a
distributed network involved in procedural learning, which represents an integral part
of musical skill development (Doyon & Benali, 2005). Plasticity within the basal ganglia
is related to alterations in the transfer of information and may represent a key neural
substrate for adaptive motor control and procedural memory (Kreitzer & Malenka,
2008). Increased activity in the putamen has recently been reported for experienced

singers compared to amateurs during simple singing with pitch shifted feedback (Zarate
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& Zatorre, 2008) while damage to the basal ganglia gives rise to deficits in laryngeal and
articulatory motor control (Merati, et al., 2005). We speculate that extensive training in
classical singing leads to alterations in this system, eventually resulting in more efficient
information processing and implicit motor control. The ventral thalamus, active in opera
singers, integrates somatosensory information from the face and lip area and projects to
tertiary cortical areas such as the inferior parietal lobe (Lenz & Dougherty, 1998). A fast
projection of somatosensory input and integration with other modalities might be an
essential characteristic of professional singing. However, interpretation of thalamic ac-
tivity is limited by methodological restrictions that do not allow a more precise ana-

tomical differentiation.

6.5 Conclusions

One of the questions in motor learning is the role of sensory mechanisms in move-
ment control. Previous research in this domain has shown that without effective sen-
sorimotor integration, motor learning and the relearning of motor sequences is not pos-
sible. Basically, there are two paths for investigating this issue. One is to investigate
deficient motor skills compared to average levels of performance, which informs us
about the basic principles of motor control and sensorimotor integration, and their rele-
vance for motor learning and relearning. The other one investigates outstanding levels
of motor performance compared to standard levels, which allows indentifying the prin-
ciples of experience dependent neural plasticity in healthy individuals and the role of
sensorimotor integration, when higher levels of motor control are required. Professional
musicians are perfectly suited for this approach, as they dedicate a whole lifetime to de-

liberate practice of fine motor skills.

Several neuroimaging studies have demonstrated enhanced sensorimotor integration
and experience dependent neural plasticity with respect to the development of periph-
eral motor control. However, training related neural changes in the vocal system are
largely unknown and evidence is limited to the recovery of language function after
stroke. We have studied neural activation in association with singing skill levels in
healthy subjects. Our results provide the first evidence for adaptive changes in the neu-

ral networks underlying vocal control for singing. In particular, we found that training
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and performance of classical singing give rise to increased activation in circumscribed
cortical areas reflecting enhanced somatosensory feedback processing from the larynx
and the articulators together with an increased involvement of implicit motor memory
areas at the subcortical and cerebellar level. Although the voice may be a special case,
because it is only indirectly accessible through auditory and somatosensory feedback,
and because its function is based on an intrinsic reflex system, these findings may also
have implications for motor skill development in other motor domains. However, in con-
trast to previous studies of peripheral movements, extensive practice did not generally
result in more pronounced activity of primary motor cortex. We speculate that the prin-
cipal motor component in singing has already been exhaustively trained through verbal
communication, which in turn sheds new light on the importance of sensory systems in
motor control. That is, increased processing of somatosensory information may be suc-
cessfully used to fine-tune existing motor patterns in order to match the demands of

classical singing, irrespective of functional changes in the primary motor cortex.

In addition to these results, activations attributed to professional singing practice in-
cluded also regions involved in action monitoring and sensory guidance of motor activ-
ity. These activations likely reflect experience-dependent adaptive changes of increased
action awareness and appropriate response selection that emerge with extensive skill
training. These results complement the concept of enhanced sensorimotor control for

development of superior vocal motor control for singing.
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Chapter 7 Summary

The present dissertation aimed at investigating the neural networks underlying vocal
control for singing. We addressed this issue in two neuroimaging experiments with pro-
fessionally trained classical singers. In the first study, we studied the neural activation
patterns associated with overt and imagined singing of an Italian aria. In the second
study, we examined functional changes of the central nervous system associated with
the level of vocal skill development and accumulated singing practice. Adopting the
methods employed in study one, we investigated overt singing in three groups: experi-
enced professional opera singers, vocal students who train to become professional sing-

ers, and laymen with little or no singing experience.

