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ABSTRACT

Music represents a real-world activity that is amenable to behavioural and cognitive
fractionation and investigations into its neural basis. This thesis concerns one component
o f the musical system - music reading. This complex transcription task requires integration
across perceptual, cognitive and m otor domains and an understanding o f its neurocognitive
basis is likely to advance understanding both within and outside the musical domain. This
thesis investigates the representation o f musical notation in pianists and the acquisition o f
these representations in adult learners. To establish whether music is processed
automatically in musically literate individuals, a novel musical Stroop paradigm was
developed, based on the classic Stroop task (Stroop,! 935). Participants were required to
ignore the musical notation and make keypresses according to a superimposed number.
Just as in the language Stroop, novice and expert pianists showed response time costs
associated with the congruence o f the note/num ber pairing. In order to investigate the
nature o f the notational representation, a non-musical spatial Stroop task was designed.
The hypothesis that pianists possess a set o f vertical to horizontal stimulus-response
mappings was tested. Expert pianists and, to a lesser extent novice pianists, were shown to
possess spatial stimulus-response mappings that were in evidence outside of a musical
context. To investigate the brain changes associated with the acquistion o f musical literacy,
a group of adult learners were scanned using functional magnetic resonance imaging
(fMRI), as they performed music reading tasks before and after training. After training,
reading music for melody activated right superior parietal cortex, consistent with the idea
that reading music involves a spatial sensori-motor translation from stave to keyboard. An
implicit music reading condition activated left supramarginal gyrus, suggesting that musical
notation, once learned, is automatically interpreted in terms o f its associated musical
response.
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CHAPTER 1: INTRODUCTION

TMs chapter motivates the study of the neurocognitive processes involved in music reading. It proposes that
musical behaviour is the result of a complex human adaptation, and discusses possible reasons for its
evolution, before briefly reviewing evidence regarding the brain basis of musical behaviour. Music reading^ as
a component of the musical system, is introduced by a discussion of the origins of musical notation and its
implications for the development of musical history. A n overview of the existing psychological studies on
music reading reveals that much etnphasis has been placed on the development of expertise in musical sightreading, while the basic transcription processes of music reading have been relatively under-explored. A n
overview of the existing neurobiological studies reveals that some consensus has been reached regarding the
possible involvement of brain areas in two aspects of the music reading process. The aims of this thesis are
described. These include i) investigations into automaticity and spatial stimulus-response mappings in music
reading and ii) an investigation into the neural basis of music readingprocesses in a group of adult learners.

1.1

ORIGINS OF MUSIC

“Since music is the only language with the contradictory attributes of being at once intelligible and
untranslatable, the musical creator is a being comparable to the gods and music itself, the supreme mystery
of the science of man ” (Claude Lévi-Strauss, 1970).

Music is indeed a mystery. It is a fundamental human activity; no culture in any
period o f recorded history has been without it. The reason for music's universality is not
obvious; it neither sharpens our perception o f the external world (Uke art) nor does it
directly convey information about the world (like language). Yet it affects us in emotionally
profound ways.

The difficulty in seeing the adaptive value o f music has led some to

consider it to be a fundamentally insignificant behaviour. However, the view that music is
merely “auditory cheesecake — an exquisite confection designed to tickle our mental
faculties” (Pinker, 1997) seems untenable. Besides its universality and its affective
properties, music fulfils three important criteria of a complex human adaptation: it can be
traced back to prehistoric times (Turk, 1997; Huron, 2001); analogues o f it can be found in
non-human species e.g. songbirds, gibbons, whales (Miller, 2000) and predispositions

towards it (sensitivity to melodic contour, rhythmic patterning and consonant intervals) are
found in early infancy (Trehub, Bull & Thorpe, 1984).

The reasons why music may have evolved are controversial. Some argue that music
may have originated in the interchange between m other and child (motherese) in which the
prosodic elements o f speech (stress, pitch, volume, emphasis) are held to be central in
cementing the maternal relationship (Dissanayake, 1988).

Others argue that music may

have enabled early man to communicate at a distance, since the singing voice has been
shown to have greater carrying power than the speaking voice (Revesz, 1953).
Alternatively, music may have been important in a pre-literate society, for memorizing,
passing on and receiving information. In an enlightenment examination o f the origins o f
society, Johann Gottfried Herder (1744-1803) writes:

"A.II unpolished peoples sing and act; they sing about what they do and they sing their histories. Their
songs are the archives of their people, the treasury of their science and religion”. (Herder, 18th Century,
quoted in Terlin, 1976).

The purported social value o f music is also appealing as a potential factor in its
evolution.

Music is known to be important for establishing social bonds, especially in

group situations such as when a culture is under threat (Wilson, 1975). Even in modem
society, the importance o f music in fostering group identity is in evidence: hymns in church
services, chants at football matches and the national anthem at official ceremonies.

1.2

BIOLOGICAL FOUNDATIONS OF MUSIC_____________________________

If musical perception and production are products o f evolution, evidence o f the
biological foundations o f music wiU be present in the brain. Neurospychological patients

can provide clues regarding the functional organization o f the brain. If dissociations exist
between different cognitive processes after brain damage (one is affected, the other is
spared), it is possible to infer that these cognitive processes rely on different neural
circuitry. Language function is often considered to be the cognitive process which has
m ost in common with music. Both are rule based systems composed o f basic elements
(phonemes, words; notes, chords) which are combined into higher-order structures
(sentences; musical phrases) through specific grammatical rules (syntax; harmony). Given
these similarities, a double dissociation between musical and linguistic function after brain
injury (music impaired, language intact; language impaired, music intact) would be evidence
for separate music-specific and language-specific circuitry within the brain.

The first report o f language impairment with spared musical ability was
documented in 1745; a patient who had suffered a stroke and could only say “y^s” could
nevertheless sing hymns (Dalin, 1745). This dissociation has also been reported in the
m odern era; Yamadori (Yamadori, Osumi, Masuhara & Okubo, 1977) investigated musical
ability in 24 Broca’s aphasies and found that 21 of them could sing. Patients with receptive
aphasia, affecting language comprehension, may also retain musical ability.

Examples

include the Russian composer, Shebalin (1902-1963) who, after suffering a brain
haemorrhage in the left hemisphere, was left speechless and unable to understand speech,
but was musically unimpaired. Shostakovich (1906-1975), one o f his peers, referred to his
fifth symphony, composed after the haemorrhage, as one o f his most brilliant and
innovative works. Similar cases of language impairment despite intact musical ability have
also been reported in the literature (Assal, 1973; Basso & Capitani, 1985; Signoret, van
Eeckhout, Poncet & Castaigne, 1987).

A variety of selective impairments in musical ability have been reported in the
absence of any impairment in language function. Individuals may have difficulty in hearing
sounds as musical (Pittrich, 1956), may hear musical sounds as “out o f tune” (JeUinek,
1956), lose their rhythmic sense (Potzl, 1939) or hear voices and music as monotonal
(Sidtis & Volpe, 1988).

They may lose the ability to recognise different instruments

(Mazzuchi, Marchini, Budai & Parma, 1982), to be emotionally responsive to music (Judd,
Gardner & Geschwind, 1983) or to read music (Cappelletti, Waley-Cohen, Butterworth &
Kopelman, 2000).

The double dissociation between impairments in language and musical function
seen with acquired brain damage is also mirrored in congenital disorders. Some autistics
who are "musical-savants" show high levels of musical competence in the face o f general
cognitive impairment (Hermelin, O'Connor & Lee, 1987; Miller, 1989; Heaton, Hermelin
& Pring, 1998; M ottron, 2000). Conversely, so-called congenitally amusic individuals do
not acquire musical competence despite normal exposure to music and normal intelligence.
These individuals have been shown to have a deficit in musical pitch perception (Ayotte,
Peretz & Hyde, 2002; Ayotte et al., 2002) which appears to arise due to an impairment in
discriminating pitch direction (Foxton, Dean, Gee, Peretz & Griffiths, 2003). Evidence
from a genetic-modeUing study on a sample of identical and non-identical twins (Drayna,
Manichaikul, de-Lange, Sneider & Spector, 2001) estimates pitch discrimination to be 7080% heritable.

Although the neuropsychological evidence points to a brain specialization for
musical processing, this need not mean that there are neural circuits which are dedicated to
the processing o f music alone. Rather, it is likely that existing perceptual, cognitive and
motoric systems are functionally integrated in a specific way that gives rise to musical

behaviour. The model in Figure 1-1 outlines some systems on which musical behaviour is
likely to depend. In this model, sensory inputs, either auditory (if Listening) or visual (if
reading), provide input to a "conceptual system" where abstract and modality independent
musical representations are constructed. Musical performance depends upon these
representations gaining access to the motor system while musical appreciation depends
upon these same representations gaining access to the affective system. However, musical
perception has been shown to strongly affect the m otor system (Storr, 1992; Haueisen &
Knosche, 2001) and musical performance requires the auditory system for monitoring and
correction (Sloboda, 1985). Thus both perception and production of music involve co
ordinated activit); across several perceptual and cognitive domains.

episodic memory

1spatial

pitch

arousal

featural
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ideographic
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rhythm
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I
motor output
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expressive microstructure

Figure 1-1. Sim plified M odel o f the M usical System .
Sensory inputs, either auditory (if listening) or visual (if reading), provide input to a "conceptual system"
w here abstract, m odality-independent musical representations are constructed. M usical perform ance
depends upon these representations gaining access to the m otor system and musical appreciation depends
upon these representations gaining access to the affective system.

To understand how music is perceived, produced and appreciated is to understand
something fundamental about cognition and its organization in the brain. Many aspects of

musical behaviour are already understood from a psychological perspective: rhythm
perception (Povel, 1984; Jones, Kidd & Wetzel, 1981; Gabrielsson, 1974; Pamcutt, 1994;
Longuet-Higgins & Lee, 1982), pitch perception (Cuddy, Cohen & Miller, 1979;
Krumhansl, 1990; Deutsch & Feroe, 1981), music reading (Sloboda, 1974; Berlin, 1976)
and m otor programming (Shaffer, 1981) and neurobiological studies in several of these
areas are underway, using a variety o f techniques which include neural networks
(Krumhansl & Toiviainen, 2001), intracerebral recording (Liegeois-Chauvel, Giraud,
Badier, Marquis & Chauvel, 2001), transcranial magnetic stimulation (Pascual-Leone, 2001;
Stewart, Walsh, Frith & Rothwell, 2001); functional imaging (Zatorre & Belin, 2001;
Parsons, 2001; Griffiths, 2001; Tervaniemi, 2001; Patterson, Uppenkamp, Johnsrude &
Griffiths, 2002), structural imaging (Schlaug, 2001; Pantev, Engelien, Candia & Elbert,
2001) and neuropsychology (Griffiths, 2000; Peretz, 2001; Samson, Ehrle & Baulac, 2001).
This thesis aims to add to this body

o f psychological and neurobiological work by

investigating the way in which musical representations are constructed for performance on
the basis of visual information from a musical score.

1.3

MUSIC READING_____________________________________________________

Although certain parallels can be drawn between written language and notation in
music - chiefly, both use arbitrary visual symbols to notate the salient aspects o f a sound
pattern, the purpose of each notational system differs markedly. While language notation
primarily functions to carry semantic meaning, music notation carries instructions for the
production of a musical performance. Music reading thus lies at the interface between
perception (encoding of visual symbols on the page) and action (production o f the musical
response). Musical notation and its translation into musical performance provides a model
with which to study how visual instructions influence the m otor system, a question which
is of fundamental interest, from a psychological and neurological perspective. In addition.

musical reading offers a unique perspective on the acquisition o f a notational system.
Many people cannot read music but a large proportion are motivated to learn.

Thus

musical literacy is amenable to studies of acquisition in a way that language literacy is not.

The goal o f this thesis is to investigate how musical symbols on the page are
decoded into a musical response in proficient music readers and in musical novices.
Questions will be asked, firstly regarding the nature o f the mental representations formed
after the visual decoding o f musical notation and before the initiation of the musical
response and secondly, regarding the instantiation o f these representations within the brain.
Some researchers have been concerned to show that music reading is more than a "visuom otor task that does not engage any of the cognitive processes specific to and necessary to
musical perception" (Sloboda, 1984). These researchers argue that musical features of a
score are represented prior to performance. As the evidence reviewed below shows, this is
undeniably the case. However, even if higher-level factors relating to knowledge o f musical
struture do interact with visuo-motor processes, the visuo-motor processes remain
fundamental.

W ithout a theory o f music at the basic level of transcription, studies of

musical expertise and the role o f higher cognitive processes in music reading will
necessarily be limited in their scope.

1.3.1

ORIGINS OF MUSICAL NOTATION

Unlike music perception and production, which have their place in antiquity, music
writing and reading are relatively new phenomena which emerged at the beginning of the
last millenium (McKinnon, 1990). Prior to this, music was part o f a handed-down, oral
tradition. European monks o f the first Christian millenium were expected to memorise the
entire chant repertoire - equivalent to the entire output o f Beethoven and Wagner put

together (over 80 hours o f continual music). All this changed with a French Benedictine
monk, Guido Monaco o f Arezzo (10th century), who

devised a system o f visually

representing musical pitches, intervals and modes. The underlying principle was to use
different vertical positions to represent notes of different pitches. Inititally, a single line
was drawn, designating the pitch o f F.

The scale degrees o f all the other notes were

determined with reference to their position in relation to this baseline. An example o f
musical notation written in this way is shown in Figure 1-2. Further lines were later added,
making it easier to determine a note's relative position.

The implications o f musical

notation were enormous. For the first time, choristers could sing a piece o f music without
having to hear it first; chants were standarized throughout all the monasteries; music could
now be handed down from one generation to the next, without any loss o f information
and a new breed o f musician, the composer, was born. Suddenly, forms and structures for
pieces o f music could be created which were beyond the capabilities o f most performers'
short-term memory. The invention of musical notation was a "big bang" which changed
the course o f musical history (Goodall, 2001).

I
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•
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Figure 1-2. Exam ple o f one o f the Earliest Forms o f M usical N otation.
Based on the system developed by G uido M onaco o f A rezzo in the 10th century.

Guido Monaco's original system forms the basis o f the "orthochronic" system of
musical notation (Sloboda, 1974) which is in widespread use today. The key feature o f the
system is that the notation is abstract, specif}ing the pitch and rhythmic relationships
between notes, rather than information about how the notes are to be produced and thus it
is understood equally by singers and instrumentalists of all kinds.

At the heart of

orthochronic notation is the grid of five horizontal lines, the "stave", on which notes are
placed. Although the number of horizontal lines has fluctuated - from 1 in Monaco's day
to 15 in subsequent centuries (Sloboda, 1981), the use of 5 lines is now standard, and is
likely to reflect an attempt to capture a big enough melodic span without sacrificing
readabilit}'. While the vertical dimension of space was used to represent musical pitch, the

horizontal dimension was used to convey the temporal order in which notes should be
played. Although the convention, since the 19th century, has been to use proportional
spacing between notes of different duration so that longer notes are followed by a larger
horizontal space than shorter notes, this spacing is not explicitly used to convey durational
information. There are two likely explanations for this. The first relates to the origins of
musical notation. Since notation was used to convey the pitch o f liturgical chants, it was
written beneath pre-existing text and was thus constrained by the position o f the evenlyspaced words. The second concerns the fact that the convention o f distinguishing long
and short notes in musical notation did not appear until the 13th century, before which
durational information appears to have been suggested by the flow o f words in the chant.
When durational information was introduced, it was conveyed by the shapes an d /o r
appendages o f notes, as it still is in m odern notation.

Rhythmic information is also

conveyed by the grouping o f notes to fit within particular metrical structures which, in
turn, are specified by a time signature at the beginning o f the piece of music.

1.3.2

PSYCHOLOGICAL STUDIES

Two main approaches are available to the researcher who is studying the cognitive
basis o f music reading.

The first approach (e.g. Sloboda, 1976) is to compare the

behaviour of music readers and non-readers on a task which, despite purporting to tap a
subcomponent o f music reading, is not sufficiently musical that it puts the non-music
reader at an obvious disadvantage.

These two criteria are understandably difficult to

reconcile, which might explain why this approach has been based entirely around a single
paradigm, the copying task. In this task, participants view musical notation for a brief
period and subsequently recall what they have seen, by notating it on a predrawn stave.
Any differences between readers and non-readers on this purely visual task would indicate
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that music readers represent musical notation differently, even when they are not required
to perform it or use it for any musical purpose.

The second approach (e.g. Waters et al., 1997) has been to study musicians who,
although equated in terms o f their performance ability, differ in their level of sight reading
skill.

Sight-reading requires musicians to perform a piece o f music with little or no

preparation. It is therefore independent of learning and memory-related factors and, since
it can be dissociated from performance ability, it can be considered to be a relatively pure
measure o f music reading.

By characterising the behaviour o f musicians with different

levels of sight-reading skiU and comparing their performance on tasks which are purported
to tap subcomponents o f music reading, it may be possible to determine which factors
differentiate good readers from poor readers.

It is important to note that the two approaches (comparison o f musicians and non
musicians and comparison o f musicians with different levels o f sight-reading skill) differ in
terms o f the kind o f information which can be gained. The first probes the representations
used by music-readers in general, while the second probes correlates o f expertise in musicreading. The following discussion reviews studies from each o f these approaches in turn.

1.3.2.1

Encoding and Representation of Musical Notation
Studies which have taken the first approach, in which musicians and non-musicians

are compared, have been conducted by Sloboda (Sloboda, 1976; Sloboda, 1978). In these
studies, participants were required to copy highly simplified excerpts o f musical notation
after a brief viewing period o f either 20 milliseconds or 2 seconds. Musicians significantly
out-performed non-musicians, but only at the longer stimulus exposure. Since the task did
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not involve a musical response, the difference could not be attributed to motoric
differences between the groups.

Instead, the difference was argued to reflect more

efficient coding and storage mechanisms in musicians which only operate after a minimum
stimulus-exposure duration.

A

subsequent study (Sloboda, 1976) used a backward

masking procedure, presenting stimuli for 20, 40, 60, 80, 100 and 150 milliseconds and
found that the musician/non-musician difference emerged at a stimulus exposure duration
o f 150 milliseconds. Such a finding was argued to be analogous to findings in the language
domain, where letter perception has been shown to be characterised by a dual coding
process: an early visual coding and a slower, more abstract (naming) code (Coltheart, 1972).
The implication was that musicians and non-musicians differed only in terms o f the later
coding (post 150 milliseconds).
interference paradigm

The nature o f this later coding was explored using an

that used

either

concurrent letter naming

or

concurrent

memorization of a sequence o f pitches respectively to test the hypothesis that the coding
of musical notation took a verbal or a musical form.

However, neither of these

interventions had an effect on performance, failing to support the proposal that musicians
code musical notation using either note names or representations o f musical pitch.

Using a similar approach, with a slightly different design, Halpern (Halpem, 1979)
measured the effect o f a musical interference task (visual or auditory classification of notes
according to their pitch and duration), given between the encoding and recall stages o f the
copying task. In contrast to Sloboda's study, she found that musicians were affected by the
interference, whether visual or auditory. With interference, musicians were impaired in
their ability to recall the musical excerpts.

The apparent discrepancy between the negative findings o f Sloboda and the postive
findings of Halpern may be explained by differences in the two paradigms. In Sloboda's
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experiment, participants were required to hold a short tone sequence in memory while
performing the copying task. In Halpern's experiment, participants were required to hold
the visual notational stimulus in memory while performing the copying task. Thus it may
be that musical interference disrupts musicians' retention and rehearsal o f musical material
for subsequent recall (as in Halpem's experiment) but has no effect on coding and storage
for immediate output (as in Sloboda's experiment). However, it is debatable whether the
paradigm used by Halpern is applicable to the normal music reading situation in which
there is no equivalent memory load.

If, as Sloboda's findings suggest, musicians do not code musical notation using
verbal or musical strategies, what representations do they use? Sloboda suggests that an
internal m otor code, based on an instrument-specific response, is unlikely, given that the
required m otor response for the copying task is o f an entirely different nature to the m otor
responses normally associated with the musical notation. He proposes that musicians may
code the relations between the notes rather than the notes themselves. Some evidence o f
this was found in a subsequent copying task in which musical excerpts were displayed for
50 milliseconds - a duration at which musicians and non-musicians were previously found
to be comparable. When scoring procedures took into account participants' reproduction
o f the approximate position and contour o f the notes, musicians were found to outperform
non-musicians. Such a finding is argued to suggest a "global precedes local" theory o f the
perceptual processing o f musical notation (Broadbent, 1977; Massaro & Klitzke, 1977;
Navon, 1977).

At brief exposure durations, only relatively global information can be

extracted and musicians are superior at this because this is the kind o f information they use
when reading music. This is consistent with the suggestion, articulated by Sloboda, that
musicians may process notes relationally.
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1.3.2.2

Expertise in Musical Sight Reading

The following discussion describes several studies which have adopted the second
approach to investigate differences in the music reading strategies o f musicians which may
underly differences in music reading skiU.

1.3,2.2.1

Pattern R ecognition

An idea which is related to the "relational coding" hypothesis, suggested by
Sloboda, is that musicians use pattern extraction when reading music. In his treatise, "On
Music Reading", Lowery (Lowery, 1940) wrote:

"We are led to the idea ofpattern reading in which groups of notes are recognised as being melodically and
harmonically related so that the occurrence of two or more notes of the group forming the pattern may he
taken as symbolic of the whole and their recognition renders further reading of the constituent notes of the
group unnecessary. "

Such a view is echoed in the findings o f a series of interviews with musicians (Wolf,
1976). One of the interviewees, offered the following:

‘You readpatterns. The moreyou sight-read, the moreyou read patterns. That’s one of the things that
makes a good sight-reader; he is not looking specifically at a note; he is sort of looking at the page in a very
general wcy and he sees a pattern. ”
Such ideas are empirically supported. Halpern and Bower (Halpem & Bower, 1982)
used a recall-copying task similar to that previously described. They asked participants to
segment notated musical excerpts, by "putting notes that seem to go together in the same
group". A negative relationship was found between the number o f segments into which a
melody was divided and performance on the copying-recall task while a positive
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relationship was noted between the consistency o f segmentation and the consistency of
recall-copying performance, across participants. Both these findings, though correlational,
suggest that segmentation principles are used in the encoding o f musical notation.

The idea o f pattern recognition can be related to the phenom enon o f "chunking"
which has emerged from studies o f expertise, especially those within the domain of chess.
D e G root (De Groot, 1978) asked chess masters and novices to reconstruct the positions
o f 20-25 chess pieces presented for 5 seconds. The experts outperform ed the novices, but
only when the chess pieces were arranged in configurations which could be found in a
genuine game, as opposed to when the configuration was random.

Chase and Simon

(Chase, 1973), advanced the notion that the chess masters use a chunking mechanism,
encoding patterns of chess pieces according to structurally relational properties.

An

analogous account has also been given with respect to the music reading behaviour o f
skilled musicians (Sloboda, 1974).
together at the encoding stage.

Such an account proposes that notes are grouped

The material within each chunk can be processed in

parallel, while the information in separate chunks m ust be dealt with serially. Chunking
notes in this way reduces the demands made on short-term memory. The precise nature o f
the candidate chunks, however, has not been specified, although a pattern matching task in
which musicians compared two notated excerpts which could differ visually or musically (a
difference in tonal structure) indicated that expert sight-readers were more sensitive to
musical, rather than visual differences (Waters, 1994).

This finding suggests that the

candidate chunks are conceptually, rather than perceptually determined.

1.3.2.2.2

Use o f C ontext
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The influence of the readers' musical knowledge on chunking behaviour was also
anticipated by Lowery (Lowery, 1940) who wrote:

"if the reader has some perception of the composer's intentions, he will expect to hear certain groupings of
notes which constitute part of musical sentences".

This idea is supported by the phenomenon of “proofreaders’ error” (Wolf, 1976).
Boris Goldovsky, a distinguished piano teacher, discovered a misprint in a much-used
edition o f Brahms’ Capriccio when a pupil played the incorrectly printed note in her lesson.
Thinking that the pupil’s playing had departed from the score in this place, he instructed
her to play the passage again, correcting her mistake. It quickly became clear to Goldovsky
that the pupil’s reproduction of the score had, infact, been accurate. Struck by the fact that
the mistake (a G natural rather than a G sharp) had gone unnoticed for so long, Goldovsky
proceeded to present several skilled pianists with the piece, challenging them to find the
single misprint and allowing them to play the piece as many times as they liked. Unlike
Goldovksy’s pupil, the professional pianists unconsciously played the music as it should
have been written rather than as it was written. This finding illustrates two o f the main
principles underlying skilled sight-reading: first, music is not read note-by-note; rather,
some notes are processed in parallel, according to chunking strategies.

Second, skilled

music readers use their knowledge of musical grammar to make inferences about what is
written.

Sometimes, as when a misprint occurs, the conceptual representation o f the

musical score is at odds with the perceptual information. The fact that skilled readers
commit proofreaders' error is evidence that the conceptual representations can sometimes
override perceptual information.

1.3.2.2.3

The E ye H an d Span
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There is a corroUary o f the principle of chunking for the oculomotor system. Just
as the "eye-voice span", refers to the way in which the eyes are continually ahead o f the
voice during reading aloud (Rayner, 1998), the "eye-hand span" is used to refer to the way
in which there is a time lag between the perception o f a musical note and its realization in
terms o f a musical response. In music-reading, as in word reading, a memory buffer is
thought to account for this input/output lag and thus chunking behaviour will affect the
size of the eye-hand span.

By removing the musical score at a certain point during

performance, Sloboda (Sloboda, 1974; Sloboda, 1977) calculated the eye-hand span to be
approximately 5 or 6 notes for simple tonal melodies.

The size of the eye-hand span

increased with sight-reading skill, presumably due to more efficient chunking strategies of
these performers. Regardless o f skill-level, the eye-hand span was affected by the nature o f
the music which was read. Performers had a greater eye-hand span when reading tonally
coherent music than when reading music which broke the rules o f tonal progression.
Consistent with the idea that context interacts with chunking processes is the finding that,
for good sight readers, the eye-hand span expanded and contracted within the same piece,
to accomodate a phrase unit.

1.3.2.3

1.3.2.3.1

Models of Sight Reading

W olfs C ognitive M odel

The findings pertaining to chunking and the eye-hand span are reconciled in a
cognitive model o f sight-reading (Wolf, 1976).

W olf suggests that knowledge acquired

through years o f practice and familiarity with musical structures is stored in long-term
memory and can be brought to bear on sight-reading performance. A perceptual scan o f
the musical score attempts to match any part o f the printed material with relevant
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information in long-term memory. If a match is achieved, chunking o f parts o f the score
can occur, whereby instructions for performance o f these parts o f the music can be stored
in a digested form in short-term memory. Short-term memory is conceived to have several
slots available for storage o f information.

If a piece o f music is chunked efficiently,

because o f a large body o f relevant knowledge in long-term memory, fewer slots will be
taken up, allowing the reader to look further ahead and resulting in a greater eye-hand span.
However a large body o f knowledge in long- term memory does not always guarantee
efficient chunking. For instance, in the case o f unfamiliar, atonal, music, there will be little
or no relevant information in long-term memory and the piece will necessarily be
processed in a more piecemeal fashion (Sloboda, 1974; Sloboda, 1977).

1,3.2.3.2

K insler and Carpenter

O culom otor M odel

A correponding model o f music reading, from an oculomotor perspective, has also
been advanced (Kinsler & Carpenter, 1995). In this model, it is proposed that the eye
fixates a section o f the music and encodes the foveal and parafoveal image, comprising a
small group of notes.

The encoded information is scanned by the “processor” for

specifically musical features, relying on knowledge in long-term memory. The output from
the processor is held in a buffer before it passes to an executive component for
transformation o f musical features into m otor commands. The processor is proposed to
have an adjustable criterion level. When output rate is greater than input rate (for example,
because o f a fast tempo), the buffer will empty and send a feedback signal to the processor
to lower the criterion level. Musical encoding will proceed faster but less accurately until
the buffer is filled when a negative feedback signal wiU cause criterion level to increase,
thus slowing musical encoding.

This accords well with patterns o f eye movements

observed at different performance tempos.

When performance tempo is fast, saccades
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occur more frequently and with greater amplitude, indicating that the eyes are scanning
further along the music in order to fill the buffer as quickly as possible.

W hen the

performance tempo is slow, the frequency and length o f saccades decreases.

Correspondences can be drawn between the cognitive and oculomotor models o f
music reading. While Kinsler and Carpenter stress the "bottom-up" effects o f tempo on
the processor (fast tempos causing the buffer to empty faster and to send a feedback signal
to the processor to reduce its criterion threshold), the “relevant knowledge in long-term
memory” to which W olf refers would be likely to affect the criterion level o f the processor
in a similar way. Efficient chunking of information due to relevant information in long
term memory would effectively create more space within the buffer, reducing the criterion
threshold of the processor. The would cause the processor to scan further ahead, resulting
in an increased eye-hand span.

1.3.2.4

Auditory Representations
Schumann ( 1810-1856) reputedly demanded that his students must get to the point

where they could hear music from the page. However, only two studies have empirically
addressed the issue o f auditory imagery from musical notation and neither provide strong
evidence for the necessary role o f auditory representations in music reading.

Waters et al., (Waters, Townsend & Underwood, 1998), required participants to
make a same/different judgement, comparing visual musical notation with an auditory
sequence. Performance was found to be correlated with sight-reading skill, leading the
authors to stress the importance o f auditory representations in sight-reading. However, as
Sloboda notes (Sloboda, 1994), trained musicians may be able to derive information
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pertaining to the sound of a piece without evoking internal auditory imagery, provided they
have sufficient knowledge of musical structure. The findings o f Waters et al., therefore, do
not constitute strong evidence for an important role o f auditory representations in music
reading.

Brodsky et al. (Brodsky, Henik, Rubinstein & Zorman, 2003) used weU-known
musical excerpts, embedded within the notation o f an embellished phrase.

Expert

musicians judged whether a subsequently presented tune was either the same as that which
was presented in the notation, or alternatively, was a melodic lure, which shared similarities
such as contour, texture, opening interval, rhythmic pattern or tonality. To explicitly test
the hypothesis that performance on this task depended on the use o f auditory imagery,
only participants who had performed with 75% accuracy in a screening task were used in
an interference version o f the same experiment.

Three types o f interference were

compared: rhythmic (concurrent tapping), phonatory (humming o f a folk tune) and
auditory (listening to the same folk tune). If the ability to generate auditory imagery from a
musical score requires the use o f the "inner ear" (Smith, Reisberg & Wilson, 1992), the
presence of any external sound, which was common to all conditions, should be disruptive.
If this ability requires the "inner voice" (Smith et al., 1992), phonatory interference would
be predicted to be particularly disruptive.

While some interference was seen with all

conditions, phonatory interference was significantly more disruptive.

Since phonatory

interference was the only condition to involve the generation o f a tune, the authors suggest
that hearing music from a musical score requires the inner voice as well as the inner ear.
These results provide evidence that a proportion o f trained musicians can achieve the goal
which Schumann set his pupils, o f “hearing music from the page”. However, this socalled process of notational audiation was not in evidence in aU participants, therefore the
ability to generate auditory images cannot be a necessary com ponent in the decoding of
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musical notation. Even those participants who can achieve notational audiation may not
be using it in a normal music reading context.

Auditory imagery is, however, likely to have a significant role in performance
monitoring (Sloboda, 1985). Auditory imagery will permit comparison of the expected and
actual sound o f the performance so that adjustments can be made. This kind of
comparison allows monitoring o f the expressive aspects o f performance as well as overt
error detection. Sloboda suggests that experts and non-experts may differ in their use of
auditory feedback.

Non-experts, he suggests, will consciously depend on this kind of

feedback at all times, while experts are aware o f which musical procedures can be safely left
to m otor programming.

1.3.2.5

Interaction of Melody and Rhythm

The basic building blocks o f melody and rhythm, pitch and duration, are
represented in different ways in the conventional, orthochronic system o f musical notation.
Pitch is represented by the placement of noteheads at different vertical positions on the
stave; notes which are vertically higher correspond to a higher pitch.

Duration is

represented by variations in the form o f a notehead, its stem, and whether or not a dot is
placed alongside it. Musical notation must be analysed for both pitch and duration and
both types of information must be combined to provide a musical response which is
integrated in space and time. An interesting question, therefore, is how these two reading
processes (one for pitch, another for rhythm) interact.

Evidence pertaining to the

interaction of melodic and temporal structures in music listening has reached no
consensus.

Several lines o f evidence suggest that melody and rhythm are processed
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separately (Mavlov, 1980; Fries & Swihart, 1990; Peretz & Kolinsky, 1993) while others
suggest they are jointly encoded (Jones, Boltz & Kidd, 1982; Krumhansl, 2000).

Only two studies have investigated the interaction o f melody and rhythm in music
reading. Waters and Underwood (Waters & Underwood, 1999) used a copying task, similar
to that described in section 1.3.2.1 in which participants were presented with a notated
musical excerpt for 3 seconds, after which time they were required to recall it from
memory, notating it on a blank musical stave. Three interference conditions were used; a
rhythmic distractor comprising an auditory sequence with a high temporal variation; a
melodic distractor comprising an auditory sequence with high pitch variation and a control
distractor comprising an auditory sequence with no pitch or rhythmic variation.

The

rationale was that "rhythmic and pitch information presented in auditory musical sequences
will undergo processing that might interfere at some level with processing o f visually
presented musical information".

W hen the accuracy o f recall o f both dimensions (melody and rhythm) was scored
according to each o f the distractor conditions, the results showed that rhythmic distractors
did not disrupt the written recall o f temporal information but rhythmic distractors and
melodic distractors both interfered with pitch recall to the same extent.

The authors

concluded that pitch processing from musical notation is constrained by temporal
structures but not vice versa. However, one may question whether the paradigm used was
sensitive enough to detect all possible interactions. W ithout a main effect of rhythmic
distraction on the recall o f temporal information, it is hard to draw conclusions from the
lack of effect o f a melodic distraction in this condition. Futher, the rationale on which the
experiment was based rests upon the idea that musical notation is encoded in terms of an
auditory representation. However, as previously mentioned, early studies (Sloboda, 1976)
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failed to produce an interference effect using auditory distractors and studies o f auditory
representations in music reading (Brodsky et al., 2003) fail to provide strong evidence for
their necessary role.

Furthermore, it should be noted that a copying task may not

adequately reflect the naturalistic music reading setting, in which both the melodic and
rhythmic dimensions o f musical notation must be immediately converted into their musical
realization. The authors concede these limitations, suggesting that the specific paradigm
used may have failed to result in the processing o f temporal and pitch information to a
level at which a stable integrated representation is formed.

A second study of the interaction of melody and rhythm in music reading (Schon,
Anton, Roth & Besson, 2002), used a probe/target paradigm in which the probe consisted
o f a key signature and a time signature. The subsequent presentation o f a target note with
a particular pitch and a particular duration required the participant to make a
m atch/m ism atch judgement, based on whether the target matched a specified dimension
o f the probe (time signature, key signature).

Three factors were manipulated: the task

(judgement on the basis of the pitch or the rhythmic dimension o f the probe); congruency
o f the probe and the relevant dimension and congruency o f the probe and the irrelevant
dimension. If the irrelevant dimension was found to have an effect on the reaction times
to congruous targets on the relevant dimension, this would be evidence o f an interaction of
these two reading processes.

However, no evidence o f such an interaction was found,

either behaviourally, or with a measure o f brain activity, event related potentials (ERPs).
O ne possibility for this is that the manipulation of congruency was weak. For instance, if
the probe was characterized by a key signature o f A major and a time signature o f 2/4, a
pitch congruent target was the note, "A", while a pitch incongruent target was the note,
"C#". Although "A", as the tonic note o f A major, is the more congruent o f the two
stimuli, the "C#" is also a legimate note in the A major scale.

Similarly, a duration
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congruent target was a minim, while a duration incongruent target was a crotchet. Again,
while in the context o f the experiment, the minim was the more congruent o f the two
stimuli, the crotchet may also have been seen as congruent, since it is the basic unit o f any
2 /4 bar. Although main effects o f congruency were found, it is possible that they were too
subde for an interaction to occur with the irrelevant dimension.

