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Abstract
We investigated age-related differences in neural activation associated with recognition
of familiar melodies, a process that requires retrieval from musical semantic memory and leads to
a feeling of familiarity. We used sparse sampling fMRI to determine the neural correlates of
melody processing and familiarity by comparing activation when listening to melodies versus
signal-correlated noise, and to familiar versus unfamiliar melodies, respectively. Overall, activity
in the bilateral superior temporal gyrus correlated well with melody processing. Familiarity was
associated with several frontal regions (bilateral inferior frontal gyrus, superior frontal gyrus, and
precentral gyrus; left insular cortex), right superior temporal gyrus; left supramarginal gyrus and
cingulate gyrus; bilateral putamen and thalamus; cerebellum and brainstem. No significant
differences were found between younger and older adults for either melody processing or
familiarity based activation. Assessment of familiarity-related group differences using less
stringent criteria identified plausible areas; greater activation was seen bilaterally in the superior
temporal gyrus in younger adults and in some left parietal regions in older adults. This study
adds to the knowledge of musical semantic memory with results based on a large sample (N = 40)
that includes older adults. Our findings for activation associated with melody processing and
familiarity support some, but not all, previous results of related studies. We were unable to find
conclusive evidence of age-related differences in neural correlates of musical semantic memory,
while also being the first study (to the best of our knowledge) to search for these differences.
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Chapter 1
Introduction
Have you ever been sitting in a restaurant, engrossed in conversation with your
companion, when your attention was suddenly drawn towards music playing over the speakers
and you found yourself thinking, “I know that tune”? Such effortless recognition suggests an
underlying automatic mechanism that allows a match for the playing tune to be found in your
memory. Somewhere in your memory, there appears to be something akin to an entire library of
musical phrases from all the music learnt over a lifetime. This personal music library is
sometimes referred to as the musical lexicon (Peretz & Coltheart, 2003), which is perhaps a type
of semantic memory (Platel, 2003). The feeling of familiarity that accompanies the recognition
of a tune is preceded by access to the musical lexicon. Familiarity is an important aspect of
engaging emotionally with music, perhaps even more than one’s musical preferences (Pereira et
al., 2011).
The concept of a musical lexicon parallels that of a language-related lexicon containing
words, grammar, etc. However, the neural mechanisms of language and music differ in some
ways. Studies of deficits in brain-damaged patients and congenital disorders suggest that
recognition of music involves at least some brain areas that are distinct from those involved in
recognition of other types of auditory input. Peretz (1996) and Peretz et al. (1994) tested two
patients with bilateral lesions of the superior temporal cortex who had preserved speech
comprehension and recognition of environmental sounds, but a severe impairment in tune
recognition as well as in speech prosody. The differences between language and music
necessitate studying both entities. Although many studies have examined the brain mechanisms
underlying the language-related lexicon, few studies have done so for the musical lexicon.
Additionally, the effect of aging on such mechanisms remains to be examined.
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Evidence regarding brain specialization for music comes from many sources. Along with
effects of congenital amusia (tone-deafness) and of stimulation of specific brain areas, cognitive
neuropsychological methods include functional neuroimaging (Patel, 2003; Peretz, 2001a,
2001b). Positron emission tomography (PET) and functional magnetic resonance imaging
(fMRI) are two such commonly used techniques. Both techniques provide good spatial resolution
for locating neural activity based on localized increases in metabolic needs. Although both are
considered relatively noninvasive, PET requires a radioactive substance to be injected into the
bloodstream (Purves, Brannon, et al., 2008). FMRI has slightly better spatial resolution (few
millimeters versus 1 centimeter in PET) and better temporal resolution (a few seconds versus
many seconds to minutes in PET). Due to such reasons, fMRI is becoming more common than
PET for cognitive studies (Purves, Brannon, et al., 2008).

1.1 Imaging Brain Function with fMRI
FMRI is used to study neural mechanisms underlying various functions of the central
nervous system that are associated with specific behaviours, thoughts, or feelings. The processes
associated with memory are a few of the functions performed in the brain. To study function,
which unfolds over time, an MRI scanner captures a series of images of the brain while the
function(s) of interest are invoked in the brain through experimental manipulations.
A single 3D brain image is divided into cubes called voxels with specified dimensions. A
voxel may include several million neurons, possibly three times as many glial cells (Purves,
Augustine, et al., 2008), several billion synapses,1 as well as all the blood vessels that feed these.
Activity within a voxel cannot be spatially differentiated, thus a voxel is the unit of resolution.
Each voxel in the image is assigned a value representing its intensity as captured by the scanner.
The intensity corresponds to the amount of localized neuronal activity, and thus tells us how
1