The technique we employed was functional magnetic resonance imaging (fMRI),
which allows in-vivo measurements of task related brain activity. The functional MRI
takes advantage of two characteristics: (a) the neurovascular coupling in the brain (i.e.
the relationship between local neural activity and subsequent changes in cerebral blood
flow (CBF)) and (b) the different magnetic properties of oxygenated and deoxygenated
venous blood. Deoxygenated blood is slightly paramagnetic and causes inhomogeneities
in a magnetic field in contrast to oxygenated blood. During inactivity, the relative
amount of deoxygenated blood in the brain is increased, which strengthens the field in-
homogeneities. Increased activity triggers increased blood flow to the active area, sup-
plying it with oxygen and glucose, which leads to overcompensation with oxygenated
blood. Consequently, the overrepresentation of oxygen results in a reduction of field in-
homogeneities. This change in levels of blood oxygenation affects the signal that can be
detected during magnetic resonance imaging and enables the determination of task re-
lated brain activity. The cognitive neurosciences routinely employ fMRI to determine the
neurobiological correlates of behavior. We adopted a sparse-sampling fMRI technique
and took advantage of the time lag of the hemodynamic response. That is, brain activity
is only scanned after task completion so that subjects can execute their tasks during the

silences preceding the scans. This grants unaffected auditory feedback during singing.
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In the first study, we assessed 16 professionally trained classical singers during overt
and imagined singing of an Italian aria. Over a period of 11 minutes, the participants re-
peatedly sang six phrases of the Italian aria alternating with six baseline periods in
which subjects were instructed to relax in an eyes open position, to breath normally, and
to avoid thinking about the next activation block. In a subsequent session, the partici-
pants performed the same task only in their minds. Brain activation of overt singing ver-
sus baseline revealed a large bilateral network comprising of primary and secondary
sensorimotor and auditory cortices. This neural system was symmetrically distributed
between the two sides of the brain. In contrast, studies on speech articulation often
show additional left lateralized activations in the posterior temporal lobe, the anterior
insula and the inferior frontal gyrus. Our results confirmed that singing engages a larger
neural network that involves also right hemisphere homologues of classical left hemi-
sphere perisylvian language areas. This may offer an explanation why non-fluent apha-
sic patients can often sing a song but not speak fluently. Sub-cortical motor areas com-
prised the cerebellum, the thalamus, the medulla and the basal ganglia and were
strongly activated during overt singing. In contrast, areas associated with emotional
processing were only vaguely activated. Overt singing directly compared with imagined
singing confirmed the association of overt singing with cortical (primary somatosensory
cortex, right A1, bilateral primary motor; M1) and sub-cortical (right cerebellum, me-

dulla) sensorimotor activation.

Interestingly, both overt and imagined singing revealed partly overlapping activation.
That is, most of the primary and secondary sensorimotor areas that were active during
overt singing were active during imagery too, with the exception of primary auditory
cortex. We concluded that mental rehearsal might be particularly useful for enhancing
overt vocal performance in singers, thus reducing the risk of repetitive strain injuries
related to extensive overt practice, and that motor imagery might have clinical implica-

tions as a complementary therapeutic tool in the recovery of vocal function after stroke.

Imagined singing also resulted in additional activation within a fronto-parietal net-
work, including several emotion-processing areas, too. The comparison of imagined with
overt singing confirmed these results. Interestingly, Wernicke’s and Brocca’s areas and

their right hemispheric homologues were active during imagery, too. The additional pre-
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frontal and limbic activation and the larger network of higher order associative func-
tions observed during imagery gave rise to the speculation that the associative networks
activated during imagery were more complex and more adjusted to the individuals’ per-
sonal training history. Because of the lack of external perceptual processing, imagery
allows the allocation of more resources to the cognitive and emotional aspects of a given

task.