1.3.2.6

Summary of Psychological Studies

Musicians and non-musicians have been shown to differ in the amount o f visual
information they can encode after a minimum exposure duration.

Although this may

suggest that musicians utilize a different code compared to non-musicians, the nature o f
this code has remained elusive.

Experiments, though not exhaustive, indicate that the

coding principles do not appear to rely on note naming, nor the representation of musical
pitches. An expertise approach to music attempts to find correlates o f music reading skill.
Studies which have used this framework suggest that the size o f the notational unit in
music reading increases with skill level. Proficient music readers use knowledge of musical
structure to segment the score into chunks. The material within each chunk is processed in
parallel, allowing the reader to look further ahead in the music and ensuring a smooth
transition between decoding o f the musical notation and its musical realisation. Although
auditory representations may have a role in error monitoring during performance, there is
little evidence to suggest that they have a role in music reading. Studies o f the interaction
between melodic and rhythmic reading processes have not, as yet, demonstrated how
melodic and rhythmic processing in music reading interact.
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1.3.3

NEUROBIOLOGICAL STUDIES

Music reading is an acquired skdl.

The question o f which brain areas are

conscripted to make sense o f musical notation is a pertinent one. As an ecologically valid
complex transcription task which requires integration across visual, auditory and m otor
systems, music reading has the potential to uncover some general princples of brain
function.

1.3.3.1

Neuropsychology
The brief discussion o f neuropsychological cases in section 1.2

illustrates that

music and linguistic functions can be dissociated at a gross level. In order to show that
music reading and language reading can be selectively impaired, it is necessary to
specifically look at language Literacy and musical literacy in neuropsychological patients.
Table 1 documents patients in whom these skills have been tested. As can be seen, such
patients are scarce; encounters between a musically competent neuropsychologist and a
brain damaged musician are rare (Schon, 2001). In addition, it is noticeable that premorbid
levels o f musical literacy differ widely, different tests o f musical literacy have been used in
different patients and the underlying pathology is documented in only a proportion of
cases.

Although these factors make it is difficult to systematically compare music and

language reading, some general inferences can be drawn.
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1.3.3.1.1

A ssociations: Language and M u sic R eadin g

A though some patients exhibit greater text reading deficits (Anton, 1888; Assal,
1973; Hinshelwood, 1917) and others exhibit greater music reading deficits (Brazier, 1892;
Dorgeuille, 1966), music reading and text reading deficits are frequently associated (Brust,
1980; Dejerine, 1892), suggesting some functional overlap between these two reading
systems.

Concurrent music and text reading deficits seem to result from damage to a

variety o f brain areas. Two cases (Levin & Rose, 1979; Dejerine, 1892) were associated
with damage to the occipital cortex, including the splenium, while other cases were
associated with damage to left temporal (Dorgeuille, 1966) and temporo-parietal (Brust,
1980) areas. A prominent case of impaired music reading, alongside disturbed language
function was that o f the French composer, Maurice Ravel (1875-1937). For the last four
years o f his Hfe, Ravel was musically illiterate, though still able to listen to and appreciate
music that was played to him. In the language domain. Ravel was agraphic and alexic and
showed signs of language comprehension difficulties.

Although a post-mortem

examination of his brain was not conducted, on the basis o f the available evidence and the
neurosurgeon’s brief report, Henson (Henson, 1988) suggested that the likely cause o f his
illness was a relatively focal cerebral degeneration, affecting the area in and around the left
superior temporal gyrus and the inferior parietal lobule.

Kawamura et al., (Kawamura, Midorikawa & Kezuka, 2000) report a professional
trombonist who, after suffering a haemorrhage to the left angular gyrus was both alexic and
agraphic for words and notes. The left angular gyrus has been consistently implicated in
acquired alexia.

In 1892, Dejerine documented the case Mr C, a 68 year old, highly

intelligent, textile merchant who one day experienced a numbness o f his right side, shordy
followed by an inability to read either text or music.

Subsequent cases of alexia
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(Hinshelwood, 1902; Hinshelwood, 1917; Nielsen, 1946; Geschwind, 1962; Geschwind,
1965) and alexia with agraphia (Quensel, 1927; Potzl, 1939) provide support for Dejerine’s
hypothesis that this area is the location o f the orthographic lexicon and the accompanying
loss o f music reading ability in Mr C and in the patient o f Kawamura suggests that it may
also be the site o f a hypothetical musical lexicon.

It is notable that neuro-anatomical

projections to this area originate from association cortices, rather than from primary
sensory or m otor areas. Geschwind (Geschwind, 1965) proposes that the angular gyrus
forms and stores multi-modal associations between visual and auditory modalities and, as
such, suggests that this area may have a role in storing memories for written words and
possibly other symbolic material with multimodal representations such as music.
Neuropsychological evidence supporting the involvement o f the angular gyrus in forming
multi-modal associations (visual-auditory; visual-tactual) is provided by neuropsychological
cases (Butters & Brody, 1969).

1.3.3.1.2

D issocia tiens: Language and M usic R eadin g

There are few compelling cases in which reading deficits are shown in the absence
o f impaired music reading.

O f the 14 such cases reported in table 1, only 5 represent

convincing dissociations (Anton, 1888; Hinshelwood, 1902; Hinshelwood, 1917; Luria,
Tsvetkova & Futer, 1965; Proust, 1872) and the site of pathology is only reported for
Luria’s patient (the left temporo-parietal cortex). Even fewer cases exist o f selective music
reading deficits. Largely due to missing data on language performance, only two patients
can be considered to have musical alexia, independent o f text reading deficits (Brazier,
1892; Dorgeuille, 1966).

However, receptive amusia was also present in each case,

presenting the possibility that difficulty in music reading was secondary to a general
impairment in musical processing.

One study, however, documents the case o f a
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professional musician who, after sustaining damage to the left posterior temporal lobe and
right occipitotemporal cortex, showed a selective music reading deficit which was not
secondary to any other musical impairments (CappeUetti et al., 2000). This patient retained
the ability to read aloud letters, words, numbers and symbols, including musical ones, but
was entirely unable to read aloud musical notes on the stave, either by naming them with
letters or by singing or playing them.

1.3.3.1.3

D issociation s within M usic R eading

Reports o f three neuropsychological patients (Brust, 1980; Fasanaro, Spitaleri &
Valiani, 1990; Horikoshi, Asari, Watanabe & Nagaseki, 1997) describe impairments in
reading music for melody, with relatively intact rhythm reading ability. In contrast, Assal
(Assal, 1973) reports the opposite pattern, a patient who had m ore difficulty in reading
music for rhythm than for melody. All o f these patients also had word reading difficulties,
which may have influenced one aspect o f music reading more than another. Fasanaro et al.
use the dissociation seen in their patient to argue that note reading for melody and word
reading "occur by way of the same processes", as opposed to the reading o f rhythms and
ideograms which, they argue, rely on non-linguistic processes. The case study described by
Horikoshi lends support to this view since this patient claims that she always translated the
notes that she was about to play into a verbal code, corresponding to their sound eg "do",
"re", "mi". However, although note naming (e.g. "C", "D", "E", or "do", "re", "mi") is
emphasised in the early stages of learning to read and play music, evidence to suggest that
this occurs when music is read for fluent performance is lacking.

In the copying-

interference paradigm (Sloboda, 1976) described earlier, for instance, concurrent naming
had no effect on musical encoding which would have been predicted if a naming strategy
was being used. In addition, an early study (Bean, 1939), suggested that musicians think of
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notes in terms o f "the pressing o f keys (action)". It appears that, in skilled performance,
note naming is by-passed in favour of a more direct visuo-motor transcoding. This is
supported by another patient, described by Schon et al. (Schon, 2001), who presented with
a strikingly specific impairment which affected oral naming o f notes (no performance
involved) but not instrumental sight-reading. This patient could not name notes written in
the bass clef, while note naming in the treble clef was intact and note playing in both clefs
was also preserved.

1.3.3.2

Neuroimaging Studies

When there is a clear association between pathology at a particular site and
impairment on a particular cognitive task, inferences can often be drawn regarding the
necessary involvement o f that area in the cognitive process which is shown to be impaired
(ShalHce, 1988). However, the extent o f the lesion is rarely circumscribed and performance
may be impaired across several cognitive tasks. In contrast, neuroimaging methods such as
Positron Emission Tomography (PET), Functional Magnetic Resonance Imaging (fMRI)
and Event Related Potentials (ERP), permit associations to be made between the spatial
distribution of brain activity associated with well defined tasks which tap a cognitive
process of interest.

In contrast to neuropsychology, however, only correlational, as

opposed to causal inferences can be drawn, regarding these associations. Thus, as in other
cognitive domains, a more complete picture regarding the neuro-anatomical basis of music
reading will only arise from a synthesis o f several approaches (Humphreys & Price, 2001).

There are practical challenges to address when using neuroimaging techniques to
study music reading. If the participant is required to perform the music which they read,
they must be able to do this whilst lying down within the confines o f the MRI or PET
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scanner.

MRI presents further limitations.

Any musical instruments brought into the

scanner room must be MR compatible; stripped o f their metal content. However, if some
measure of performance is required, the instrument must still be functional. Further, since
even small movements o f the head result in motion artefacts in the MRI data, participants
must be trained to suppress any movement other than o f the fingers during performance; a
m ost unnatural situation for a musician.

Finally, since the MRI scanner is a noisy

environment, due to the switching o f radiofrequency cods, any sounds produced by the
instrument will be masked. These problems are less severe with PET, where there is no
need for the instrument to be altered, the scanning environment is relatively noise free,
and motion-related artefacts are less problematic, since measurements are integrated over a
period o f time, typically, 90 seconds (in fMRI the data are treated as a time series).
Although these factors would suggest that PET would be the neuroimaging technique o f
choice, of the four neuroimaging studies o f music reading to date (including the one
described in Chapter 4 o f this thesis), only the earliest used PET. This is likely to reflect a
preference for the higher spatial resolution (l-3mm) afforded by fMRI compared to PET
(6mm).

1.3.3,2.1

Positron E m ission T om ography (P E T)

The first neuroimaging study of music reading (Sergent, Zuck, Terriah &
MacDonald, 1992), took advantage o f the flexibility o f PE T to look at the whole
complement of processes involved in music reading and performance.

The study was

designed to tease apart the visual, auditory and m otor components o f musical sight-reading
using a series o f seven different conditions.

The main experimental task required

participants to read and play an unfamiliar musical extract from the musical score,
presented on a m onitor above the subject's head, whilst receiving auditory feedback in real
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time. The other conditions were chosen so that subtractive methodology could be used to
isolate the component operations o f the main task. These conditions were: visual fixation
of the Ht screen, Hstening to ascending and descending scales, playing ascending and
descending scales with auditory feedback, viewing o f a visual dot on the screen with
manual response as a function o f its location, reading a musical score (no playing) and
reading a musical score while Hstening to its performance. W hen subjects silently read a
score, activation was seen in bilateral extrastriate areas and the left occipito-parietal
junction.

Such extensive visual activation reflects the fact that the silent music reading

condition and its control were not weU matched in terms o f their visual complexity.
However, the activation o f occipito-parietal cortex, within the dorsal visual stream, is
consistent with the spatial rather than feature-based demands o f a music reading task;
information is provided primarily by the note's vertical location on the stave. Activation in
the supramarginal gyrus in the inferior parietal lobes o f both hemispheres was seen when
participants read music from the score whilst Hstening to the same music. This area was
not activated by either music reading or Hstening alone, suggesting that it is involved in
cross-modaHty mapping between visual and auditory input. Sergent notes that this area is
distinct from, but adjacent to, the part o f the inferior parietal lobe which is proposed to be
important for visual to sound mapping in word reading, the angular gyrus. The condition
o f playing from a score with auditory feedback also recruited the superior parietal lobe
bilateraUy, which the authors associate with mediating the "sensori-motor transformations
for visuaUy guided skiUed actions and finger positioning".

In recent years, the inferences that can be made on the basis o f serial subtraction
have been questioned on the basis that different cognitive components (eg reading,
Hstening, playing) may not combine additively (Friston, Price, Buechel & Frackowiak,
1997).

Although Sergent's study, which reHes heavily on serial subtraction, can be
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criticised, in retrospect, on methodological grounds, several o f the activations reported
have been mirrored in subsequent studies of music reading, suggesting that the
methodological concerns may be o f relatively minor importance in this instance. More
importantly, however, this study set the scene for the neurobiological study o f the
processes involved in music reading and performance.

L3.3.2.2

Functional M agnetic R esonance Im agin g (fM RI)

Given the afore-mentioned Limitations o f studying music reading with fMRI,
studies using this technique have tended to focus on individual components o f music
reading.

Aiming to functionally dissociate the encoding o f text and musical notation,

Nakada et al. (Nakada, Fujü, Suzuki & Kwee, 1998) used fMRI to compare the brain areas
associated with passive viewing of text compared to passive viewing o f musical notation.
An area adjacent to the right transverse occipital sulcus was activated for music reading in a
group o f musically literate participants. The reported activation reflects activity associated
with passive viewing o f musical notation after subtraction o f activity associated with a
visually matched control condition. However, there are problems with this experimental
design.

The control condition (passive picture viewing) is not a sufficiently stringent

control for either music viewing or text viewing, since pictures differ visually from both
types o f stimuli. The main effects o f (music viewing - picture viewing) and (text viewing picture viewing) are thus likely to reflect low-level, visual differences in the stimuli.
Equally, the finding o f an activation in occipital cortex for one main effect and not the
other is likely to reflect visual differences between these two conditions which remain even
after the control conditions are subtracted. In any case, claims regarding differences in
activation between music viewing and text viewing require a formal comparison o f the
main effects: (music viewing - picture viewing) - (text viewing - picture viewing).
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A second fMRI study o f music reading (Schon et al., 2002), aimed to contrast the
transcription processes inherent to playing a note from its stave based representation
versus executing an identical keypress based on a verbal label corresponding to that note
(e.g. "do", "re", "mi", "fa", "so") or on a num ber corresponding to the finger (e.g. "1", "2",
"3", "4", "5"). Each o f these transcription conditions (musical, verbal, numerical) had its
own control. The musical control was a crotchet rest, the verbal control was a short word,
"chut" (Italian for silence) and the numerical control was a zero. Participants were told
that the appearance o f any of these stimuli should be responded to by pressing with the
fourth finger. W hen the musical transcoding process was compared, either to its control or
to either o f the other transcoding processes, activation was seen in the right
occipitotemporal junction, close to the area described in the study o f Nakada et al. In
addition, Schon et al. report activation o f right superior parietal cortex and intraparietal
sulcus, when musical transcoding is compared with verbal or numerical transcoding. The
right superior parietal cortex activation is consistent with Sergent's finding o f activity in this
area when listening, reading and playing was compared to listening and reading alone.
Although Sergent attributed this activation to sensori-motor transformation, the absence of
another non-musical sensori-motor transformation condition that did not involve musical
notation means that it is impossible to establish whether this area is involved in any kind o f
sensori-motor transformation, or specifically the kind o f transformation which is required
to read music. Since Schon et al. compared musical transcoding with two other types of
transcoding and found this same area to be activated, it appears that activation in superior
parietal cortex is indeed specific to the kind o f sensori-motor transformation required in
reading music. The major difference between the musical transcoding and the verbal and
numerical transcoding conditions is the reliance o f the transformation on the spatial
information contained within the musical stimulus.

34

1.3.3.3

Summary of Neurobiological Studies

Neuropsychological evidence suggests that music reading and text reading are
partly overlapping and partly dissociable. The left angular gyrus may be important, both
for music reading and text reading. Evidence, though limited, suggests a music-specific
role of right occipito- temp oral cortex in the encoding o f musical notation, a suggestion
which is supported by two separate neuroimaging studies.

Neuroimaging evidence

suggests a role for superior parietal cortex in the spatial sensori-motor transformation that
allows musical notation to be realized into a musical response.

1.4

AIMS OF THESIS______________________________________________________

This thesis has three aims. The first is to investigate automaticity in music reading,
drawing on literature from language research. Literate individuals automatically decode
written words, as shown by the classic Stroop task (Stroop, 1935). In order to determine
whether musically literate individuals automatically process musical notation, a novel
musical Stroop task will be used.

Evidence o f cognitive interference on the musical Stroop task, manifest, for
example, in a change in mean response time or accuracy, would show that music reading is
automatic.

Such a demonstration is a necessary starting point for the second aim: to

explicitiy invesigate the nature o f the code used in the musical transcription process.

Acquisition of musical literacy will result in cognitive and neural changes.
Conditions o f both explicit and implicit music reading, for melody and for rhythm, wiU be
used to measure these learning-related changes in brain function in a group of adults,
before and after they have learned to read music and play keyboard.

35

CHAPTER 2: A STROOP EFFECT IN MUSIC READING

A. series of 5 experiments was carried out to test automaticity of music reading in expert and novice
pianists. In the classic Stroop paradigm, naming the ink colour of a colour word can be facilitated or
slowed, depending on the congruence of the colour! word pairing. In a musical version of the Stroop
paradigm, in which numbers are superimposed onto musical notation, a number to finger mapping can be
facilitated or slowed, depending on the congruence of the numberj note pairing. Experiment 1: A Stroop
Effect of Music fa d in g in Expert Pianists, showed that the response times of pianists to perform the
number to finger mapping were affected by the presence of irrelevant musical notation. Experiment 2: A
Stroop Effect in Novice Pianists, showed that the response times of novice pianists were also effected by the
presence of irrelevant of musical notation. Experiment 3: Persistence of the Stroop Effect in a NonMusical Context, showed that pianists exhibited a Stroop effect even when the musical elements of the task
were removed so that the congruence and incongruence was explicitly provided ty the spatial positioning of
the numbers. Experiment 4: Development of the Musical Stroop Task (I), showed that the musical Stroop
effect persists when congruent and incongruent trials are equated in their spatial systematicity and that the
Stroop effect is characterieyd both by facilitation (congruent trials versus baseline) and by interference
(incongruent trials versus baseline). Experiment 5: Development of the Musical Stroop Task (II), showed
that the musical Stroop effect cannot be accounted for by any one of several potential experimental
confounds.

2.1

INTRODUCTION

Automaticity o f word reading has been shown repeatedly by the classic Stroop task,
in which printed names of colours interfere with naming o f the ink colour (e.g. the word
“R E D ” written in blue ink), while ink colour does not interfere with colour word reading
(Stroop, 1935; MacLeod, 1991).

Conversely, facilitation o f colour naming occurs when

both dimensions o f the stimulus specify the same response (e.g. the word "RED" written
in red ink) (Glaser & Glaser, 1982; MacLeod, 1991).

The two main theoretical

explanations of the Stroop effect are given by the "relative speed" and the "automaticity"
accounts.

Briefly, the relative speed position (Morton & Chambers, 1973; Posner &

Snyder, 1975) assumes that interference occurs at the response stage and that the direction
o f interference is determined by the relative speeds o f each of the potential responses (one
from the ink colour, one from the colour word). Since word reading is faster than colour
naming (Cattell, 1886), it is argued that word reading wiU always interfere with colour
naming, but not vice-versa. The automaticity explanation focuses on the extent to which
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each process demands attention. Naming the ink colour is assumed to draw more heavily
on attentional processes compared with word reading.

Reading the word is seen to be

obligatory, whereas naming the ink colour is not.

The speed o f processing and

automaticity accounts are not mutually exclusive; speed o f processing and automaticity o f a
process will often, but not always, correlate, and both will be determined by experience.
One model (Cohen, D unbar & McClelland, 1990) incorporates aspects of both the relative
speed and the automaticity accounts. Its emphasis is on the strength rather than the speed
o f processing. A differential weighting of two possible inputs (one from the colour word,
the other from the ink colour) is achieved by the presence o f a cognitive set ("respond
according to ink colour" or "respond according to colour word"). When the information is
incongruent, e.g. the word “R E D ” written in blue ink, response selection is delayed. When
information is congruent, e.g. the word “R E D ” written in red ink , response selection is
facilitated (Figure 2-la).

The idea o f pitting two cognitive processes against each other and making
inferences regarding their relative speed/autom aticity/strength of processing has a long
history in psychology and has been applied to many areas of cognition besides language,
including number (Brugger, Pietzsch, Weidmann & Biro, 1995; GireUi, Sandrini, Cappa &
Butterworth, 2001); space (Simon & Small, 1969; Seymour, 1973) and emotion (Greco,
1993). The Stroop paradigm has also been used in the domain o f musical cognition: Peretz
and Kolinsky (Peretz et al., 1993) used a paradigm in which two excerpts of music were
compared, for either rhythmic or melodic similarity. The irrelevant dimension was varied
on half the trials, producing a potential conflict between the melodic and the rhythmic
information, and providing a test o f the hypothesis that these two dimensions are
integrated during listening. In this chapter, a Stroop paradigm is extended to the domain
o f music reading. The musical Stroop task o f this chapter was designed with two goals in
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mind.

One aim was to investigate whether musical notation, like language, cannot be

ignored by those who are musically literate. A second aim was to use the musical Stroop
task as a measure o f musical literacy acquisition, alongside a neuroimaging study (described
in Chapter 5) in which functional brain changes associated with learning to read and play
the keyboard were measured.

Since the musical Stroop task measures the interference

effect o f musical notation on a primary task which does not require music reading, it is an
ideal task for measuring cognitive changes longitudinally, within the same participants (i.e.
before and after learning) as well as between different participant groups (i.e. pianists and
non-musicians).

In the musical Stroop task, the participant’s right hand is placed over the keys G to
D on a piano keyboard. Numbers, referring to the participant’s fingers, are superimposed
onto written musical notes. The association between the numbers 1,2,3,4,5 and thumb,
index finger, middle finger, ring finger, little finger, is made easily and with little or no
training since the fingers are used in this way when counting is first learned (Butterworth,
1999). Participants execute a sequence o f keypresses by mapping from numbers to fingers.
Thus the numbers are the analogue o f the ink colour (the relevant dimension in the
language Stroop task) while the notes are the analogue o f the word (the to-be-ignored
dimension) (Figure 2-lb). Pianists possess two mappings: the mapping between musical
notes and fingers and the mapping between numbers and fingers. Non-musicians, on the
other hand, possess only one mapping: the num ber to finger mapping. From this follows
the hypothesis that, when performing the number to finger mapping task, only pianists will
experience conflict when the two potential stimulus-response mappings do not coincide. It
is important to note that the suggestion is not that pianists form mappings between
particular notes and particular fingers; this would be inflexible for performance, rather that
they form mappings between notes and a response in horizontal space. However, since the
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hand is maintained over the same 5 keys throughout the experiment, the note to finger
mapping is equivalent to a mapping between a notes position and its associated response in
horizontal space.
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F igure 2-1. Schem atic o f the Language Stroop task and the M usical Stroop Task.
In the language Stroop task (a), the participant is required to nam e the ink colour o f a colour word. In the
incongruent situation, the colour nam e and the colour word do not correspond (as above). In order to
m ake the appropriate response (nam ing the colour), the participant m ust inhibit a tendency to read the
colour word. In the musical Stroop task (b), the participant is required to m ake a sequece o f keypresses,
on the basis o f the num bers, superim posed on m usical notes. In the incongruent situation, the num bers
and the notes do not correspond (as above) and the participant m ust inhibit a tendency to play the notes.
Participants who cannot read m usic will have only one m apping, from the num bers to the fingers thus are
predicted to be unaffected by the note/num ber congruence o f the pairing.
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Note that the musical Stroop task (Figure 2-lb) does not exactly parallel the classic
Stroop task (Figure 2-la). One o f differences is that the classic Stroop task requires single
responses to single w ord/colour pairings. In contrast, the musical Stroop task consists of a
short sequence o f note/num ber pairings, all of which could be congruent or incongruent.
Music is rarely read as single notes in isolation thus the use o f sequences is likely to be
more ecologically valid. Thus interference can exist in an individual note/num ber pairing
as well as at a relational level o f processing between adjacent numbers and notes in the
sequence. For example, the pairing of 1 and A in the Figure 2-1 is incongruent at the
individual note/num ber level, because the participant's right hand is placed over keys G to
D (so the thumb, corresponding to number 1, naturally lies above G rather than A). In
addition, the adjacent num ber/note pairings: 1 paired with A, and 2 paired with D are
incongruent at the relational level, because the two spatial intervals specified by the
numbers (1 to 2 - an interval o f 1) and the notes (A to D - an interval of 3) differ.

2.1.1

EXPERIMENT 1; A STROOP EFFECT OF MUSIC READING IN
EXPERT PIANISTS

2.1.1.1

Method

2.1.1.1.1

P articipants

Two groups took part in the experiment: 15 conservatoire level pianists (10 female,
average age 25) and 24 non-musicians (10 female, average age 30), recruited from within
University College London. O n average, participants in the pianist group had been playing
piano for 20 years. Participants in the non-musician group had no experience o f reading or

41

playing music. As with all the following experiments, participants were healthy and righthanded, all gave their informed consent and aU were naive to the experimental hypotheses.

2.1.1.1.2

Stim uli

Stimuli in every experiment, with the exception o f experiment 3 were devised using
"Sibelius" software (Sibelius Group, http://www.sibelius.com).

Each stimulus was a

notated bar o f five crotchets (quarter notes), between G and D on the stave (Figure 2-2).
Each note appeared once in every stimulus but the order o f notes was pseudo-random. A
num ber between 1 and 5 was superimposed onto each note.

Each o f the numbers

appeared once in every stimulus. Two types of stimuli were used. Congruent stimuH (Figure
2-2a) were characterised by a musical mapping between notes and numbers: participants
used their right hand, so G (the lowest note on the stave) would be labelled "1"; D (the
highest note on the stave) would be labelled "5" and so on. This mapping is the same as
that used by keyboard players reading a score; notes extending from the bottom to the top
of the stave map respectively onto digits extending from the left to the right of the hand.
Incongruent stimuli (Figure 2-2b) were characterised by an absence of any musical mapping
between notes and numbers (B might be labelled "4", G might be labelled "5", C might be
labelled "1" etc.). The relationship between notes and numbers was not consistent from
trial to trial so participants could not leam any kind o f mapping.

A stimulus (5 note bar) measured 18.5 (width) x 2.5 (height) degrees o f visual angle
(° V.A). Each note-head measured 0.6 (width) x 0.8 (height) ° V.A. The note-to-note
spacing (measured as the distance between two stems o f notes with the same orientation)
was 3.3 ° V.A.

Each number, inside the note-head, was in Arial (bold) font (Adobe

Photoshop) and measured 0.3 (width) x 0.4 (height) ° V.A. The stimulus set comprised 12
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pairs o f stimuli, in which one of the pair was congruent and the other, incongruent.
Congruent/incongruent pairs were identical in their m otor output (the specified pattern o f

a)

b)
Figure 2-2. A Stroop Effect of Music Reading in Expert Pianists - Stimuli.
Example o f a motorically matched pair o f stimuli: congruent (a) and incongruent (b). In total, there were
tw elve matched pairs which were presented in a pseudo-random order. Participants made a sequence o f
responses based on the numbers, ignoring the musical notation on which they were superimposed.

keypresses).

2.1.1.1.3

T ask Procedure

Participants sat with the fingers o f their right hand resting over 5 adjacent keys, G
to D, on a M IDI keyboard. The keyboard was disconnected from the amplifier so that no
auditory signal was produced.

Participants were seated approximately 57cm from the

display monitor on which the stimuli would appear. Each trial consisted o f one stimulus
presentation.

Before each trial, a central fixation point, measuring 1.2 x 1.2 ° V.A.

appeared for one second.

Following this, the stimulus (congruent or incongruent) was

presented in the centre o f the screen for 5 seconds, after which time the fixation point
reappeared for one second and another stimulus was presented.

The participant was

instructed to ignore the musical notation and use only the numbers to perform the task.
The number "1" inside a note indicated that the participant should press the key beneath
their thumb, number "2" indicated a keypress beneath their index finger, and so on. The
participant was instructed to read from left to right, mapping the number information
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presented inside each note to the correct finger as quickly and as accurately as possible. A
practice session consisting o f five trials (including at least two congruent and two
incongruent trials) was given to familiarise the participants with the task. An experimental
run consisted of 24 trials (12 congruent, 12 incongruent ) presented in a pseudo-random
order. Response time and accuracy data were collected for each keypress o f every trial.

2J.1.1.4

Statistical A nalysis

Trials were first analysed for accuracy.
keypresses had been accurately executed.

A trial was scored as correct if all 5

Only correct trials were used in the response

time analysis (time taken to perform the sequence of 5 keypresses).

Additionally, the

response time analysis was only carried out for complete pairs o f motorically matched
trials.

If one stimulus within a motorically-matched pair was discarded because of an

incorrect keypress within the sequence, the response time for the other stimulus o f the pair
was also discarded. This ensured that the average response times for the congruent and
incongruent stimuli were derived from trials with a matched pattern o f keypresses so that
any response time differences between congruent and incongruent trials reflected
interference effects rather than a difference in the specified patterns o f keypresses for the
remaining congruent and incongruent trials. If, after the response times for inaccurate trials
and their motorically-matched pair had been discarded, a participant was left with less than
50% of the trial pairs, this participant was discarded from the analysis.

The error data from aU the experiments described in this thesis were analysed
usings non-parametric statistics, since assumptions of normality required for parametric
testing were never met. Group by condition interactions are often o f primary interest and
non-parametric methods do not allow for the testing o f an interaction on the basis o f error
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data alone. Analysis therefore concentrates on normally distributed response time data and
uses parametric methods to test for the presence of condition x group interactions. In
order to reduce disparity in the variance between the two groups, the mean response times
have been log transformed whenever comparisons have been made between different
groups. For within group comparisons, the raw mean response times have been used. As
a rule, significance testing proceeds hierarchically, progressing to a lower level only when a
significant effect is attained at the higher level. For instance, when using an ANOVA to
compare the performance o f two groups on two or more conditions, the absence o f a
significant group x condition interaction would preclude the testing o f within-group
differences.

However, in certain cases, significance testing at lower levels has been

performed despite the absence of an overall effect. W hen there is an experimental reason
to explain the lack o f a group effect and when the differences at the lower level are
considered to be meaningful, a priori, planned comparisons in the absence o f an overall
effect can be justified (Howells, 1997).

2.1.1.2

Predictions
It was predicted that pianists would be faster overall due to heightened manual

dexterity and would show an effect o f congruence, whereby congruent trials would be
performed faster than incongruent trials. Non-musicians were predicted to be unaffected
by the congruence o f the num ber/note pairing

2.1.1.3

Results
O ne participant from the pianist group (female) and three from the non-musician

group (aU male) were removed from the analysis because, after removal of inaccurate trials
and their motorically matched pair, less than 50% o f the trials remained.
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2.1.1.3.1

Errors

The number of errors made on congruent and incongruent trials can be seen for
each group (pianists, non-musicians) in Figure 2-3. Two Wilcoxon tests (one for each
group) revealed a significant difference (more errors on incongruent trials compared to
congruent trials) for pianists alone [z = -2.04; p = 0.04].
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Figure 2-3. A Stroop Effect o f M usic R eading in Expert Pianists - Errors.
N um ber o f errors m ade on congruent versus incongruent trials. In this and all subsequent figures, a single
asterisk indicates significance at p < 0.05 and a double asterisk indicates significance at p < 0.01.

2.1.1.3.2

R esponse Tim e

The raw mean response times for congruent and incongruent trials can be seen for
each group (pianists, non-musicians) in Figure 2-4. The logged mean response times were
entered into a mixed-design repeated measures AN OVA with congruence (2 levels:
congruent, incongruent) as the within-subjects factor and group (2 levels: pianist, non
musician) as the between-subjects factor. A main effect o f congruence was found [F(l,33)
= 36.44; p < 0.001] with congruent trials performed faster compared with incongruent
trials. There was also an interaction of congruence with group [F(l,33) = 10.90, p = 0.002]
with pianists showing a greater effect of congruence compared with non-musicians. Paired
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samples t-tests on the raw mean response times revealed that the effect o f congruence was
significant for pianists alone [t = -5.96; df = 13; p < 0.001 (two-tailed)].
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Figure 2-4. A Stroop Effect of Music Reading in Expert Pianists - Response Times.
Response times for congruent versus incongruent trials

2.1.1.4

Conclusion
This experiment has shown that an adaptation o f the Stroop paradigm can be used

to reveal automaticity in music reading. In line with predictions, pianists were found to be
faster overall, and to show a selective effect o f congruence on response time and accuracy.

2.1.2

EXPERIMENT 2: A STROOP EFFECT IN NOVICE PIANISTS

One aim o f developing the musical Stroop task was to use it as a cognitive measure
of musical literacy acquisition in a group o f adult learners who received training in music
reading and playing over a period o f three months. The rationale was as follows; an effect
o f congruence after learning would be evidence that musical notation had acquired both
cognitive and behavioural significance.
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A pilot study, however, revealed that three months of musical training did not
result in a significant difference in response time between congruent and incongruent
stimuli. This is in contrast to the effect shown by expert pianists experiment 1. In the
language Stroop task, novice readers (Schiller, 1966) and dyslexies (Everatt, 1997) have
been shown to be less prone to the Stroop effect than more highly skilled readers. In both
the language and the musical Stroop paradigms, the word stimuli or the musical notes will
have reduced salience, relative to the competing dimension, for the less skilled reader.

The sensitivity of the musical Stroop paradigm is also a factor in determining
whether a congruence effect is found, in addition to the relative strengths

of the two

mappings (number to finger; note to finger). The musical Stroop paradigm was therefore
modified in a way in such a way as to increase the paradigm's sensitivity to detect an effect
o f congruence.

Both modifications to the paradigm were chosen to weight the

participants’ note to finger mappings. First, the stimuli were altered visually such that the
numbers were made harder to detect.

Second, 75% o f the total number of trials were

"filler" trials - bars o f notes with no numbers which could only be performed by reading
the musical notation. Such an increase in the music reading “set”, in order to increase the
probability o f detecting a congruence effect would be somewhat circular in the absence of
a control group since the weighting o f a note to finger mapping, relative to a number to
finger mapping would logically result in interference o f the latter upon the former.
However, by using a group o f non-musician control participants and explicitly teaching
them in a single 15 minute session the stimulus-response mappings required to play the
notes, this circularity can be broken. The modifications o f the paradigm would weight the
note to finger mappings for the control participants as well as for the novice pianists. Any
difference in the effect of congruence between the two groups can therefore be attributed
to the effect o f musical literacy acquisition.
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2.1.2.1

Method

2.1.2.1.1

P articipants

Participants were 11 learners (5 female, average age 34) who were trained for three
months in music reading and keyboard playing and 10 non-musicians (6 female, average
age 25) who could neither read music nor play an instrument. All participants were righthanded. AU of the learners and 8 o f the non-musicians had also taken part in experiment 1
during the same experimental session. For this reason, the order o f experiments 1 and 2 in
these participants was counterbalanced to prevent order effects.

2.1.2.1.2

M usical Training

Participants were provided with an electronic keyboard (Yamaha, PSS26), a
keyboard tutorial book and a music theory manual and exercise book. They were required
to attend a 90 minute music lesson once a week for three months. Lessons were given by
the author of this thesis (L.S), who has experience o f music teaching. A standard m ethod
of teaching was foUowed whereby music reading was taught in conjunction with practical
keyboard skiUs. Practical keyboard skiUs and music theory were taught to Grade 1 level
(Associated Board, U.K.). Participants engaged in a minimum o f three half hour sessions
of structured keyboard practise between lessons and completed music theory exercises
which were assigned and marked by the teacher. Grade 1 Keyboard requires the abUity to
play a set piece with two hands simultaneously, to play a short piece from sight, and to
execute designated scales and arpeggios. Grade 1 Theory requires an ability to derive note
names and timing information from musical notation, to understand key signatures and
time signatures, to construct certain scales and to be familiar with musical terms and
symbols. Participants were taught in groups o f three or four. Progress was not uniform
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across participants and extra tuition was given where required to equate the final level o f
proficiency across the group. This extra training amounted to an additional two lessons
(each 90 minutes) for two of the subjects.