A voxel of size 55 mm3 “contains 5.5 million neurons, 2.2-5.5 x 1010 synapses, 22 km of dendrites and
220 km of axons” (Logothetis, 2008, p. 875).
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active the set of neurons in a given voxel are relative to other voxels in the image, and more
importantly for fMRI, relative to the same voxel over a time-series of images.
The relationship between localized neuronal activity and intensity values is indirect
(Lindquist, 2008). Some of the neuronal activity1 causes oxygen in the local blood vessels to be
used to burn glucose for the neurons’ metabolic needs, resulting in a brief period of decreased
oxygen. Additional oxygenated blood is then supplied through dilation of blood vessels and other
means. This hemodynamic response (HDR) reflects the blood oxygenation, and thus the local
neuronal activity. The prototypical HDR starts about 2 seconds after the neural activity, and
peaks at about 5 seconds (Stroman, 2011). During this time, more oxygen is delivered to the area
of activity than the neurons need, thus increasing the ratio of the oxygenated to deoxygenated
blood in that region. This ratio is directly related to the intensity, which is the MR signal, also
known as the blood oxygen level dependent (BOLD) signal in functional MRI.
An image from an MRI scanner differentiates between tissues due to differences in
certain water-related properties. MRI uses a strong magnetic field to align precessing protons
(hydrogen nuclei, mostly from water molecules) in one direction within tissue. A radiofrequency
(RF) pulse is briefly applied to change the magnetization alignment of the protons, i.e. it “tips”
the protons out of alignment with the main magnetic field. The misaligned protons cause
electricity to be generated in receiver coils placed around the area being imaged (Amaro &
Barker, 2006); this is the received MR signal. After the RF pulse, the rate at which the protons
return to their original orientation, called the relaxation rate, determines the MR signal strength.
This rate varies in tissues, partly due to the degree of freedom of hydrogen atoms within the
tissue, thus allowing differentiation between tissues by signal strength. The image is a static
snapshot of the brain structure as revealed by the MR signal. In functional MRI, variations in the
1

The neuronal activity that is captured in the images is from the dendrites (due to excitatory and inhibitory
postsynaptic potentials) and the cell bodies, but not from the spiking activity in the axons. However, the
MR signal has been shown to correspond directly to the spiking activity as well (Heeger, Huk, Geisler, &
Albrecht, 2000).
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MR signal over a time-series of images reflect changes in neural activity over time. This allows
one to look for possible correlations of the detected neural activity to specific experimentally
controlled processes occurring in the brain.
The blood oxygen level modulates the MR signal due to the magnetic properties of
hemoglobin molecules, which carry oxygen in the blood. When placed in a magnetic field,
oxygenated hemoglobin (Hb) and deoxygenated hemoglobin (dHb) have different magnetic
properties such that they distort the magnetic field to different degrees (Lindquist, 2008). DHb
has a strong attraction (relative to the Hb force) to a magnetic field, whereas Hb is weakly
repelled by the magnetic field. DHb causes a greater distortion in the local magnetic field than
Hb, resulting in a faster loss of coherence amongst the “tipped” precessing protons, causing these
protons to return to their original orientation (aligned with the scanner’s main magnetic field)
faster. Since the MR signal is generated from the misaligned protons, an area with a higher
dHb/Hb ratio results in a lower MR signal than areas with a higher Hb/dHb ratio. Thus, the
different relaxation rates of the oxygenated and deoxygenated blood are the source of the BOLD
signal. Areas with a higher BOLD signal, i.e. higher intensity values, appear as brighter regions
in the image. These represent areas of increased oxygen in blood vessels and indirectly higher
neuronal activity. Conversely, areas with a lower BOLD signal, i.e. lower intensity values,
correspond with lower neuronal activity, and appear as darker regions in the image.
A series of images contains not only a signal corresponding to the neural activity, but also
noise, which includes everything except this activity-based signal. Some sources of noise are
mechanical, such as random motion of electrons in the body (Stroman, 2011), RF fields from the
scanner electronics, and scanner drift (slight changes in the scanner’s magnetic field over time,
which affect the signal). Other noise sources are physiological, such as the effect of the
participant’s cardiac cycle on blood flow, and oxygenation level in the chest area due to breathing
(Constable, 2006). Certain image preprocessing procedures during data analysis, such as spatial
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smoothing, increase the signal-to-noise ratio. Other procedures correct for participant movement
between scans and for structural differences between brains.
Variations in vasculature and neuron density across the brain prevent useful comparisons
between brain regions within a single image (Constable, 2006), but BOLD signal changes in a
specific area over a time-series of scans do reflect changes in localized neural activity over time.
Thus, fMRI studies are designed to allow scans corresponding to periods during which the brain
function of interest was invoked in the participant to be contrasted against the scans for an
appropriate control condition. At each voxel, a statistical comparison of activation related to the
conditions shows whether certain areas had significant activation corresponding to the function of
interest. The conditions must be chosen carefully at the study design stage to isolate this function
as much as possible. After each participant’s time-series has been analyzed to find regions of
significant activation for a given function, further statistical analysis permits comparisons of
activation between participants or between groups of participants.