The second experiment addressed the issue of neural plasticity of the vocal system in
healthy subjects. Over the last 15 years, several studies demonstrated that extensive
training with a musical instrument results in corresponding reorganization of neural
networks and brain morphology, reflecting enhanced sensorimotor integration. In con-
trast, evidence for neural adaptation in conjunction with vocal motor training is sparse
and mainly derived from clinical rehabilitation studies. To date, no study has shown
adaptive changes in the neural networks governing vocal control in healthy subjects and
the role of sensory feedback in the central nervous modulation of vocal motor control
was not yet clear. By employing the methods of study one, we investigated neural corre-
lates of overt singing based on the level of singing skills in three groups: opera singers,
vocal students, and amateur singers. Data were analyzed by calculating statistical differ-
ences between groups and by employing a regression analysis based on the accumulated
amount of singing practice including all groups. Our results provided the first evidence
for neural plasticity of the vocal system corresponding to the training and development
of vocal skills in healthy individuals. We could show that the ability to adapt the vocal
system appropriately for classical singing is accompanied by increased functional activa-
tion of bilateral primary somatosensory cortex, representing proprioceptive feedback
from the articulators and the larynx. We thus demonstrated (a) the principal capacity of
neuroplasticity within a highly specialized and over-trained system, and (b) the impor-
tance of somatosensory feedback for skilled performance of motor sequences distinct
from peripheral movement. Except for the most experience opera singers, we did not
find general experience-dependent changes in the primary motor cortex. We speculate
that instead increased activity in receptive systems subserve the precise transformation
of highly automatic speech motor sequences into appropriately adjusted motor patterns

for singing.
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Additional skill dependent activations were found in the inferior parietal lobe and bi-
lateral dorsolateral prefrontal cortex, whereas singing experience also increasingly acti-
vated the basal ganglia, the thalamus and the cerebellum. A regression analysis based on
the accumulated singing practice confirmed that the training and performance of classi-
cal singing activates a network for enhanced kinesthetic motor control and sensorimo-
tor guidance at the cortical level together with increased involvement of implicit motor

memory areas at the subcortical and cerebellar level.

Considerations with respect to future studies should take into account the limitations
of this study. The inferences drawn with respect to neural plasticity of the vocal system
do not allow differentiating between the respective roles of verbal and musical compo-
nents of the singing training. Trained actors might represent an adequate control group
for investigating the relative contribution of these two components for adaptive neural
processes and sensorimotor integration, as this group intensively trains speech motor

skills.

Furthermore, it would be interesting to investigate the relative contribution of audi-
tory and somatosensory feedback in sensorimotor control of the vocal system. To ad-
dress this issue, we propose to study neural activation maps during singing with and
without selectively masked sensory feedback in a pitch reproduction task. In addition,
one might examine sensorimotor integration in inaccurate singers who have unimpaired
pitch discrimination as a way of understanding how these systems may become decou-

pled, which might also have implications for understanding voice disorders.

Finally, diffusion tensor imaging (DTI) tractography between professionals and un-
trained subjects would allow to distinguish between plasticity changes in anatomical
connectivity, whereas functional connectivity analysis of overt singing and imagery
would provide more detailed information as to how the brain areas under consideration

cooperate during these tasks.

Keywords: neural plasticity, imagery, fMR], singing
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Appendix 1

Supplementary Table 1: Main effect of overt singing (FDR corrected: p < 0.05 for the whole brain. Voxel

extent threshold >5; cytoarchitectonic masks are indicated with a *. BA = Brodmann area).

Area cluster size t-value X y yA
left S1* (primary sensorimotor; BA 1,2,3) 130 8.39 -48 -15 36
right S1* (primary sensorimotor; BA 1,2,3) 127 6.32 36 -21 42
left M1* (primary motor cortex; BA 4a+p) 39 8.23 -51 -12 39
right M1* (primary motor cortex; BA 4a+p) 49 7.26 48 -12 39
SMA* (medial supplementary motor; BA 6) 26 7.20 -6 -9 69
left PMC* (premotor cortex; lateral BA 6) 66 7.05 -54 -9 42
right PMC* (premotor cortex; lateral BA 6) 71 6.53 51 -12 54
left A1* (primary auditory cortex; BA 41) 45 6.00 -48 -21 12
right A1* (primary auditory cortex; BA 41) 67 6.76 57 -9 3
left anterior insula 192 7.72 -39 6 6
left posterior insula 4.92 -42 -15 6
right anterior insula 130 4.76 48 6 0
right posterior insula 6.50 48 -9 6
left superior temporal gyrus (BA 22) 542 7.42 -69 -24 9
right superior temporal gyrus (BA 22) 676 7.83 54 -12 3
anterior cingulate gyrus (ACC, BA24) 109 6.33 3 18 21
medial cingulate gyrus (BA 24, 32) 125 4.60 -3 15 39
left SII* (secondary somatosensory cortex; OP 99 7.35 -57 -9 18
1,3,4)