2.1.2.1.3

Stim uli

As in experiment 1, stimuli were notated bars of five crotchets on which numbers
were superimposed. However, in the present experiment, the visual contrast between the
notes and the numbers was reduced, by using grey numbers instead o f white, against the
background of the black notes. A stimulus (5 notes) measured 18.5 (width) x 2.5 (height) °
V.A. Each note-head measured 0.6 (width) x 0.8 (height) ° V.A. The note-to-note spacing
(measured as the distance between two note stems o f notes with the same orientation) was
3.3 ° V.A. Each number, inside the note-head, was in Arial (bold) font (Adobe Photoshop)
and measured 0.3 (width) x 0.4 (height) ° V.A. As before, congruent stimuli were those in
which both the notation and the numbers specified the same keypress responses (Figure 25a) and incongruent stimuli were those in which the notation and the numbers specified
different keypress responses (Figure 2-5b). Filler trials (Figure 2-5c) comprised only
musical notation, without the superimposed numbers.
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a)

b)

i
Figure 2-5. A Stroop Effect in Novice Pianists - Stimuli.
Example o f a motorically matched pair o f stimuli: congruent (a) and incongruent (b) and a filler stimulus

(c).

2.1.2.1.4

T ask Procedure

The task procedure was similar to that described previously for the musical Stroop
task. However, in the modified version o f the musical Stroop task, there were 135 trials
(105 filler trials, 15 congruent, 15 incongruent), all presented in pseudo-random order.
Since the filler trials could only be performed on the basis o f the musical notation, it was
necessary to provide the non-musicians with the explicit stimulus-response mappings
required for these trials e.g. "a note on the first line requires a keypress with the thumb, a
note in the first space requires a keypress with the index finger", and so on. The control
group performed the task after the learner group so that they could be pre-trained on the
filler (note only) trials until their response times were matched to the average response time
o f the learner group. This training was conducted in a single session, lasting no longer than
fifteen minutes, during which the participants received verbal feedback o f their
performance. N ote that although the non-musicians and learners were performing filler
trials at a matched level, the nonmusicians were achieving this using the stimulus-response
mappings they had just acquired while the learners were using the musical literacy which
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they had acquired through explicit musical training and consolidated practise over a period
of three months. While the novices would have performed accurately using a different set
of musical notes, the non-musician control participants performance is likely to have been
restricted to a specific stimulus/ response set using just five fingers. Before the
experimental task commenced, participants were given five practice trials, including
congruent, incongruent and filler trials.

2.1.2.1.5

Sta tistica l A nalysis

Analysis was identical to that carried out in experiment 1. In addition, filler trials
were analysed for response time and accuracy, to ensure that these measures were equated
across the two participant groups.

2.1.2.2

Predictions

The learner group was predicted to be facilitated by congruent num ber/note
pairings and/or slowed by incongruent num ber/note pairings.

2.1.2.3

Results (Filler Trials)
One participant (male, from the learner group) was removed from the analysis

because, after removal of inaccurate trials and their motorically matched pair, less than 50%
o f the trials in the set remained. This participant’s inaccuracy was related to his hand size,
which meant that on some trials, he would inadvertently press more than one key.

2.1.2.3.1

Errors
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The percentage o f errors made on filler trials can be seen for each group (learners,
non-musicians) in Figure 2-6. A between group comparison using a Mann Whitney test
revealed no significant difference.

30
25

Learners

Non-musicians

Figure 2-6. A Stroop Effect in Novice Pianists - Errors (filler trials)
Percentage o f errors made on filler trials.

2.1.2.3.2

R esponse Tim e

The raw mean response times for filler trials can be seen for each group (learners,
non-musicians) in Figure 2-7. An independent samples t-test of the logged mean response
times found no significant difference between learners and non-musicians.
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Figure 2-7. A Stroop Effect in Novice Pianists - Response Times (filler trials).
Response times for filler trials.
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2.1.2.4

Results (Congruent and Incongruent Trials)

2.1.2.4.1

Errors

The percentage o f errors made on congruent versus incongruent trials can be seen
for each group (learners, non-musicians) in Figure 2-8. Two Wilcoxon tests (one for each
group) showed no significant difference in the percentage o f errors made on congruent
versus incongruent trials for either group. As previously mentioned, non-parametric tests
do not permit a measure of a possible interaction of error frequency as a function o f trialtype (congruent/incongruent) with group (trained novices/non-musicians).
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Figure 2-8. A Stroop Effect in Novice Pianists - Errors.
Percentage o f errors made on congruent versus incongruent trials.

2.1.2.4.2

R esponse Tim es

The raw mean response times for congruent and incongruent trials can be seen for
each group (learners, non-musicians) in Figure 2-9. The logged mean response times were
entered into a mixed-design repeated measures ANOVA with congruence (2 levels:
congruent, incongruent) as the within-subjects factor and group (2 levels: learners, non
musicians) as the between-subjects factor.

The predicted interaction between congruence
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and group was not found, however, planned paired t-tests were nevertheless performed,
since a particular aspect of the experimental design is likely to have mitigated against the
occurrence o f a congruence x group interaction. In order to avoid the circularity inherent
in a demonstration in which an increase in music reading “set” results in interference of
number to finger mapping upon note to finger mapping, the non-musician control group
was trained with the appropriate stimulus-response mappings required to perform the filler
trials. This training may have accentuated the spatial systematicity present in the musical
notation for these participants, thereby creating a small (non-significant) Stroop.

A

comparison o f the raw mean response times for each group separately revealed an effect o f
congruence (congruent trials performed faster than incongruent trials) for novice pianists
only [t = -4.24; df = 10; p = 0.002 (two-tailed)].
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Figure 2-9. A Stroop Effect in Novice Pianists - Response Times.
Response tim es for congruent versus incongruent trials.
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2.1.2.5

Conclusion

After three m onths o f musical training, music reading was still effortful for the
learners. However, a musical Stroop effect was demonstrated in novice pianists, under
conditions in which the music reading “set” was increased.

The distinction should be made between the non-significant Stroop effect shown
by the control participants (argued to result from these participants’ sensitivity to the
spatial systematicity present in the stimulus-response mappings in which they were trained)
and the significant Stroop effect shown by the novice pianists (argued to result from these
participants' learned musical stimulus-response mappings, which may include a sensitivity
to spatial systematicity). Experiment 4 of this chapter (section 2.1.4) uses stimuli in which
the effect of spatial systematicity and the effect of learned musical stimulus-response
mappings can be dissociated.

However, the possibility exists that the trend toward a musical Stroop effect shown
by the non-musicians reflects a qualitatively similar phenomena to that seen in the novice
pianists. That is, the short-term stimulus-response training given to the non-musicians may
have resulted in the development o f a set of mappings which, though weaker, were
essentially similar to the musical stimulus-response mapping acquired over three months of
musical training.

Although this seems intuitively unlikely, the possibility suggests a

potential neuroimaging experiment, in which the brain correlates o f a set o f stimulusresponse mappings, acquired through “one-shot learning” can be compared to a set of
performance-matched stimulus-response mappings acquired over an extended period of
musical training and structured practise.

Such an experiment is further discussed in

Chapter 6.
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2.1.3

EXPERIMENT 3; PERSISTENCE OF T H E STROOP EFFECT IN A
NON-MUSICAL CONTEXT

Pitch information in musical notation lies in the spatial arrangement o f the musical
notes on the stave. This leads to the hypothesis that the congruence effect seen in
experiments 1 and 2 results from the correspondence between the num ber to finger
mapping and the m otor response specified by the spatial positioning o f the musical notes.
If this is the case, an effect o f congruence should also be in evidence when the spatial
characteristics o f musical notation are removed from their musical context. In the present
experiment, the numbers were no longer superimposed on musical notes and the musical
stave was also removed. However, the stimuli were identical across experiments 1 and 3, in
terms o f the numbers used and their positioning in vertical space. The participants used in
experiments 1 and 3 were the same, allowing a post-hoc comparison.

2.1.3.1

Method

Participants
The participants were 14 conservatoire level pianists (9 female, average age 25). All
participants were right-handed and had participated in experiment 1 several months before.
On average, participants had been playing piano for 20 years.

2.1.3.1.2

Stim uli

The stimuli from experiment 1 were altered so that the numbers and their spacing
were retained in the absence o f any musical notation. Stimuli comprised 5 numbers on a
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white background. A stimulus (5 notes) measured 18.5 (width) x 2.5 (height) ° V.A. Each
number, inside the note-head, was in Arial (bold) font (Adobe Photoshop) and measured
0.3 (width) X 0.4 (height) ° V.A. The number-to-number spacing was 3.3 ° V.A. As for
experiments 1 and 2, stimuli were o f two types: congruent (Figure 2-1 Oa) and incongruent
(Figure 2-1 Ob). Congruent trials were characterized by a spatial correspondence between a
number and its position, reflecting the stimulus-response mapping seen in reading music
for keyboard performance.

Incongruent trials lacked any such correspondence and the

num ber/posidon correspondence was purely random. The stimulus set comprised 12 pairs
o f motorically matched stimuli, one congruent, one incongruent.

a)

b)
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Figure 2-10. Persistence of Musical Stroop Effect in Non-Musical Context - Stimuli.
Example o f a motorically matched pair o f stimuli: congruent (a) and incongm ent (b)

2.1.3.1.3

T ask Procedure and S tatistical A nalysis

The 24 trials (12 congruent, 12 incongruent) were presented in a pseudo-random
order. The task procedure and statistical analysis was identical to that used in experiment

1.
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2.1.3.2

Predictions

Pianists were predicted to be facilitated by congruent num ber/position pairings
an d /o r slowed by incongruent num ber/position pairings.

2.1.3.3

Results

2.1.3.3.1

Errors

The small number of errors made on congruent versus incongruent trials can be
seen in Figure 2-11. A Wilcoxon test showed that the difference in the num ber of errors
made on congruent compared with incongruent trials was not significant.
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Figure 2-11. Persistence of Musical Stroop Effect in Non-Musical Context - Errors.
Number o f errors made on congruent versus incongruent trials.

2.1.3.3.2

R esponse Tim e

The raw mean response times for congruent versus incongruent trials can be seen
in Figure 2-12.

A paired samples t-test on the raw mean response times revealed a
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significant difference between congruent and incongruent trials [t — 5.31; d f = 13; p <
0.001 (two-tailed)], with congruent trials performed faster than incongruent trials..
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Figure 2-12. Persistence of Musical Stroop Effect in Non-Musical Context - Response Times.
Response times for congruent versus incongruent trials.

2.1.3.3.3

E ffect o f M usical Context: C om paring E xperim ents 1 & 3

Figures 2-13 and 2-14 allow a visual comparison o f the error and raw mean
response time data from experiments 1 and 3. Recall that these experiments differed in the
presence (experiment 1) or absence (experiment 3) o f musical notation - the vertical
spacing o f the numbers was identical across the two experiments. The logged mean
response times for each experiment were entered into a repeated measures ANOVA with
congruence (2 levels: congruent, incongruent) and experiment (2 levels: experiment 1,
experiment 3) as within-subjects factors. N o significant interaction was found between
congruence and experiment, suggesting that the effect o f congruence was similar,
regardless of the presence o f musical notation.
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Figure 2-13. Comparison of Musical Stroop Effect: Musical/Non-Musical Context - Errors.
Number o f errors made on congruent versus incongruent trials in experiment 1 (“N otes” - with musical
context) and experiment 3 (“N o N otes” - without musical context).
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Figure 2-14. Comparison of Musical Stroop: Musical/Non-Musical Context - Response Times.
Response times for congruent versus incongruent trials in experiment 1 (“N otes” - with musical context)
and experiment 3 (“N o N otes” - without musical context).
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2.1.3.4

Conclusion

This experiment has shown that even when the Stroop paradigm contains no
musical elements, response times are affected by the placement o f the numbers in a
configuration that is either consistent (congruent) or inconsistent (incongruent) with
respect to the learned stimulus-response mappings that are acquired as a result of learning
to read and play keyboard music.

2.1.3.5

Methodological Criticisms and Modifications to Experimental
Design

The results o f experiments 1 to 3 are interpreted as a demonstration that musical
notation (specifically, the spatial characteristics o f musical notation) are automatically
processed in pianists. However, alternative explanations of the results in terms of potential
experimental confounds must be considered. One potential criticism is outlined below,
with discussion o f how it can be addressed.

In addition, the case is made for two

modifications to the experimental design, both o f which would provide additional
information regarding the nature of the musical Stroop effect.

2.1.3.5.1

2.1.3.5.1.1

C riticism

Spatial systematicity may he able to accountfor the Stroop effect

The note/num ber relationship used for congruent trials was stave based in
experiments 1 and 2 (i.e. the numbers corresponded to an appropriate fingering for the
written notes) but also rule based (the higher the note on the stave, the higher the number
with which it was paired).

This contrasts with the incongruent stimuli, in which the

note/num ber relationship was neither stave based nor spatial rule based. A musical Stroop
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effect would be predicted to result if pianists are simply more sensitive to the effects o f
spatial systematicity, compared to non-musicians.

2.1.3.5.1.2

S olution

The hypothesis that the congruent/incongruent difference seen in pianists is
attributable to a potential heightened sensitivity to the spatial rule based nature of
congruent trials can be tested as follows. Incongruent rule based stimuli which are equated
with congruent stimuli in terms o f spatial systematicity, can be produced by inverting the
note/num ber relationship used in congruent trials. Thus the number “ 1” would be
superimposed on D , the highest note on the stave, the number “5” would be superimposed
on G, the lowest note, and so on. If the Stroop effect can be explained solely on the basis
of a group difference in the processing of spatially systematic stimuli, pianists should not
show any response time difference between congruent and incongruent rule based trials.

2.1.3.5.2

2.1.3.5.2.1

M odifications

Inclusion of baseline trials

The inclusion of baseline trials would allow inferences to be made regarding the
relative size of facilitation (on congruent trials) and interference (on incongruent trials).
Baseline trials should be visually similar to the congruent and incongruent trials but should
contain notation which is neither congruent nor incongruent with respect to the numbers.

2.1.3.5.2.2

Inclusion of reverse musical Stroop condition
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The interference effect seen in the language Stroop task, o f words upon colour
naming, is uni-directional: there is no interference o f colour naming on word reading if the
instruction are reversed (Stroop's experiment 1, 1935), leading to the conclusion that word
reading is more automatic than colour naming. In order to demonstrate that the musical
Stroop effect is not simply an effect of any competing stimulus interfering with another, it
is important to show that reading and performance from musical notation is not affected
by the presence o f irrelevant numbers.

A reverse musical Stroop would require

participants to ignore irrelevant numbers and to perform a note to finger mapping. The
prediction would be that the congruence o f the note/num ber correspondence would have
no effect on response times when note reading is the primary task.

2.1.4

EXPERIMENT 4; DEVELOPING T H E MUSICAL STROOP TASK (I)

This experiment was conducted to address a potential experimental confound: the
presence of spatial systematicity in the congruent stimuli alone which, it is possible to
argue, may result in a musical Stroop effect in pianists alone.

In addition, two

modifications were made to the musical Stroop task. O ne modification was the inclusion
o f baseline trials, which would permit the relative contribution o f facilitation (on congruent
trials) and interference (on incongruent trials) to be measured. Another was the addition o f
a reverse musical Stroop condition, requiring participants to ignore numbers and respond
on the basis of the written musical notes.

2.1.4.1

2.1.4.1.1

Method

Participants
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Participants were 9 conservatoire level pianists (6 female, average age 22 years). All
were right-handed and none had taken part in any o f the previous experiments. On
average, participants had been playing piano for 15 years.

2,1.4.1.2

2.1.4.1.2.1

Stim uli

Musical Stroop Condition

The congruent and incongruent (now termed incongruent, non-rule based) stimuli
from experiment 1 were used in experiment 4 (Figure 2-15b and c). In addition, two other
stimulus types were added. Baseline trials were designed to contain the minimal amount of
information from the irrelevant musical notation (Figure 2-15a). They consisted o f noteheads placed on the middle line o f the stave (the note “B”) on which numbers were
superimposed. In the language Stroop paradigm, baseline stimuli may comprise a string of
similar letters, such as XXXX, the rationale being that. Like the word stimuli used in the
congruent and incongruent trials, letters are present but, unlike the word stimuli, these do
not form a word which can be pronounced or understood. There is no exact equivalent in
musical notation since the presence of a repeated notehead on the Une corresponding to
“B” still represents a sequence that could be played however, it was anticipated that
participants would quickly habituate to the presence o f a series o f repetitions o f a single
note, therefore the note to finger mapping provided by baseUne trials would be weak.

Baseline trials provided a measure o f the faciUtatory effect o f congruence and/or
the interference effect of incongruence. Incongm ent mle based trials (Figure 2-15d) used a
note-number mapping whereby the lowest note on the stave m apped onto the right-most
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digit (the reverse o f that used by pianists reading music). The inclusion o f incongruent rule
based stimuli allowed comparison o f response times for stimuli which were rule based and
stave based (congruent), rule based but not stave based (incongruent, rule based) and
neither rule based nor stave based (incongruent, non-rule based), thereby dissociating rule
based and stave based effects.

a)

Figure 2-15. Developing the Musical Stroop Task (I) - Stimuli (Musical Stroop).
Example o f a motorically matched set o f stimuli: baseline (a), congruent (b), incongruent, non-rule based
(c), incongruent rule based (d).

Reverse Musical Stroop Condition
In order to produce sets of stimuli with matching m otor output across the four
stimulus types, the musical notes had to be identical across the set, with different numbers
superimposed (Figure 2-16). As for the musical Stroop condition o f this experiment, four
types o f stimuli were used: baseline (a), congruent (b), incongruent-non-rule based (c) and
incongruent-rule based (d).
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a)

b)
c)

d)
Figure 2-16. Developing the Musical Stroop Task (I) - Stimuli (Reverse Musical Stroop).
Participants made a sequence o f responses based on the musical notation, ignoring the numbers which
were superimposed on the musical notes. Example o f a motorically matched set o f stimuli: baseline (a),
congruent (b), incongruent, non-rule based (c), incongruent, rule based (d).

For both the musical Stroop condition and the reverse musical Stroop condition, a
stimulus (5 notes) measured 18.5 (width) x 2.5 (height) ° V.A. Each note-head measured
0.6 (width) X 0.8 (height) ° V.A.

The note-to-note spacing (measured as the distance

between two note stems of notes with the same orientation) was 3.3 ° V.A. Each number,
inside the note-head, was in Arial (bold) font (Adobe Photoshop) and measured 0.3 (width)
X 0.4 (height) ° V.A,

2.1,4.1.3

T ask Procedure and S tatistical A nalysis

For both the musical stroop and the reverse musical Stroop conditions o f this
experiment, a total o f 48 stimuli were used, each specifying one o f 12 possible patterns o f
keypresses.

The four trial-types (baseline, congruent, incongruent non-rule based,

incongruent rule based) were presented in pseudo-random order and the two experiments
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were counterbalanced in order across participants. The procedure and statistical analysis
for both was identical to that used in experiment 1.

2.1.4.2

Predictions

An effect o f congruence was predicted for the musical Stroop condition, when
participants had to ignore the musical notes and make their responses based on the
numbers, but not for the reverse musical Stroop

condition, when participants had to

ignore the numbers and make their responses based on the musical notes. In addition, it
was predicted that overall response times would be faster in the reverse musical Stroop
condition.

For the musical Stroop condition, it was predicted that pianists' response times
would show facilitation on congruent trials and interference on both types o f incongruent
trial, relative to baseline trials. Response times were predicted to be longer for incongruent
non-rule based trials compared to incongruent rule based trials since, in the case o f rule
based trials, the spatial systematicity governing where a number would appear can be used,
in addition to the number information, for selection o f the appropriate response.
Congruent trials are also characterized by a spatial systematicity which governs where the
numbers appear. However, in contrast to the incongruent rule based trials, the kind o f
spatial systematicity contained in the congruent trials corresponds to that used in musical
notation.

2.1.4.3

2.1.4.3.1

Results

Errors
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The number of errors made for each trial-type (baseline, congruent, incongruentnon-rule based and incongruent-rule based), can be seen for the musical Stroop condition
and the reverse musical Stroop condition in Figure 2-17. Two Friedman tests (one for
each condition) showed that there was no significant effect of congruence for either the
musical stroop or the reverse musical Stroop conditions.

É
B

C

Inr

M usical Stroop

à
B

C

É
Inr

Reverse M usical Stroop

Figure 2-17. D eveloping the M usical Stroop T ask (I) - Errors.
N um ber o f errors m ade on each trial-type. B=baseline, C=^congruent, Inr=incongruent non-rule based,
Ir=Incongruent rule based.

2.1.43.2

R esponse Tim e

The raw mean response times for each trial-t}^pe can be seen in Figure 2-18 for the
musical Stroop and the reverse musical Stroop conditions. The logged mean response
times were entered into a repeated measures AN OVA with congruence (4 levels: baseline,
congruent, incongruent non-rule based, incongruent rule based) and condition (2 levels:
musical Stroop, reverse musical Stroop) as within-subjects factors. This revealed a main
effect of condition [F (1,8) = 27.86, p= 0.001], with the reverse musical Stroop condition
performed faster, and a main effect congruence [F (3,24) = 9.71; p

< 0.001], with

congruent trials performed faster. Congruence interacted with condition [F (3,24) = 13.35;
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p < 0.001], with congruence having a greater effect on response time in the musical Stroop
condition.

Using the raw mean response time data, two repeated measures ANOVAs, one for
musical Stroop condition, another for the reverse musical Stroop condition were
performed, with congruence as a within-subjects factor (4 levels: baseline, congruent,
incongruent non-rule based, incongruent rule based). A main effect of congmence was
obser\^ed for the musical Stroop condition alone [F (1.55, 12.37) = 13.87; p < 0.001,
Greenhouse-Geisser corrected].

Planned paired t-tests showed the following significant

differences: Congruent trials were performed faster than baseline trials [t = 4.05; df = 8;
p=0.004]; incongruent non-rule based trials were performed slower than congruent trials [t
= -3.29; df = 8; p = 0.01]; incongruent rule based trials were performed slower than
congruent trials [t = -2.30; df = 8; p = 0.05] and incongruent non-rule based trials were
performed slower than incongruent rule based trials [t = 2.55; df = 8; p = 0.03] (all twotailed).
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Figure 2-18. D eveloping the M usical Stroop T ask (I) - R esponse Tim es.
R esponse tim es for each trial-type.
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2.1.4.4

Conclusion

As predicted, the musical Stroop effect shows an asymmetry which parallels that
seen in the language Stroop paradigm: the presence o f irrelevant musical notation
(equivalent to an irrelevant colour word) affects the speed at which a number to finger
mapping occurs (equivalent to a relevant ink colour) but the presence o f irrelevant
numbers does not affect the speed at which music notation is realised into its associated
musical response. Also in line with predictions was the finding that pianists were faster,
overall, when making responses based on musical notation compared with numbers.
Experiment 2 shows that the reverse is true for novice pianists: responses based on
numbers are faster compared with those based on musical notation. Response times for
filler trials (note to finger mapping) were 3392ms while the average response time across
congruent and incongruent trials (number to finger mapping) was 3218ms (Figures 2-7 and
2-9).

The inclusion o f baseline trials in the musical Stroop condition of experiment 4
reveals that the effect of congruence on response time seen in experiment 1 is due both to
facilitation (on congruent trials) and interference (on incongruent trials). The pattern o f
data, with interference greater than the facilitation, is typical o f other Stroop-Hke tasks
(Glaser et al., 1982). In addition, experiment 4 shows that even when the congruent and
incongruent trials are equated on spatial systematicity (incongruent rule based trials), a
response time difference is still produced. This difference can be considered to be a pure
measure of the degree to which the learned musical response interferes with the number to
finger mapping. The significant difference in response time between the incongruent rule
based and the incongruent non-rule based trials can be considered to be a measure o f the
degree o f facilitation or interference afforded by presence or absence o f spatial
systematicity.

71

2.1.4.5

Methodological Criticisms and Modifications to Experimental
Design

To ensure that the Stroop effect found in pianists

does indeed

reflect these

individuals' learned musical mappings, from the stave to the keyboard, it is necessary to
address potential methodological criticisms in order to rule out possible explanations o f the
effect in terms of an artefact in experimental design. Below, a solution to each potential
criticism is presented, as a basis for experiment 5.

2.1.4.5.1

2.1 A. 5.1.1

C riticism s

Baseline trials may not be valid

The baseline trials used in experiment 4 may not represent a true baseline situation.
The rationale for superimposing numbers onto noteheads positioned on the middle line o f
the stave (corresponding to the note “B”) was first, that notation should be present in
some form in order for these trials to be visually matched to the other stimulus types and
second, that their constant presence across the five elements o f the trial would make them
easy to ignore. However, the assumption that these notes can be easily ignored may not be
valid. If pianist participants have to suppress a learned musical response to playing the
note “B” on the keyboard, the baseline trials will be cognitively more similar to the
incongruent trials than the congruent trials.

2.1.4.5.1.2

Solution

To use baseUne stimuli which consist only o f numbers presented in a straight Une.
While these baseUne stimuU will be visuaUy different to the other stimulus types, a control
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for visual similarity would involve the inclusion o f musical notes and the stimuli could no
longer be considered to be neutral.

2.1.4.5.1.3

Pianists may use a note reading strate^ to perform congruent trials

Since trials are always completely congruent or completely incongruent (rather
than, for example, two elements congruent and three incongruent), it is possible that a
pianist may notice that a trial is congruent and employ a note reading strategy to perform
it. This may not be a conscious strategy; after all, the instructions were to make responses
based on the number information alone. However, it is not possible to teU whether pianist
participants were using such a strategy, consciously or otherwise. Such a strategy would
manifest in faster response times for congruent trials, not because the information derived
from notation overlapped with that derived from the numbers but because the pianist was
reading notes, not numbers. As we have seen in experiment 4, pianists perform faster
when reading from notes compared to reading from numbers. Such a criticism could not
apply to experiment 3 in which only numbers were present both for congruent and
incongruent trials and a musical Stroop effect was still obtained. Although this suggests
that a note-reading strategy for congruent trials cannot account for the musical Stroop
effect, in the context o f a musical Stroop condition it remains a possibility that some
pianists may use such a strategy, thus artificially inflating the magnitude of the Stroop
effect.

2.1.4.5.1.4

S olution

To include "catch” trials which prevent participants from using a note-reading
strategy on congruent trials. Catch trials will be part congruent and part incongruent (non
rule based): two o f the last three elements will be unpredictably incongruent. Participants
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will be forced to rely on a num ber reading strategy since a note reading strategy would be
maladaptive.

2.1 A. 5.1.5

Familiarity with response interface differsforpianists and non-musicians

Pianists will be more familiar with the response interface, a piano keyboard,
compared with non-musicians.

Although a simple difference in participants' familiarity

with the response interface cannot explain the differential pattern of results, since non
musicians will be equally unfamiliar with the response interface for congruent and
incongruent trials, a familiarity difference may interact with the stimulus-response mapping,
such that it differentially affects the performance of one trial-type more than another.

2.1.4.5.1.6

S olution

To change the response interface to a computer keyboard so that the response
interface will be no more familiar to the pianists than to the non-musicians.

2.1.4.5.2

2.1.4.5.2.1

M odifications

A.n Algorithm for Determining Incongruence

A general methodological consideration concerns the m ethod o f producing
incongruence for incongruent non-rule based trials. In experiments 1 to 3, no systematic
procedure was used to determine the num ber/note pairings and different incongruent non
rule based trials are likely to have exhibited different degrees o f incongruence. The use o f
an algorithm to produce systematic levels o f incongruence across all incongruent, non-rule
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based stimuli will tiierefore reduce variance, resulting in an increased power to detect a
meaningful difference in response time.

If the specified number to finger mapping is, for example, 13542, each pair o f
consecutive elements o f the sequence can be considered separately eg 1-3,3 5,5-4,4-2 and
the direction and magnitude o f each difference calculated.

The first pair, 1-3 shows a

positive difference with a magnitude of 2 thus these numbers would be superimposed onto
a pair of notes which are opposite in their direction (proceed from high to low on the
stave) and which are separated by a magnitude other than 2. The candidate note pairs for
each number pair in the sequence can be calculated in this way, often yielding several
possibilities. The choice o f note pairs used for an entire sequence can be selected such
that, in combination, each of the notes G to D is used only once.

2.1.4.5.2.2

A.n A.dditional A^nalysis of Individual Keypresses

In experiments 1 to 4, response times were defined as the duration between the
stimulus onset and the final keypress of the five-element sequence. Congruence was clearly
demonstrated to affect the time taken to perform the whole sequence. However, by taking
the cumulative response times it is not possible to determine the locus o f the effect of
congruence. One possibility is that pianists encode the entire sequence before starting to
execute it.

This would be consistent with the evidence that music reading involves

“chunking” o f musical notes (Sloboda, 1974; Wolf, 1976). If this were the case, one would
predict that the effect of congruence on response time would be seen only on the first
keypress. Alternatively, if pianists start to execute the sequence before they have fully
encoded it, one can predict that the effect o f congruence would be seen at each o f the five
keypresses.

An intermediate position might be that pianists only partially encode the
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sequence before they start to play it, so that congruence has a substantial effect on the first
keypress but makes an additional contribution in subsequent keypresses. The analysis of
response times for individual elements o f the sequences (first, second, third, fourth and
fifth keypress o f each sequence) will enable these possibilities to be resolved.

2.1.5

EXPERIMENT 5: DEVELOPING T H E MUSICAL STROOP TASK (II)

The aim o f the final experiment of this chapter was to use an improved
experimental design (different baseline stimuli, inclusion o f catch trials, use of a computer
keyboard as the response interface, use of an algorithm to determine note/num ber
correspondences for incongruent non-rule based trials) to test the same hypothesis; that
musical notation, for pianists, is automatically processed. In addition, further analysis of
the data was performed to provide extra information regarding the locus o f the congruence
effect.

2.1.5.1

Method

2.1.5J.1

P articipants

Two participant groups were used: 12 conservatoire level pianists (10 female,
average age 25) and 14 non-musicians (7 female, average age 22), recruited from within
University College London. All were right-handed. Two o f the pianists had taken part in
experiment 3 on a previous occasion. N one o f the non-musician participants had taken
part in any previous musical Stroop experiments. O n average, participants in the pianist
group had been playing piano for 20 years. Participants in the non-musician group had no
experience o f reading or playing music.
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2.1.5.1.2

Stim uli

The congruent and incongruent rule based stimuli from experiment 4 were used in
experiment 5 (Figure 2-19b and c). New baseline trials (Figure 2-19a), incongruent rule
based trials (Figure 2-19d) and catch trials (Figure 2-19e) were also used. A stimulus (5
notes) measured 11.2 (width) x 1.5 (height) ° V.A. Each note-head measured 0.2 (width) x
0.3 (height) ° V.A.

Note-to-note spacing (measured as the distance between two note

stems o f notes with the same orientation) was 2.1 ° V.A. Each number was in Arial (bold)
font (Adobe Photoshop) and measured 0.1 (width) x 0.15 (height) ° V.A.
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Figure 2-19. Developing the Musical Stroop Task (II) - Stimuli.
Example o f a motorically matched set o f stimuli: baseline (a), congruent (b), incongruent, non-rule based
(c), incongruent rule based (d), catch (e).

2.1.5.1.3

T ask Procedure

Participants sat with the fingers o f their right hand resting over 5 adjacent keys of a
laptop keyboard. Twelve m otor sequences were used, each of which appeared in all the
following formats: baseline, congruent, incongruent non-rule based, incongment rule based
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and catch. Each trial was presented twice, making a total o f 120 trials which were given in
twelve blocks o f 10 trials each. As before, trials were pseudo-randomly ordered across
m otor sequence, trial-type and first and second presentations of each trial.

Thus

participants did not know in advance what trial-type or m otor sequence to expect.

2.1.5.1.4

Statistical A nalysis

Errors were analysed in the same way as in experiments 1 to 4 (see section
2.1.1.1.4). However, response times were treated differentiy. While cumulative analyses
(the time from the onset o f a stimulus to the final keypress o f a 5 element sequence) were
performed for experiments 1 to 4, in the present experiment response times for individual
elements of the sequence (first, second, third, fourth and fifth keypresses) were additionally
analysed. These data were used, first to characterise the average response time pattern over
a sequence and second, to examine the effect o f congruence at each position in the
sequence.

2.1.5.1.5

Cum ulative

Since each stimulus was presented twice, the cumulative response was averaged
across these two presentations. In cases where one o f the two trials was discarded due to
production of an incorrect sequence, the cumulative response time was taken from the
single remaining trial.

2.1.5.1.6

Item ised

The data corresponding to all the first keypresses were considered separately from
the data corresponding to aU the second keypresses of every sequence, and so on. In each
case, the data were subjected to the same procedures as for the cumulative analysis.
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2.1.5.2

Predictions
Congruence was predicted to affect the response times of pianists alone, with

response times facilitated on congruent trials and slowed on both t)pes of incongruent
trial, relative to baseline.

2.1.5.3

Results

Two participants (both female), one from each group, were excluded from the
analysis because, after removal of inaccurate trials and their motorically matched pair, less
than 50% of the trials remained.

2.1.5.3.1

Errors

rhe number ot errors made tor each trial-t}^e (baseline, congruent, incongruent
non-rule based, incongruent-rule based, and catch) can be seen for each group (pianists,
non-musicians), in Figure 2-20.

Fwo Friedman tests (one for each group) revealed no

significant effect of congruence for either group.
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Figure 2-20. D eveloping the M usical Stroop Task (II) - Errors (cum ulative).
N um ber o f errors made on each trial-type.
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2.1.5.3.2

R esponse Tim e

2.1.5.3.2.1

Cumulative

The raw mean response times for each trial can be seen for each group (pianists,
non-musicians) in Figure 2-21. The logged mean response times were entered into a mixeddesign repeated measures ANOVA with congruence (5 levels: baseline, congruent,
incongruent non-rule based, incongruent rule based, catch) as within-subjects factors and
group (2 levels: pianists, non-musicians) as a between-subjects factor. This revealed a main
effect of congruence [F (2.79, 61.4) = 26.09; p < 0.001, Greenhouse-Geisser corrected], as
well as an interaction o f congruence with group [F (2.79, 61.42) = 26.17; p < 0.001,
Greenhouse-Geisser corrected]. It was necessary to ascertain that any potential systematic
bias in the removal o f data sets from each group could not account for the congruence x
group interaction described.

Although stimuli were designed such that the degree of

congruence was equated across all sequences, it was possible that a congruence x group
interaction may have resulted if, after removal of the data sets containing erroneous
responses, the data sets remaining for the pianists were more susceptible to the effects of
congruence than those remaining for the non-musicians.

Thus a test was performed to investigate whether the set of m otor sequences
represented in the pianists’ data was more affected by congruence compared to the set of
m otor sequences represented in the non-musicians.

Because, on occasion, errors were

made on both presentations of a given trial, the data set for some participants

was

incomplete. If a participant was missing data pertaining to more than 3/12 sets o f stimuli,
the participant was excluded from that specific analysis (0 pianists, 3 non-musicians). For
each o f the remaining participants, missing data were replaced with the average value for all
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the trials of that participant (Anderson, Basilevsky & Hum, 1983).

A mixed-design

repeated measures AN OVA using the logged mean response times, with sequence (12
levels: each m otor sequence) and congruence (5 levels: baseline, congruent, incongruent
non-rule based, incongruent rule based and catch) as within-subjects factors and group (2
levels: pianist, non-musician) as the between-subjects factor revealed no significant
interaction of sequence x congruence x group. The original congruence x group analysis
was repeated on the logged raw mean response time data, excluding the 3 participants who
had been removed from the congruence x sequence x group analysis because o f missing
data. The congruence x group interaction was replicated [F(4, 48) = 9.125, p < 0.001],
precluding the possibility that it had resulted from the removal o f different data sets from
each group.

The raw mean response times were analysed for each group, using two withinsubjects repeated measures ANOVAs with congruence (5 levels: baseline, congruent,
incongruent non-rule based, incongruent rule based and catch) as a within-subjects factor.
Only the pianists showed a significant effect of congruence on response time [F(4, 40) =
34.0; p < 0.001].