1.1.1 Sparse Imaging
FMRI generally requires the entire brain to be imaged within a few seconds of stimulus
presentation due to the limited duration of HDR. A fast imaging technique, such as the gradientecho echo-planar imaging (GE-EPI) is commonly used for this reason. The GE-EPI pulse
sequence requires fast on-off switching of gradient coils, which can result in acoustic noise levels
of 100-120 dB1 for a scanner with a magnetic field strength of 3 Tesla (Price, De Wilde,
Papadaki, Curran, & Kitney, 2001). Most of the noise frequencies are in the 500-2000 kHz range
(Scarff, Dort, Eggermont, & Goodyear, 2004) , which closely matches the frequencies in musical
stimuli (Talavage & Edmister, 2004). Continuous scanner noise can interfere with the measured
response for an auditory stimulus for several reasons. (1) The participant may not be able to hear
the auditory stimulus well. (2) The scanner noise in a “quiet” baseline condition will produce an
1
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elevated activation in brain regions such that the addition of the stimulus will not result in a
sufficient response due to saturation. (3) Adaptation in some neurons of the auditory network
may reduce the neural responsiveness. (4) Interaction between the activation responses from the
two different sounds may invalidate the use of the subtraction method for a contrast.
(5) Interaction between the responses to the two types of sound may vary with the stimulus
frequency due to a stronger interaction between sounds with similar spectra (Hall et al., 1999;
Langers, Van Dijk, & Backes, 2005; Talavage & Edmister, 2004).
A technique known as sparse temporal imaging minimizes interference of the scanner
noise with BOLD responses to an auditory stimulus. The stimulus is presented during a silent
interval, i.e. with no simultaneous scanning, and the scans occur between the stimuli
presentations. In classic sparse imaging, long TRs (e.g. 11 seconds) prevent the BOLD response
for the scanner noise from interfering with the response for the stimulus (Hall et al., 1999). One
drawback of this technique is that since only a single scan occurs after each stimulus, temporal
analysis of the stimulus response is difficult. Another consequence of this imaging scheme is that
longer scanner time may be required to obtain enough images to reach the same statistical power
as with the traditional continuous imaging method (Perrachione & Ghosh, 2013). However,
studies have shown that despite these limitations, sparse imaging is able to match, and even
exceed, the stimulus-related activation obtained through the standard continuous sampling
technique (Hall et al., 1999; Schmidt et al., 2008). Furthermore, modifications to the classical
sparse imaging technique may mitigate some disadvantages of sparse imaging. Shorter TRs can
be used. After the silent period with stimulus presentation, a series of images can be acquired
rapidly – a technique called “clustered temporal sampling”. An enhanced version of this
technique, called “interleaved silent steady state” or ISSS, uses relatively quiet excitation pulses
during the silent periods to retain a steady-state longitudinal magnetization required for a stable
contrast across the cluster of images (Perrachione & Ghosh, 2013).

6

Examining brain function by means of fMRI, with either sparse or continuous scanning,
has frequently been used to study how music is perceived, processed, and remembered.

1.2 Music Processing in the Brain
Music begins its journey in the human nervous system like any other auditory stimulus.
As the signal travels from the ear through various brainstem nuclei, thalamus, primary and
secondary auditory cortex, and onto other cortical areas, signal characteristics especially relevant
for music are processed at various points along the pathway. Figure 1-1 shows the auditory
pathway shared by processing of all auditory stimuli, starting at the cochlea and up to its contact
with the neocortex. The auditory nerve preserves the tonotopic arrangement of the basilar
membrane in the cochlea of the inner ear when it transmits sound to the cochlear nuclei (CN) in
the lower brainstem (Purves, Augustine, et al., 2008). Animal studies suggest that one function of
the CN may be to encode the amplitude envelope of the stimulus (Rhode, Roth, & Recio-Spinoso,
2010). From the CN, nerve fibres travel to the superior olivary complex (SOC) in the pons, and
to the lateral lemniscus nuclei (LLN) at the pons-midbrain junction. Processing of interaural time
and intensity differences in the SOC allows sound to be localized. The LLN are monaural and
detect temporal qualities of sound such as onset and duration (Purves, Augustine, et al., 2008).
Afferent tracts from the CN and LLN converge at the inferior colliculi (IC) in the midbrain,
where some neurons respond selectively to frequency-modulated sounds, and others to sound
duration, thus processing complex temporal patterns. IC are most sensitive to sounds relevant for
survival, such as intra-species communication or predator sounds (Purves, Augustine, et al.,
2008). In addition, animal studies show that the IC can instigate defensive reactions to improve
survival chances before the signal has travelled to the cortex (Koelsch, 2011). The same
mechanism in these brainstem nuclei that causes loud sounds to elicit startle reflexes may be
responsible for our desire to move with rhythmic elements in music.
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Figure 1-1: Pathway of Sound from Inner Ear to Primary Auditory Cortex
Musical characteristics of sound are processed throughout the auditory pathway as the signal
travels from the cochlea, through various brainstem nuclei, to the thalamus, and then on to the
cortical areas.

The signal from the midbrain includes some processed spectral and temporal information
when it reaches the medial geniculate nucleus (MGN) of the thalamus (Hall, 2006). In some
mammals, the MGN has neurons selective for combinations of frequencies or of time intervals
between the frequencies, thus allowing more sophisticated processing of complex sounds such as
those required for speech (Purves, Augustine, et al., 2008). Whether such MGN neurons exist in
humans is unknown. However, as with other sensory modalities, the thalamus does act as a relay
station for ascending information destined for cortical regions. For sound the primary auditory
cortex (PAC), or core area, is located in the medial portion of Heschl’s gyrus (HG), which is
found on the superior temporal gyrus (STG), lying inside the posterior end of the Sylvain fissure
(Hall, 2006). The PAC connects to several adjacent non-primary belt regions, which in turn
connect to parabelt regions. The belt and parabelt auditory cortex regions are located in the
8