right SII* (secondary somatosensory cortex; OP 100 6.78 60 -9 15
1,3,4)

left supramarginal gyrus (BA 40) 80 6.62 -45 -45 47
right supramarginal gyrus (BA 40) 20 3.94 66 -27 18
right cerebellar hemisphere 228 5.48 9 -63 -21
(Larsell lobule H VI)

left cerebellar hemisphere 297 5.15 -12 -63 -27
(Larsell lobule H VI)
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cerebellar vermis

left occipital lobe (BA 17, 18, 19)

right occipital lobe (BA 17, 18, 19)

left BA 44* (Brocca’s area, BA 44)

right BA 44* (Brocca’s analogon, BA 44)
left pallidum

right pallidum

right putamen

medulla

left thalamus

right thalamus

155

390

277
11
11
16
21

69
83
104

5.44
7.81
5.22
4.50
4.70
6.71
5.19
3.18
5.86
5.24
5.53

-15
21
-57
60
-21
21
27
9
-21
18

-63
-81
-75

-36
-15
-21

-18
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Supplementary Table 2: Main effect of imagined singing (FDR corrected: p < 0.05 for the whole brain.

Voxel extent threshold >5; cytoarchitectural masks are indicated with a *. BA = Brodmann area).

Area Cluster size t-value X y zZ
SMA* (medial supplementary motor; BA 6) 601 9.95 -3 -9 66
left PMC* (premotor cortex; lateral BA 6) 107 5.94 -51 -9 54
right PMC* (premotor cortex; lateral BA 6) 89 9.56 54 -6 54
left S1* (primary sensorimotor; BA 1,2,3) 119 5.30 -60 -21 48
right S1* (primary sensorimotor; BA 1,2,3) 157 5.86 57 -15 48
left M1* (primary motor cortex; BA 4a+p) 42 6.83 -48  -18 45
right M1* (primary motor cortex; BA 4a+p) 101 7.20 51 -15 48
left anterior insula (BA 24, 32) 233 6.37 -39 12 3
right anterior insula (BA 24, 32) 210 6,47 39 3 -3
left frontomedial anterior (BA 9) 160 6.93 -30 48 38
right frontomedial anterior (BA 9) 114 5.95 30 42 33
left temporal pole (BA 38) 70 9.07 -51 12 -6
right temporal pole (BA 38) 117 6.44 60 9 -9
left sup. temporal gyrus (BA 22) 210 7.67 -51 6 -6
right sup. temporal gyrus (BA 22) 442 9.73 48 39 15
left BA 44* (Brocca’s area, BA 44) 58 6.77 -57 9 36
right BA 44* (Brocca’s analogon, BA 44) 81 5.65 60 6 12
left BA 45 (Brocca’s area, BA 45) 23 5.43 -54 15 33
right BA 45% (Brocca’s analogon, BA 44) 81 4.38 60 15 9
left ventrolateral prefrontal (BA 47) 40 6.99 -42 15 -3
right ventrolateral prefrontal (BA 47) 27 5.32 54 18 -6
left parietal inferior (BA 39, 40) 412 6.16 -39 -57 45
right parietal inferior (BA 39, 40) 76 4.04 30 -54 48
left angular gyrus (BA 40) 68 6.15 -36  -60 42
right angular gyrus (BA 40) 59 3.83 27 -54 45
left SII* (secondary sensory cortex; OP 1,3,4) 85 5.04 -60 -15 21
right SII* (secondary sensory cortex; OP 1,3,4) 85 4.77 60 -15 18
left parietal superior (BA 5, 7) 47 4.84 -39 -66 51
right parietal superior (BA 5, 7) 43 4.20 27 -54 48
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left occipital lobe (BA 17, 18, 19)