Planned paired t-tests revealed the following significant differences:

Congruent trials were performed faster than baseline trials [t = 2.06; d f = 10; p=0.06];
Incongruent non-rule based trials were performed slower than baseline trials [t = -9.65; df
= 10; p < 0.001]; incongruent rule based trials were performed slower than baseline trials [t
= -7.49; d f = 10; p < 0.001]; incongruent non-rule based trials were performed slower than
incongruent rule based trials [t = 2.22; d f = 10; p = 0.05]; congruent trials were performed
faster than incongruent rule based trials [t = -6.13; df = 10; p < 0.001] and congruent trials
were performed faster than catch trials [t = 5.11; df = 10; p < 0.001] (all two-tailed).
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Figure 2-21. D eveloping the M usical Stroop Task (II) - Response tim es (cum ulative).
C um ulative m ean response times for each trial-type. B ^baseline, C -congruent, Inr=incongruent non-rule
based, Ir^incongruent rule based, C a^catch.

The raw mean response times for each position in the sequence (first to fifth), were
analysed, regardless of congruence. Response times, collapsed across all trial-types
(baseline, congruent, incongruent non-rule based, incongruent rule based and catch) for
each position and expressed as a proportion of the cumulative response time for baseline
trials, can be seen in Figure 2-22.
A mixed-design repeated measures ANOVA was performed, with sequential
position (5 levels: first, second, third, fourth, fifth) as the within-subjects factor and group
(2 levels; pianist, non-musician) as the between-subjects factor.

This revealed an

interaction between position and group [F (1.3, 26.02) = 27.80, p < 0.001, GreenhouseGeisser corrected], which appeared to arise from the greater drop in response time between
the first and subsequent keypresses for pianists compared to non-musicians.

Separate

repeated measured ANOVAs, with sequential position (5 levels: first, second, third, fourth,
fifth) as the within-subjects factor, revealed a significant effect of sequential position for
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both groups: pianists [F(1.23, 12.27) = 116.61, p < 0.001, Greenhouse-Geisser corrected];
non-musicians [F(1.66, 16.62) = 136.26, p < 0.001, Greenhouse-Geisser corrected]. This
effect appeared to be mainly due to the relatively long response time for keypress 1
compared to subsequent keypresses.
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Figure 2-22. Developing the Musical Stroop Task (II) - Response Times (itemised).
Itemised response times were collapsed across all trial-types (baseline, congruent, incongruent non-rule
based, incongruent-rule based, catch) for each position of the response sequence (first, second, third,
fourth, fifth). Pianists data are shown by the lighter coloured line.

The response times for each o f the sequential positions (first, second, third, fourth,
fifth) were broken down according to congruence. These data can be seen for each group
(pianists, non-musicians) in Figure 2-23. To investigate whether the congruence x group
interaction previously demonstrated in the cumulative analysis still held for data
corresponding to individual responses o f the sequence, these data were entered into a 5
separate mixed-design repeated measures ANOVAs (positions 1 to 5), using congruence as
the within-subjects factor (5 levels: baseline, congruent, incongruent, non-rule based,
incongruent, rule based and catch) and group (2 levels: pianists and non-musicians) as the
between- subj ects factor.
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A significant congruence x group interaction was found for each sequential
position: first [F (4, 80) = 12.72, p < 0.001], second [F (4, 80) = 3.48, p = 0.011], third
[F(2.39, 47.8) = 5.34, p = 0.005, Greenhouse-Geisser corrected], fourth [F (4, 80) = 2.73,
p = 0.034] and fifth [F (4, 80) = 2.55, p = 0.046]. Within-subjects ANOVAs were
performed, for both groups, and for each position separately.

Congruence (5 levels:

baseline, congruent, incongruent non-rule based, incongruent rule based and catch) was the
within-subjects factor in each case. Non-musicians were demonstrated to show an effect
of congruence for the first position only [F (2.73, 73.88) = 3.66, p = 0.02]

A paired

samples t-test (baseline versus incongruent non-rule based) showed that this was carried by
a selective increase in response time for incongruent, non-rule based trials: [t(l 1) = -3.873,
p = 0.003 (two-tailed)], suggesting that non-musicians were sensitive to the lack of spatial
systematicity in these trials.

Nevertheless, this effect was not seen in the cumulative

analysis. Pianists showed a significant effect of congruence at every sequential position:
first [F (4, 40) = 28.03, p < 0.001], second [F (1.71, 17.13) = 4.57, p = 0.03, GreenhouseGeisser corrected], third [F(1.46, 14.59) = 7.61, p = 0.009, Greenhouse-Geisser corrected],
fourth [F (2.19, 21.93) = 9.72, p = 0.001, Greenhouse-Geisser corrected] and fifth [F (4,
40) = 4.10. p = 0.007] .

84

^

Position 1

0.7

t

0.6

g ?

0.4

-

r

0.8

■j.

' I 0.6
0.3
“

0.2

'

I£

0
B

C

Inr

Ir

Ca

B

P lanists

C

Inr

Ir

Ca

N on-m usicians

Position 2
c g

«

0.15

X 0.05

m
B

C

Inr

Ir

Ca

B

P ianists

C

Inr

Ir

Ca

Ir

Ca

N on-m usicians

A

Position 3

S ï 0.^

°-'
î

f
e

5

0 05

0

I
B

C

Inr

Ir

Ca

B

P ianists

C

Inr

N on-m usicians

Position 4

B

C

Inr

Ir

Ca

C

P ianists

Position 5

I

r

02

Inr

Ir

Ca

N on-m usicians

A

i T "
£
â 1 0.05

0
c

Inr

P ianists

Ir

Ca

B

C

Inr

Ir

Ca

Non-m usicians

Figure 2-23. D eveloping the M usical Stroop task (II) - R esponse tim es (item ised, position).
Item ised response tim es for each sequential position (first, second, third, fourth, fifth) and for each trialtype. B=baseline, C= congruent, Ir=incongruent rule based, Inr - incongruent non-rule based, Ca = catch.

85

The interaction between congruence and position of the response was investigated.
First, a group difference in this interaction was tested using a mixed-design repeated
measures ANOVA with congruence (5 levels: baseline, congruent, incongruent, non-rule
based, incongruent, rule based, catch, all as a proportion o f cumulative baseline response)
and sequential position (5 levels: 1st, 2nd, 3rd, 4th, 5th) as within-subjects factors and
group (2 levels: pianist, non-musician) as a between-subjects factor.

This revealed a

significant interaction of congmence x position x group [F(5.67, 113.5) = 4.36, p =0.001,
Greenhouse-Geisser corrected].

Separate within-subjects ANOVAs for each group

separately revealed a significant congmence x position interaction for pianists only [F (3.33,
33.28) = 11.80, p < 0.001, Greenhouse-Geisser corrected]. The same analysis carried out
in pianists for only the second, third, fourth and fifth sequential positions (leaving out the
first) failed to result in a significant interaction, suggesting that the interaction was carried
by a larger effect o f congmence on the first response than on subsequent responses.

2.1.5.4

Conclusion

Experiment 5 was designed to address potential experimental confounds o f
experiment 4, which, had they not been addressed, may have precluded interpretation of
results in terms o f automaticity. First, the possibility that the baseUne trials used in the
musical stroop condition o f experiment 4 did not represent a neutral situation was
addressed by using baseline trials which contained no musical notation.

Second, the

possibUity that congment trials were performed using a note reading strategy (thus resulting
in a faster response time) was addressed by including catch trials which encouraged a note
reading strategy for all trial-types. Third, the possibiUty that pianists' famiUarity with the
response interface may have influenced the pattern o f results was addressed by using a
computer laptop keyboard instead of a piano keyboard. In addition, an algorithm was used
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to address the possibility that the degree of incongruence was not equated across aU
incongruent, non-rule based trials. The replication o f a musical Stroop effect in the present
experiment after these modifications suggests that the previous results o f experiments 1 to
4 cannot be accounted for by these factors.

Additional analyses on the response times were performed at the level o f the
individual keypress. This itemised analysis was first performed by collapsing across all trialtypes, to look at overall effects o f serial order. The latency effect observed (longer response
time for the first keypress compared with subsequent keypresses) has also been found in
transcription typing and is attributed to m otor planning and preparation processes
(Sternberg, Monsell, KnoU & Wright, 1978). The effect of congruence on response times
was analysed for each position in the sequence (the first keypresses of all the trials, the
second keypresses o f aU the trials and so on). The congruence x group interaction which
was seen in the cumulative analysis was also seen at the level o f the individual response
times. Pianists also showed an interaction o f congruence with position, which appeared to
arise because o f a greater effect o f congruence at keypress 1 compared with at other
positions. However, the effect o f congruence, although bigger for the first keypress, was
also present for keypresses 2, 3, 4 and 5, suggesting that congruence makes a contribution,
not only during the initial response preparation period but also during the online execution
of the sequence.

2.1.6

SUMMARY

The experiments described in this chapter have shown the following:

♦♦♦ Musical notation, even when irrelevant to the task, affects response time on a number
to finger mapping task in expert pianists (experiment 1) and in novice pianists, after
three months o f musical training (experiment 2).

87

♦♦♦ The effect o f congruence can be replicated even when the numbers are presented in
locations which are congruent or incongruent with respect to the normal placement of
musical notes on the stave (i.e. in the absence o f any musical elements) (experiment 3)
*1* The presence o f irrelevant numbers does not affect the speed at which expert pianists
play from musical notation (experiment 4, reverse musical Stroop condition)
♦♦♦ The musical Stroop effect generalizes to a situation where the response interface is
non-musical, such as a computer keyboard (experiment 5)

2.2

GENERAL DISCUSSION______________________________________________

It is clear from the experimental results that musical notation is processed
automatically in a group o f expert pianists.

Robust effects on response times were

consistently observed, even after the experimental paradigm was considerably changed to
address the role o f potential confounds in the manifestation o f the Stroop effect. The
results show that the musical Stroop effect, like the language Stroop effect, is characterized
both by facilition (on congruent trials) and interference (on incongruent trials). An indepth analysis o f the response times for individual keypresses established that congruence
appears to have a greater effect on the first keypress o f the sequence than on subsequent
keypresses.

This, combined with the finding that the first keypress o f the sequence is

considerably longer than the subsequent keypresses, suggests that much of the sequence is
processed before the first keypress is made. However, congruence also affects each of the
subsequent keypresses in the sequence, suggesting that some online stimulus processing
also occurs during execution o f the sequence.

As discussed in Chapter 1, automaticity is better thought as a continuous rather
than an all or none phenomenon. Indeed, a gradation of automaticity was observed in the
experiments described above, with conservatoire level pianists (averaging 20 years of

musical experience) showing a robust Stroop effect, novice pianists (three m onths of
musical training) showing a weaker Stroop effect and non-musicians showing no Stroop
effect at all.

Although the musical Stroop task was able to provide a measure o f the

cognitive changes that result from the acquisition o f musical literacy, it is likely that a
musical Stroop effect would have been more clearly in evidence after a longer training
period. In order to quantify the apparently systematic relationship between training and
automaticity, the musical Stroop effect needs to be measured in pianists o f differing skill
levels to establish the point at which interference first develops and the point at which it
asymptotes. For instance, automaticity may be maximal at an intermediate skill level such
as grade 4 or 5.

The next chapter investigates the nature o f the interference seen in the Musical
Stroop task. The findings from experiment 3, that a musical Stroop effect is also seen when
the spatial characteristics o f the musical stimulus-response mappings are retained in the
absence of any musical elements, suggests that musical notation is represented as a set of
spatial stimulus-response mappings. Chapter 3 tests this hypothesis, using a non-musical
analogue of the musical Stroop task.
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CHAPTER 3: HOW IS MUSICAL NOTATION REPRESENTED?

A series of 4 experiments was used to test the hypothesis that pianists, by virtue of their experience of
translating from musical ymhols to a particular musical response on the keyboard, develop a system of
vertical to horis^ontal stimulus-response mappings which exist even outside of a musical context.
Experiment 1: Vertical to Eiori^ntal Mapping Outside a Musical Context, used a simple vertical to
horif^ontal mapping task. Two comparisons were made; one between expert pianists and non-musicians
and another in a group of novice pianists, before and after training. Weak evidence of vertical to hori'spntal
stimulus-response mappings wasfound, both in expertpianists and in novicepianists after musical training.
Experiment 2: A Vertical to Horif(ontal Inteference Task, was designed as a more sensitive measure of
spatial stimulus-response mappings. Pianists were shown to possess a vertical to hori^ntal mapping which
was equal in strength to their "default” horizontal to horizontal mapping. Non-musicians, in contrast,
were shown to possess a stronger horizontal to horizontal mapping co?upared to their vertical to horizontal
mapping. Experiment 3: Acquisition of a Vertical to Horizontal Mapping^ measured vertical to
horizontal mapping in a group of novice pianists, before and after they were taught to read andplay music.
Some evidencefor the development of a vertical to horizontal mapping with musical training wasfound. In
Experiment 4: Development of the Vertical to Horizontal Interference Task, the task used in experiments
2 and 3 was modified to address several potential experimental confounds. A replication of the task x
congruence x group interaction seen in experiment 2 confirmed that the vertical to horizontal stimulusresponse mappings in pianists could not be attributed to any putative artefact of the experimental design.
Together, the experiments suggest that the representation of musical notation for pianists is characterized by
specific vertical to horizontal stimulus-reponse mappings.

3.1

INTRODUCTION

The previous chapter demonstrated that the processing o f melodic information in
musical notation is automatic and obligatory in musically literate pianists. The experiments
described in the present chapter were designed to investigate the form in which musical
notation is represented.

While text reading may not always require an overt response in the form o f word
pronunciation, music reading almost always involves a m otor response. In the traditional,
orthochronic system o f musical notation, the vertical position o f the musical note on the
stave m ust be mapped onto the appropriate musical response. For keyboard instruments
such as the piano, the response system is the horizontal arrangement o f keys, struck by the
fingers o f the left and right hand. However, this is only one possible system o f musical
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notation. Music educators and psychologists have examined the many ways in which the
traditional way o f notating music could be altered to make reading music easier, especially
for the novice pianist.

Proposals for the modification o f notation for the keyboard appeal to the concept
o f stimulus-response compatibility, the idea that tasks can be made easier or more difficult
by varying the way that particular sets o f stimuli and responses are combined (Brainard,
Irby, Fitts & AUuisi, 1962; Fitts, 1959; Greenwald, 1979; Loveless, 1963) and cite empirical
findings which demonstrate that a parallel alignment o f stimulus-response elements is more
optimal for performance, compared to a perpendicular arrangement such as the one used
in conventional keyboard notation (AUuisi, 1979; Brebner, Shepard & Caimey, 1972; Fitts
& Seeger, 1953; Hottman, 1981).

One experimental notation, Klavarscribo, designed

specificaUy for the keyboard (Karkoschka, 1972), presents musical pitch along the
horizontal, rather than the vertical plane, optimising the spatial correspondence between
musical notation and its required keyboard response. However, this notational system has
not gained widespread acceptance and one reason for this may be that the coding o f pitch
in the horizontal plane is incompatible with the mental representation o f pitch from low to
high. Even musicaUy naïve participants have been shown to preferentiaUy associate lowpitched tones with positions which are lower in vertical space, and high-pitched tones with
positions which are higher in vertical space (Melara & O'Brien, 1987; Melara, 1989; Mudd,
1963; Simon, Mewaldt, Acosta & Jing, 1976).

Biel and CarsweU (Biel & CarsweU, 1993) tested the idea that there is a trade-off
between these two mappings (visual note to keypress; visual note to a representation of
pitch height) in musical notation. In conventional musical notation, there is a vertical to
horizontal stimulus-response arrangement from the notes on the stave to the keys on the
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keyboard and a vertical to vertical stimulus-response arrangement between the notes on the
stave and the associated representation of their pitch height. With Klavarscribo, there is a
horizontal to horizontal stimulus-response arrangement from the notes on the stave to the
keys on the keyboard and a horizontal to vertical stimulus-response arrangement between
the notes on the stave and their associated pitch height. Thus, for traditional notation,
there is a greater overlap between the notation and the associated representation o f its
pitch height while, for Klavarscribo, there is a greater overlap between the notation and its
associated m otor response.

Biel and Carswell (1993) tested the hypothesis that the

advantage, in stimulus-response compatibility terms, o f a horizontal to horizontal note to
key relationship is attenuated by the incompatibility o f a horizontal to vertical note to pitch
mapping. They measured the errors and response times associated with a set o f stimulusresponse mappings which were either vertical to horizontal (as in the traditional notational
system) or horizontal to horizontal (as in the Klavarscribo system) in the presence and
absence o f pitch-varying feedback. The stimulus-response mappings could be congruent
or incongruent and the difference in response time between congruent and incongruent
trials o f the same mapping provided a measure o f the mapping strength (a large
congruent/incongruent difference was associated with increased mapping strength). The
stimulus-response mapping tasks were either associated with musical (pitch-varying)
feedback, or with non-musical feedback (white noise).

The horizontal to horizontal

stimulus-response mapping was predicted to be stronger than the vertical to horizontal
stimulus-response mapping but this difference in strength was predicted to be attenuated in
the presence o f musical feedback, since the vertical to vertical stimulus-response mapping
between the stimulus position and the associated representation o f its pitch height would
conflict with the horizontal to horizontal note to keypress mapping.
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An interaction o f congruence (congruent/incongruent) ; mapping (horizontal to
horizontal/ vertical to horizontal) and feedback (musical/non-musical) was not, however,
found in Biel and Carswell’s experiment. Although there was a main effect o f mapping
(horizontal to horizontal was faster than vertical to horizontal) and an interaction between
mapping and congruence (congruence affected the horizontal to horizontal mapping more
than it affected the vertical to horizontal mapping), the presence o f pitch-varying feedback
did not result in an attenuation o f the horizontal to horizontal advantage. The authors
suggest that the failure o f musical feedback to affect the interaction may have been due to
the fact that only non-musicians were used in the experiment.

In a second experiment, pianists were included, as well as non-musicians.
However, a different experimental design was used. The prediction was that pianists would
show a smaller difference in response time between the two mappings (horizontal to
horizontal; vertical to horizontal), compared to non-musicians. For pianists, the advantage,
in stimulus-response compatibility terms, o f a horizontal to horizontal mapping would be
attenuated by a conflicting vertical to vertical mapping between stimulus position and
representation o f pitch height.

For non-musicians, an association between a vertical

stimulus position and a representation of pitch height, would be weaker, and would have
less of an attenuation on the strength of the horizontal to horizontal mapping.

The predicted pattern of results was observed.

Non-musicians showed a larger

difference between the two mappings than did pianists. However although the authors
argue that the difference between the two groups reflects a larger attenuation o f the
horizontal to horizontal mapping in pianists, because o f a stronger association between
vertical stimulus position and representation o f pitch height, the data do not rule out
alternative explanations. First, there were baseline differences in response time between
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pianists and non-musicians, since pianists are faster, as would be expected. This presents
the possibility that basic motoric differences between the two groups can account for the
response time difference between the two mappings. To address this problem, it would be
necessary to include another trial-type (e.g. baseline or incongruent) so that relative
mapping strength could be disambiguated from basic response time differences.

In

addition, although the authors attribute the apparent attenuation of the horizontal to
horizontal mapping in pianists as resulting from their increased use of pitch-varying
feedback, there was no condition in which each mapping was also performed without
musical feedback. Their interpretations, therefore, cannot be fuUy justified before these
considerations are addressed.

Nevertheless, in considering the nature o f stimulus-response compatibility in
musical notation, the study introduces several ideas which are further explored in this
chapter. This chapter is not concerned with investigating the relative trade-off between the
various stimulus-response mappings involved in music reading and performance, rather it
is concerned to test the hypothesis that reading music, for pianists, involves making a set of
vertical (stimulus) to horizontal (response) mappings. The present experiments, like those
o f Biel and Carswell, compare performance o f pianists and non-musicians on tasks which
are not musical but which, nevertheless, involve similar vertical to horizontal stimulusresponse mappings to those used in music reading.

3.1.1

EXPERIMENT 1: VERTICAL TO HORIZONTAL MAPPING OUTSIDE
A MUSICAL CONTEXT

Reading music for keyboard performance involves the translation o f a set of
stimuli, which vary in their vertical position, onto a horizontal response system (the
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keyboard). If pianists were found to be facilitated on a non-musical vertical to horizontal
stimulus-response task, this would be evidence that they possess vertical to horizontal
stimulus-response mappings, consistent with the hypothesis that reading music for
keyboard performance involves such mappings.

Pianists and non-musicians were compared on their performance o f a vertical to
horizontal mapping task, relative to a horizontal to horizontal control task. The hypothesis
was that the pianists (relative to the non-musicians) would show stronger vertical to
horizontal stimulus-response mapping. This would be manifest as a smaller difference in
response times between the two tasks (vertical to horizontal and horizontal to horizontal).

Performance o f the same task was also measured in a group o f participants, before
and after they were taught to read music and play keyboard. The hypothesis was that, post
training, compared with pre-training, participants would show stronger vertical to
horizontal stimulus-response mappings.

3.1.1.1

Method

3.1.1.1.1

P articipants

Three participant groups were used; 14

conservatoire level pianists (8 female,

average age 30), 6 non-musicians (1 female, average age 25) and 13 learners (9 female,
average age 32). All participants were right-handed. O n average, participants in the pianist
group had been playing piano for 20 years. These participants also took part in experiment
1 o f Chapter 2 which was run in the same experimental session, with the order o f the two
experiments counterbalanced. Several participants from the present experiment also took
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part in experiment 2 and experiment 5 o f Chapter 2. These experiments were run in a
separate experimental session.

3.1.1.1.2

M usical Training

See section 2.1.2.1.2.

3.1.1.1.3

Stim uli

Stimuli in this and aU subsequent experiments in this chapter were drawn in Adobe
Photoshop 5.0.

3.1.1.1.3.1

Vertical to Yioric^ntal

Each stimulus comprised a vertically oriented rectangle, measuring 4.3 (width) x
15.0 (height) ° V.A. and divided into 5 boxes from top to bottom , each measuring 4.3 x 3.0
° V.A. One o f the boxes contained an asterisk measuring 1.0 x 1.0 ° V.A.

3.1.1.1.3.2

Horiî^ntal to H ori^ntal (Control)

Stimuli comprised a horizontally oriented rectangle, divided into 5 boxes from left
to right.

Dimensions were the same as above. Again, one o f the boxes contained an

asterisk.
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a)

Tim
e
Tim
e

b)

Figure 3-1. Vertical to Horizontal Mapping Outside a Musical Context - Stimuli.
Example o f a motorically matched pair o f trials from the vertical to horizontal task (a) and the horizontal
to horizontal task (b). Each trial consisted o f 5 stimuli which specified a sequence o f 5 different
keypresses. Stimuli appeared consecutively, triggered by a keypress response to the previous stimulus.
Each task comprised 24 such trials.
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3,1.1.1.4

T ask Procedure

Participants sat approximately 57cm from the display m onitor on which the stimuli
appeared. The fingers o f their right hand rested over 5 adjacent keys, G to D, on a M IDI
keyboard which was disconnected from the amplifier so that no auditory signal was
produced. Each trial comprised 5 stimulus presentations and each task comprised 24 trials.

Participants were required to make a speeded m otor response corresponding to the
position of the asterisk inside the box. A possible sequence o f stimulus presentations
occurring in a single trial of each task is shown in Figure 3-la (horizontal to horizontal) and
Figure 3-lb (vertical to horizontal). N ote that only one stimulus was ever present on the
screen at any one time. As soon as a response had been made to a stimulus, that stimulus
would disappear and another would be presented. Thus the stimulus presentation rate was
determined by the participant’s speed of responding. After 5 stimuli had appeared, there
was a pause of 500ms before the onset of the next trial.

For the horizontal to horizontal (control) task, the position o f the asterisk in
horizontal space mapped onto a parallel m otor response: if the asterisk was present in the
left-most box, the participant would press the key beneath their thumb; if the asterisk was
present in the right-most box, the participant would press the key beneath their little finger,
and so on. For the vertical to horizontal task, the participant was required to perform a
vertical to horizontal translation: if the asterisk appeared in the bottom location, it would
require a response with the left-most digit (the thumb); if it appeared in the location second
from bottom, it would require a response with the second to left-most digit (the index
finger) and so on.

Thus stimulus locations from bottom to top were mapped onto
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response locations from left to right. Note that this stimulus-response relationship mirrors
that used by pianists when reading music whereby notes ascending from the bottom to the
top o f the musical stave correspond to keypresses which proceed progressively from left to
right.

The responses for each trial were identical across the two tasks i.e. trial 1 o f both
the vertical to horizontal and the horizontal to horizontal task required the same m otor
sequence, thus the only difference between these matched trials was whether the mapping
was straightforward (the former case) or required a vertical to horizontal translation (the
latter

case).

Task

order

(vertical

to

horizontal;

horizontal

to

horizontal)

was

counterbalanced.

3.1.1.1.5

Sta tistical A nalysis

Trials in which one or more incorrect keypress were made were counted as errors.
Response times for the correctly performed trials were calculated from the onset o f the
stimulus to the onset o f the fifth keypress. Since trials were motorically matched across the
two tasks, their response times could be compared using a paired sample t-test. If the
response time for a trial had been discarded in, say, the vertical to horizontal task, due to
inaccuracy, its m otor match in the horizontal to horizontal task was also discarded. In this
way, the remaining response times for each task pertained to the same m otor sequences
and any differences in response time between the two tasks were strictly related to the type
o f mapping used.
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3.1.1.2

Predictions

3.1.1.2.1

P ianists vs N on-m usicians

Pianists were predicted to be faster, overall, compared to non-musicians, due to
general increased manual dexterity and possibly increased visuom otor skill.

Although

response times for the vertical to horizontal task were predicted to be slower than the
horizontal to horizontal task for both groups (because of the additional spatial translation
required), pianists were predicted to have response times which were more similar across
the two tasks compared to non-musicians because o f a hypothesized stronger vertical to
horizontal mapping. Thus a main effect o f group (pianists faster), a main effect o f task
(horizontal to horizontal faster) and a task x group interaction (pianists more similar across
the two tasks) were predicted.

3.1.1.2.2

Learners, Pre- versus P o st training

Response times were predicted to be slower for the vertical to horizontal task than
for the horizontal to horizontal task, both pre- and post-training. Response times were
also predicted to decrease, overall, with training. The difference in response times between
the vertical to horizontal and the horizontal to horizontal tasks was expected to decrease
with musical training, due to the strengthening o f the vertical to horizontal mapping. Thus
main effects o f task (horizontal to horizontal faster) and training (post-training faster) and a
task X training interaction (participants more similar across the two tasks post-training)
were predicted.
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3.1.1.3

Results

3.1.1.3.1

P ianists vs N on-m usicians

Errors
The number o f errors made on each task can be seen for both groups (pianists,
non-musicians) in Figure 3-2.

Two Wücoxon tests (one for each group) revealed a

significant difference in the relative number of errors made for each task for non-musicians
alone [z = -2.29; p = 0.02].

H z/H z

V t/H z

Pianists

H z/H z

V t/H z

Non-musicians

Figure 3-2. Vertical to Horizontal Mapping Outside a Musical Context - Errors.
Number o f errors made for horizontal to horizontal (Hz/Hz) and vertical to horizontal (Vt/Hz) tasks.

3.1.1.3.1.2

Response Time

The response times for each task can be seen for both groups (pianists, non
musicians) in Figure 3-3. A main effect o f group [F(l, 31) = 46.36; p < 0.001], was in Une
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with the prediction that pianists would be faster overall. Similarly, a main effect o f task
(vertical to horizontal versus horizontal to horizontal) was also found [F(l, 31) = 15.05; p
= 0.001] with the horizontal to horizontal task faster . The predicted interaction between
group and task, however, was not significant. Planned paired samples t-tests were
performed on the basis o f the error data, which conformed to the prediction that pianists
would perform more similarly across the two tasks compared to non-musicians. These ttests revealed a significant effect o f task for the non-musicians alone [t = -3.58; d f = 18; p
< 0.001 (two-tailed)] with significantly longer response times for the vertical to horizontal
task.
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Figure 3-3. Vertical to Horizontal Mapping Outside a Musical Context - Response Times.
Response Times for horizontal for horizontal to horizontal (H z/H z) and vertical to horizontal (Vt/Hz)
tasks.
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3.1.1.3.2

Learners, Pre- versus P ost training

Errors
The number o f errors made on each task can be seen in Figure 3-4. Wilcoxon tests
revealed no significant difference in the number o f errors made between the two tasks,
either pre-training or post-training. The difference in the pattern o f errors as a result o f
training cannot be formally tested with non-parametric tests. However, a trend can be
discerned in the data, whereby the difference in the number o f errors (more for the vertical
to horizontal task compared to the horizontal to horizontal task) appears to decrease with
training.

H z /H z

V t/H z

Pre-train

H z/H z

V t/H z

Post-train

Figure 3-4. Vertical to Horizontal Mapping Outside a Musical Context - Errors.
Number o f errors made for horizontal to horizontal to horizontal (Hz/Hz) and vertical to horizontal
(Vt/Hz) tasks, before and after musical training.

Response Time
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The response times for each task can be seen in Figure 3-5. A within-subjects
repeated measures ANOVA revealed a main effect o f task (vertical to horizontal versus
horizontal to horizontal) [F(l, 9) = 11.01; p = 0.01] with the horizontal to horizontal task
faster, a main effect o f training (pre-training versus post-training) [F(l, 9) = 13.08; p =
0.01], with post-training faster, but no task x training interaction. However, as for the error
data, there is a trend whereby the task difference is noticeably smaller after training.
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Figure 3-5. Vertical to Horizontal Mapping Outside a Musical Context - Response Times.
Response Times for horizontal to horizontal (Hz/Hz) and vertical to horizontal (Vt/Hz) tasks, before (pretrain) and after (post-train) musical training.

3.1.1.4

Conclusion

3.1.1.4.1

P ianists vs N on-m usicians

As predicted, pianists were faster overall, compared to non-musicians.

Also as

predicted, performance of the vertical to horizontal task was slower, overall, relative to
performance of the horizontal to horizontal task.

The prediction o f a task x group

interaction, arising because of a greater similarity in pianists’ response times across the two
tasks compared to non-musicians, was not supported. However, pianists made a similar
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number o f errors across the two tasks, while non-musicians made significantly more errors
on the vertical to horizontal task compared to the horizontal to horizontal task. This result
is paralleled by the finding that only non-musicians showed a difference in response times
between the two tasks, taking longer to perform the vertical to horizontal mapping.

The

fact that pianists did not show a difference in speed or accuracy when a translational
requirement was imposed (vertical to horizontal task), hints at the development o f a
specialized vertical to horizontal mapping.

However the absence of task x group

interaction prevents firmer conclusions from being drawn.

3A.1.4.2

Learners, Pre- versus P ost training

As predicted, there were main effects o f training (participants were faster after
musical training) and task (participants were slower to perform the vertical to horizontal
task compared with the horizontal to horizontal task) but a task x training interaction,
which was predicted to arise because o f a reduction in the response time difference
between the two tasks after musical training, was not supported although there was a trend
that suggested facilitation o f a vertical to horizontal stimulus-response mapping after three
months o f musical training. The fact that even expert pianists showed only a tendency
towards such facilitation makes it unsurprising that the novices did not show a strong
result.

The most interesting finding from the pre- / post-training comparison was the

main effect of training, resulting in an overall reduction o f response times after training.
This response facilitation may result from an increase in manual dexterity; alternatively,
musical training may have improved general stimulus-response mapping.
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3.1.2

EXPERIMENT 2: A VERTICAL TO HORIZONTAL INTERFERENCE
TASK

Experiment 1 aimed to demonstrate that pianists, by virtue o f their experience in
reading and playing keyboard music, develop vertical to horizontal stimulus-response
mappings which may be seen outside the musical context. Experiment 1 failed to support
this prediction. A possible reason for this may have been a lack o f sensitivity of the task to
the predicted differences. An attempt to increase sensitivity was made in experiment 2, by
using an interference task instead of a straightforward mapping task.

The following consideration of stimulus-response compatibility motivated the
choice o f paradigm.

The more compatible a stimulus-response pairing, based on the

degree o f stimulus-response overlap on some physical or representational dimension, the
greater the response time difference wiU be when this stimulus-reponse pairing is violated
(Kornblum, Hasbroucq & Osman, 1990).

For instance, it is easy to map a stimulus

appearing on the right onto a right-ward response (eg the right hand) and likewise a
stimulus appearing on the left to a le ft-ward response, however, there is a reaction time
cost associated with mapping a stimulus appearing on the right to a left-ward response and
vice versa. In contrast, stimuli that appear at different vertical locations (e.g. high/low) do
not naturally map on to a particular response in the horizontal meridian. For instance,
there does not appear to be a natural correspondence between high and right, low and left,
or vice versa. However, the high-right, low-left mapping is precisely that used by pianists
when reading music, since musical notes vary in their vertical location on the stave and
systematically map onto a horizontal response system (the keyboard) in this way.

In the present experiment, two interference tasks were used: a vertical to horizontal
task, designed to tap into the pianists' hypothesized vertical to horizontal mappings and a
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horizontal to horizontal task, as a control. In both cases, num ber to finger mapping was
the primary task.
locations.

Numbers could be presented in spatially congruent or incongruent

These tasks were therefore analogous to the musical Stroop experiments

described in Chapter 2. However, while those experiments used num ber/note pairings and
required the participant to ignore the note on which the num ber was superimposed, the
present experiments used num ber/location pairings and required the participant to ignore
the location at which the number appeared. For the horizontal to horizontal control task,
incongruent trials involved a violation o f stimulus-response compatibility which was
predicted to incur a response time cost in all participants, regardless o f their musical status.
Thus both pianists and non-musicians were predicted to be slower on incongruent
compared with congruent trials on this task.

For the vertical to horizontal task,

incongruent trials involved a violation o f a vertical (stimulus) to horizontal (response)
mapping that parallels the mapping between stimulus and response elements in music
reading for keyboard performance. Only pianists were predicted to be sensitive to this
violation. For the vertical to horizontal task, therefore, only pianists were predicted to
show a cost in response time for incongruent compared with congruent trials.

3.1.2.1

Method

3.1.2.1.1

Participants

Participants were 11 pianists (7 female, average age 24) and 22 non-musicians (11
female, average age 30). Included in the non-musician group were the learners at the pre
training stage. All participants were right-handed.

Fourteen o f the non-musicians also

took part in experiment 1 of this chapter. All but two o f these participants also took part
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in experiments 1 and 2 o f Chapter 2.

These four experiments were run in the same

experimental session and their order was counterbalanced.

3,1.2.1.2

Stim uli

3.1.2.1,2.1

Vertical to Horic^ntal

Stimuli comprised a vertically oriented rectangle, measuring 4.3 (width) x 15.0
(height) ° V.A. The rectangle was divided into 5 boxes from top to bottom , each box
measuring 4.3 x 3.0 ° V.A. At the centre o f one of the five boxes was a number, between 1
and 5, which measured approximately 0.8 ° x 0.6 ° V.A and was written in Arial bold type.
At the centre o f the other boxes was an asterisk, measuring approximately 1.0 x 1.0 ° V.A..
Each trial consisted o f the consecutive presentation o f five stimuli which, together,
specified a sequence of five different keypresses. Two types o f trial were given: congruent
and incongruent.

For congruent trials, the stimuli exhibited a spatial correspondence

between the number and its spatial location (Figure 3-6a): numbers specifying responses
made at successively more right-ward locations were presented at successively higher
vertical locations, in the same way that notes which are played further to the right on a
piano keyboard are specified by notes at higher vertical positions on the musical stave. For
incongruent trials, the stimuli exhibited no spatial correspondence between the number and
its spatial location (Figure 3-6b): the vertical to horizontal mapping seen in the congruent
trials (and hypothesized to be used in reading keyboard music) is therefore violated. Note
that only one stimulus was ever present on the screen at any one time; a response to one
stimulus triggered the appearance o f another until aU five stimuli had been presented. Pairs
o f congruent and incongruent trials, though pseudo-randomly presented, were matched on
their specified m otor sequence.
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3.1.2.1.2.2

Hori^ntal to Hori^ntal (control)

Stimuli comprised a horizontally oriented rectangle, measuring 15 (width) x 4.3
(height) ° V.A.

The rectangle was divided into 5 boxes from left to right, each box

measuring 3 x 4.3 ° V.A. As with the stimuli in the vertical to horizontal task, at the centre
o f one o f the five boxes was a number, between 1 and 5. At the centre o f the other boxes
was an asterisk (all stimulus dimensions were identical to those described for the vertical to
horizontal task).