planum temporale and planum polare, which are posterior and anterior to HG, respectively
(Stewart, 2006; Zatorre & Zarate, 2012). Overall, the core area neurons respond more to pure
tones, whereas those in the belt and parabelt are more sensitive to wider frequency bandwidths
and complex stimuli. The non-primary regions then project to other regions of STG, some of
which may be polymodal, as well as to frontal areas (Hall, 2006; Kaas & Hackett, 2000). Various
aspects of music continue to be processed in these cortical regions.
Sequential variations in pitch and temporal structure are some of the fundamental aspects
of music. Although both are considered to be important in any given piece of music, pitch
structure seems to be more crucial for melody discrimination than temporal structure (Hébert &
Peretz, 1997; Schulkind, Hennis, & Rubin, 1999). These two aspects of music may interact,
making it impossible to change one without affecting the other (Schulkind, Posner, & Rubin,
2003). Nonetheless, brain damage studies have generally shown a double dissociation between
these two domains, suggesting that they are distinguishable (Peretz & Zatorre, 2005).
The percept of pitch results from sounds that contain periodicity; it is associated with
bilateral activation in the lateral half of HG (Patterson, Uppenkamp, Johnsrude, & Griffiths,
2002; Warren, Uppenkamp, Patterson, & Griffiths, 2003; Zatorre & Zarate, 2012). However,
some recent studies have proposed alternate locations within the auditory cortex, or possibly the
lack of a pitch-specific area altogether (Bendor, 2012). Pitch can be thought of as having two
dimensions: pitch height corresponding to different octaves, and pitch chroma to the relative
position of the notes within the octave; thus, for example, the note ‘A’ in two different octaves
will have the same pitch chroma, but different pitch heights. A pair of adjacent notes within an
octave, or a pair of notes that are an octave apart, is each perceived as similar due to their
proximity in chroma or height, respectively. Changes in pitch chroma activate bilateral auditory
areas anterior to the PAC more strongly than pitch height changes; conversely, pitch height
changes activate bilateral auditory areas posterior to the PAC more strongly than pitch chroma
changes (Warren et al., 2003).
9

In music pitch structure includes contour (sequence of ups and downs), interval sizes
(frequency ratio between two notes) and tonality (Zatorre & Zarate, 2012). Tonality is related to
a set of rules that music follows when centred on a specific tone. These rules are learnt implicitly
by non-musicians, and in classic Western music include, for example, an automatic encoding of
pitch along a scale to permit detection of out-of-key notes (Stewart, 2006). A double dissociation
has been shown among various aspects of pitch structure. A patient with lesions in the left
temporal lobe and right inferior frontal area showed some preserved ability to process pitch
intervals and contours, but complete impairment of tonality processing (Peretz, 1993). Other
patients, who had left hemisphere lesions, displayed an intact contour processing ability, but were
unable to detect precise pitch intervals in melodies (Peretz, 1993). A lesion study based on 65
patients who had undergone unilateral temporal corticectomy showed that the posterior STG,
including the planum temporale, has bilateral involvement in interval processing, and a rightlateralized role in contour processing (Liégeois-Chauvel, Peretz, Babai, Laguitton, & Chauvel,
1998). An fMRI study found the rostral medial prefrontal cortex to be an important area of
activation for tonality tracking (Janata, 2005).
Hyde, Peretz, & Zatorre (2008) found only a right-sided linear increase in STG
(specifically, planum temporale) activity with fine increases in pitch distance, whereas the
response on the left was constant except when coarse pitch distances were involved. Thus, the
right auditory cortex may be more involved than the left in fine pitch discriminations (Zatorre &
Zarate, 2012). Johnsrude, Penhune, & Zatorre (2000) determined that lesions affecting the right
temporal lobe near HG impair the ability to detect direction of pitch change between two
consecutive tones, but not to detect whether a pitch change has occurred.
Temporal structure (or rhythm) includes metre (grouping of accented and unaccented
beats), phrasing (dividing notes into groups), rhythmic contour (profile of changing time
intervals), and ratio of successive durations (Schulkind et al., 1999). The neural bases of these
temporal dimensions have not all been studied separately. When rhythm overall was contrasted
10