right occipital lobe (BA 17, 18, 19)
dorsal medial prefrontal cortex (mPFC)
anterior cingulate cortex (BA 24, 32)
medial cingulate cortex (BA 24, 32)

posterior cingulate cortex (BA 23)

left thalamus

right thalamus

left cerebellar hemisphere (HVII)

right cerebellar hemisphere (HVII)

cerebellar vermis

left putamen

right putamen
medulla

left pallidum

right pallidum

left caudate nucleus
right caudate nucleus
left amygdala

right amygdala

left anterior hippocampus

right anterior hippocampus

177
307
66
29
391
19
159
162
535
725
63
48
105
22
49
20
108
49
32

38
11

5.56
6.59
4.81
3.69
591
3.43
6.89
5.17
7.63
7.40
3.25
4.83
4.90
2.53
5.55
411
478
4.32
4.62
3.72
4.29
3.25

-24
36

-24
21

-18
18
-15
15
-21
21
-18
18

-87
-81
15
21

-36
-12
-18
-60
-57
-78

-12
42
30
42
30

-27
-30
-30

15
15
-12
-12
-12
-12

118



NS

w

N

W

@)

O

Initialen: Alter: Datum: ?

FMRI: Vorstellung

Wir méchten Sie bitten, auf den folgenden Skalen anzugeben, wie Sie sich
wiithrend der Aufgabe gefiihlt haben. Machen Sie hierzu bitte ein Kreuz an der
Stelle auf der Skala, die Threm Gefiihl entspricht:

1. Wie gut konnten Sie sich auf die Aufgabe konzentrieren:

gar nicht sehr gut

. Wie gut konnten Sie sich den Gesang vorstellen:

gar nicht sehr gut

. Wie gut konnten Sie sich Bewegungen vorstellen (z.B. Atmung, Stiitze):

gar nicht sehr gut

. Wie gut konnten Sie sich das Tempo vorstellen:

gar nicht sehr gut

. Wie gut konnten Sie sich den Rhythmus vorstellen:

gar nicht sehr gut

. Wie aufgeregt waren Sie wihrend der Kerspinuntersuchung:

gar nicht sehr

Vielen Dank fiir Ihre Antworten!
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Appendix 2

Supplementary Tables 3-5 give MNI coordinates and peak t-score values based on
main effects of singing in opera singers, vocal students and opera singers respectively (P
< 0.001 uncorrected, calculated for the whole brain). Supplementary Table 6 gives MNI
coordinates and peak t-score values of a corresponding conjunction analysis (P < 0.001
uncorrected, calculated for the whole brain). For anatomic labeling we used AAL
(Tzourio-Mazoyer et al.,, 2002). Areas already cytoarchitectonically mapped (*) were
assigned using the Anatomy Toolbox (Eickhoff et al. 2005) - probabilities are given in
brackets. Abbreviations: M1, primary motor cortex; S1, primary somatosensory cortex;
SII, secondary somatosensory cortex; Al, primary auditory cortex; SMA, supplementary
motor area; IPC, inferior parietal cortex; SPL, superior parietal lobe; 7A corresponds to a
division of Brodmann'’s area 7 ; PFcm corresponds to the inferior part of the supramar-

ginal gyrus; Hipp, hippocampus; Hipp (SUB), parahippocampal gyrus; L = left; R = right.
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Supplementary Table 3: Main effect of overt singing in opera singers.

Region X y z t Assigned to
Sensorimotor
M1* R 54 -9 33 697  Area4p (60%)
L -51 -12 33 545  Area4p (70%)
S1* L -60  -12 39 855 Areal (50%)
L -48  -18 33 742  Area3b (50%)
R 54  -12 33  6.55  Area3b (80%)
R 60 -12 39 6.16 Areal (90%)
SIT* R 63 -12 27 581 OP 4 (40%)
L -66 -21 15 359 OP1(60%)
Premotor
SMA* -3 -9 60 4.68 Area6 (100%)
51 -9 48 443  Area 6 (60%)
Auditory
Al*
R 60 -12 6 511 TE 1.0 (40%)
R 57 -9 3 496 TE12(50%)
L -36 -33 12 5.01 TE 1.1 (50%)
L -51  -15 3 477 TE10(60%)
L -51 -9 3 437 TE12(40%)
Parietal
SPL* L -12 54 75 412  SPL(7A)