As for the vertical to horizontal task, each trial consisted o f the

consecutive presentation of five stimuli which, together, specified a sequence o f five
different keypresses.

Two types of trial were given; congruent and incongruent.

For

congruent trials, the stimuli exhibited a spatial correspondence between the number and its
spatial location (Figure 3-6c): numbers specifying successively more right-ward responses
were presented at successively more right-ward locations.

For incongruent trials, the

stimuli exhibited no spatial correspondence between the number and its spatial location
(Figure 3-6d): spatial stimulus-response compatibility was violated.

Again, only one

stimulus was ever present on the screen at any one time and a response to one stimulus
triggered the appearance o f another until all five stimuli have been presented. Pairs o f
congruent and incongruent trials, though pseudo-randomly presented, were matched on
their specified m otor sequence.
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Figure 3-6. A Vertical to Horizontal Interference Task - Stimuli.
Example o f a pair o f motorically matched trials: congruent (a), incongruent (b) from the vertical to
horizontal task and the horizontal to horizontal task (c) and (d). Each trial consisted o f 5 stimuli which
specified a sequence o f 5 different keypresses. The task was to make a keypress based on the number
presented, ignoring the spatial location at which the number appeared. Stimuli appeared consecutively,
triggered by a keypress response to the previous stimulus. Each task comprised 24 such trials.

3.1.2.1.3

T ask Procedure

Participants placed their right hand over 5 adjacent keys o f a silent M ID I keyboard.
Participants were told that a num ber would appear in one o f five locations and were
instructed to map the number presented onto the appropriate finger and make the required
keypress as quickly as possible. Stimuli appeared, one by one, at a rate determined by the
participant's speed o f response: as soon as a response was made to one stimulus, the
stimulus would disappear from the screen and the next stimulus would appear. After five
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responses had been made, using each finger once, there was a pause o f 500ms before the
first stimulus o f the next trial appeared. It was stressed that participants should maintain
their hand position above the designated keys throughout the experiment, ignoring any
information provided by the spatial location at which the num ber appeared. Both the
vertical to horizontal and horizontal to horizontal versions were run, counterbalanced in
order.

3,1.2.1.4

Sta tistica l A nalysis

Data from trials in which one or more incorrect keypress had been made were
counted as errors.

Response times for the remaining accurately performed trials were

calculated from the onset o f the stimulus to the onset of the fifth keypress. Response
times for motorically matched pairs of trials (one congruent, one incongruent) were
collated. If the response time for, say, a congruent trial, was discarded due to inaccuracy,
the response time for its motorically matched pair was also discarded, so that the response
times for the remaining congruent and incongruent trials pertained to the same m otor
sequences and any differences could be strictly related to congruence. This procedure was
carried out for both the vertical to horizontal and the horizontal to horizontal tasks.

3.1.2.2

Predictions

Pianists were predicted to be faster overall compared to non-musicians. An overall
effect o f congruence, regardless o f task, was also predicted.

While both groups were

predicted to show an effect o f congruence for both tasks (since congruent trials o f both
types are more spatially systematic than incongruent trials), the effect o f congruence on
response times was predicted to be more similar across the two tasks for pianists than for
non-musicians. Non-musicians were predicted to show a greater effect o f congruence for
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the horizontal to horizontal task compared to the vertical to horizontal task. Thus main
effects o f group (pianists faster) and congruence (congruent trials faster) and an interaction
o f task X congruence x group (congruence x task interaction greater for non-musicians)
were predicted.

3.1.2.3

Results

3.1.2.3.1

Errors

The number o f errors made on the vertical to horizontal and the horizontal to
horizontal interference task can be seen for both groups (pianists, non-musicians) in Figure
3-7.

Wilcoxon tests revealed a significant effect o f congruence (greater accuracy on

congruent trials) for both groups on both tasks: Pianists, Vertical to Horizontal: [Z = 2.51; p = 0.01], Pianists, Horizontal to Horizontal [Z = -2.32; p = 0.02]; Nonmusicians,
Vertical to Horizontal [Z = -2.63; p = 0.01], Horizontal to Horizontal: [Z = -3.14; p <
0.001].
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Figure 3-7. A Vertical to Horizontal Interference Task - Errors.
Number o f errors made on congruent and incongruent trials, for horizontal to horizontal to horizontal
(Hz/Hz) and vertical to horizontal tasks (Vt/Hz).
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3.1.2.3.2

R esponse T im e

The response times for each task can be seen for each group (pianists, non
musicians) in Figure 3-8. A mixed-design repeated measures ANOVA on the logged mean
response times with task (2 levels; vertical to horizontal; horizontal to horizontal) and
congruence (2 levels: congruent; incongruent) as the within-subjects factors and group as
the between-subjects factor, revealed, as predicted, a significant interaction o f task x
congruence x group [F(l,31) = 11.86; p = 0.002]. Also as predicted, the response times o f
pianists were faster than those o f non-musicians [F(l,31) = 64.48; p < 0.001] and
congruent trials were, overall, performed faster than incongruent trials |F(1,31) = 110.78; p
< 0.001]. Two within-subjects repeated measures ANOVAs (one for each group) with 2
factors: task (2 levels: vertical to horizontal; horizontal to horizontal) and congruence (2
levels: congruent; incongruent) were performed on the raw mean response times. These
revealed an interaction of task x congruence for non-musicians alone [F(l,21) = 17.89; p <
0.001] which resulted from a larger effect o f congruence for the horizontal to horizontal
task compared to the vertical to horizontal task.
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Figure 3-8. A Vertical to Horizontal Interference Task - Response Times.
Response Times on congruent and incongruent trials, for horizontal to horizontal (Hz/Hz) and vertical to
horizontal (Vt/Hz) tasks.
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3.1.2.4

Conclusion
As predicted, the relationship between congruence and task differed between

pianists and non-musicians. The effect o f congruence was similar across the two tasks for
pianists, while non-musicians showed a larger effect o f congruence for the horizontal to
horizontal task compared to the vertical to horizontal task (Figure 3-8).

While non-musicians and pianists possess a direct mapping that allows them to
translate a set of horizontal stimuli into a set o f horizontal responses, pianists additionally
possess a direct mapping that allows them to translate a set of vertical stimuli into a set of
horizontal responses. This additional spatial stimulus-response mapping is argued to result
from pianists’ experience of reading and playing music, since musical notes map onto a
keyboard response in an analogous manner.

Note that pianists exhibit only an equal, rather than a greater, effect o f congruence
on the vertical to horizontal task, compared to the horizontal to horizontal task. At first
sight, the suggestion that the vertical to horizontal mapping is only equal, rather than
greater in strength compared to the horizontal to horizontal may seem surprising, given the
pianists' experience o f using this mapping. However, the spatial correspondence o f the
stimulus and response elements in the horizontal to horizontal task exhibits the maximum
possible degree o f spatial compatibility. The striking finding, therefore, is that pianists
possess two stimulus-response mappings, one vertical to horizontal, the other, horizontal
to horizontal, which appear to be equal in strength despite the fact that these mappings
differ in the degree o f spatial transformation they require.
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3.1.3

EXPERIMENT

3:

DEVELOPMENT

OF

A

VERTICAL

TO

HORIZONTAL MAPPING TASK

Experiment 2 supported the hypothesis that conservatoire-level pianists possess
vertical to horizontal stimulus-response mappings, which can be demonstrated outside the
musical context. Experiment 3 used a within-subjects longitudinal design to investigate
whether changes in vertical to horizontal mapping would be seen following a period of
three m onths o f musical training in reading music and playing keyboard.

3.1.3.1

Method

3.1.3.1.1

P articipants

Eleven learners (5 female, average age 34) took part. All were right-handed. Nine
of the participants had also taken part in experiment 1 o f this chapter and all had taken part
in experiments 1 and 2 o f Chapter 2. The task, pre-training, was adminstered during the
same experimental session as experiment 1 o f this chapter and experiments 2 and 3 o f the
previous chapter. The order o f these experiments was therefore counterbalanced.

3.1.3.1.2

M usical Training

See section 2.1.2.1.2.

3.1.3.1.3

Stim uli, T ask Procedure and S tatistical A nalysis

These were identical to those described in experiment 2 (section 3.1.2.1.2
3.1.2.1.4).
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3.1.3.2

Predictions

After training, participants were predicted to be faster overall due to increased
manual dexterity or improved visuomotor. An overall effect o f congruence, regardless o f
task, was also predicted, along with a congruence x task interaction, due to a greater effect
o f congruence for the horizontal to horizontal task compared with the vertical to
horizontal task.

This congruence x task interaction was predicted to be smaller after

training, resulting from an increase in the effect o f congruence on the vertical to horizontal
task. Thus main effects o f training (faster post-training) and congruence (congruent trials
faster) and a training x task x congruence interaction (smaller task x congruence interaction
post-training) were predicted.

3.1.3.3

3.1.3.3.1

Results

Errors

The number o f errors made on the vertical to horizontal and the horizontal to
horizontal interference task can be seen, pre-training and post-training, in Figure 3-9.
Wilcoxon tests revealed a significant effect o f congruence for each task at both stages: Pre
training, Horizontal to Horizontal [Z =

-2.93; p = 0.003], Pre-training. Vertical to

Horizontal [Z = -2.84; p = 0.004]; Post-training, Horizontal to Horizontal [Z = -2.93; p =
0.003], Vertical to Horizontal: [Z = -2.93; p = 0.003].
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Figure 3-9. Development of a Vertical to Horizontal Mapping - Errors.
Number o f errors made on congruent and incongruent trials, for horizontal to horizontal (Hz/Hz) and
vertical to horizontal (Vt/Hz) tasks, before (pre-train) and after (post-train) musical training.

3.1.3.3.2

R esponse Tim e

The response times for each task can be seen, pre-training and post-training, in
Figure 3-10.

A mixed-design repeated measures ANOVA was carried out on the raw

response times with task (2 levels: horizontal to horizontal; vertical to horizontal),
congruence (2 levels: congruent, incongruent) and training (pre-training, post-training) as
within-subjects factors. Main effects of training [F(l, 10) = 18.88; p < 0.001], with faster
performance, post-training, and congruence [F(l, 10) = 84.3; p < 0.001], with congruent
trials performed faster, were found. Task and congruence interacted [F(l, 10) = 20.09; p <
0.001] such that the effect o f congruence was greater for the horizontal to horizontal task
compared with the vertical to horizontal task but a training x task x congruence interaction
was not found. However, the trend in the predicted direction (an effect o f congruence
which is more similar across the two tasks after training) led to the use of within-subjects
repeated measures ANOVAs, first for each task (vertical to horizontal; horizontal to
horizontal) with stage (2 levels: pre-training, post-training) and congruence (2 levels:
congruent, incongruent) as factors, then for each stage (pre-training; post-training) with
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task (2 levels: vertical to horizontal; horizontal to horizontal) and congruence (2 levels:
congruent, incongruent) as factors. For the horizontal to horizontal task, main effects o f
training (faster post-taining) [F(l, 10) = 20.52; p < 0.001] and congruence (congruent trials
faster) [F (1, 10) = 89.26; p < 0.001] were found but training and congruence did not
interact. For the vertical to horizontal task, main effects o f training and congruence were
also found: training [F(l, 10) = 6.45; p = 0.03]; congruence [F(l, 10) = 49.58; p < 0.001]
and these two factors did interact: [F (1, 10) = 6.079; p = 0.03] such that there was a
greater effect o f congruence, post-training. For the pre-training stage, there was a main
effect of congruence [F(l, 10) = 43.58; p < 0.001], with congruent trials faster and an
interaction of task x congruence [F(l, 10) = 15.37; p = 0.003] whereby congruence affected
the horizontal to horizontal task more than the vertical to horizontal task. For the post
training stage, there was only a main effect o f congruence [F(l, 10) = 81.16; p < 0.001] and
no interaction of task x congruence.
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Figure 3-10. Development of a Vertical to Horizontal Mapping - Response Times.
Response Times on eongruent and incongruent trials, for horizontal to horizontal (Hz/Hz) and vertical to
horizontal (Vt/Hz) tasks, before (pre-train) and after (post-train) musical training.
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3.1.3.4

Conclusion

As predicted, training led to an overall reduction in response speed, possibly due to
an increase in manual dexterity resulting from motoric practice effects or due to
improvement in stimulus-response mapping. This overall increase in response speed with
musical training was also observed in the vertical to horizontal mapping task of experiment
1, reported in this chapter. A three way interaction between task, congruence and training
failed to reach significance, but subsequent ANOVAs revealed the predicted pattern o f
results. First, an interaction between training and congruence was observed for the vertical
to horizontal task alone; that is, musical training selectively changed the effect o f
congruence for the vertical to horizontal task. Second, an interaction between task and
congruence was observed for the pre-training stage alone; that is, the effect o f congruence
differed between the two tasks before, but not after, musical training. Together, these
results suggest that three months o f musical training increases the strength o f the vertical
to horizontal mapping such that after training these two mappings are already of equivalent
strength. However, the absence o f a significant training x task x congruence interaction
means that such a conclusion must remain tentative.

3.1.3.5

Methodological Criticisms and Modifications to Experimental
Design

The interference effect seen in the vertical to horizontal Stroop task in pianists and
in learners, post-training, supports the hypothesis that learning to read music and play
keyboard, results in, or requires the acquisition of spatial (vertical to horizontal) stimulusresponse mappings. However, it is necessary to consider other explanations which may
instead attribute the effect to an artefact in the experimental design.

Two potential

methodological criticisms are outlined below, as a basis for the design o f experiment 4, in
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which each of these criticisms is addressed. In addition, implementation o f a specific
modification to the experimental design is suggested to provide a fuller characterisation of
the interference effect.

3.1.3.5.1

3.1.3.5.1.1

C riticism s

Spatial sytematidty may accountfor the interference effect

The interference tasks o f experiments 2 and 3 used two trial-types: congruent and
incongruent. Congruent stimuli utilized a spatial stimulus-response mapping that mirrored
the stimulus-response mappings used in reading music for keyboard performance;
incongruent stimuli did not. However, this meant that the stimulus-response mappings
used in congruent trials were also spatially systematic, while incongruent stimuli were not.
For congruent trials there was a spatial relationship between a num ber’s identity and the
location at which it appeared e.g. "1", "2", "3", "4", "5" would appear at successively higher
locations (in the case o f the vertical to horizontal task) or at progressively more right-ward
locations (in the case o f the horizontal to horizontal task), and this num ber/location
relationship was consistent across trials. For incongruent trials, the num ber/location was
neither spatially systematic nor consistent across trials. Response times may be respectively
facilitated or slowed simply because o f these stimulus-specific characteristics. Although
this potential artefact would not be sufficient to account for the task x congruence x group
interaction observed in pianists, it nevertheless remains a possibility that this artefact could
interact in a way that could give rise to the pattern o f results described.

3.1.3.5.1.2

S olution
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In experiment 4, incongruent trials were modified so that the num ber/location
relationship was non-musical yet spatially systematic, thus disentangling the role o f spatial
systematicity from musical systematicity.

3.1.3.5.1.3

familiarity ivith response interface differsforpianists and non-musicians

Pianists will be more familiar with the response interface, a piano keyboard,
compared to non-musicians. Although a simple difference in participants' familiarity with
the response interface could not explain the differential pattern o f results, since non
musicians will be equally unfamiliar with the response interface for all trial-types and for
both tasks, a familiarity difference may interact with the stimulus-response mapping, such
that it differentially affects some trial-types more than others or one task more than
another.

3.1.3.5.1.4

S olution

In experiment 4, the response interface will be a computer keyboard which should
be no more familiar to the pianists than to the non-musicians.

3.1.3.5.2

3.1.3.5.2.1

M odiGcation

Inclusion of baseline trials

The inclusion o f baseline trials allows inferences to be made regarding the relative
size o f facilitation (on congruent trials) or interference (on incongruent trials). Experiment
4, therefore, will include baseline trials which are visually similar to the congruent and
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incongruent trials but in which the correspondence between the number's identity and its
location is neither congruent nor incongruent.

3.1.4

EXPERIMENT 4: DEVELOPING TH E VERTICAL TO HORIZONTAL
INTERFERENCE TASK

This experiment was designed to address two potential experimental confounds
which could arguably account for the results described in experiments 1 to 3.

The

possibility that a different degree of spatial systematicity in the congruent versus the
incongruent trials may account for the results was addressed by using incongruent rule
based trials which were spatially, but not musically, systematic.

The possibility that a

difference in familiarity with the response interface between the two groups could account
for the results was addressed by substituting the M IDI keyboard with a computer laptop
keyboard. Finally, the experimental design was modified to include baseline trials so that
the relative pattern o f facilitation and interference effects could be quantified.

3.1.4.1

Method

3.1.4.1.1

P articipants

Eight pianists (7 female, average age 26) and 14 non-musicians (7 female, average
age 22) took part in the experiment. On average, participants in the pianist group had been
playing piano for 21 years. All were right-handed. None o f the participants had taken part
in any o f the previous experiments described in this chapter but all had taken part in
experiment 5 of Chapter 2, which was run in the same experimental session. The order of
these experiments was therefore counterbalanced.

122

3.1.4.1.2

3.1 A. 1.2.1

Stim uli

Vertical to Horizontal

Stimuli were identical to those used in experiments 2 and 3. The numbers "1", "2",
"3", "4" and "5" appeared at progressively higher vertical locations.

These stimulus-

response mappings parallel those used by pianists when reading music, in which responses
made at progressively more right-ward locations on the piano keyboard are specified by
notes presented at progressively higher locations on the musical stave. A possible sequence
o f stimulus presentations occurring for a single congruent trial is shown in Figure 3-1 la.
Incongruent trials differed from those used in experiments 2 and 3.

The stimuli

comprising incongruent trials in this experiment exhibited the opposite num ber/location
relationship to those used in the congruent trials: the numbers "1", "2", "3" , "4", "5"
would appear at progressively lower vertical locations. These stimulus-response mappings
are the opposite to those used by pianists when reading music. A possible sequence o f
stimulus presentations occurring for a single incongruent trial is shown in Figure 3-1 lb.
Baseline trials consisted o f the consecutive presentation o f 5 stimuli in which the number
was always presented in the middle box. In these trials, the spatial location at which the
num ber appeared provided no information regarding the specified response. A possible
sequence of stimulus presentations occurring for a single baseline trial is shown in Figure
3 -llc .

3.1.4.1.2.2

Horizontal to Horizontal

Stimuli were identical to those used in experiments 2 and 3. The numbers "1", "2",
"3", "4" and "5" would appear at horizontal locations which corresponded with the
horizontal location o f the required response. Thus the numbers "1", "2", "3", "4”, "5"
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would appear at progressively more right-ward locations and would specify progressively
more right-ward responses. A possible sequence o f stimulus presentations occurring for a
single baseline trial is shown in Figure 3-lid .

This

spatial stimulus-response

correspondence is maximally compatible, both for pianists and for non-musicians.
Incongruent trials differed from those used in experiments 2 and 3.
comprising incongruent trials

The stimuli

exhibited the opposite num ber/location relationship to

those used in the congruent trials: the numbers "1", "2", "3" , "4", "5" would appear at
progressively more left-ward locations, specifying progressively m ore right-ward responses.
A possible sequence o f stimulus presentations occurring for a single incongruent trial is
shown in Figure 3-1 le.

Baseline trials consisted o f the consecutive presentation o f 5

stimuli in which the number was always presented in the middle box. A possible sequence
o f stimulus presentations occurring for a single baseline trial is shown in Figure 3-1 If.
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Figure 3-11. D evelopm ent o f a V ertical to H orizontal M apping - Stim uli.
Example o f a set o f m otorieally m atched trials (congruent/incongruent/baseline) from the vertical to
horizontal task (upper) and the horizontal to horizontal task (lower). Each trial consisted o f 5 stimuli
which specified a sequence o f 5 different keypresses. The task was to m ake a keypress based on the
num ber presented, ignoring the spatial location at which the num ber appeared. Each task consisted o f
congruent trials (a;d), incongruent rule based trials (b;e) and baseline trials (c;f). Stimuli appeared
consecutively, triggered by a keypress response to the previous stim ulus. Each task com prised 24 such
trials.

3.1.4.1.3

Task Procedure and Sta tistical A nalysis

These were identical to those described in experiment 2 (section 3.1.2.1.3 and
3.1.2.1.4).

3.1.4.2

Predictions

Pianists were predicted to be faster overall compared to non-musicians. Pianists
were predicted to show an effect of congruence on the vertical to horizontal task as well as
the horizontal to horizontal task.

Non-musicians were predicted to show an effect of

congruence on the horizontal to horizontal task but not the vertical to horizontal task.
Congruence effects on both tasks were predicted to be characterized by facilitation and
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interference on congruent and incongruent trials respectively, relative to baseline. Thus a
main effect of group (pianists faster) was predicted. An interaction of task x congruence
alone (effect of congruence on horizontal to horizontal task only) was predicted for the
non-musicians alone, as well as a task x congruence x group interaction.

3.1.4.3

Results

3.1.4.3.1

Errors

The number of errors made on the vertical to horizontal and the horizontal to
horizontal interierence task can be seen for both groups (pianists, non-musicians) in Figure
3-12. Friedman Tests revealed that pianists showed no significant effect of congruence on
the number of errors made for either task while non-musicians showed a significant effect
of congruence for both tasks: vertical to horizontal [Chi-Square = 11.60; df = 3; p < 0.001]
and horizontal to horizontal [Chi-Square = 20.34; df = 3; p < 0.001].

H z/H z
B

i

H z/H z H z/H z
C
Ir

V t/H z
B

Pianists

I

V t/H z
C

V t/H z
Ir

H z/H z
B

I

H z/H z H z/H z
C
Ir

V t/H z
B

V t/H z
0

V t/H z
Ir

Non-m usicians

Figure 3-12. D eveloping the V ertical to H orizontal Interference T ask - Errors.
N um ber o f errors m ade on baseline, congruent and incongruent rule based trials, for horizontal to
horizontal (H z/Hz) and vertical to horizontal tasks (Vt/Hz). B - baseline, C - congruent, Ir = incongruent
rule based.
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3.1.4.3.2

R esponse Tim e

The raw response times can be seen for both groups (pianists and non-musicians)
in Figure 3-13. A mixed-design repeated measures ANOVA on the logged mean response
times with task (2 levels: vertical to horizontal; horizontal to horizontal) and congruence (3
levels: baseline, congruent; incongruent) as the within-subjects factors and group (pianists,
non-musicians) as the between-subjects factor revealed a main effect o f task [F(l, 20) =
5.15; p = 0.03], with the horizontal to horizontal task performed faster, and interactions o f
task X congruence [F(2, 40) = 13.67; p < 0.001], and group x task x congruence [F(2, 40) =
6.69; p = 0.003]. Subsequent within-subjects repeated measures ANOVAs for each group
were performed on the raw mean response times with task (2 levels: vertical to horizontal,
horizontal to horizontal) and congruence (3 levels: baseline, congruent, incongruent) as
factors. Task and congruence interacted, both for pianists [F(2,14) = 3.84; p = 0.05] and
for non-musicians [F(2,26) = 17.52, p = < 0.001]. However, when only congruent and
incongruent trials were included (Figure 3-14), a task x congruence interaction was
observed in the non-musicians alone [F(l,13 = 34.67; p < 0.001]. This interaction arose
because non-musicians were faster to perform congruent trials in the horizontal to
horizontal task but slower to perform congruent trials in the vertical to horizontal task.

Two mixed-design repeated measures ANOVA were performed on the logged
mean response times for each task separately, with congruence (3 levels: baseline,
congruent; incongruent) as the within-subjects factors and group (pianists, non-musicians)
as the between-subjects factor. A significant congruence x group interaction was found for
the vertical to horizontal task alone [F(2,40) = 5.54; p = 0.008], resulting from an opposite
effect o f congmence for pianists and non-musicians.
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Figure 3-13. D eveloping the V ertical to Horizontal Interference Task - R esponse Tim es I.
R esponse Tim es on baseline, congruent and incongruent rule based trials, for horizontal to horizontal
(H z/H z) and vertical to horizontal (V t/H z) tasks.
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Figure 3-14. D eveloping the V ertical to H orizontal Interference Task - R esponse T im es 11.
R esponse Tim es on congruent and incongruent rule based trials, for horizontal to horizontal (H z/H z) and
vertical to horizontal (V t/H z) tasks.
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3.1.4.4

Conclusion
As predicted, a three-way interaction between group, task and congruence was

found.

Mixed-design repeated measures ANOVAs showed that this interaction arose

because musicians and non-musicians showed a similar effect o f congruence for the
horizontal to horizontal task but a different effect o f congruence for the vertical to
horizontal task.

Infact, pianists and non-musicians showed the opposite pattern of

response time effects for the vertical to horizontal task.

The congruent and incongruent

trials produced facilitation and interference respectively in the pianists, as predicted, but
they produced interference and facilitation respectively in the non-musicians.

Non-musicians were therefore facilitated when numbers specifying left-ward
responses were presented at vertically higher locations and numbers specifying right-ward
responses were presented at vertically lower locations, opposite to the stimulus-response
mappings used when pianists read music. This pattern o f response times was mirrored in
the pattern of errors made; non-musicians made more errors on incongruent trials in the
horizontal to horizontal task but they made more errors on congruent trials in the vertical
to horizontal task.

Although the pattern of response times seen in the non-musicians was not
predicted, it may be explained by considering the way in which printed numbers are
normally represented in vertical space on a page. When numbers are Hsted, "1" will usually
appear at the top, and subsequent numbers will occupy vertically lower positions.

An

association is easily made between the number "1" with their thumb, the number "2", with
their index finger, and so on. This, combined with an individual's experience of numerical
lists may cause them to be quicker to map from a "1" presented in the highest vertical
position, compared with when this number is presented in a lower vertical position. This is
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to suggest that the congruence/ incongruent response time difference seen in the nonmusicians arises because o f a learned mapping between 2-dimensional space on a page (the
experience of printed numbers ordered vertically from high to low) and digits.

The following prediction can be made.

If non-musicians performed the

experiment with the left hand (so that congruent trials would now be incongruent and vice
versa), the prediction would be that they would still map the thumb to the highest vertical
location, and the little finger to the lowest vertical location. Spatially, this means that, for
non-musicians using their left hand, a left-ward response (e.g. pressing the key beneath the
little finger) will be facilitated when the response-eliciting stimulus appears in a vertically
lower location. When using the right hand, a left-ward response (e.g. pressing the key
beneath the thumb) will be facilitated when the response-eliciting stimulus appears in a
vertically higher location.

The effect o f congruence in pianists, on the other hand, is

argued to arise because o f a learned mapping between visual space (experience of notes on
the stave which vary vertically) and response space (the layout o f the keyboard). Thus
when performing with either the right or left hand, left-ward responses will be facilitated
when the response-eliciting stimulus appears in a vertically higher location and right-ward
responses will be facilitated when the response-eliciting stimulus appears in a vertically
lower location. If this prediction was supported, it would suggest that the stimulusresponse mapping used by non-musicians reflects a priming o f a number to finger
mapping, depending on the vertical location at which the num ber appears while for
pianists, it reflects an association between a spatial stimulus and a spatial response.

What can be seen, from the results o f the pianists, is that responses to congruent
trials in the vertical to horizontal task are not facilitated relative to baseline trials (Figure 313), as they are in the horizontal to horizontal task. The vertical to horizontal mapping is
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revealed only when congruent trials are compared to incongruent trials. In this case, the
Stroop effect is characterised by interference only, rather than by facilitation (for congruent
trials) and interference (for incongruent trials).

The observed three way task x congruence x group interaction supports the
hypothesis that pianists possess a set o f vertical to horizontal stimulus-response.
Moreover, the present experiment shows that the task x congruence x group interaction
seen in experiment 2 cannot be explained on the basis o f two potential artefacts in the
experimental design.

First, the results are not due to a failure to control for spatial

systematicity in the incongruent stimuli, since incongruent stimuli in the present
experiment were just as spatially systematic as the congruent trials. Second, the results are
not due to a difference in the familiarity with the response interface between the two
groups, since a computer laptop keyboard was used rather than a piano keyoard.

3.1.5

SUMMARY

The experiments described in this chapter have shown the following:

♦♦♦ Pianists possess vertical to horizontal stimulus-response mappings, which can be seen
even in the context of a non-musical task (experiment 2)
Novice pianists show some evidence of having acquired these same mappings, after
three months o f musical training (experiment 3)
♦t* Non-musicians exhibit stimulus-response mappings which are the opposite of those
shown by pianists but which are consistent with a learned association between twodimensional space and printed numbers (experiment 4)
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3.2

GENERAL DISCUSSION

The vertical to horizontal interference task used in experiments 2 - 4 can be viewed
as being spatially analogous to the Musical Stroop experiments described in Chapter 2.
The close correspondence o f results from the experiments o f Chapter 2 and the non
musical interference tasks o f the present chapter suggest a mechanism for the facilitation
and interference effects seen in the musical Stroop experiments.

They suggest that

facilitation on congruent trials in the musical Stroop experiment arises from an overlap
between the m otor response specified by the numbers and the learned vertical to
horizontal stimulus-response mappings from the musical notation. The converse of this interference on incongruent trials in the Musical Stroop experiment - is likely to arise
because the m otor response specified by the numbers violates the learned vertical to
horizontal stimulus-response mappings which are automatically evoked by the musical
notation.

The results o f the non-musical Stroop experiments suggest that the acquisition o f
keyboard skills is associated with a change in spatial mapping. Knowledge accrued through
practice has been shown to transfer at a motoric a n d /o r conceptual level

(Palmer &

Meyer, 2000) but the effects o f music have also been claimed to transfer outside the
musical domain (Chan, H o & Cheung, 1998; Graziano, Peterson & Shaw, 1999).

Two types of musical behaviour have been reported to affect spatial processing.
Listening to certain types o f music has been reported to improve spatio-temporal abilities:
the so-called “Mozart Effect” (Rauscher, Shaw & Ky, 1995; Rauscher, Shaw, Levine,
Wright, Dennis & Newcomb, 1997; Rauscher, 1998). It has also been claimed that musical
training can have non-musical consequences. Different studies have shown that musical
instruction can improve performance on a variety of spatial tasks including spatial-temp oral
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tasks (Rauscher, Shaw & Ky, 1993) and tasks requiring spatial memory (Bilhartz, Bruhn &
Olson, 2000).

However, differences exist

between the studies, in terms of type and

duration of musical instruction, whether or not a control training programme was used, the
age o f the children and the spatial tasks used. These differences make it difficult to draw
any firm conclusions regarding precisely what is transferred from musical instruction and
what conditions are necessary for this transfer to take place.

Two kinds o f theory have been proposed to explain transfer of musical to skill to a
non-musical domain such as spatial processing. "Neural connection" theories such as the
"trion" theory (Shaw, 2000) suggest that musical and spatial processing centres in the brain
are proximal or overlapping such that the development o f certain kinds o f musical and
spatial abilities are related.

"Near transfer" theories (Hetland, 2000) concentrate on the

cognitive similarities between music making and spatial processing.

Visuospatial

intelligence is proposed to be important for understanding musical notation and spatial
relations such as those depicted on keyboards. Thus it is argued that training in music will
enhance visuospatial abilities o f many different kinds. A meta-analysis of 15 studies which
looked at transfer of musical training to spatial processing (Hetland, 2000) revealed that
musical training that included the use of standard notation led to bigger improvements in
spatial skills than musical training that did not include notation. However, even musical
programs which did not use notation were found to yield a modest effect on spatial skills.
AU but two o f the studies which used notation also used piano training, making it
impossible to say whether either o f these variables makes an independent contribution.

The present experiments also investigated the effect of musical training on spatial
processing.

However, unUke previous transfer studies which have predicted general

improvements in spatial abiUties, the prediction here concerned a specific kind o f spatial
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transfer, based on the particular spatial relations which are used in music reading and
keyboard performance. The prediction that pianists who have learned to read and play
keyboard instruments would possess a set of vertical to horizontal stimulus-response
mappings was supported. The particular vertical to horizontal stimulus-response mappings
are likely to be specific to pianists. Other instrumentalists who produce notes by covering
certain holes and depressing other keys (woodwind) or by combining fingering with
contraction of lip and diaphragm muscles (brass) wUl have had no reason to acquire vertical
to horizontal stimulus-response mappings and they would be unlikely to experience
interference on the vertical to horizontal Stroop task.

However, m ost conservatoire

musicians who are not first-study pianists, nevertheless possess good keyboard skills. Even
so, since some evidence o f these mappings was found after just three months of musical
training in the novice pianists, it should be possible to test this prediction by comparing
pianists o f an intermediate level musicians

(e.g. grade 5, Associated Board) with other

instrumentalists o f the same standard who do not possess keyboard skills.

The results suggest that representation o f musical notation, at least for pianists, is
characterized by specific vertical to horizontal stimulus-reponse mappings. A question
which arises is whether the mappings that have been demonstrated in the present
experiments are a by-product of the acquisition of musical literacy or whether the building
o f these mappings is integral to skiU acquisition. These two alternatives are difficult to
dissociate empirically.

However, the finding that these mappings emerge early in skill

acquisition may provide support for the latter hypothesis.

A significant correlation

between the measured interference on the musical and non-musical Stroop tasks over a
period training would also support this hypothesis, since the “by-product” hypothesis
would be more likely to predict that interference on the non-musical Stroop task would
only emerge after a critical period o f skill acquisition.
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CHAPTER 4: METHODOLOGICAL INTRODUCTION TO
FUNCTIONAL MAGNETIC RESONANCE IMAGING (FMRI)

This chapterprovides an introduction to Junctional magnetic resonance imaging (fMRl), the technique used
in Chapter 5 of this thesis. JM R l provides a method of relating human behaviour to regionally specific
changes in brain function. Unlike its predecessor, Position Emission Tomography (PET), no restrictions
are placed on the number of times an individual can be scanned with fM R l. The technique is therefore
idealfor longitudinal studies of learning with which this thesis is concerned. The following chapterprovides
an overview of the physical and neurophysiologicalprinciples on which fM R l is based. It summarises the
kinds of experimental designs which can be used and describes how JM R l data, once acquired, can be
analysed.

4.1

INTRODUCTION

The introduction

o f neuroimaging techniques

such

as positron

emission

tomography (PET) and functional magnetic resonance imaging (fMRl) has been a key
development in the establishment o f cognitive neuroscience.

For the first time, it is

possible to relate a measure o f brain activity to measures o f behaviour, and ultimately,
cognition.

The use o f functional neuroimaging techniques rests on the assumption of

functional specialization, the idea that different brain areas are specialized for dealing with
different kinds of information, which derives support from studies of neuropsychological
patients (Shallice, 1988).

Functional neuroimaging techniques measure local changes in

blood oxygenation, and correlate them with specific mental operations, whether perceptual
(e.g. watching a moving checkerboard), motoric (e.g. clenching and unclenching one’s fist)
or cognitive (e.g. deciding whether a string o f letters forms a word).

This thesis uses functional magnetic resonance imaging (fMRl) to measure the
brain activity associated with the acquisition o f musical literacy.

In this chapter, I will

outline the physical and neurophysiological basis o f fMRl, the issues which must be
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considered when designing an fMRl experiment and the statistical processes which are
employed in the analysis o f the results.

4.1.1

TH E PHYSICS OF FMRI

The brain contains many water molecules.
molecule contains a single

Each hydrogen atom in a water

proton, a particle with a positive electrical charge, with a

property known as “spin” that causes it to move on its axis. This movement o f electrical
charge generates an electrical current and hence a magnetic field. Each proton is therefore
slightly magnetic and when placed within an external magnetic field (such as the MRI
magnet) becomes aligned parallel or antiparallel to it. The proportion o f protons aligned
parallel, as opposed to anti-parallel, is determined by the strength o f the magnetic field:
with higher magnetic fields, more protons are aligned parallel, resulting in a bigger
magnetization of the water molecules. Different tissues in the brain possess different
numbers of water molecules, which experience different degrees o f magnetization. This
magnetization, in the direction parallel to the MRI magnetic field, is known as longitudinal
magnetization.