against pitch and timbre, activation in the left insula and left inferior Broca’s area was seen
(Platel, Price, & Baron, 1997). A double dissociation has been shown between metre and other
aspects of temporal structure. Damage to the anterior portion of STG, in either hemisphere,
results in an impaired ability to distinguish metre with preserved discrimination of other temporal
structure features (Liégeois-Chauvel et al., 1998). On the other hand, a case study of a patient
with left hemisphere damage to portions of STG, middle temporal gyrus, and inferior parietal
lobule had normal metre discrimination, but was severely impaired at detecting differences in
note durations (Di Pietro, Laganaro, Leemann, & Schnider, 2004). Additionally, a motor-based
component of temporal perception has been implicated in many studies, perhaps due to
anticipation of motor activity, such as tapping (Peretz & Zatorre, 2005). The structures involved
include the cerebellum, basal ganglia, supplementary motor area, premotor cortex, and parietal
cortex (Levitin & Tirovolas, 2009; Peretz & Zatorre, 2005; Stewart, 2006; Zatorre & Zarate,
2012).
Overall, melodies, when compared to a series of fixed-pitch tones, invoked more activity
in the right hemisphere than the left lateral planum polare and other superior temporal regions
(Patterson et al., 2002).
After completion of the perceptual analysis of musical sounds, one of the next processing
steps may involve access to the musical lexicon, a type of semantic memory comprising musical
phrases. If a matching candidate is found in the lexicon, a feeling of familiarity may result, along
with activation of associated non-musical memories and emotions, as well as motor responses
such as singing, humming, or tapping. Although it is unclear what aspects of music, such as pitch
and rhythm, are encoded in the musical lexicon, the neural bases of some processes associated
with the lexicon have been studied. An understanding of memory mechanisms in general, and
those specific to music, may suggest some possible effects of aging on musical memory.
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1.3 Memory Mechanisms
Memory can be categorized according to its duration. Shiffrin & Atkinson (1969)
proposed a multi-store model of memory consisting of three memory stores: sensory-based,
short-term, and long-term. Echoic memory is sensory memory for the auditory modality and is
based in the auditory cortex (Griffiths & Warren, 2004). It has a duration of approximately 2 to 5
seconds, and is not under conscious control or influenced by attention (Buchsbaum, Olsen, Koch,
& Berman, 2005; Koelsch, 2011). Separately processed stimuli features are combined in echoic
memory. From here the information may next pass through, or bypass, the short-term store
before becoming part of long-term storage, or it may be lost (forgotten) altogether (Shiffrin &
Atkinson, 1969).
The concept of a short-term store has been incorporated into that of working memory,
which was originally proposed by Baddeley and Hitch in 1974 (Buchsbaum et al., 2005).
Working memory consists of several components involved in conscious manipulation of the
contents of various short-term stores in order to achieve a goal (Eichenbaum, 2012; Squire &
Wixted, 2011). A central executive component controls domain-specific short-term stores that
include a phonological loop for verbal material, a sketchpad for visuospatial material, and
presumably equivalent stores for other modalities. Maintenance of items in this limited capacity
storage requires active rehearsal that allows items to last from a few seconds up to several
minutes (Budson, 2009). The short-term store for working memory of pitch, called the “tonal
loop”, has a large overlap of regions with the phonological loop. Imaging studies have shown
these regions to include Broca’s area, premotor cortex, left insular cortex, inferior parietal lobule,
planum temporale, basal ganglia, thalamus, and cerebellum (Koelsch, 2011; Schulze, Zysset,
Mueller, Friederici, & Koelsch, 2011). Lesion studies indicate that musical working memory
tasks involve the dorsolateral and inferior frontal cortical areas as well as the right auditory cortex
(Peretz & Zatorre, 2005).
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The contents of echoic memory or the tonal loop may be assimilated into long-term
storage, which lasts from a few days up to many years. Long-term memory has two main
processes associated with it: encoding and retrieval (Simons & Spiers, 2003). Encoding refers to
the processes involved in having a concept represented within the neural circuits of the brain for
longer than a few minutes, and retrieval allows access to a previously encoded concept for
immediate use. Between the time of initial encoding and subsequent retrieval, memories may
undergo reorganization, which changes how and where within the brain a memory is represented.
Each retrieval itself also may modify the representation, and therefore possibly the memory
(Eichenbaum, 2012).
Memory can also be categorized by the type of content. Long-term memory may be
explicit (declarative) or implicit (non-declarative) in nature. Explicit memory is knowledge
related to facts and events that can be consciously recalled and declared using language, whereas
implicit memory is unconscious knowledge that results in a change in behaviour (Budson, 2009;
Squire & Wixted, 2011). A dissociation between the two memory types has been shown, as in
the case of the patient H.M. who, after surgical removal of bilateral sections of his medial
temporal lobe, was unable to form new long-term explicit memories, yet had an intact ability to
acquire lasting implicit memories (Squire & Wixted, 2011). However, the distinct mechanisms
for the two memory types may not be clearly delineated because tests of explicit memory may
inadvertently include implicit memory as well (Voss, Lucas, & Paller, 2012; Wang, Lazzara,
Ranganath, Knight, & Yonelinas, 2010). Squire & Wixted (2011) have suggested that
mechanisms behind implicit and explicit memories diverge starting at the encoding stage. People
with transient anterograde amnesia, such as following electroconvulsive therapy, cannot recall
events encountered during the amnesia. Their ability to recall information learnt subsequent to,
but not during, the amnesic episode indicates a failure of memories during the episode to become
established in a usable way (Squire, Wixted, & Clark, 2007). The brain regions recruited for
implicit memory vary depending on the specific task. For example, conceptual priming has been
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largely associated with the inferior frontal cortex, and procedural learning with the basal ganglia
(Budson, 2009; Voss et al., 2012). Here the focus will be on mechanisms of explicit memory
since this study examines conscious memory for music.

1.3.1 Explicit Memory and Consolidation
The initial encoding of long-term explicit memory requires the hippocampus as well as
surrounding structures in the medial temporal lobe (MTL), specifically the parahippocampal,
entorhinal and perirhinal cortices (Frankland & Bontempi, 2005; Squire & Wixted, 2011). Two
types of consolidation processes allow memories to become established in the brain: a faster
synapse-level consolidation and a slower system-level consolidation (Eichenbaum, 2012). Initial
memory formation is due to synaptic consolidation in the hippocampal circuits over a period from
a few minutes to a few hours. Establishment of new connections between neurons and
modifications of existing connections, e.g. via re-shaping of dendritic spines, allow the new
memory to be represented in the hippocampus (Eichenbaum, 2012; Frankland & Bontempi,
2005). This process can be modulated by various means, such as stimulant drugs, an amygdaladriven release of adrenal stress hormones, or an interruption of cellular events that allow longterm potentiation to occur in the CA1 cells of the hippocampus in animals (Eichenbaum, 2012).
The hippocampus itself may not contain the memory of an entire experience, but perhaps
only the information required to integrate the memory represented in neocortical circuits
(Frankland & Bontempi, 2005; Moscovitch et al., 2005). Various aspects of the experience may
be stored at the site of original processing, e.g. visual information in the visual cortex. The
hippocampus may merely bind these neocortex-based pieces of the memory (Moscovitch et al.,
2005; Squire & Wixted, 2011). The extent of involvement of the modality-specific areas during
retrieval may depend on the amount of sensory detail needed for the task at hand and the novelty
of the context (Binder & Desai, 2011). For example, walking to your own house would not
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require you to visualize your house or the route, whereas walking to the house of a friend you
visited infrequently might.
A slower system-level consolidation involving reorganization of brain areas for a
memory is thought to take place over a period lasting from days to years (Purves, Augustine, et
al., 2008). Two main theories provide somewhat different accounts of this consolidation process
(Frankland & Bontempi, 2005). The standard consolidation theory (SCT) proposes a single
mechanism for consolidation of explicit memory in general, whereas the multiple trace theory
(MTT) proposes separate mechanisms for different types of explicit memory. According to SCT,
an explicit memory gradually becomes less dependent on MTL structures such as the
hippocampus and more neocortex-based, where each reactivation of hippocampal memory causes
integration within pre-existing cortical memories and strengthens the cortico-cortical connections
(Frankland & Bontempi, 2005; Smith & Squire, 2009). Functional imaging studies have found
greater activity in the frontal, parietal, and temporal lobes with increasing age of memory,
whereas the hippocampus displayed the opposite pattern of increased activity for more recent
memories (Smith & Squire, 2009; Takashima et al., 2009). Eventually, a memory may become
completely cortex-based and MTL-free.
The age of memories may vary even within the MTL region. Studies have shown that the
amount of damage in MTL is correlated with the length of the retrograde amnesia. For example,
damage to just the CA1 area of the hippocampus has been shown to result in memory loss going
back 1-2 years, whereas damage to the entire hippocampus and some of the entorhinal cortex
leads to memory loss going back 15-25 years (Eichenbaum, 2012).
Prefrontal lobe structures such as the prelimbic and anterior cingulate cortices may
perform the same integrative function for remote memories that MTL structures provide for
recent memories (Frankland & Bontempi, 2005). Lesions to these areas prevent retrieval of
remote memories. Animal studies suggest another potential role for the prefrontal cortex (PFC):
it may actively inhibit the hippocampus when remote memory is being accessed, possibly to
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prevent the hippocampus from re-encoding the memory as a new one (Frankland & Bontempi,
2005). If the memory being sought is not found in PFC areas, the inhibitory control is released,
and the hippocampus once again becomes active to allow encoding of new memory.