IPC* R 48 -33 24 400 IPC(PFcm)

R -48 42 24 3.54 IPC(PFcm)
Occipital
Middle Occipital Gyrus L -30 -87 18 5.24
R 33 -72 21 399
Cuneus* L -3 -84 24 4098 Area 18 (60%)
R 18 -78 33 441
Calcarine Gyrus* L -24 -60 9 489 Area 17 (40%)
R 18 -75 6 383 Area 17 (100%)
Superior Occipital Gyrus R 21 -81 21 461
L -18 -84 21 442
Middle Cingulate Cortex L -9 9 36 4.67
Insula R 48 -9 3 4.09

121



Temporal pole

Subcortical

Thalamus

Pallidum

Putamen

Hipp
Cerebellum

Lobule H VI

Lobule H VII
Lobule H IV-V

Crus1

Vermis (8)
Vermis (10)

—

& =5 x ™ & =X

rx o rr & x® X0 - X

-45
57
-48

-18
21
-21
21
24
-27
-18

-66
-57
-63
-42
-36
-69
-84
-66
-48
-45

_ OO O O W v o

-24
-27
-42
-21
-18
-30
-30
-39
-30
-33

3.97
451
4.21

5.20
3.68
3.66
4.42
3.73
3.29
3.29

7.12
6.14
4.30
3.86
3.69
4.59
4.05
5.19
3.92
3.91

SUB (90%)
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Supplementary Table 4: Main effects of overt singing in vocal students

Region
Sensorimotor

M1*

S1*

SIT*

Premotor*

SMA
Auditory

Al*

Parietal

IPC*

Occipital

Lingual Gyrus

Superior Occipital Gyrus

63

63

66

48

45

-57

60

54

42

60

-66

-54

-48

-42

66

24

-15

-15

-18

-12

-30

-27

-18

-33

-27

-54

-84

36
27
36
27
30
36
27

15

60
63
15
18

63

12

18

15
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11.22

10.44

14.17

11.59

9.71

9.12

8.92

6.93

4.59

4.40

5.52

4.43

5.79

6.60

5.22

4.55

6.49

5.99

5.81

6.05

5.36

3.80

5.17

Assigned to

Area 4p (70%)
Area 4p (40%)
Area 1 (60%)
Area 3b (50%)
Area 3b (60%)
Area 1 (70%)
OP 4 (40%)

OP 4 (60%)

Area 6 (60%)
Area 6 (70%)
Area 44 (30%)
Area 44 (40%)

Area 6 (100%)

TE 1.0 (70%)
TE 1.1 (30%)
TE 1.2 (30%)
TE 3 (90%)

TE 1.2 (70%)

TE 1.0 (80%)

PFcm

PF

Area 17 (80%)

Area 17 (40%)



Calcarine Gyrus

Cuneus

Insula

Middle Cingulate Cortex

Anterior Cingulate Cortex

Temporal pole

Subcortical

Pallidum

Putamen

Hipp*

Thalamus

Cerebellum

Lobule H VI

Lobule H VIII

-21

-42

39

60

-57

-21

21

-27

27

-27

-18

15

-15

21

15

-72

-84

-12

15

15

12

-15

-36

-39

-18

-12

-63

-66

-63

24

15

30

27

30

12

-24

-24

-42

4.27

3.71

5.05

3.89

4.82

4.42

3.72

4.55

4.48

4.23

3.82

3.41

3.99

3.78

3.51

3.98

7.85

6.55

4.80

Area 17 (20%)

Area 18 (40%)

CA (80%)

CA (90%)
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Supplementary Table 5: Main effects of overt singing in laymen