An important characteristic of the magnetized protons is that they

“precess”, in a clockwise direction about the magnetic field (Figure 4-1).
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Figure 4-1. M ethodological Introduction to fM R l - Proton Spin and Precession.
The hydrogen atom s in the w ater m olecules within the brain contain protons (represented by the blue
sphere above), a particle w ith a positive electrical charge with a property know n as “spin” which causes it
to rotate on its axis (depicted in red). W hen placed w ithin an external m agnetic field such as the MRI
magnet, the protons align parallel or anti-parallel to the direction o f the m agnetic field (the Z direction)
and precess about it.

The frequency of precession, also known as the Larmor frequency, is proportional
to the strength of the magnetic field.

WTaen a radio-frequency pulse with the same

frequency as the precessing protons is transmitted, it has two effects. First, it “flips” the
alignment of some o f the protons so that they are no longer parallel to the magnetic field
of the MR scanner. This reduces their longitudinal magnetization (Figure 4-2a). Second, it
causes the protons to precess in phase, resulting in a magnetization which is transverse to
the magnetic field o f the scanner (Figure 4-2b). Depending on the radio-frequency pulse,
the longitudinal magnetization may even disappear (Figure 4-2c).
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a)

b)

c)

Figure 4-2. M ethodological Introduction to fM R l - Effect o f R adio-frequency Pulse.
A radio-frequency pulse with the sam e frequency as the precessing protons “ flips” the alignm ent o f som e
o f the protons so they are no longer parallel to the m agnetic field o f the MR scanner (a) and causes the
protons to precess “ in phase” (b), resulting in a m agnetization which is transverse to the magnetic field o f
the scanner. Depending on the radio-frequency pulse, the longitudinal m agnetization may even disappear
(c).

After the raciio-frequency pulse is switched off, both types of magnetization revert
to their original state. Longitudinal relaxation (an increase of longitudinal magnetization to
its original level) occurs because the protons revert from their higher energy state to a
lower energy state (aligned with the magnetic field of the MR scanner), releasing energy
into their surroundings, the so-called lattice. Transverse relaxation (a decrease and eventual
disappearance of transverse magnetization) occurs because the protons stop precessing “in
phase”.

Although the precession rate is determined by the strength of the external

magnetic field, the magnetic field is not perfectiy homogenous across the brain.

In

addition, each proton is influenced by small magnetic fields o f neighbouring nuclei that are
also unevenly distrubuted. Both these factors result in different protons having different
precession frequencies so that, once the radio-frequency pulse is switched off, they are
soon out o f phase. The time-course of longitudinal (Figure 4-3a) and transverse (Figure 43b) relaxation can each be described with a time constant; T1 and T2 respectively. The
time-course of longitudinal relaxation depends upon the rate o f precession, which in turn
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depends on the strength of the external magnetic field and on the tissue t)pe. The timecourse o f transverse relaxation depends upon the purity of the tissue substance.

a)

Figure 4-3

b)

M ethodological Introduction to flMRI - R elaxation Processes.

a) Longitudinal relaxation (an increase o f longitudinal m agnetization to its original level) occurs because
the protons revert from their higher energy state to a lower energy state (aligned with the magnetic field
o f the MR scanner) once the radio-frequency pulse is sw itched off; b) T ransverse relaxation (a decrease
and eventual disappearance o f transverse m agnetization) occurs because the protons stop precessing “ in
phase” once the radio-frequency pulse is sw itched off.

The transverse and longitudinal magnetizations add up to form a sum vector. This
sum vector performs as spiralling motion, as it changes direction from the transverse to the
longitudinal plane (Figure 4-4). This changing magnetic field induces an electrical current
which is picked up by an antenna and forms the MRI signal.
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Figure 4-4 M ethodological Introduction to fM R l - Rotating Spin M agnetization.
The sum vector o f the m agnetizations spirals as it changes direction from the transverse to the
longitudinal plane. This induces an electrical current w hich is picked up by an antenna and fo n n s the
MRI signal.

Because different tissue types can be characterized by different T1 and T2 timecourses, it is possible to emphasise or diminish these tissue t\'pe differences by
manipulating certain parameters o f the radio-frequency pulse sequence.

If there is a

sufficiently long interval between two consecutive radio-frequency pulses, longitudinal
relaxation will have fully occurred in all tissue types and the maximum amount of
magnetization will be available to be flipped by the next radio-frequency pulse.

If,

however, the interval is chosen so that one tissue t\q)e will have recovered its longitudinal
magnetization more than another, one tissue t}’p e will have more magnetization available
for flipping than the other, resulting in a difference in the intensity of the obtained signal.
A sequence in which differences in T1 are exploited is known as a T1-weighted sequence.
In order to exploit T2 differences between different tissue types, it is necessary to use a
“spin-echo sequence”, consisting of the normal radiofrequency (90 degrees) pulse, as
described above, and a second (180 degrees) pulse. This second pulse rephases the protons
after the original pulse is switched off, resulting in a stronger signal. This is necessary to
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effectively neutralize the constant inhomogeneities o f the external magnetic field, so that
only internal inhomogeneities, which differ according to different tissue types, are seen. By
altering the timing between the 90 degree and the 180 degree pulses (the time to echo
(TE)) it is possible to emphasise different tissue types. With a short TE, differences in
internal T2 effects have not had time to reveal themselves; at a longer

TE, these

differences will be maximal. However, since the signal decays over time, there is a trade
off between maximising the signal differences between different tissue types and losing the
signal altogether. Thus by manipulating the pulse sequence parameters, it is possible to
emphasize difference tissue properties in the signal, and hence the image.

The MRI signal is the electrical voltage induced in the antenna by the rotating spin
magnetisation, which decays due to the combined transverse and longitudinal relaxation
processes. Localization of the signal to different parts o f the brain is achieved by placing
the participant in a magnetic field which is not of constant strength, but is graded in one
direction across the participant e.g. from head to toe. Since protons precess at a frequency
determined by the strength o f the magnetic field, the precession frequency of protons will
vary as a function o f their position in this magnetic gradient. By selecting a radiofrequency
pulse with certain frequency components, it is possible to selectively affect the protons in a
single cross section of the participant. The bandwidth o f frequencies used will determine
the thickness of the affected slice. After the radio-frequency pulse is transmitted, another
gradient field is applied, in a different direction.

This so-called “frequency encoding

gradient” changes the frequency at which different protons along the gradient precess, such
that different columns o f protons, within the same slice, precess at different frequencies. A
third gradient is applied in the final direction for a short time after the radio frequency pulse
has been appHed. This “phase encoding gradient” changes the phase at which protons
preces.

Once it is switched off, the protons precesss out o f phase. After these three
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gradients have been applied, a mixture of different signals results. Protons from different
locations have different frequencies, and those with the same frequencies have different
phases. Using Fourier transformation, frequency and phase components o f the signal can
be analysed and assigned to different locations in three dimensional space, resulting in an
MRI image.

4.1.2

TH E PHYSIOLOGY OF FMRI

The presence o f certain, so-called, paramagnetic substances in the object within the
scanner can result in small local magnetic fields which cause a further shortening o f the T2
relaxation time, leading to an effective transverse relaxation time, known as T2*. This
results in additional decay of the signal. One example of such a paramagnetic substance is
gadolinium, a rare earth which must be bound to the chelate molecule, DTP A, since it is
toxic in its unbound form. Given intravenously, it causes signal loss from the tissue
surrounding the blood vessels in which it travels, allowing it to be used as a vascular
marker.

This first demonstration that MRI could be used to measure the haemodynamic
changes that were known to accompany functional brain activity was provided by Belliveau
(Belliveau, Cohen, Weisskoff, Buchbinder & Rosen, 1991).

Instead o f emphasizing

differences in contrast in different anatomical locations within the brain, this approach
required contrast to be compared at different points in time, corresponding to two or more
different perceptual states of the participant.

Using gadolinium as a contrast agent,

Belliveau imaged single slices o f the occipital cortex while human participants experienced
visual stimulation and darkness. By integrating the signal intensity over time, he was able
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to compare blood volume under these two conditions. Visual stimulation was found to
result in blood volume increases o f up to 30% in primary visual cortex.

Ogawa et al., (Ogawa, Lee, Kay & Tank, 1990) and Turner et al.’s (Turner, Le
Bihan, Moonen, Despres & Frank, 1991) animal work, separately showed that contrast in
the MRI signal could be similarly generated by changing the oxygenation state o f the blood.
The reason for this is that haemoglobin, the protein which carries oxygen molecules to and
from the tissues, is, in its deoxygenated state, more paramagnetic than its oxygenated form.
Kwong et al., (Kwong, Belliveau, Chesler, Goldberg, Weisskoff, Poncelet, Kennedy,
Hoppel, Cohen, Turner & ., 1992) and Ogawa et al., (Ogawa, Tank, Menon, EUermann,
Kim, Merkle & Ugurbil, 1992) subsequently showed that the functional MRI signal changes
which Belliveau had produced using gadolinium could also be produced without any
external contrast agent, due to a natural decrease in deoxyhaemoglobin in occipital cortex.
The signal from the visual cortex followed the on-off visual stimulation paradigm, with a
lag o f several seconds between the visual stimulation and the increase in the MRI signal,
and occurred primarily in grey matter, corresponding to changes in synaptic activity. The
technique of measuring functional brain activity using only the endogenous contrast agent,
deoxyhaemoglobin, was termed “Blood Oxygenation Level Dependent Contrast” (BOLD).

Ever since the discovery that MRI could be used to measure functional changes in
brain activity, work has been ongoing to characterize the nature o f the BOLD response.
Since changes in the fMRI do not directly result from changes in neuronal activity, it is
important to understand the factors, both physical and physiological, which Hnk neural
activity to haemodynamic changes and which, in turn, link these haemodynamic events to
changes in the fMRI signal.
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Increases in neural activity are accompanied by increases in metabolic demand.
This results in an increased blood flow in the arteries and arterioles to supply the active
brain region with glucose and oxygen. The increase in blood flow appears to result in an
oversupply of oxygen to the capillaries, where gas exchange with the surrounding tissue
occurs. This results in the paradoxical situation in which the blood leaving the capillaries is
more oxygenated (containing more oxyhaemoglobin) during periods o f neural activity
compared to rest. An increase in the oxyhaemoglobin;deoxyhaemoglobin ratio results in
an increase in the MRI signal.

The BOLD response follows a consistent time-course. The onset o f a stimulusinduced haemodynamic response is typically delayed by approximately 2 seconds; the time
it takes for the blood to travel from the arteries to the capillaries, where gas exchange takes
place. The signal reaches a plateau between 6 to 12 seconds and returns to baseline with a
similar time-course. However, the BOLD response does not return immediately to its
baseline value; instead it goes below the pre-stimulus level before returning to baseline
(Frahm, Kruger, Merboldt & Kleinschmidt, 1996; Buxton, W ong & Frank, 1998;
Logothetis, Guggenberger, Peled & Pauls, 1999).

O ne possible explanation for this

undershoot is that, due to venous pooling resulting from the increased blood flow, the
veins are still distended when the blood supply returns to its original level o f oxygenation (a
decreased oxyhaemoglobin :deoxyhaemoglobin ratio).

This wiU result in a greater

concentration of deoxyhaemoglobin per unit o f blood. Only when the veins regain their
original diameter will the total amount o f deoxyhaemoglobin return to baseline (Buxton et
al., 1998).

Several questions remain regarding the relationship between neural activity and the
BOLD response. O ne o f the most important o f these concerns the precise neural events
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which lead to the BO LD response. In a pioneering study, Logothetis (2001) attempted to
identify whether the BOLD response predominantly reflects neuronal output or input
to/w ithin a population o f neurons. He simultaneously measured both the electrical activity
and the fMRI signal in anaesthetized monkeys as they viewed a moving checkerboard. The
electrical activity arising from the neurons was filtered to give two components: fast spiking
activity (reflecting output) and local field potentials (reflecting neuronal input/processing
within the neuronal population). It was found that the local field potentials were better
correlated with the fMRI signal, suggesting that the fMRI signal predominantly reflects
neuronal input and information processing within an area, rather than neuronal output
from an area. However, this study was performed in monkeys rather than humans, under
conditions o f anaesthesia. Thus caution should be exercised in generalizing these findings
to awake, behaving humans.

4.1.3

EXPERIMENTAL DESIGN IN FMRI

Careful experimental design is crucial if one wishes to associate a perceptual,
motoric or cognitive process with a particular pattern o f brain activity. Several types o f
experimental design can be used. The decision of which to use will typically depend upon
the nature o f the mental processes under investigation and the tasks and stimuli at the
researcher’s disposal.

4.1.3.1

Subtraction Design
This is the simplest possible design in fMRI. Neural activity is compared under two

conditions by giving the participant two tasks, one experimental, one baseline. The only
difference between these two tasks should be that only the experimental task will include
the perceptual, motoric or cognitive component o f interest. By subtracting the pattern o f
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neural activity associated with the baseline task from that associated with the experimental
task, it is possible to isolate the pattern of brain activity associated with the component of
interest. A perceptual example might be the visual studies o f Kwong et al. (Kwong et al.,
1992) and Ogawa et al. (Ogawa et al., 1992) in which participants were alternately given
visual stimulation or darkness. To isolate the brain activity corresponding to a particular
type of visual stimulation, it would be necessary to have more closely matched conditions.
For instance, in order to isolate the activity associated with viewing moving stimuli, one
might contrast activation during perception o f moving dots (experimental task) with
activation during perception o f the same dots when stationary (control task).

The

perception o f dots, per se, is therefore subtracted out in the analysis.

The use of subtraction designs in some experimental contexts can be criticised on
the basis that they rely on the assumption o f “pure insertion” . That is, they assume that
the addition o f the component o f interest to the baseline task has no effect on the existing
components of the baseline task.

This may be an incorrect assumption, both at the

cognitive and the neural level. The addition o f a new task component may, for example,
change the difficulty o f the previous components or cause them to be performed in a
different way. Equally, the neural substrate of the previous components may interact with
the neural substrate o f the added component such that subtraction o f the two tasks does
not accurately reflect the neural substrate of this component in isolation. While other
designs such as conjunction and factorial designs are more complex than subtraction
designs, they are less prone to violations o f the pure insertion assumption.
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4.1.3.2

Conjunction Design

These designs combine a series o f experimental minus control subtractions.
Although each subtraction uses a different pair o f experimental/control conditions, the
experimental minus control difference between each pair is believed to isolate the same
com ponent in each case. Thus the anatomical overlap between the differences o f these
pairs can be inferred to correspond to the component o f interest.

The rationale for

comparing the experimental versus control conditions across different task pairs is that the
insertion o f the additional component of interest in the experimental condition will interact
in a way that is specific to that task pair. Thus although the pure insertion assumption may
be violated for each task pair separately, resulting in activations that relate to interactions
which have not been explicitly modelled, overall, since these interactions will be specific to
each task pair, they will average to zero when all the task pair differences are included. The
activations resulting from such designs are therefore context-insensitive and can be
confidently attributed to reflect the component o f interest.

4.1.3.3

Factorial Design

There are occasions in which interactions between conditions are o f primary
interest and not merely experimental confounds. An interaction is seen when the effect of
one factor varies depending on the presence or absence o f another factor. The music
reading experiments described in Chapter 4 fall into this category since the comparison o f
interest was the difference in the main experimental minus control effect as a function of
training. N ote that, in the case o f the music reading experiments, the main effects were
measured across different scanning sessions (one pre-training, one post-training).

A

simpler scenario for a factorial design would be to have two tasks and two levels of each
task in the same session. An interaction would arise if the activation difference between
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the levels varied as a function o f task. The assumption of pure insertion is not a problem
here because the interaction between levels and tasks is expUcitly built into the design.

4.1.3.4

Parametric Design

In experimental situations in which the component o f interest can be manipulated
along a continuum, regions of the brain which are associated with the com ponent o f
interest can be isolated on the basis o f the relationship between the level o f intensity o f the
component and the level of the neural response. For instance, if the component o f interest
is the perception o f speech sounds, words can be presented at different rates.

Brain

regions associated with speech perception can be isolated as those areas which exhibit a
systematic relationship between the the rate of word presentation and the level o f neural
activity (Price, Wise, Ramsay, Friston, Howard, Patterson & Frackowiak, 1992).

4.1.3.5

Building Psychophysiological Interactions into a Design

The doctrine o f functional specialization suggests that different brain areas are
specialized for processing different types o f information (Zeki, 1990).

Thus it is

appropriate to characterize the relationship between specific perceptual, motoric or
cognitive events and brain activity

in terms of the neuro-anatomical pattern o f brain

activity which they evoke. However, although functional specialization is a concept which
holds true in primary sensory areas (e.g. visual cortex contains retinotopic maps of the
external visual scene), it requires extension for higher-order, association areas such as
parietal cortex, where the concept of functional integration becomes increasingly
important. Functional integration is a concept which refers to the idea that mental events
arise through a dynamic interplay between a network of cortical areas. It is becoming
increasingly possible to design experiments to explore complex interactions within and
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between neural events and behaviour. For instance, in one such study, (Friston, Buechel,
Fink, Morris, Rolls & Dolan, 1997), participants viewed degraded faces (experimental) and
non-faces (control). Intentional pre-exposure o f the stimuli before scanning led to changes
in medial parietal activity. An interaction between the level o f parietal activity and the main
effect (faces minus non-faces) was seen in inferotemporal cortex. Thus infero-temporal
cortex exhibits a face-selective response which is subject to top-down modulation from
medial parietal cortex.

4.1.4

4.1.4.1

DATA PROCESSING

Spatial Pre-processing
Before fMRI data can be analysed statistically, it must be spatially transformed to

reduce artefactual variance components. Realignment is necessary to eliminate changes in
signal intensity over time which arise from head motion. Despite the use o f head restraint,
it is common for participants to show movements of up to a millimetre. Realignment
involves estimating the 6 parameters o f an affine “rigid-body” transformation in order to
minimize the differences between each successive scan and a reference scan (either the first
or the average o f all the scans) and applying the transformation by re-sampling the data.
After realignment, a mean image o f aU the scans is used to estimate the warping parameters
that map it onto a template that conforms to some standard anatomical space. In the fMRI
experiments described in Chapter 5, the images are normalized to a template brain image
from the Montreal Neurological Institute (Evans, Kamber, Collins & MacDonald, 1994).
The standard anatomical space used is that described in the Talairach and Tournoux atlas
(1988). Following normalization, the images are smoothed, using a Gaussian kernel. This
is done in order to increase the signal to noise ratio, to render the data m ore “normal”
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(thus ensuring the validity of inferences based on parametric tests), to satisfy assumptions
required by Gaussian random field theory when making inferences about regionally specific
effects, and to project the data onto a spatial scale where homologies in functional anatomy
are expressed among subjects, thus permitting intersubject averaging.

4.1.4.2

Statistical Analysis

The general Linear model is used to model the data.

It expresses the observed

response variable (the measured fMRI signal) in terms o f a linear combination o f
explanatory variables (factors built into the experiment design) and an error term. The
explanatory variables are grouped together in a mathematical structure termed the design
matrix, in which each column corresponds to a condition or confound which has been
built into the experiment. The relative contribution of each column o f the design matrix is
assesssed using a standard least squares procedure and inferences about these contributions
are made using t-statistics or F-ratios. Particular linear combination o f columns can be
made using “contrasts”. In a hypothetical design matrix in which there are two columns o f
interest, corresponding to the experimental and control conditions, and six columns o f no
interest, corresponding to the movement parameters, a contrast [1 —1 0 0 0 0 0 0 ] would
denote a subtraction o f the control condition from the experimental condition.

The

statistics, resulting from a contrast are assembled into a Statistical Parametric Map (SPM),
corresponding to the t-statistic (SPM t) or the f-statistic (SPM ï). SPMs are brain images
with voxel values that are, under the null hypothesis, distributed according to a known
probability density. Given that t-tests are performed for each and every voxel in the brain,
there is a need to correct for multiple comparisons. For a result that is significant at the
level o f p = 0.05, there is a 1 in 20 likelihood that it results from chance. Thus if twenty
tests are performed, one is likely to come out as significantiy different from zero. With

150

voxel-wise testing, in which thousands of t-tests are performed, setting a significance level
o f p = 0.05 would result in a considerable number of false positives. The usual procedure
for correcting for muHtiple comparisons is to use the Bonferroni correction, dividing each
p value by the number o f tests performed. However, this would be too conservative in the
case o f fMRI data analysis, because the image data are normally smoothed and thus data in
each voxel are not independent.

Thus, corrections are made based on distributional

approximations arising from the theory o f Gaussian random fields. In some cases, where
there is a regionally specific hypothesis about where activation will occur in the brain,
based for example on a previous similar study, it is not necessary to correct for multiple
comparisons across the whole brain; a small volume correction is instead used (Friston,
1997).

W hen performing multi-subject analyses, two types o f analysis can be performed:
fixed effects and random effects. With fixed effects analysis, each scan is considered as an
independent observation, taking no account of the intersubject variance.

This kind o f

analysis restricts any inferences made to the subjects used in the study. Random effects
analysis calculates the effect in each subject before analysing the effect across the groups as
a whole, thus inter-subject variance is accounted for. With this kind of analysis, results are
generalizable to the population as a whole.

The experiments described in Chapter 5

employ random effects analysis.
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CHAPTER 5: FUNCTIONAL CORRELATES OF LEARNING TO
READ AND PLAY MUSIC

A longitudinalJunctional magnetic resonance imaging (fMRI) study was conducted to measure changes in
brain function associated mth learning to read music and plcy the keyboard. Twelve musically naïve
participants were taught to a standardised basic level (Grade 1, Associated Board, U.K) in music theory
and practical keyboard skills. Three conditions were used: reading music for melody, reading music for
rhythm and an implicit music reading condition. A factorial blocked design was implemented in which each
condition had experimental and control blocks, both before and after training. The interaction of training
(post-training — pre-training) and trial-type (experimental — control) for the melody reading condition
showed activation in right superiorparietal cortex. In the implicit music reading condition, in which musical
notation waspresent in the experimental block, but irrelevantfor task performance, activations were seen in
left supramarginal g)rus. A region of interest analysis revealed that the right superior parietal activation
seen in the melody reading condition was also present in the implicit music reading condition. The findings
suggest that training forges an automatic association between musical notation and its related musical
response.

5.1

INTRODUCTION_____________________________________________________

W hen a child or adult starts to play the keyboard, a significant part o f the initial
musical training is devoted to learning to read musical notation. Musical pieces which, at
first sight, appear meaningless in their written form, will eventually be translated into a
recognisable melody. Just as written language becomes meaningful and even compelling to
read, so does musical notation.
understood.

But the process by which this occurs is not well

The present experiment aimed to establish which brain areas showed

learning-related changes in activity after musical training.

The acquisition o f musical literacy is more amenable to study than the acquisition
of language literacy, from both a psychological and neurological position. In the developed
world Literacy rates are high, but investigations into Literacy acquisition are therefore
difficult. Ln contrast, musical literacy rates are low, yet many individuals are motivated to
learn. Furthermore, a standardized level of musical literacy can be attained over a relatively
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short period o f training. Thus the cognitive and neurological profiles o f an individual can
be measured, before and after musical literacy acquisition.

The present study investigates three aspects o f music reading.

The first two

correspond to the decoding of the main components o f musical notation - pitch and
rhythm. Although in skilled music reading, musical notation is read for both pitch and
rhythm simultaneously, it is likely that each aspect makes quite different demands on the
brain.

Information specifying which note should be played is contained in its spatial

position on the musical stave. Information specifying how long the note should be held is
conveyed by the note's visual appearance (e.g. whether it is filled, whether it has a tail
attached to the stem or a dot placed beside it).

Thus learning-related changes in response to melody and rhythm reading are
measured separately, in two different conditions. In the third condition, an implicit music
reading task is used, in which musical notation was present but irrelevant for the task. The
question asked was whether newly acquired knowledge, concerning the meaning o f musical
notation, is automatically evoked.

There are several conceptual and methodological issues that pertain to brain
imaging studies o f development and learning. Poldrack (Poldrack, 2000) provides a review
of several o f these, citing factors related to changes in performance and the inherently
temporal nature o f learning and development which may confound interpretation o f
imaging results.

For example, changes in performance with skill learning may result in

different amounts o f time spent performing the task. However, neural activation is known
to differ as a function of time on task, the so-called duty-cycle effect (D' Esposito, Zarahn,
Aguirre, Shin, Auerbach & Detre, 1997) Thus in the present experiment, an attempt was
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made to match time on task before and after training by having participants perform the
explicit music reading conditions using a number to finger mapping, pre-training, and a
note to finger mapping post-training. In the implicit music reading task, performance was
at ceiling both pre-training and post-training, so duty-cycle effects did not arise.

Since

participants performed the explicit tasks differently, pre- and post-training, any activation
changes could not be strictly interpreted as arising from an effect of learning per se.
Instead, they may be interpreted to arise from a combination of task-related and learningrelated differences.

However, since the implicit music reading task was identical pre

training and post-training, activation differences in either o f the explicit tasks which were
common to the implicit condition could be interpreted as learning-related, and not merely
task-related. A group of non-leamers (participants who could not read music or play an
instrument and did not take part in the training) were also scanned twice, to provide a
control for non-specific changes in activation which may relate to factors such as increased
familiarity with

the

scanning environment during the

second

scanning session,

physiological differences in arousal, differences in participants' head position or slight
variations in scanner hardware characteristics (McGonigle, Howseman, Athwal, Friston,
Frackowiak & Holmes, 2000).

Experiment 2 o f Chapter 2 and experiment 3 o f Chapter 3 describe the behavioural
correlates of musical literacy acquisition. In the experiment described below, fMRI is used
to measure the brain correlates o f musical literacy in these same participants.

5.1.1.1

5.1.1.1.1

Method

Participants
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Two groups (Learners and Non-learners), each comprising 12 participants, were
used. One group (the learners) responded to an advertisement asking for individuals with
no music reading or playing experience to take part in two scanning sessions and undertake
three m onths of musical training. The second group (the non-leamers) responded to a
different advertisement which asked for individuals who were similarly lacking in musical
experience to take part in two scanning sessions with no training element in-between.
Participants were screened for previous musical training (either formal or self-taught) using
a self-report questionnaire. A second stage of selection required participants to attempt to
play a set o f simple melodies on a keyboard, using the right hand. The starting point of
each melody was given before the start of each trial. None o f the participants showed any
signs o f previous musical training, either via self-report or via their performance on a
simple music reading task. Both groups comprised 6 females and 6 males and the average
ages o f the learner and non-leamer groups were 34 (range: 24-53) and 26 (range: 19-30)
respectively.

5.1.1.1.2

M usical Training

See section Chapter 2, section 2.1.2.1.2.

5.1.1.1.3

M easurem ent o f Skill A cquisition

After the training was complete, an independent external music teacher examined
participants individually on keyboard skills (scales, a prepared piece from the Grade 1
syllabus and Grade 1 sight reading).

Participants also sat a Grade 1 music Theory

examination (see Chapter 2, section 2.1.2.1.2 for a description o f the Grade 1 keyboard and
theory requirements). A more cognitive measure o f music reading ability was obtained
using the modified Musical Stroop task (see Chapter 2, section 2.1.2.) in which the depth of
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encoding of musical notation was measured by ascertaining the degree to which musical
notation interfered with performance o f a primary number to finger mapping task.

5.1.1.1.4

3.1.1.1 A. 1

Tasks

Melody Condition

Participants were required to produce a series of keypresses in response to the
appearance o f a sequence o f five musical notes o f different pitch (Figure 5-1). Pre-training,
these musical notes were labelled with numbers (1-5), enabling participants to make a
simple number to finger mapping. After training, these labels were replaced with nonsense
symbols, requiring participants to decode the musical notes using their newly acquired
musical literacy. The non-learners, who could not read music, performed the task using
numbers during both scanning sessions. In order to minimise the rhythmic element of
music reading, all notes were crotchets (quarter notes) and participants were instructed to
make the keypresses at an even pace o f their own choosing. Both the pre-training and the
post-training tasks incorporated a control for low-level visual and m otor elements. The
appearance o f an ascending or descending pattern o f notes prom pted participants to
execute a simple ramp sequence of keypresses from the thumb to the Little finger
(ascending) or vice versa (descending).

Thus stimulus and response elements were

maintained across experimental, non-ramp trials and control, ramp trials but the control
trials were sufficiently overlearned as to minimise the visuomotor translation required.
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Pre-training

Post-training

experimental

control

Figure 5-1. Learning to Read and Play Music - Stimuli: Melody.
Example o f stimuli. Pre-training, participants performed a number to finger mapping. Experimental
trials were unpredictable in their specified motor response compared to control trials which specified an
ascending or descending sequence o f responses. Post-training, the same stimuli were used but nonsense
sym bols replaced the numbers so participants now performed a note to finger mapping. Participants in
the non-leamer group used a number to finger mapping for both the 1st and 2nd scans.

Khjthm Condition
Participants were required to produce a series o f keypresses in response to the
appearance o f a musical rhythm (Figure 5-2). The rhythm was notated on a single line o f
the stave thus participants used a single finger (the index finger) to produce the rhythm.
Participants were instructed that a single "bleep", repeated every 500 milliseconds, was the
basic rhythmic unit (i.e. a “2” superimposed on a note required the participant to make a
keypress onset in time with a bleep and a keypress offset in time with the third bleep
thereafter so that the total duration was two bleeps). Pre-training, each note was labelled
with a num ber corresponding to that note’s duration. Participants were instructed to keep
time with the bleep, using it as a metronome. Post-training, the numbers were replaced
with nonsense symbols, requiring participants to decode the musical rhythm using their
newly acquired musical literacy. The non-leamers, who could not read music, performed
the task using numbers during both scanning sessions. Both the pre-training and the post
training tasks incorporated a control for low-level visual and m otor elements. These were
complete bars of crotchets, quavers or minims. Thus although control trials contained
rhythmic notation, decoding was minimised since the duration o f each element was the
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same. The duration o f the basic element in the control trials was varied (crotchets, quavers
or minims) in order to match the number o f specified keypresses across the control and
experimental conditions.

Any differences between the two could not, therefore, be

attributed to differences in mean response rate.

Pre-training

Post-training
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experimental
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Figure 5-2. Learning to Read and Play Music - Stimuli: Rhythm.
Example o f stimuli. Participants produced rhythms, using only a single key. Pre-training, the numbers
indicated the duration o f each keypress. An auditory bleep was used to give the duration o f the single
beat. The number "3" indicated that the participant should make a keypress synchronous with an auditory
bleep and keep it pressed for a further two bleeps. Experimental trials always comprised three different
durations w hile control trials specified a sequence o f keypresses o f the same duration. In order to keep
the number o f keypresses constant across control and experimental trials, control trials were either a bar
o f 8 short duration keypresses, a bar o f 4 medium duration keypresses or a bar o f 2 long duration
keypresses.

Implicit Music Keading Condition
This task was based on an implicit text reading neuroimaging paradigm (Price, Wise
& Frackowiak, 1996) in which participants were required to perform an incidental feature
detection task, embedded in a word comprising letters or comprising unreadable falsefont.
Participants made an up/dow n judgement to respectively signal the presence o f an
ascender or descender (a visual feature, forming part o f the word which extends above or
below the body o f the word). Although the feature detection task was explicitly visual;
decoding of the word stimuli was not required to perform the task, the comparison o f
activation for the word condition and the falsefont condition showed that language areas
were activated in the former condition only. Thus even when the task is not language
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based, words are automatically processed to a semantic level. This corresponds well with
the behavioural Stroop phenomenon in which colour naming o f a colour word stimulus is
slower if the colour word and the ink colour do not correspond. The interference is not
seen in the opposite direction, demonstrating that word reading is more automatic than
colour naming and cannot be suppressed.

In the present experiment, a musical version o f the Price et al. paradigm was
developed, in which participants were required perform an incidental feature detection task
based on visual features present in musical notation or in visually matched but unplayable
“false-music”, constructed specifically for this experiment. Participants made an up/dow n
judgement to respectively signal the presence o f an ascender or descender (a visual feature,
forming part of the notation which extended above or below the musical stave).

The

rationale was that, in the same way that the word minus false-font comparison o f the Price
et al. experiment had revealed processing in language areas, the notes minus false-notes
comparison, post-training, may also reveal processing in areas related to the meaningful
processing o f musical notation.

The task was identical before and after training.

It comprised a visual feature

detection task in which the target (a vertical stem which protruded above or below the
horizontal stave) could form part o f a group o f musical notes (musical stimulus) or a group
of false-notes (non-musical stimulus) (Figure 5-3). These constituted the experimental and
control trials respectively.

Participants indicated whether the target was ascending or

descending, using an arbitrary up/dow n mapping to the index and middle fingers. Musical
trials were visually and motorically matched with non-musical trials but only the musical
trials were playable on a musical instrument.
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M usical trial

N on-m usical trial

Figure 5-3. Learning to Read and Play Music - Stimuli: Implicit Music Reading.
The task was identical before and after training. It comprised a visual feature detection task in w hich the
target (a vertical stem which protruded above or below the horizontal stave) eould form part o f a musical
stimulus (m usical trial, above) or a non-musical stimulus (non-musical trial, below ), constituting
experimental and control trials respectively. Participants indicated whether the target w as ascending or
descending, using an arbitrary up/down mapping to the index and middle fingers. M usical trials were
visually and motorically matched with non-musical trials but only the musical trials were m usically
interpretable.

5 .1.1.1.5

Task Procedure

Before the scanning session commenced, participants were taken to a testing room
where the tasks were explained to them. In addition, they were asked to read a set of
written instructions and were encouraged to ask questions if they were unsure about any
com ponent o f the tasks. Practice trials were given, corresponding to each o f the three
conditions to ensure that participants had fully comprehended the task form at and
requirements. In addition, each task was given a name e.g. Melody, Rhythm, Search and
the experimenter ensured that the participant had understood which task corresponded to
each o f these verbal labels. The order o f the tasks was counterbalanced in the scanner so it
was im portant that the participant was fully prepared for the correct task each time. Three
blocks o f practice trials were given (18 trials for the melody and rhythm conditions, 60
trials for the implicit reading condition). The music reading tasks were well within the
range o f the participants’ abilities and three blocks o f practice trials was sufficient to fully
familiarise participants with the task demands.
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Once inside the scanner, participants lay with the MR-compatible M ID I keyboard
placed on their lower torso, at a comfortable angle for the fingers o f their right hand to rest
over keys G to D. Participants could not see the keyboard or their hand, while in the
scanner. To ensure that the participant's hand did not stray from the required response
keys, structural markers were attached to the outer boundaries of the response keys.

Each o f the three conditions constituted a separate scanning session. The order in
which these three conditions was presented was counterbalanced across subjects. Before
each condition started, the experimenter communicated with the participant from the
scanning console room, via an intercom, instructing the participant which condition was
coming next and reminding them o f the task instructions.

Keypress responses were

recorded using the stimulus presentation package. Cogent (Wellcome Departm ent of
Imaging Neuroscience, Institute o f Neurology, London).

5.1.1.1.6

Im agin g D esign

A blocked design was used for all three conditions. Each condition comprised six
control and six experimental blocks, presented alternately and interspersed with rest blocks
(12 in total). Control blocks and experimental blocks lasted 30 seconds, rest blocks lasted
15 seconds. Each condition lasted a total o f 9 minutes.

For the Melody and Rhythm

conditions, control and experimental blocks comprised six trials of 5 seconds each. Each
rest block (presentation o f a blank stave, no response required) contained three trials o f 5
seconds each.

Stimuli were presented for 4.5 seconds.

(width) X 8.5 (height) ° V.A. Note-heads were

Each stimulus measured 29.0

1.4 (width) x 1.0.(height) ° V.A. The

numbers or number-like stimuli which were superimposed onto the noteheads measured
0.4 (width) X 0.57 (height) ° V.A. Participants fixated a cross hair (1.0 x 1.0 ° V.A) in the
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centre o f the screen for the remainder of the trial (0.5 seconds). For the Implicit Music
Reading condition, control and experimental blocks consisted o f 20 trials o f 1.5 seconds
each. Each rest block (presentation o f a blank stave, no response required) contained 10
trials o f 1.5 seconds each. Stimuli were presented for one second. Participants fixated a
cross hair for the remainder o f the trial (0.5 seconds).