1.3.2 Semantic versus Episodic Memory and Multiple Trace Theory
Explicit memory can be roughly categorized as semantic and episodic (Tulving, 1972).
Semantic memory is knowledge about the world – concrete objects and abstract concepts, as well
as relationships between them. Episodic memory comprises details about the temporal and
spatial context of an event. Although Tulving (1972) initially considered these two types of
memory to be mutually independent, he later suggested that there is a hierarchical relationship
such that episodic memory is dependent on semantic memory (Tulving, 1985). Several studies
have focused on the common mechanisms underlying both or on their interdependencies
(Burianová, McIntosh, & Grady, 2010; Greenberg & Verfaellie, 2010; Moscovitch et al., 2005).
Each memory type may require the other because semantic concepts may form the basis for
episodic memory while some degree of context, i.e. episodic information, may accompany
semantic memory. Therefore, tests may not be able to completely separate these two types of
memory, but any given memory could have a strong episodic or semantic bias, depending on its
focus.
While SCT proposes a general mechanism for system-level consolidation of explicit
memory overall, the multiple trace theory (MTT) provides separate accounts for consolidation of
episodic and semantic memories. One of the observations that MTT was designed to explain is
that some patients with extensive damage limited to MTL suffer retrograde amnesia with loss of
episodic memories extending all the way back to early childhood (Moscovitch et al., 2005; Nadel
& Moscovitch, 1997). This would not occur if remote memories did become independent of
MTL, as predicted by SCT. The two theories agree on involvement of the hippocampus during
initial encoding of a memory. However, unlike SCT, MTT suggests that all explicit memories
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start out encoded as episodic ones since our experiences always occur within a context, e.g. even
facts we learn have a time and place associated with them, at least initially. At this time an index
pointing to the neocortical areas associated with the experience is stored in a distributed manner
within MTL. Each time this memory is reactivated, another trace of the memory forms in MTL.
Repeated reactivation of episodic memories also results in extraction of facts from these
memories, which are integrated into the semantic networks in the neocortex (Moscovitch, Nadel,
Winocur, Gilboa, & Rosenbaum, 2006). Thus, semantic memories eventually come to exist in
the frontal lobes, independent of MTL. While retrieval of any detailed episodic memory,
regardless of its age, requires MTL, some episodic memories may lose their detail, and thus
become more like semantic memories that rely exclusively on the neocortex. Because remote
memories may have more traces in the hippocampus than recent memories, they are less
susceptible to complete loss due to partial damage of MTL (Moscovitch et al., 2005). However,
extensive MTL damage may still lead to episodic memory loss extending over a lifetime.
Since the musical lexicon is presumed to be largely a semantic type of memory, SCT and
MTT would both predict that retrieval of remotely learnt melodies is possible even with complete
loss of MTL structures. Any old items in the lexicon are expected to become traces distributed
throughout the neocortex, possibly consolidated within larger semantic networks. Both theories
further suggest that hippocampal activation would necessarily accompany access to recently
encoded tunes.