Region
Sensorimotor

M1*

S1*

SIT*

Premotor*

SMA
SMA
Auditory

Al*

Parietal

IPC*

Occipital

-54

-48

45

48

-57

-54

57

57

-51

63

-54

48

48

54

54

45

-51

-39

-48

-57

63

-18

-12

-18

-12

-15

-15

-15

-24

-30

-36

-24

-30

36
54
39
57
39
27
30
48
12

15

48

60

48

66

18
21

18
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9.63

4.67

7.76

4.11

8.01

8.06

5.54

4.19

6.28

5.50

6.42

5.17

3.96

5.24

4.98

6.42

6.17

5.51

5.51

5.30

5.97

3.58

4.08

Assigned to

Area 4p (60%)
Area 1 (60%)
Area 4p (50%)
Area 1 (50%)
Area 1 (60%)
Area 3b (60%)
Area 3b (60%)
Area 1 (90%)
OP 1 (50%)

OP 4 (50%)

Area 6 (70%)
Area 6 (60%)
Area 44 (40%)
Area 6 (60%)

Area 6 (100%)

TE 1.2 (60%)
TE 1.0 (70%)
TE 1.1 (80%)
TE 1.2 (40%)

TE 1.1 (70%)

PEcm (70%)
Pfop (50%)

PF



Precuneus

Insula

Temporal pole

Middle temporal gyrus

Posterior Cingulate Cortex

Subcortical

Caudate

Hipp*

Thalamus

Cerebellum

Lobule H VI

Lobule H IV-V

Vermis (6)

Vermis (4/5)

Vermis (8)

15

51

-42

-51

51

51

12

-15

18

30

15

-12

-12

-15

12

-42

-15

-48

-39

21

-33

-36

-36

-33

-24

-24

-63

-63

-48

-45

-63

-51

-66

12

18

-18

-18

-18

3.72

5.26

4.69

4.80

4.53

4.10

3.44

4.72

4.22

4.18

3.96

3.36

3.78

4.28

3.58

5.64

4.96

3.62

4.07

5.68

3.80

3.71

Hipp CA (40%)
Hipp CA (60%)
Hipp CA (40%)

Hipp SUB (80%)
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Supplementary Table 6: Conjunction analysis of overt singing (all groups)

Region X y z t Assigned to
Sensorimotor

M1* R 45 -12 36 6.31 Area 4p (70%)
S1* L -57 12 39 8.01 Area 1 (60%)

R 57 -9 36 6.01 Area 3b (40%)
SIT* L -60 -12 24 5.26 OP 4 (40%)

R 63 -15 9 4.84 OP 4 (20%)
Premotor*

R 51 -9 48 4.43 Area 6 (50%)

SMA L 0 -6 60 4.03 Area 6 (80%)

Auditory

A1* R 60 -9 0 5.16 TE 1.0 (40%)
R 57 12 3 5.07 TE 1.0 (40%)
R 45 27 9 491 TE 1.1 (600%)
L -48 -15 3 5.16 TE 1.0 (60%)
L -66 -21 9 4.38 TE 3 (80%)

Parietal

IPC* L -42 -36 15 4.89 PFcm (50%)

Cerebellum

Lobule H VI R 9 -66 -18 535

L -15 -63 -21 4.93
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Fragen zu Erfahrungen mit dem Singen
Name:

1. Hindigkeit (bitte ein x in das zutreffende Feld)

Mit welchem IThrer Hinde schreiben, essen (Loffel), Besen fiihren, malen
Rechte Hand
Linke Hand

Beide Héande werden gleich
gebraucht

2. Grundsitzliche Ausbildung und Beruf
Schulabschluss:

Ausbildung/Beruf: z.B. Medizinstudent:

3. Musikalische Titigkeiten
A: Gesang

Singen Sie, allein oder in einem Chor?

Seit wie vielen Jahren singen Sie bereits?

Wie viele Stunden (h) singen Sie pro Woche?

Hatten Sie schon einmal Gesangsunterricht? Wenn ja, wie lange?

B. Instrument

Spielen Sie ein Instrument?

Welche Instrumente spielen Sie?

In welchem Alter haben Sie begonnen, ein Instrument zu erlernen?

Von wann bis wann haben Sie Instrumentalunterricht erhalten?

Haben Sie danach regelméBig Ihr Instrument gespielt?

Wie viele Stunden (h) spielen Sie pro Woche Ihr Instrument?
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