5 .1.1.1.7

Im aging Param eters

A 2T Siemens VISION system (Siemens, Erlangen, Germany) was used to acquire
T2* weighted echoplanar (EPI) slices (64 x 64 grid, each slice, 3 x 3 mm^, T E = 40ms) with
blood oxygenation level dependent (BOLD) contrast. A trajectory based reconstruction
(TBR) sequence was used (Josephs, Deichmann & Turner, 2000).

Each EPI image

comprised 40 axial slices taken every 3.5mm (2mm thick with a 1.5mm gap) which were
positioned to cover the whole brain. Both tasks consisted o f 185 whole brain acquisitions,
the first five o f which were not analysed. Volumes, which were acquired continuously with
an effective repetition time of 3.04 seconds/volume, were realigned, resHced using “sine”
interpolation, and normalized to an EPI template based on the Montreal Neurological
Institute reference brain of 3 x 3 x 3mm^ voxels in Talairach space using non-linear basis
functions. The EPI volumes were smoothed with an 8mm full width at half maximum
(FWHM) isotropic Gaussian kernel.

5.1.1.1.8

Sta tistica l A nalysis o f Im aging D a ta

Each condition (Melody, Rhythm, Implicit Music Reading) was analysed separately
for the pre-training and post-training sessions.

Data were analysed with the Statistical

Parametric Mapping Software (SPM99, Wellcome Departm ent o f Cognitive Neurology,
London; h ttp ;//fil.ion.ucl.ac.uk/spm). Population inferences were made through a two-
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stage procedure. In the first stage, the data were analysed participant-by-participant. The
volumes acquired during each condition were treated as a time-series.

The BOLD

response to the stimulus onset for the experimental and control blocks was modelled as a
boxcar function convolved with a haemodynamic response function (HRF).

The rest

blocks were not modelled. These functions, plus six rigid body deformation parameters,
derived from the realignment stage and a constant term, were used as participant-specific
covariates in a general linear model (GLM). Parameter estimates for each covariate were
calculated from the least mean squares fit o f the model to the time-series at each voxel. The
following terms have been defined so that they can be used as a short hand for the
contrasts which are frequently referred to in the remainder o f the chapter:

♦♦♦ Trial Effect: a voxel shows a Trial Effect if there is statistically greater activity for
experimental trials versus control trials.
♦♦♦ Training Effect: a voxel shows a Training Effect if there is a statistically greater Trial
Effect, post-training versus pre-training (i.e.. an interaction between
control/experimental trials and pre-/post-training).

Planned contrasts across covariates were performed for each participant, generating
a contrast image o f the Trial Effect for each participant. These contrast images were used
in the second, random-effects analysis.

Contrast images for each participant were

compared between scanning sessions (post-training - pre-training) using a paired t-test and
treating participants as a random variable in order to derive statistical parametric maps
(SPMs), thresholded with height threshold o f p < 0.001 uncorrected, relating to the
Training Effect. Inclusive masking o f SPMs revealed commonalities in the Trial Effect
across pre-training and post-training sessions.

Each SPM was thresholded at p < 0.01

(uncorrected) to give a combined p < 0.0001 (uncorrected). To look at commonalities in
the Training Effect across the two tasks, contrast images relating to the Training Effect
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were produced for each participant.

Inclusive masking of the SPMs revealed

commonalities in the Training Effect across the tasks, using the same combined threshold
o f p < 0.0001.

5.1.1.2

Predictions

5.1.1.2.1

M elo dy Condition

Though western music, in its written form, may appear largely incomprehensible to
the musically illiterate, it has a systematic organization; notes written vertically higher on
the musical stave denote tones o f a higher pitch. The systematic organization o f musical
notation is also seen with respect to keyboard layout. For instruments such as the piano,
the keyboard layout is such that striking keys from left to right produces tones of
successively higher pitch. Hence the written representation o f musical notes on the vertical
axis o f the stave maps onto a representation o f pitch as well as a representation of notes
from left to right on the keyboard. The results described in Chapter 3 establish that the
melodic component of music reading for keyboard performance can be characterised as a
visuo-spatial sensori-motor task, in which stimuli that vary along a vertical dimension
(musical notes) are mapped onto the lingers, which strike horizontally arranged response
elements (keys on a piano keyboard). The assumption that sight-reading for keyboard
performance involves a sensori-motor translation based upon spatial dimensions leads to
the prediction that it will activate superior parietal cortex. Damage to parietal cortex in
humans can lead to visuomotor impairments such as an inability to use visual information
in the guidance o f eye or hand movements (Jeannerod, Decety & Michel, 1994) and failure
to perform reaching movements on the basis of mirror reversed cues (Ramachandran,
Altschuler & Hillyer, 1997). Neuroimaging studies have made it possible to fractionate
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different parts o f the parietal cortex, according to their function.

Mental rotation

(AHvisatos & Petrides, 1997) and mirror-reading tasks (Dong, Fukuyama, Honda, Okada,
Hanakawa, Nakamura, Nagahama, Nagamine, Konishi & Shibasaki, 2000; Goebel, Linden,
Lanfermann, Zanella & Singer, 1998; Kassubek, Schmidtke, Kimmig, Lucking & Greenlee,
2001; Poldrack, Desmond, Glover & GabrieH, 1998; Poldrack & Gabrieli, 2001) have
suggested a specific role for superior parietal cortex in mediating visuospatial sensori-motor
transformations.

5.1.1.2.2

R hythm Condition

In contrast to the organization o f pitch in musical notation, which is visuospatial
and largely systematic, the representation o f duration or rhythm depends on visual features
and its organization is arbitrary. Notes which are tilled and have a single vertical stem have
a duration of a single beat, but a small tail on the end o f the stem converts this note into a
quaver, which lasts only half a beat. A dot placed beside a note-head lengthens the note by
half as much again while removing the stem altogether lengthens the note to four beats.
Furthermore, while musical melody is almost completely specified by the position of the
noteheads on the stave, musical rhythm depends not only on the visual features o f the
note, but also on musical symbols, such as the time signature or written musical terms
relating to tempo.

Since the encoding of the rhythmic aspect o f musical notation is primarily featurebased, the prediction can be made that visual areas within occipito-temporal cortex, will be
activated in this condition. Areas within the so-called ventral visual pathway have been
shown to exhibit substantial specialization for object representations with reported
category specitity for faces (fusiform face area) (Kanwisher, M cDerm ott & Chun, 1997),
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buildings and scenes (parahippocampal place area) (Epstein & Kanwisher, 1998) and letters
(visual word form area) (Cohen, Dehaene, Naccache, Lehericy, Dehaene-Lambertz, H enaff
& Michel, 2000).

5 .1.1.2.3

Im p licit M usic R eading Condition

The purpose o f this condition was to establish whether acquiring musical literacy
would result in the establishment o f a musical lexicon.

Although even the musically

illiterate will be familiar with the visual appearance of musical notation, the representation
of musical symbols in the brain may change as these symbols acquire meaning. Musical
notes are primarily meaningful in terms o f the musical responses which they specify.
Hence the presence of musical notation in this non-musical task may result in implicit
processing within areas that are involved in converting musical notation into a musical
response. Some overlap may therefore be expected with the learning-related activations
elicited in the Melody task.

5 .1 .1 .3

R e s u lts

5.1.1.3.1

M easurem ent o f Skill A cquisition

After three months o f musical training (90 minutes per week) and structured
practice (a minimum o f three half hour sessions per week), an independent music teacher
examined the participants in the learner group and confirmed that they had all reached a
standard o f keyboard skill equivalent to Grade 1, Associated Board, UK. This m eant that
they could play pieces with two hands simultaneously, short pieces from sight and a
selection of scales and arpeggios. Participants' knowledge o f music theory was also judged
to be o f Grade 1, Associated Board standard, as indexed by their performance on a written
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music theory test.

This meant that they were able to derive note names and timing

information from musical notation, understand key signatures and time signatures,
construct certain scales and were familiar with musical terms and symbols. The assessment
o f music reading ability, using a modified Musical-Stroop experiment (see Chapter 2,
section 2.1.2) showed that, post-training, the learner group exhibited a significant
interference effect [t = -4.24; df = 10; p = 0.002 (two-tailed)] when musical notation was
incongruent with the required num ber to finger mapping. Participants in the non-leamer
group did not show significant interference.

5.1.1.3,2

M elody

behavioural
Behavioural data were available for only 9 o f the 12 participants, due to a
malfunctioning o f the response box during 3 of the scanning sessions. The number of
errors made for control and experimental trials, both pre-training and post-training, can be
seen in Figure 5-4. Participants were more accurate on control trials than experimental
trials, both when they were decoding from numbers (pre-training) [Z = -2.71; p = 0.006]
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Figure 5-4. Learning to Read and Play Music - Melody;Errors.
Number o f errors made by the learning participants.
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and when they were decoding from musical notation (post-training) [Z — 2.37; p —0.01].

The cumulative response times (total time taken to make all five keypresses across a
single trial) were calculated for trials in which all keypresses were correct and can be seen
for control and experimental trials, both pre-training and post-training, in Figure 5-5. A
repeated measures ANOVA, performed on the logged mean response times, showed that
there was an overall effect o f trial-type (control versus experimental) such that participants
were faster to perform control trials than experimental trials. This trial-type difference was
greater when participants were decoding from musical notation (post-training) compared to
when they were decoding from numbers (pre-training), as revealed by a training x trial-type
interaction [F(l,8) = 14.8; p = 0.005]. Planned paired t-tests showed that the response
times for control trials were matched across the number mapping (pre-training) and the
note reading (post-training) conditions but response times for experimental trials were
longer in the note reading (post-training) condition [t = -2.23, d f = 8, p = 0.05]. Thus,
participants were slower to perform the same m otor response when they had to use
musical notation to do so.
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Imaging
Inclusive masking revealed a common Trial Effect, pre-training and post-training,
in bilateral cerebellum, parietal cortex, caudate nucleus and middle frontal gyrus. The
extensive commonality seen in the Trial Effect, pre- and post-training, is thought to arise
because the cognitive demands differed between experimental and control trials in a similar
way, across both scanning sessions. Experimental trials required participants to make an
unpredictable sequence o f keypresses, dependent on the presentation o f a number (pretraining) or a note (post-training).

Control trials, in contrast, required participants to

perform an overlearned sequence of keypresses which, though contingent on the stimulus
display, did not require a number-by-number or a note-by-note visuom otor translation to
arrive at the correct sequence.

As shown in Figure 5-6, a Training Effect (greater Trial Effect, post-training minus
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Figure 5-5. Learning to Read and Play Music - Melody: Response Times.
Response times o f the learner participants.
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pre-training) was seen in right superior parietal cortex alone.

Figure 5-6. Learning to Read and Play M usic - M elody: Rendered SPM .
Statistical param etric map, rendered onto a norm alized structural image, show ing activation which was
greater for note to finger m apping (post-training) than for num ber to finger m apping (pre-training) for
experim ental trials m inus control trials. The SPM was thresholded at p = 0.001 (uncorrected) with an
extent threshold o f 10 voxels. This voxel cluster, centred on 18, -72, 57 in right superior parietal cortex
was also significant at p < 0.01 (corrected).

Figure 5-7 shows the mean percentage signal change at three subpeaks o f this
cluster, revealing a Trial Effect which, though significant pre-training, was greater post
training.

The non-learner group showed the expected Trial Effect

in both scanning

sessions but did not show a Training Effect.
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Figure 5-7. Learning to Read and Play Music - Melody: Signal Intensity.
Peak percentage BOLD signal relative to mean over all voxels and all scans within a session for three
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non-leamer control group at the same voxels: a) 18 -72 57 b)15 -69 48 c) 9 -66 57.
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5.1.1.3.3

R hythm

5.1.1.3.3.1
Because

behavioural
this

task required participants

to produce rhythms which were

synchronised to an external auditory bleep, accuracy was the sole performance measure.
Keypress durations were rounded up or down to the nearest basic unit (500ms) i.e.
durations between 250ms and 750 ms were counted as 500ms, durations between 750ms
and 1250ms were counted as 1000ms. These cut-offs were intentionally liberal, to allow
for deviations in absolute timing. For instance, a participant may have shown a tendency
to make keypresses o f a consistently longer or shorter duration, while preserving the
specified ratio o f durations. Durations outside these limits were counted as errors. The
number o f errors, for control and experimental trials, both pre-training and post-training, is
shown in Figure 5-8. A Wilcoxon test was used to compare the number of errors made for
control and experimental trials, both pre-training and post-training.

This revealed that

more errors were made for experimental trials, both pre-training [Z = -2.69, p < 0.01] and
post-training [Z = -2.54, p < 0.01]. However, the error frequencies were low and did not
conform to a normal distribution, thus the interaction of training with trial-type could not
be tested although an examination o f Figure 5-8 suggests that behavioural performance was
similar across the pre- and post-training stages.
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Figure 5-8. Learning to Read and Play Music - Rhythm: Errors.
Number o f errors made by the learner participants.

Imaging
Inclusive masking revealed a common Trial Effect, pre-training and post-training,
in bilateral cerebellum, bilateral superior parietal cortex and left middle occiptal gyrus.
These activations reflect the common cognitive differences between experimental and
control trials across the two scanning sessions. Experimental trials required participants to
produce a rhythm which was made up of several different durations while control trials
required participants to produce a rhythm made up o f a sequence o f constant keypress
durations.

An examination of the differences between the experimental minus control

difference across the two scanning sessions revealed no Training Effect

(greater Trial

Effect, post-training minus pre-training).

5.1.1.3.4

Im p licit M u sic R eading

Behavioural
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The number of errors and the response times for control (non-musical) and
experimental (musical) trials, both pre-training and post-training, are shown in Figures 5-9
and 5-10. There was no difference in accuracy or response time between experimental
trials and control trials. Similarly, there was no effect o f training on either measure and no
interaction between training and trial-type. As might be expected, given the relative
simplicity of the feature detection task, the acquisition o f music reading skill had no
measurable behavioural effect on performance.
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Figure 5-9. Learning to Read and Play Music - Implicit Music Reading: Errors.
Number o f errors made by the learner participants.
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Inclusive masking revealed no common Trial Effect, pre-training and post-training.
Figure 5-11, however, shows a Training Effect in left supramarginal gyrus, post-central
sulcus, medial parietal cortex, right cerebellum and right frontal pole.

The left

supramarginal gyrus activation was additionally significant at the level of p < 0.05
(corrected).

Figure 5-11. L earning to Read and Play M usic - Im plicit M usic Reading: Rendered SPM.
Statistical param etric m ap, rendered onto a norm alized structural im age, show ing activation w hich was
greater post-training com pared with pre-training for experim ental trials m inus control trials. The SPM
was thresholded at p = 0.001 (uncorrected) with an extent threshold o f 10 voxels. A ctivation was seen in
left supram arginal gyrus, post-central sulcus, medial parietal cortex, right cerebellum and right frontal
pole. O f these, the activation in a voxel within left supram arginal gyrus (-63, -30, 27) was also significant
at p < 0.05 (corrected).
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Figure 5-12 shows the mean percentage signal change for a voxel in left
supramarginal gyms.

It reveals a Trial Effect which was restricted to the post-training

session. The non-learner group showed no activation difference between the experimental
and control trials, at either scanning session. Their data are informative since they show a
general deactivation for both experimental and control trials in the second scanning
session. Thus the pattern o f signal change seen in the learner group can be interpreted in
terms o f relatively less deactivation for experimental, as opposed to control trials.
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Figure 5-12. Learning to Read and Play Music - Implicit Music Reading: Signal Intensity.
Peak percentage BOLD signal relative to mean over all voxels and all scans within a session for a voxel
within the left supramarginal gyrus cluster shown in Figure 5-11. The signal intensity is also shown in
the non-leamer group at the same voxel: -63 -30 27.
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5.1.13.5

Com m onalities Across D ifferent C onditions

Inclusive masking revealed a common Training Effect across the explicit Melody
Reading and the Implicit Music Reading conditions, which can be seen in Figure 5-13.
Extent thresholding was not used since several activations in single voxels were striking
bilateral and the use of an extent threshold may have obscured these potentially interesting
activations.

A common Training Effect was seen in left cerebellum, bilateral superior parietal
cortex, medial parietal cortex and left postcentral gyrus.

The medial parietal region

activation also sur\tived p < 0.001 (uncorrected) in both the implicit and explicit tasks,
separately (Figure 5-14).

Figure 5-13. L earning to Read and Play M usic - C om m onalities: R endered SPM .
Inclusive m asking was used to establish w hether there w ere com m on activations in the contrast o f interest
interest (Post-training, experim ental trials - control trials) - (Pre-training, experim ental - control trials)
across the M elody and Im plicit Music Reading conditions. Each contrast (one for M elody, one for
Im plicit M usic R eading) was thresholded at p < 0.01, giving a jo in t threshold o f 0.0001. No extent
threshold w as used. C om m onalities in activation w ere seen in left cerebellum , bilateral superior parietal
and medial parietal cortices, and left post-central gyrus.
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Figure 5-14. Learning to Read and Play Music - Implicit Music Reading: Signal Intensity.
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voxel is shown above for the M elody (a) and Implicit M usic Reading (b) conditions.
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5.1.1.4

D iscussion

5.1.1.4.1

M elody Condition

W hen the learners used their newly acquired skill o f sight-reading, they showed
activation in right superior parietal cortex.

A group o f non-leamers, who were also

scanned twice, using an equivalent inter-scan interval, did not show any difference in this
brain region, thus ruling out the possibility that the changes were due to non-specific
factors associated with being scanned twice.

In Chapter 3, empirical evidence illustrates the importance o f visuo-spatial
transformations in music reading.

The dorsal visual processing stream, within which

superior parietal cortex resides, is known to be important for the coding o f the spatial, as
opposed to featural aspects o f visual stimuli (the "what"/"where" distinction") (Damasio &
Benton, 1979; Gross, 1973; MaunseU & Newsome, 1989; Mishkin & Ungerleider, 1982;
Pohl, 1973). A distinction has also been made between the visual perception of objects
versus the control of action upon those objects (the "what"/"how " dichotomy) (Goodale
& Milner, 1992). W hether the distinction made is one o f "what versus where or "what
versus how", sight-reading for keyboard performance falls squarely within the functional
remit o f the dorsal stream. First, the information relevant for performance is contained in
the position o f the note on the stave ("where"); second, musical performance relies on the
use o f this positional information to guide selection o f the appropriate keypress ("how").

An activation similar to one found in the present study, in right superior parietal
cortex, was also seen in Sergent's PET study o f musical sight-reading (Sergent et al., 1992).
Performance of the main task (sight reading, playing and listening) by professional pianists
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activated right superior parietal cortex, but this region was not activated in the reading
alone or listening alone condition. The replication o f this finding in the present experiment
in which £MRI was used, as opposed to PET, and novice pianists were used, as opposed to
professionals, suggests that the common activation across the two studies is likely to reflect
the specifically visuospatial translation element o f music reading, and, furthermore, that
such activation may be independent o f skill-level.

5.1.1.4.2

R hythm Condition

The absence o f a Training Effect in the Rhythm condition may be due to two
independent factors.

First, the pre-training and post-training tasks may have been too

similar for differences to be found.

While reading music for rhythm requires visual

decoding based on the features o f the musical notation, (a stage which was not required in
the pre-training session), the notation is converted into a representation of the num ber o f
beats specified before mapping this notion of duration onto the m otor response.

It is

therefore possible that early differences in the decoding stage, in advance o f this duration
to response mapping are too subtle to be noticed.

Second, there was only a small

difference between the experimental and control trials; reading o f rhythmic notation was
also required for control trials, post-training, though to a lesser extent than for the
experimental trials. Further, control trials were sometimes bars o f quavers, or sometimes
crotchets or mimins and hence were not entirely predictable.
increased the demands made upon rhythm reading.

This is likely to have

However, this was a necessary

constraint o f the experimental design since response rates had to be matched across
experimental and control trials over the scanning session as a whole.

5 .1.1.4.3

Im p licit M usic R eadin g Condition
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Since the implicit music reading task did not involve sight-reading, differences in
activation, related to the presence o f task-irrelevant musical notation, after training, must
reflect an effect of learning at an automatic level. Such differences were obtained in the
left supramarginal gyrus, postcentral sulcus, medial parietal cortex, right cerebellum and
right frontal pole.

O f these, the activation in left supramarginal gyrus was the m ost

striking, surviving at the level o f p < 0.05 (corrected). Unlike the explicit music reading
task, in which the Training Effect was characterized by a relative increase in the Trial
Effect across the two scanning sessions, the Training Effect in left supramarginal gyrus in
the implicit music reading task was characterized by a Trial Effect that was present only
after training.

The Training Effect was independent o f any behavioural change in the

performance o f the feature detection task.

An explanation o f the activation change in supramarginal gyrus rests on the
following argument. During the course of training, participants learned to make specific
keypresses in response to particular musical notes. The visual appearance o f musical notes,
post-training, may be automatically and unconsciously interpreted as an instruction to act.
One o f the earliest psychological studies o f music reading (Bean, 1939) was designed to
establish whether the musical notation evoked mental imagery o f one sort more than
another. Finding little evidence to support the idea that a musical note on the score can
elicit auditory imagery. Bean concluded.

“a note on thepage means to mostperformers the act ofpressing a key, rather than sound”

For the purposes o f performing the feature detection task (up/dow n discrimination
o f a visual target), preparation o f the learned musical response would be inappropriate and
would be overridden by the preparation and execution o f the task-relevant m otor response.

181

While the preparation and execution o f the task-relevant response was comm on across
both the pre- and the post- training sessions, the impHcit preparation o f a music-specific
m otor response would have only occurred post-training.

The left supramarginal gyrus is thought to be im portant in processes related to
"motor intention". WhQe a network of areas including the posterior parietal cortex o f the
right hemisphere have been demonstrated to subserve visual attentional processes
(Corbetta, 1993; Corbetta, 1998), imaging and transcranial magnetic stimulation (TMS)
studies have highlighted the importance o f more anterior parietal cortex o f the left
hemisphere for m otor orienting (Rushworth, Paus & Sipila, 2001; Rushworth, Ellison &
Walsh, 2001; Rushworth, Krams & Passingham, 2001), a hypothesis that is supported by
observations that patients with damage to left inferior parietal cortex have difficulty in
m otor sequencing (Harrington & Haaland, 1992; Kimura, 1993; Rushworth, Nixon,
Renowden, Wade & Passingham, 1997) and in the representation and awareness of
movements (Sirigu, Daprati, Pradat-Diehl, Franck & Jeannerod, 1999).

The involuntary effect o f musical literacy, as reflected in activation changes in the
implicit music reading task, is supported by the behavioural results o f these same
participants, described in experiment 2 o f Chapter 2 (section 1.1.2).

Post-training, the

response time taken to perform an explicit task (mapping from numbers to fingers) was
increased when the numbers were superimposed on incongruent musical notes.

Thus,

although no behavioural differences were seen, post-training, between the musical and
non-musical conditions o f the implicit music reading task, the training-related changes in
performance o f the Stroop task lend support to the notion that activation changes seen in
left supramarginal gyrus in the implicit music reading task may reflect response preparation.
The absence o f a similar activation in the explicit music reading condition may be explained
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by the fact that, in this task, both control and experimental trials required explicit
preparation and execution of a m otor response.

Additional evidence that the presentation of musical stimuli can elicit implicit
activation of motor-related cortical areas comes from studies within the auditory domain.
Expert pianists have been shown to have an involuntary increase in m otor cortex activity
when listening to piano pieces and performing a decoy task requiring detection o f a wrong
note in a piece o f familiar music (Haueisen et al., 2001). The decoy task was designed to
emphasise the perceptual rather than the production components o f musical processing,
thus ensuring that any motor-related activations were genuinely involuntary. Activation o f
primary m otor cortex during an explicitly perceptual task supports the idea that music
listening as well as music reading can implicitly affect the musical production system.

Activation o f supramarginal gyrus was also seen in one o f the subtractions of
Sergent’s PET study of sight-reading (Sergent et al., 1992). Activations related to score
reading were subtracted from activations related to score reading whilst listening to a
performance of the same music. This was interpreted to suggest that supramarginal gyrus
is involved in a visual-auditory mapping process. However, activation o f supramarginal
gyrus in the present study is not consistent with such a view since there was no auditory
component.

An alternative explanation for the involvement o f supramarginal gyrus in

Sergent's study may be that score reading alone was not sufficient to activate m otor
preparatory systems but the conjunction of musical information from visual and auditory
modalities may have been functionally suprathreshold for eliciting music productionrelated activity in the supramarginal gyrus.
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5 .1.1.4.4

C om m onalities B etw een M elody and Im p licit M usic
R eadin g C onditions

The common Training Effect, seen in medial and bilateral superior parietal cortex
across both the Melody and Search conditions suggests that the activation o f right superior
parietal cortex in the melody condition, post-training, can be confidently attributed to be
learning-related, and not merely task-related.

Further, since it has been argued that a

Training Effect in this area in the Melody condition reflects a visuo-spatial sensori-motor
translation between the notes on the stave and the appropriate keypresses, the fact that a
Training Effect is seen in the same area in the Search task suggests that the mere presence
o f musical notation may result in a similar visuo-spatial sensori-motor translation even
when such translation does not result in m otor execution.

5.2

C O N C L U S IO N ___________________________________________________________

The activation in superior parietal cortex seen in the explicit music reading task,
after training, supports the hypothesis that music reading involves a sensori-motor
translation in which the spatial characteristics of musical notation are used to guide
selection o f the appropriate keypress. The activation o f left supramarginal gyrus in the
implicit music reading task, in conjunction with the Stroop interference seen after training,
suggests that after three months o f musical training, musical notation is automatically
processed. The common activation o f medial and bilateral superior parietal cortex across
the two tasks reflects an effect which is specific to the acquisition of music reading skill and
is independent of the particular tasks used. The study serves to illustrate the power that
culture has in shaping brain function (Frith, 1998) and illustrates one approach by which
neuroimaging can be used to capture and characterize such changes.
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CHAPTER 6: SUMMARY OF FINDINGS & FUTURE
DIRECTIONS

In this section, the results of chapters 2, 3 and 5 are summarised and placed in the context ofprevious
research on music reading. A cognitive model of music reading is proposed, based on past and present
empirical work. The findings are proposed to bridge the gap in knowledge between the existing
understanding of expertise in music reading and the understanding of the fundamental transcription
processes involved in music reading. The limitations of the experiments are described and studies designed to
address them are presented. Finally, plans for future experiments to address new questions regarding the
cognitive and neural bases of music reading are outlined.

6.1

INTRODUCTION_____________________________________________________

The invention o f written notation has enabled ideas to be preserved and
disseminated without the loss of information. This is just as true for music as it is for
language.

The introduction of musical notation in the tenth century has shaped the

development of musical history, changing the way music is created, preserved, learned and
performed.

The skill o f music reading is a feat o f cognition at least equivalent to that o f
language reading. The visual appearance of symbols on a stave bear as little resemblance to
their musical realization as the written word does to its spoken output. However, research
into the cognitive and neurobiological basis o f music reading has lagged far behind that of
language reading, even though an understanding o f the psychological processes involved in
music reading can help to understand how the brain processes information in the external
world.

Music reading is at once uniquely human and considerably complex, yet reducible
to a set o f components which have already been the subject o f intense psychological
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research (visual processing, m otor behaviour, visuo-motor integration).

It

therefore

constitutes a behavioural system which can serve as a model of how basic well understood
psychological processes are integrated into real world behaviour. The introduction to this
thesis revealed that research has largely used music reading as a model of expertise
(Sloboda, 1974), investigating the factors which distinguish good readers from poor
readers, when performance is equated. Although early studies were designed to investigate
the encoding o f musical notation, (Sloboda, 1976; Halpem et al., 1982), the nature of the
representations remained elusive and further work on the basic psychological processes
involved in music reading was not forthcoming. This thesis aimed to partially redresses the
balance between the relatively good level o f understanding o f musical expertise and the
relatively poor level o f understanding o f the fundamental transcription processes involved
in converting musical symbols into their musical response.

In addition, this thesis has

delineated the brain changes that are associated with becoming musically literate. Together,
the findings provide a starting point for the development o f a neuro-cognitive model of
music reading (section 6.1.1.5).

6.1.1

6.1.1.1

SUMMARY OF FINDINGS

Music Reading is Automatic
The experiments described in Chapter 2 were motivated by the Stroop paradigm

(Stroop, 1935), which has had a long and productive history in the study o f word reading.
In particular, this paradigm has elucidated the automatic nature of word reading. Those
who can read, can’t help but read;

they do it automatically, even when reading is not

required and is detrimental to performance.

In this thesis, the Stroop paradigm was

adapted in such a way that it could be used to investigate automaticity in music reading.
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The hypothesis tested was that music reading, like language reading, is obligatory for those
who are musically Hterate.

The presence o f irrelevant musical notation affected performance o f expert pianists
on a task which required a simple num ber to finger mapping. Performance was slower and
less accurate when the information from the musical notation conflicted with the
information from the numbers but faster and more accurate when the information from
the two sources coincided. Like the language Stroop task, the effect was uni-directional:
when the task was instead to play the musical notes, ignoring the numbers, performance
was not influenced by the congruence o f the note/num ber pairing. This is evidence that
the acquisition o f music reading skill has profound and pervasive effects on information
processing. Furthermore, these effects were shown to develop early in skill acquisition: a
version o f the musical Stroop task in a group o f novice pianists demonstrated some
evidence o f automaticity, after three months of musical training.

6.1.1.2

Musical Notation is Represented Visuo-spatially
Representations are inner, mental events, distinct from the behaviours in which

they play a role.

They do not yield easily to observation or study.

Nevertheless, by

hypothesis-driven manipulation o f certain task variables and measurement o f the
concomitant effect on behaviour, it is possible to make inferences about the nature of
these representations.

The musical Stroop effect, described above, provided the

foundation for the hypothesis-driven manipulation of task variables in an endeavour to
determine how musical notation is represented. The hypothesis that musical notation for
melody is represented visuo-spatially was tested by stripping the musical Stroop task o f its
musical elements so that only the visuo-spatial relations between numbers remained.
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Again, a musical Stroop effect was obtained, which did not differ significandy from that
elicited by the full musical Stroop stimulus; evidence that visuo-spatial information plays a
major role in the representation o f musical notation.

The experiments described in Chapter 3 were designed to characterize the role o f
visuo-spatial information in the realization o f musical symbols into their musical response.
A consideration o f stimulus-response compatibility in musical notation motivated the
design o f a non-musical interference paradigm that would test the hypothesis that music
reading, for keyboard performance, can be envisaged as a set o f vertical to horizontal
stimulus-response transformations. Expert pianists were found to be equally sensitive to
spatial stimulus-response compatibility when the stimulus varied vertically, as when it
varied horizontally (stimuli were always mapped to a horizontally organized response).
Non-musicians showed considerably less sensitivity to violations o f vertical, as opposed to
horizontal stimulus-response compatibility. Evidence for the development of vertical to
horizontal mappings over a three m onth period o f musical training was found, as indicated
by a relative increase in sensitivity to violations o f vertical to horizontal stimulus-response
compatibility.

An early experiment (Sloboda, 1976), which investigated encoding o f musical
notation in musicians, concluded that:

"musicians have overleamed mechanisms for immediate transcription....ln general it seems that automated
and overleamed tasks are less susceptible to interference than novel tasks".

The musical and non-musical Stroop experiments described in Chapters 2 and 3
refute this idea, showing that overleamed processes in musician can indeed be disrupted by
interference. A Likely explanation for the failure o f early interference tasks to affect musical
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encoding is that the copying recall tasks did not adequately capture the kind o f processing
that occurs during music reading. It is rare for musicians to simply encode musical
notation, as if it were written text.

Almost without exception, musical notation is

intimately linked to musical production.

6.1.1.3

The Acquisition of Musical Literacy Changes the Brain
Music reading is well suited for asking questions concerning how the acquisition of

a notational system affects brain function. While most people in the developed world are
literate in language reading, only a small percentage are musically literate. However, many
people are keen to learn to read and play music and a basic standard can be reached in a
relatively short time. Thus the acquisition o f music reading skill is particularly amenable to
longitudinal neuroimaging studies such as that described in Chapter 5.

Participants were scanned, using fMRI, before and after three m onths o f musical
training. The tasks which they performed in the scanner were designed to separately probe
the learning-related changes associated with reading music for melody and rhythm. A third
task was designed to establish whether learning-related changes would be seen in response
to the mere presence o f musical notation even when music reading was not involved.

Consistent with the prediction that music reading for melody would activate
structures in the dorsal visual stream, this condition was associated with activation in
bilateral superior parietal cortex.

Superior parietal cortex has been implicated in other

studies such as mirror reading (Poldrack et al., 1998; Poldrack et al., 2001; Goebel et al.,
1998; Alivisatos et al., 1997) which require sensori-motor transformations based upon the
spatial characteristics o f a stimulus.

The implicit music reading task, in which musical
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notation was present but irrelevant, activated the same area o f superior parietal cortex that
was observed in the melody reading condition. Just as Price et al.(1996) report that the
mere presence o f word stimuli in a visual task evokes activation in areas associated with
language processing, the present experiment shows that the mere presence o f musical
stimuH in a visual task evokes activation in areas associated with the explicit processing o f
musical notation and its realization as a musical response. Whilst the participants in the
Price et al. study had at least twenty years experience in word reading, the participants in
the present study had just three m onths experience in the processing o f musical notation.
The musical Stroop experiments described in Chapter 2 provide parallel behavioural
evidence of the development o f automaticity in music reading after three months o f
training.

If the superior parietal activation seen in the melody reflects a spatial sensori-motor
transformation o f the musical stimulus into its response, the activation o f this same area in
the implicit music reading condition, in which no musical response was made, suggests that
the brain processes the musical notation as if a musical response is about to be made but
terminates processing before the level o f response execution. The additional activation of
left supramarginal gyms in the same condition is also consistent with the hypothesis that
musical notation is processed as if it prescribed a musical response.

The hypothesised

functional roles o f supramarginal gyms and superior parietal cortex suggest a processing
hierarchy, whereby activation o f supramarginal gyms may be involved in the initial
automatic evaluation of the musical notation as prescribing a learned m otor response (in
general), while the superior parietal cortex computes the sensori-motor computation which
is required to elicit a specific musical response.
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6.1.1.4

Conclusion
Together, the behavioural and neuroimaging evidence suggest that music reading,

at least for keyboard performance, requires co-ordinated sensori-motor translation between
a set o f vertically organized stimuli and a horizontally organized set o f responses. These
spatial mappings develop in the early stages o f skill acquisition (up to 3 months). The
cognitive changes associated with acquisition of music reading and playing are mirrored by
functional changes in brain activity.

Activation changes related to reading music for

melody are found in superior parietal cortex, corresponding to the dorsal (where/how)
pathway proposed in the visual system (Goodale et al., 1992; Ungerleider & Mishkin, 1982).
The automaticity of music reading, demonstrated by the musical Stroop experiments of
Chapter 2, is paralleled by learning-related brain changes in response to the mere presence
o f musical notation. These changes occur in superior parietal cortex and supramarginal
gyrus, areas which are consistent with the interpretation that musical notation is implicitly
processed to a level of musical response preparation.

6.1.1.4.1

An E m b ed d ed M odel o f M usic R eadin g

The model presented in Figure 6-1 places music reading within the wider
framework o f musical behaviour in general.

Music reading will influence, and be

influenced by these other aspects o f musical behaviour. Six aspects o f musical behaviour
in particular are included in the model: perceptual processing, abstract representation of
musical notes, sensori-motor translation, expertise in music reading, auditory imagery, note
naming and musical production.
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Figure 6-1. An E m bedded M odel o f M usic Reading.
Music reading is intim ately linked to many other m usical behaviours w hich both influence it and are
influenced by it. The results presented in this thesis relate particularly to the m apping betw een musical
notation on the score and musical production. In conventional notation, m usical pitch is alw ays organized
in vertical space (“ Input Vt” = vertical stim ulus input; "O utput Hz" = horizontal response output; "Clt
spec" = clarinet specific; "Vce spec" = voice specific). The vertical inform ation is m apped onto an
instrum ent specific réponse. For the keyboard, the response system is horizontally arranged. T hus music
reading for keyboard perform ance involves a set o f vertical to horizontal sensori-m otor m appings.
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Perceptual processing in the visual and auditory domain proceeds to a relational
level: in the visual system, notes are not read one by one, not even by a novice. Similarly in
the auditory domain, interval processing occurs, followed by the extraction o f contour
information. In music reading, syntactic information is important. The key signature and
time signature, for instance, interact with both the naming and playing o f musical notation.
A note on the middle line o f the stave is either “B”, a key seven notes to the right o f
middle C on the keyboard, or it is “D ”, a note seven notes to the left o f middle C on the
keyboard, depending on the kind o f clef which is used. Musical notes, however, are not the
exclusive preserve o f either the auditory or the visual modality; they can be abstract entities,
for instance when a novel musical tune is generated in the head. The visual and auditory
representations o f musical notes are therefore proposed to feed into an abstract
representation of musical notes.