1.3.3 Brain Regions for Semantic Memory in Non-Musical Domains
A majority of studies have used language-based tasks to study semantic memory. There
may be some parallels between mechanisms for musical and non-musical semantic memory.
Semantic processing for language is associated with activation in supramodal association cortices,
along with modality-specific sensory, motor and emotion networks (Binder & Desai, 2011). The
supramodal areas represent convergence zones for input from multiple sources of perceptual
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processing in modality-specific areas. These supramodal areas are involved in extraction of
abstract concepts. Processes related to emotions and control may engage the PFC, especially
during retrieval of semantic memory (Binder & Desai, 2011). An activation likelihood estimation
(ALE) based meta-analysis of 120 functional imaging studies of semantic memory using word
stimuli, spoken or written, identified the following specific areas within a distributed semantic
network, listed here by their suggested general function (Binder, Desai, Graves, & Conant, 2009).


supramodal association areas: angular, supramarginal, and posterior middle temporal
gyri, ventromedial temporal lobe (fusiform gyrus)



interface between semantic and episodic memory: parahippocampal and posterior
cingulate gyri, ventral precuneus



top-down control: dorsomedial PFC (within superior frontal gyrus and middle frontal
gyrus), ventromedial and orbital PFC, inferior frontal gyrus
The above areas are also associated with social cognition, mental scene construction (e.g.

when retrieving episodic memory details), self-knowledge, and the default mode network. These
disparate functions may all require the use of semantic knowledge (Binder & Desai, 2011). For
example, during the resting state associated with the default-mode network, people may be
reflecting in general or planning, which are both activities that involve semantic information.

1.3.4 Recognition, Recollection, and Familiarity
Recognition is a judgment about whether an item presently under consideration has been
encountered in the past. This judgment requires the retrieval of explicit memories. Several dualprocess models of recognition identify two distinct types of memory processes underlying
recognition: familiarity and recollection (Yonelinas, 2002). Familiarity is simply the feeling of
having encountered the item previously without necessarily being able to identify the item, or to
recall when or where the item was previously encountered or any other associated details from
past experience. Recollection refers to the recall of the context of an item previously
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encountered. Familiarity is a quick and automatic (effortless) process, whereas recollection is a
slower, more deliberate search process (Eichenbaum, 2012). In everyday life, recognition usually
involves both familiarity and recollection; the experience of recognition without recollection, i.e.
familiarity alone, is rare (Mandler, 1980). 1 Recollection is often impaired in amnesiacs, but
familiarity is relatively preserved (Yonelinas, 2002). Retrieval from semantic memory is thought
to underlie familiarity (Yonelinas, 2002).
Alternatives to dual-process theories have been supported by some studies. For example,
Squire et al. (2007) proposed that the two posited processes may instead reflect different strengths
of memory, familiarity being associated with weak memories, and recollection with strong
memories. However, the dual-process theory is currently the dominant theory, with much
accumulated evidence to support it (Yonelinas, 2002).
Familiarity and recollection may be related in at least three different ways (Yovel &
Paller, 2004). According to the redundancy model, recollection includes the feeling of
familiarity, and thus recollection cannot occur independently of familiarity, whereas familiarity
without recollection is possible. According to the other two models, recollection excludes the
feeling of familiarity. In the independence model, the two conditions are separate such that
either, or both, conditions can pertain at one time. On the other hand, in the mutual exclusivity
model, the feeling of familiarity cannot occur when there is recollection, nor can recollection
occur when there is familiarity. For this study, the independence model of familiarity is used.
The majority of familiarity studies, especially outside the music domain, test memory
over a single experimental session with study and test phases that are generally separated by a
few minutes. In the old-new recognition paradigm, participants first study a list of items and then
judge items in a mix of studied and unstudied items as either previously encountered during the

1

This is sometimes called “the butcher on the bus” phenomenon, which refers to the feeling one might get
during a bus-encounter with the butcher one is accustomed to seeing at the butcher-shop, while feeling “I
know this person from somewhere,” and not being able to recall any other information about the person
(Mandler, 1980; Waidergoren et al., 2012).
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study phase (“old”) or not (“new”). However, in music studies, familiarity judgments are often
based on knowledge about the items prior to the experiment, i.e. from a lifetime of exposure
(Halpern & Bartlett, 2010). Although within-session and lifetime recognition judgments are both
testing long-term memory, the former is recent and the latter much more remote. Testing of
familiarity based on recent and remote long-term memories may well involve different processes.
It could be argued that the old-new paradigm is actually testing episodic, and not semantic,
memory because the question being asked during the test phase pertains to the study “episode”,
and not to any general knowledge that the participant has.
Studies of brain-damaged patients and functional imaging have shown that familiarity is
associated with the perirhinal cortex, and recollection with the hippocampus and
parahippocampal cortex (Diana, Yonelinas, & Ranganath, 2007; Eichenbaum, Yonelinas, &
Ranganath, 2007; Eichenbaum, 2012). The dorsolateral PFC has also been implicated in
recollection, since lesions in this region lead to impairment of recollection without any effect on
familiarity (Yonelinas, 2002). However, an imaging study suggested that activation of the lateral
PFC may instead reflect the participant’s confidence level in the familiarity judgment (Yonelinas,
Otten, Shaw, & Rugg, 2005). Lastly, some neuroimaging studies have shown that the parietal
lobes also contribute to recollection (Cabeza, Ciaramelli, Olson, & Moscovitch, 2008; Okada,
Vilberg, & Rugg, 2012; Yonelinas, 2002).