The fact that any one individual may play several instruments is evidence that there
is no single mapping from musical notation (if reading) or from the abstract representation
o f musical notes (if generating or composing) to the m otor response. In order to retain the
flexibility o f being able to play several instruments, it is necessary to posit the existence of
several instrument-specific mappings which exist at the prem otor level.

This thesis has attempted to characterize the nature o f a particular kind of
mapping; from musical notation on the score to musical production on the keyboard.
Because o f the vertical organization o f musical pitch, the spatial input to this sensori-motor
mapping is always vertical, regardless of instrument. However, the spatial output o f the
mapping wiU differ depending on the instrument. For the keyboard, the response system is
horizontally arranged. The results o f this thesis support the hypothesis that music reading.
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for keyboard performance, proceeds via a set of vertical to horizontal sensori-motor
mappings.

Much o f the previous research into music reading has focussed on factors which
differentiate good sight readers from poor sight readers. This work has established that
musical skill results in an increase in the use o f a perceptual ''chunking"/pattern
recognition mechanism during music reading.

Instructions for the performance o f a

"chunk” o f the musical score can be stored in a digested form in short-term memory. If a
piece o f music is chunked efficiently, fewer slots wiU be taken up in short-term memory,
permitting the reader to look further ahead and allowing more time for response
preparation (Wolf, 1976). Chunking is affected by musical context. For instance, there wiU
be less scope for chunking in musical pieces which are written in an unfamiliar style.
Although chunking strategies develop with musical expertise, such that more advanced
musicians chunk more efficiently than novices, even expert musicians who are matched in
terms of their performance ability may differ in their sight-reading skill, a finding which has
been attributed to superior chunking strategies. However, the way in which their chunking
behaviour differs from their performance matched contemporaries has not been adequately
addressed. One possibility is that they are better at perceiving the visual patterns in the
musical score.

Equally, they may be better at matching perceptual representations to

actions in long-term memory or

storing the action templates that correspond to the

perceptual chunks.

Musical notation may give rise to auditory imagery in skilled music readers
(Brodsky et al., 2003). However, evidence to suggest that the generation o f such imagery is
causally involved in the decoding of musical notation into its musical response is weak.
Auditory imagery is likely to be involved in error monitoring and correction after a musical
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response has been made (Sloboda, 1984).

For simplicity, only one o f several possible

instrument-specific feedback pathways is shown in the model.

Musical notation is primarily read in order to perform it, but it can also be named
using letters e.g. “A ”, “B”, “C”. A neuropsychological distinction between naming notes
and playing them is supported by a double dissociation: patients who can play from
notation, but cannot name it (Schon, 2001) and patients who can name musical notes but
cannot play them (Cappelletti et al., 2000).

6.1.2

PLANNED EXTENSIONS FROM THESIS RESULTS

6.1.2.1

Musical Stroop Experiments

6.1.2.1.1

A bstractin g the response com ponen t

The Musical Stroop experiments described necessarily used a simple paradigm in
which the primary task relied on number to finger mapping (“ 1” corresponds to the
thumb, “2” corresponds to the index finger, and so on).

However, the response time

effects are not interpreted in terms of competing mappings from notes and from numbers
to the specific fingers o f the right hand. Pianists do not form absolute associations between
individual fingers and individual notes; they can play any note with any finger. The choice
o f fingering will depend on the musical context —what they have just played and what they
are about to play. Rather, the response time effects are interpreted in terms of competing
mappings from notes and from numbers to responses made in horizontal space. This
assumption could be tested by repeating the Musical Stroop experiment, and asking
participants to make all five responses with a single finger. The prediction would be that,
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if, as is argued, the effect o f musical notation on response time arises because it specifies a
response in space rather than a response which is specific to the digits o f the right hand,
the effects of congruence will stiU be seen when only a single finger is used.

6.1.2.1.2

H o w autom atic is autom atic?

The experiments described in Chapter 2 showed that musical notation is
automatically processed in expert pianists and, to some extent, in novice pianists. Taking
the view that automaticity may be better viewed in terms as a continuous rather than an all
or none phenomenon (Kahneman & Henik, 1981; MacLeod, 1991), it is likely that the
degree o f automaticity displayed by the expert pianists will be significantly greater than that
shown by the novices. This was not directly tested since the original musical Stroop task
was found to be insufficiendy sensitive to reveal interference in the novices and a modified
version was instead used.

The performance of each group was therefore separately

compared against a group of non-musicians. A future experiment in which both groups
could be tested using the same paradigm would reveal the extent to which skill level and
automaticity of representations are correlated. All groups could be tested on the modified
version or, if a longer training period was given to the novices, all groups could be tested
on the original version.

A more precise characterization o f the relationship between skill level and
automaticity could be gained by increasing the num ber o f groups, from three to eight,
using each of the Associated Board grade examinations as a measure of skill. While it is
possible that automaticity may not differ with relatively small differences in skill level, e.g.
from one grade to the next, using such an approach it will be possible to determine the
minimum changes in skill level that result in a significant change in automaticity.
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Individual differences in automaticity within each participant group (non-musicians,
novices, experts) may contribute unwanted variance in the data and mask a relationship
between skiU development and automaticity.

A more sensitive measure o f the

development o f automaticity with sldll may be therefore be attained using a within-subjects,
longitudinal design and measuring performance on the musical Stroop task in the same
participants, before, during and after training.

In contrast to exploring the acquisition of automaticity with skill level, an equally
valid question would be to characterise the loss o f automaticity as skiU level declines, such
as when individuals decide to stop learning a musical instrument. O ne scenario could be
that the relationship between automaticity and skill level is similar for skill acquisition as for
the loss o f skill. An alternative scenario might predict that while increases in automaticity
may closely parallel increases in sldll acquisition, a decline in skill level may not lead to an
equal decline in automaticity.

A different measure o f automaticity could be gained by performing a longitudinal
fMRI study using the implicit music reading task described in Chapter 5. After three
months o f musical training, the presence o f musical notation (outside the context o f a
musical task) produced activity in superior parietal cortex and supramarginal gyrus.
However, it is not known at which point between 0 and 3 m onths these functional brain
changes first started to occur.

Participants could be scanned repeatedly throughout

training to establish the precise point at which the presence o f musical notation first results
in activation of brain areas related to the musical implementation o f this notation.
W hether this brain change comes at the same point at which automaticity is demonstrated
on the musical Stroop task could also be investigated. Assuming that automaticity is a
matter o f degree, not an all or none phenomenon, it is possible that the ability to detect
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automaticity may be limited by the sensitivity of the paradigm or the technique. Thus one
would not necessarily expect the point at which the musical Stroop task detects
automaticity to exactly coincide with the point at which there is a measurable change in
brain activation on the implicit music reading task.

However, a measured correlation

between the amount o f automaticity displayed on the musical Stroop task and the effect
size in superior partietal an d /o r supramarginal gyrus may reveal a systematic relationship.

6.1.2,1.3

The role o f auditory representations

The experiments described in this thesis intentionally excluded the auditory
com ponent o f music reading, considering only visuomotor components in relative
isolation.

The behavioural and imaging results now provide a basis on which to add

increasing levels o f representational complexity. The role o f auditory representations of
musical notation could be explored by modifying the Musical Stroop experiment. Thus far,
it has been assumed

that Stroop-like interference in this task arises from competition

between two visuomotor mappings; one from the musical notation (via a spatial
representation), the other from numbers.

However, musical notation may additionally

provide input to a set o f auditory representations, which in turn specify a m otor response.
Musical responses may therefore be mediated by a direct visuo-spatial-motor association
between notes and keys as well as by an indirect visuo-spatial-auditory-motor association
by which m otor responses evoked by musical notation are mediated via an intermediate
auditory representation.

Although previous experiments o f the role o f auditory

representation in music reading (Waters et al., 1998; Brodsky et al., 2003) have not
suggested that they have a central role, this does not preclude a contributory role which
previous experiments have failed to detect.
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To test the hypothesis that musical notation may evoke auditory representations in
addition to a direct visuomotor representation, a dual task com ponent could be introduced
on some incongruent musical Stroop trials. This dual task com ponent would involve the
presentation o f a melodic fragment over headphones, in advance o f the musical Stroop
stimulus.

Participants would be required to hold this fragment in short-term auditory

memory for immediate recall after the trial. This would have the effect o f loading the
auditory buffer and preventing the musical notation
representation.

from evoking an auditory

This would remove the indirect visuo-spatial-auditory-motor pathway,

leaving only the direct visuo-motor pathway. The prediction is that this would reduce the
amount o f interference seen on incongruent trials, compared to incongruent trials in which
there is no dual task component, since the number to finger mapping would be competing
only with the direct visuo-motor pathway.

6.1.2.1.4

R esolving C om peting M appings in the M usical Stroop
Task

In the musical Stroop task, an effect of congruence was indexed primarily by an
effect on response time. Rarely did participants make errors as a result o f the competing
mappings. An interesting question, which applies equally to other interference situations, is
how the competing mappings are successfully resolved.

A phenomenon which the author observed while watching the expert pianists
perform the Musical Stroop experiment was that participants would often hum or sing the
required m otor response at the same time as playing it. For incongruent trials, the tune
that they vocalised did not correspond to the musical notation but instead corresponded to
the musical response made on the basis o f the numbers.

Vocalization o f the required

m otor response may reflect a strategy which these participants use to resolve conflict on
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incongruent trials. As Figure 6-1 shows, musicians can possess several instrument-specific
output representations prior to the response stage (the so-called "premotor" level in Figure
6-1). A prem otor representation will exist for each o f the instruments in which they are
trained, including the voice. The locus o f interference in the musical Stroop task is likely to
be at the prem otor keyboard level. The numbers 1 to 5 are automatically associated with
the fingers and musical notes are automatically associated with keys on the piano keyboard.
Thus it is easy to imagine that competition would be reduced if input from the numbers
was channelled to another prem otor system such as the voice. These prem otor systems are
Likely to

operate with relative independence, reducing the

competition

between

incongruous notes and numbers. Some response time cost, however, is still seen, because
the activation o f the fingers by the numbers has to be inhibited, which requires additional
processing.

This hypothesis could be tested, using a paradigm in which vocalization was
prevented e.g. by requiring participants to engage in word shadowing. If the input from
the numbers cannot be channelled to the voice prem otor system, interference between
notes and numbers will persist at the locus of the keyboard prem otor system, resulting in a
greater response time cost compared to incongruent trials with no word shadowing.

6.1.2.2

6.1.2.2.1

Non-Musical Stroop Experiments

An A ssociation B etw een N u m bers and Vertical Space?

For pianists, the number in the non-musical Stroop task was either congruent or
incongruent with respect to the vertical location in which it appeared. Since the number
“ 1” specifies a response with the left most finger (the thumb), this response will be

200

facilitated if it appears in a location which is normally associated with a response in the left
m ost location.

For pianists, who will possess vertical to horizontal stimulus-response

mappings as a result o f their experience in reading and playing music, this corresponds to a
presentation o f the num ber “ 1” in the vertically lowest position. Non-musicians do not
possess these learned spatial stimulus-response associations, hence a response to the
num ber “1” should not differ according to where this num ber is presented. Using this
logic, pianists' responses should be facilitated for congruent trials and slowed for
incongruent trials. The response times of non-musicians should be similar, regardless o f
trial-type.

Although the measured réponse times o f the pianists were as predicted, the non
musicians were facilitated for incongruent trials and slowed for congruent trials.

This

opposite pattern o f response times may arise because o f an association between a num ber
and the vertical location at which it appears. Responses to smaller numbers have been
found to be facilitated when these numbers are presented in a higher vertical location and
vice versa for larger numbers (Kim & Zaidel, 2000). This association may arise due to
visual experience of vertically ordered lists of numbers: when numbers are listed, the
smallest number is m ost often at the top o f the Hst and the largest is m ost often at the
bottom. This proposed vertical representation o f numbers (small number-vertically higher;
large number-vertically lower) may result in a response facilitation when these associations
are present e.g. “1” presented upper-most or “5” presented lower-most.

However, for

pianists, this association is suggested to be masked by a stronger spatial (vertical)-spatial
(horizontal) mapping.

These qualitatively different mappings (priming effect o f vertical

position on the number to finger mapping in non-musicians and a spatial vertical to spatial
horizontal mapping in pianists) result in an opposite pattern o f response times for pianists
and non-musicians (Figure 6-2).
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Figure 6-2. M odel o f the Processes Involved in the V ertical to H orizontal Stroop Task.
Pianists possess learned spatial associations betw een vertical input and horizontal output: vertically lowleft; vertically high-right (a). N on-m usicians possess a set o f learned associations betw een num bers and
vertical space: vertically high - small num ber; vertically low - large num ber, w hich results in an opposite
pattern o f response times in the two groups.

To test this hypothesis, it would be im portant to contrast results from a left-handed
and a right-handed version o f the non-musical Stroop task in pianists and non-musicians.
In both versions, participants would be asked to press the key beneath their thum b when a
“ 1” appears, to press the key beneath their index finger when a “2” appears, and so on.
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The prediction would be that non-musicians would be facilitated when making responses
with either thumb when the number “1” appeared at a higher vertical location. Pianists, on
the other hand, would show a different pattern for each hand. With the right hand, a
response with their thumb would be facilitated when the num ber “I ” appeared at a lower
vertical location, while, with the left hand, a response with the thumb would be facilitated
when the number “1” appeared at a higher vertical location.

6 .1 .2 .3

N e u r o im a g in g E x p e rim e n ts

6.1.2.3.1

O ne-Shot Learning versus Consolida te d L earning

The imaging experiments described in Chapter 5 showed that three m onths’
training in music reading and keyboard playing were sufficient to result in functional brain
changes.

A procedural sldll such as music reading and playing requires considerable

amounts o f training and practice and the learning-related changes in activation are likely to
reflect the effects o f structured training and consolidation over the three m onth period.
However, the modified musical Stroop task, described in Chapter 2, section 2.1.2.
demonstrates that approximately fifteen minutes o f expHcit instruction is sufficient to teach
participants the sensori-motor mappings required to read and play a limited subset of
musical notes to the same level o f accuracy as the participants who have undergone three
m onths o f training.

The short-term representations acquired over this single training

session are unHkely to be qualitatively similar to those representations which have built up
over three months o f training. However, given that it is possible to behaviour ally equate
participants who have undergone single-session training with those who have received
three m onths training, it would be informative to contrast the neural activations associated
with the simple melody reading task in these two situations.
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While the single-session trained group may use a declarative strategy to read music
(e.g. note on the first line = keypress with thumb etc.), the group trained over three
months are likely to implement automated sensori-motor transforms, as the results of
Chapter 2 suggest. This may be reflected in a greater activation o f medial temporal lobe
structures in the former and greater striatal activation in the latter (Gabrieli, Brewer &
Poldrack, 1998) combined with a reduced activation of superior parietal regions in the
single-session trained group.

The two groups would be predicted to differ in the

activations associated with the implicit music reading task.

The activation in left

supramarginal gyrus observed in the neuroimaging study described in Chapter 5 is
attributed to an automatic, learned association between the musical notation and a musical
response. This automatic association is unlikely to be seen in the single-session trained
group. Such a comparison would be valuable in revealing the qualitative changes in brain
function which occur as learning is consolidated, even when such consolidation is not
evident from task performance.

6.1.3

NEW EXPERIMENTS IN MUSIC READING

6.1.3.1

A ’S N A R C ’ E f f e c t i n P i a n i s t s ?

A

spatial

representation

o f numerical

magnitude

has

been

convincingly

demonstrated by an association between num ber magnitude and response preference with
faster left- than right-hand responses for small numbers and faster right- than left-hand
responses for large numbers, the so-called SNARC effect (Dehaene, Bossini & Giraux,
1993). Recently, it has been suggested (Walsh, 2003a; Walsh, 2003b) that numbers may be
only one example o f a more general quantity representation that is represented from left to
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right. O ther examples include measures o f space (how far?), size (how big?) and time (how
long?)). Support for this hypothesis comes from the demonstration o f a SNARC effect in
each o f these domains (Hodinott-Hill, unpublished observations, 2003).

Thus far, no SNARC effect has been observed in the pitch domain.

When

participants (non-musicians) are required to map from low and high pitches to left and
right responses there does not seem to be a preference for responding to lower frequencies
with the left hand and higher frequencies with the right.

This may be because pitch

corresponds to a metathetic dimension in which changes are experienced qualitatively. In
contrast, the dimensions in which a SNARC effect has been observed fall into a prothetic
category, in which changes are experienced quantitatively (Stevens, 1975).

However,

musical pitch is organized spatially such that low frequencies are associated with lower
positions in space and higher frequencies, with higher spatial positions in space. This also
corresponds to the way in which notes of different pitch are organized visually, on the
stave.

The experiments described in Chapter 3 showed that pianists possess a set o f

mappings between the position o f a musical note on the stave and the position of its
associated musical response, in horizontal space. Pianists may also possess an equivalent
set o f mappings between musical pitches (from low to high) and their associated musical
response (from left to right) The prediction would be that, for pianists, lower tones would
produce faster responses when associated with the left hand and higher tones would
produce faster responses when associated with the right hand. These auditory-spatialm otor stimulus response mappings are predicted to be pianist specific.
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6 .1 .3 .2

L e s io n in g th e M u s ic a l L e x ic o n

The Musical and Non-Musical Stroop tasks described in Chapters 2 and 3 highlight
the spatial nature o f the stimulus-response mappings used in music reading, while the
imaging results o f related but distinct tasks implicate areas which have been repeatedly
implicated in spatial sensori-motor transforms (Dong et al., 2000; Goebel et al., 1998;
Kassubek et al., 2001; Poldrack et al., 1998; Poldrack et al., 2001). While the melody and
the implicit music reading conditions o f the imaging experiment demonstrated an
association bewteen activity in superior parietal cortex and music reading, a demonstration
o f a causal link between activity in superior parietal cortex and music reading has yet to be
shown.

Such a causal link would require a trained musician to present with a selective

impairment in music reading, following a lesion to superior parietal cortex.

However,

proficient music reading is a sldll possessed by only a fraction o f the population and focal
brain injury in a specific cortical location in this subgroup is rare. In addition, deficits in
music reading, post-injury, may be less likely to be reported as a clinical symptom and few
neuropsychologists would be inclined or equipped to test musical perceptual abilities.
Finally, pre-morbid music reading performance is often hard to establish (unless the patient
is a professional musician). Thus neuropsychological deficits, when they occur, are likely to
be under-reported.

Transcranial magnetic stimulation (TMS) is a tool which can be used in
neurologically normal participants to probe the causal involvement o f a cortical area in a
given cognitive process. By producing a transient and reversible lesion over a specific area
o f cortex while the participant performs a task o f interest, it is possible to test hypotheses
regarding an area’s causal role in the underlying cognitive process.

The task must be

sensitive enough to detect often subtle reaction time or accuracy costs. Stimulation over
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superior parietal cortex during performance o f the musical Stroop task in a pianist would
be predicted to disrupt the processes involved in music reading, thereby reducing
competition between the input from musical notation and the input from the numbers. As
with all TMS experiments, a different site, which is not predicted to be involved in music
reading, would be stimulated on half the trials, to control for the non-specific sensory
effects o f stimulation. A significant difference in the predicted direction in the effect of
stimulation over these two sites (a greater reduction in the interference effect with
stimulation over superior parietal cortex) would support the hypothesis that superior
parietal cortex is causally involved in the spatial stimulus-response mappings required to
read music.

6 .1 .3 .3

I n te g r a tin g th e “ W h e n ” a n d “ W h e re ” o f M u s ic N o ta tio n

The imaging experiments presented in Chapter 5 o f this thesis were designed to
isolate two of the main components of music reading; decoding o f melodic and rhythmic
information. However, an integrated musical response is usually made on the basis of both
the rhythmic and the melodic dimension o f musical notation.

As has been argued in

Chapter 5, music reading, separately for melody and rhythm can be envisaged as spatial and
feature-based tasks respectively, analagous to the “what” / “where” functional dichotomy
that has been proposed in the visual system (Ungerleider et al., 1982; Goodale et al., 1992).
Reading music simultaneously for melody and rhythm is a skill which depends upon the
integrated involvement o f both these pathways. Questions regarding how and where this
integration can be asked using both eye movement and neuroimaging paradigms.

6.1.3.3.1

An E ye M ovem ent E xperim ent
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A note with both a pitch and a duration dimension specifies a musical response
that is integrated in space and time. For the musician, this creates the impression that the
reading o f both these dimensions occurs in parallel.

However, it is possible that the

melodic and the rhythmic decoding processes involved in decoding a single note follow a
different time-course.

Two orthogonal predictions have been made regarding the

proposed relative sahency o f melodic and rhythmic dimensions in musical notation.
Waters (Waters, 1994) suggests, on the basis o f data from a written recall task involving
pitch and rhythmic auditory distractors, that music reading involves the generation of a
rhythmic skeleton onto which pitch information is later incorporated to produce an
integrated response. In contrast, Schon (Schon & Besson, 2002), on the basis o f data from
a priming task in which there was a main effect (pitch judgement faster than duration
judgement) but no interaction, argues that pitch may be expected to have primacy, because
a musician has to anticipate the correct pitch before the onset o f the notes, while duration
is determined by a note's offset and thus is second in temporal priority. Using a paradigm
borrowed from visual search experiments (Harvey, Oik, Muir & Gilchrist, 2002), in which
two competing dimensions o f the stimulus are presented orthogonally in a forced-choice
paradigm, it will be possible to empirically establish whether the melodic or rhythmic
aspect o f musical notation has cognitive primacy.

An example o f the paradigm is shown in Figure 6-3. Participants wiU be shown a
visual target comprising a musical note with both a pitch and a duration.

After

presentation o f the target, four visual stimuli will be presented during central fixation. One
of the visual stimuli comprises the target, (PsDs = pitch same, duration same) while the
three other stimuli are distractors. One dis tractor has neither pitch nor duration elements
in common with the target (PdDd = pitch different, duration different), while the other
two distractors differ on one o f these dimensions (PsDd = pitch same, duration different;
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PdDs = pitch different, duration same). The task would be to make a speeded saccade to
the target.

The variable of interest wiU be the num ber o f times that the participant

saccades to each o f the distractors rather than the target. While the participant is likely to
make few errors to the PdD d distractor, the PdDs and PsD d stimuli both share a visual
dimension with the target. The question is whether errors are consistently made to one
type o f distractor, either PdDs or PsDd.

If so, this would suggest that the dimension

which this distractor shares with the target is processed in advance o f the other dimension.
For instance, if more errors are made to PdDs distractors compared to PsDd distractors,
this would suggest that the rhythmic dimension o f musical notation is processed in advance
o f the pitch dimension, and vice versa if more errors are made to PsD d distractors.

PdDd
Target
Target

PdDs
PsDd
Figure 6-3. Integrating the "When” and "Where" of Musical Notation; Eye Movements.
The target - an element o f musical notation with both a pitch and duration - is first presented and then
replaced with a fixation point. N ext, the target and three distractors appear in different quadrants o f the
screen. One distractor shares no features in common with the target: PdDd (pitch different, duration
different), the other two share one o f the two features: PdDs (pitch different, duration same); PsDd (pitch
same, duration different). The participant's task is to saccade to the target as quickly as possible. By
measuring relative error frequencies to each o f the distractor types, it w ill possible to infer whether pitch
or duration is processed first.

O ne potential confound is that a relative difference in the number of errors made
to the PdDs and PsD d distractors may merely reflect the visual saliency o f one dimension
relative to the other.

For instance, a feature-based difference between the target and

distractors may be more obvious, not just to participants who can read music.

The
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difference between a crotchet (single beat) and a quaver (half beat) is that the latter has a
tail emerging from the note stem. Any difference in error frequency due to visual, rather
than conceptual salience may be seen regardless of musical status and therefore is not of
interest. Thus, in addition to carefully selecting targets and distractors so that they are
visually matched as closely as possible, it will important to run the experiment with non
musicians who will perform the task on the basis o f visual saliency alone.

By combining

different targets and distractors until non-musicians make an equal number o f errors to
PdD s and PsD d distractors, it will be possible to have an operational measure of
differences in visual saliency. If PdDs and PsD d distractors, which non-musicians have
demonstrated are equated on visual saliency, are subsequently used in musicians, any
differences in error frequency between these two distractor types can be interpreted as
differences in music-reading specific to cognitive processing.

6.1.3.3.2

An Im aging E xperim en t

The question arises whether the melodic and rhythmic components of music
reading are additive, in terms o f brain function, or whether their interaction would result in
a qualitatively different pattern o f brain function. Figure 6-4 shows a possible fMRI design
which can be used to look at the interaction of pitch and rhythm reading in music.

The study will use 12 expert pianists and a 2 x 2 x 2 factorial blocked design;
condition (notation/no notation) x space (change/no change) x time (change/no change).
Subtraction o f the activation in each o f the a) and b) conditions from the activation in each
of the c) conditions will reveal areas which respond to the combination o f melodic and
rhythmic information, over and above the sum o f each in isolation. A comparison o f this
interaction between the notation and the no notation conditions will reveal whether the
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formation o f a response in space and time based on a learned symbolic notation differs,
neuro-anatomically, from the formation o f a response in space and time based on a visually
similar, but unlearned notation. A plausible scenario might be that, even if the integration
o f melodic and rhythmic dimensions does not involve any additional brain areas over and
above those involved in processing each dimension separately, functional integration of
these single areas may be in evidence if effective connectivity analysis is performed (Buchel
& Friston, 2001).

Musical Notation
response In time only

response In space only

response In time and space

response, neither time nor space

Non-musical Notation

a)
b)

c)
d)

Figure 6-4. Integrating the "When" and "Where" of Musical Notation; fMRI Experiment.
This experiment would ask which brain areas are active when music is read for both m elody and rhythm,
over and above when music is read for each o f them separately. N on-m usical notation, designed to
specify responses in time or space or time and space, is necessary as a task control in order to show that
the areas activated are specific to musical notation, and not just to any notation that conveys isntructions
regarding space and time. The contrast o f interest w ould be a three-way interaction between task
(M usical Notation/Non-m usical Notation) x Space (change/no change) x Time (change/no change).
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6.2

IMPLICATIONS OF TH E THESIS

The results o f this thesis have started to bridge the gap between the understanding
o f “high-level” factors in music reading (the effect of expertise, musical context and
familiarity) and the understanding o f the basic visuo-spatial and visuomotor processes
involved in musical transcription.

In addition, they have shown that the acquisition of

musical literacy has specific and pervasive consequences for brain function.
The learning study may serve as a model for future studies o f skiU acquisition in
other domains. At the onset o f a learning study, many factors are unknown: the rate at
which learning will occur, the role o f individual differences, the effect o f different
pedagogies, the interaction between theoretical and practical skills, the development of
automaticity and the relationship between global, cognitive and neural measures o f skill
acquisition. Subsequent studies in different areas of skill acquisition, will contribute to this
database of knowledge regarding how the brain learns.
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A P P E N D IX : C H A P T E R 2
Key:
B
C
F
I
Ir
Inr
Ca
H z /H z
V t/H z

Baseline trials
C ongruent trials
Filler trials
Incongruent trials
Incongruent rule based trials
Incongruent non-rule based trials
Catch trials
H orizontal to H orizontal task
Vertical to H orizontal task

Errors (24)
Pianists

Response times (ms)
Pianists

Non-musicians

Non-musicians

C

1

C

I

C

I

C

I

0.0

0.8

1.5

1.4

1581

1809

2690

2792

0.0

0.3

0.2

0.3

48

65

108

111

T able 2-1. E xperim ent 1; E rrors and R esponse T im es..

Errors
Learners

Non-m usicians

F (105)

C (1 5 )

1(15)

F (105)

C (1 5 )

1(15)

25.4

1.9

2.8

20.4

1.8

1.2

3.5

0.8

0.5

3.7

0.5

0.5

T able 2-2. E xp erim en t 2; E rrors.

Response Times (ms)
Learners

Non-m usicians

Fs

C

I

F

C

I

3392

3043

3375

3665

2948

3099

191

143

182

163

116

96

Table 2-3. Experiment 2; Response Times.
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Errors

Response times (ms)

B

C

Inr

Ir

B

C

Inr

Ir

0.2

0.2

0.4

0.7

1703

1640

1872

1791

0.2

0.2

0.2

0.2

77

72

111

101

Table 2-4. Experiment 3; Errors and Response Times

Errors

Response times (ms)

B

C

Inr

Ir

B

C

Inr

Ir

0.2

0.2

0.4

0.7

1703

1640

1872

1791

0.2

0.2

0.2

0.2

77

72

111

101

Table 2-5. Experiment 4; musical Stroop; Errors and Response Times

Errors (12)

Response times (ms)

B

C

Inr

Ir

B

C

Inr

Ir

0.3

0.0

0.2

0.3

1428

1411

1412

1457

0.2

0.0

0.2

0.2

53

62

51

66

Table 2-6. Experiment 4; Reverse musical Stroop. Errors and Response Times

Errors (24)
Non-■musicians

Pianists
B

C

Inr

Ir

Ca

B

C

Inr

Ir

Ca

2.55

1.45

2.73

2.27

2.73

4.54

3.38

4.38

4.15

4.15

0.46

0.33

0.76

0.58

0.55

0.90

0.66

1.06

0.86

0.96

Table 2-7. Experiment 5; Errors
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Response Times (ms)
Pianists

Non-musicians

B

C

Inr

Ir

Ca

B

C

Inr

Ir

Ca

1559

1508

1812

1760

1645

2727

2766

2758

2733

2721

86

71

106

105

80

111

118

111

113

102

Table 2-8. Experiment 5; Cumulative Response Times

Response Times (proportion o f cumulative response time fo r baseline trials)
Pianists

Non-musicians

Pos 1

Pos 2

Pos 3

Pos 4

Pos 5

Pos 1

Pos 2

Pos 3

Pos 4

Pos 5

0.61

0.12

0.13

0.10

0.10

0.39

0.16

0.18

0.16

0.12

0.04

0.01

0.02

0.01

0.01

0.02

0.01

0.01

0.00

0.01

Table 2-9. Experiment 5 Itemised Response Times for each position, regardless of congruence

Response Times, Position 1 (proportion o f cumulative response time fo r baseline trials)
Pianists

Non-musicians

B

C

Inr

Ir

Ca

B

C

Inr

Ir

Ca

0.57

0.57

0.67

0.64

0.59

0.38

0.39

0.40

0.39

0.38

0.03

0.03

0.04

0.04

0.04

0.01

0.02

0.02

0.02

0.02

Table 2-10. Experiment 5 Itemised Response Times for position 1

Response Times, Position 2 (proportion o f cumulative response time fo r baseline trials)
Non-■musicians

Pianists
B

c

Inr

Ir

Ca

B

C

Inr

Ir

Ca

0.11

0.11

0.12

0.13

0.12

0.17

0.16

0.16

0.16

0.16

0.01

0.01

0.02

0.02

0.01

0.01

0.00

0.01

0.01

0.01

Table 2-11. Experiment 5 Itemised Response Times for position 2
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Response Times, Position 3 (proportion o f cumulative response time fo r baseline trials)
Pianists

Non-m usicians

B

C

Inr

Ir

Ca

B

C

Inr

Ir

Ca

0.12

0.11

0.15

0.14

0.13

0.18

0.18

0.18

0.18

0.19

0.01

0.01

0.02

0.02

0.02

0.01

0.01

0.01

0.01

0.01

Table 2-12. Experiment 5 Itemised Response Times for position 3

Response Times, Position 4 (proportion o f cumulative response time fo r baseline trials)
Non-■musicians

Pianists
B

c

Inr

Ir

Ca

B

C

Inr

Ir

Ca

0.10

0.09

0.11

0.11

0.11

0.16

0.16

0.16

0.16

0.16

0.01

0.01

0.01

0.01

0.01

0.01

0.00

0.01

0.01

0.00

Table 2-13. Experiment 5 Itemised Response Times for position 4

Response Times, Position 5 (proportion o f cumulative response time fo r baseline trials)
Non- musicians

Pianists
B

C

Inr

Ir

Ca

B

C

Inr

Ir

Ca

0.10

0.09

0.11

0.11

0.11

0.16

0.16

0.16

0.16

0.16

0.01

0.01

0.01

0.01

0.01

0.01

0.00

0.01

0.01

0.00

Table 2-14. Experiment 5 Itemised Response Times for position 5
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A P P E N D IX : C H A P T E R 3

Errors (24)
Pianists

Response times (ms)
Non-m usicians

Pianists

Non-musicians

Hz/H z

Vt/Hz

Hz/Hz

Vt/Hz

Hz/Hz

Vt/Hz

Hz/Hz

Vt/H z

3.5

3.8

3.1

4.9

2525

2632

3262

3568

0.7

0.8

0.6

0.7

63

68

95

121

T able 3-1. E xperim en t ] ; E rrors and R esponse T im es

Errors (24)
Pre-train

Response times (ms)
Post-train

Post-train

Pre-train

Hz/Hz

Vt/Hz

H z/H z

Vt/Hz

Hz/Hz

Vt/Hz

Hz/Hz

Vt/H z

4.5

5.5

2.7

2.4

3252

3490

2987

3127

0.8

0.6

0.8

0.7

163

173

135

145

T able 3-2. E xperim en t 1; E rrors and R esponse T im es (P re-/P ost-train)

Errors (24)
Pianists

Non-musicians

Non-m usicians

Pianists

Hz/C

Hz/I

Vt/C

Vt/I

Hz/C

Hz/I

Vt/C

Vt/I

0.4

2.5

0.5

2.2

1.5

3.2

2.0

3.4

0.2

0.8

0.2

0.6

0.3

0.4

0.3

0.5

T able 3-3. E xperim en t 2; E rrors

Response Times (ms)
Pianists

Pianists

Non-musicians

Non-m usicians

Hz/C

Hz/I

Vt/C

Vt/I

Hz/C

Hz/I

Vt/C

Vt/I

2702

2923

2682

2931

3704

4358

3759

4123

104

110

80

84

97

79

109

109

Table 3-4. Experiment 2; Response Times
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Errors (24)
Pre-train

Post-train

Hz/C

Hz/I

Vt/C

Vt/I

Hz/C

Hz/I

Vt/C

Vt/I

1.7

3.4

2.2

3.8

0.4

3.8

1.1

3.4

0.5

0.4

0.5

0.8

0.3

0.6

0.4

0.6

Table 3-5. Experiment 3, Errors

Response Times (ms)
Pre-train

Post-train

Hz/C

Hz/I

Vt/C

Vt/I

Hz/C

Hz/I

Vt/C

Vt/I

3632

4392

3693

4047

3332

3988

3304

3840

160

183

229

217

160

213

163

187

Table 3-6. Experiment 3, Response Times

Errors(24)
Pianists

Non-m usicians

Hz/B

Hz/C

Hz/Ir

Vt/B

Vt/C

Vt/Ir

Hz/B

Hz/C

Hz/Ir

Vt/B

Vt/C

Vt/Ir

2.4

1.9

2.9

2.8

3.3

4.4

4.6

2.6

5.2

4.4

6.4

3.5

0.8

0.7

1.2

0.6

0.9

1.2

0.8

0.4

0.9

0.8

0.9

0.6

Table 3-7. Experiment 4, Errors

Response Times (ms)
Pianists

N on-m usicians

Hz/B

Hz/C

Hz/Ir

Vt/B

Vt/C

Vt/Ir

Hz/B

Hz/C

Hz/Ir

Vt/B

Vt/C

Vt/Ir

2727

2654

2792

2744

2785

2897

3684

3610

3905

3705

3969

3812

150

138

154

158

144

158

131

142

155

152

149

138

Table 3-8. Experiment 4, Response Times
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