1.4 The Neural Basis of Semantic Memory for Music
A search for studies of neural activity associated with musical semantic memory or
recognition of familiar music produced fourteen relevant results. Case studies were excluded.
Thirteen of the studies used functional imaging, whereas one was based on atrophied regions due
to neurological disease. The commonly identified activations for musical semantic memory were
within the superior temporal region and inferior and middle frontal regions, with laterality
varying from study to study. The superior temporal area was seen most frequently, with
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activation only on the left reported in some studies (Groussard et al., 2009; Pereira et al., 2011;
Plailly, Tillmann, & Royet, 2007; Platel, 2005), and bilateral activation in the remaining studies
(Groussard, Rauchs, et al., 2010; Janata, 2009; Platel et al., 1997; Satoh, Takeda, Nagata,
Shimosegawa, & Kuzuhara, 2006). Among the studies reporting inferior frontal activation, about
half found exclusively left-sided activation (Groussard et al., 2009; Plailly et al., 2007; Platel et
al., 1997; Platel, 2003; Satoh et al., 2006), whereas the rest located bilateral activation
(Groussard, Rauchs, et al., 2010; Groussard, Viader, et al., 2010; Halpern & Zatorre, 1999;
Janata, 2009). Among studies with middle frontal activation, most found a bilateral basis
(Groussard, Rauchs, et al., 2010; Halpern & Zatorre, 1999; Janata, 2009; Saito et al., 2012; Satoh
et al., 2006), one found left-sided activation (Plailly et al., 2007), and one right-sided (Groussard,
Viader, et al., 2010).
Differences among studies in the specific brain regions and in laterality for familiarityrelated activation could be due to any of several factors: (1) stimuli, e.g. presence or absence of
lyrics, instrument(s) used, melody length; (2) number of participants, their ages, and their musical
skills; (3) the familiarity-related task in the scanner, e.g. yes/no familiarity decision or rating
familiarity on a scale or passive listening with no response; (4) functional contrasts used for
comparison with familiar stimuli: e.g. verbal or odor stimuli, unfamiliar music – either using the
same or a different task with these stimuli as with the familiar stimuli; (5) functional imaging
method: PET or fMRI; (6) fMRI design, e.g. block versus event-driven, sparse temporal sampling
versus continuous imaging; (7) analysis methods, e.g. fixed versus random effects at the second
level, corrected versus uncorrected for multiple comparisons, p threshold, or minimum cluster
size.
Five of the fourteen studies of music familiarity used stimuli with associated lyrics,
causing possible interference due to verbal processing (Hsieh, Hornberger, Piguet, & Hodges,
2011; Janata, 2009; Pereira et al., 2011; Saito et al., 2012; Satoh et al., 2006). One of the studies
contrasted the imagining of familiar tunes, given starting cues, against imagining the replaying of
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unfamiliar tunes immediately after hearing them (Halpern & Zatorre, 1999). The participants in
this study had heard the familiar tunes twice before hearing them during the scanning: first time
when they rated the level of familiarity in advance of the day of scanning, and again just before
the scanning. Imagining the tune may involve recalling the tune heard earlier, and thus the
resulting activation may include a large episodic component. Finally, a PET study by Platel et al.
(1997) used the same set of tunes for all the tasks, which involved decisions about various aspects
of a tune. The familiarity-related activation was derived by contrasting the familiarity decision
(i.e. if tune was familiar) against the pitch (if all notes were the same pitch) and rhythm (if note
and interval lengths were regular) decisions combined. Because the musical lexicon may have
been accessed in a similar manner during all of these tasks, the contrast may not include the
lexicon access. Some differences among the remaining seven studies in methods and results must
also be considered.
A series of three studies built upon each other by adding a new task to the procedure for
each new study, and thus finding additional areas of activation (Groussard et al., 2009; Groussard,
Rauchs, et al., 2010; Groussard, Viader, et al., 2010). The musical stimuli in these three studies
were 31 familiar and 32 unfamiliar melodies, 1 all of which were real melodies (i.e. not newly
composed or random sequences of notes) that were 5 seconds in length and in a flute timbre. The
two PET studies each had 12 male participants (Groussard et al., 2009; Groussard, Viader, et al.,
2010), whereas the fMRI study had 20 participants – 10 male and 10 female (Groussard, Rauchs,
et al., 2010). All three studies used a semantic memory congruence task with only familiar
melodies, in which participants listened to pairs of melody excerpts in order to judge if the second
excerpt in the pair was a continuation of the same melody as, or if it originated from a different
melody than, the first excerpt. This semantic memory congruence task was contrasted against a
perceptual congruence task where participants judged if pairs of unfamiliar melodies were

1

In one of the three studies (Groussard et al., 2009), the number of stimuli is not specified, but is implied
when the authors compare this study to their previous studies.
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identical or different by one note. In Groussard et al. (2009) this contrast showed familiarityrelated activation in the left STG and left inferior frontal gyrus (IFG).
The second study in this series added a verbal counterpart for the musical familiarity test
by using 35 well-known French proverbs for the verbal semantic memory congruence task and 35
pseudo-sentences composed of non-words for the verbal perceptual congruence task (Groussard,
Viader, et al., 2010). The same task instructions were given for both musical and verbal stimuli.
The verbal stimuli were approximately 4 seconds in length. Activation for musical semantic
memory was based on comparison of musical and verbal memory, after removal of their
corresponding perceptual components, as well as on the conjunction of the activation for these
two memory types. In this study, additional areas of musical familiarity-related activation were
found in the right middle frontal gyrus (MFG) and the left superior temporal pole. IFG activation
was bilateral instead of just left-sided as in the previous study.
The last study in this series added musical and verbal familiarity rating tasks where
participants rated the familiarity of the stimuli from 1 to 4 (Groussard, Rauchs, et al., 2010). The
familiar and unfamiliar stimuli were different from those used in the congruence tasks. A
parametric regressor was used to model familiarity for this task, whereas the congruence tasks
were analyzed as in the previous study. This fMRI study found several new areas of activation
not seen in the previous two PET studies: bilaterally in the medial superior frontal gyrus (SFG),
middle temporal gyrus (MTG), inferior parietal area, supplementary motor area, and cerebellum;
left inferior temporal gyrus and insula; and right angular gyrus, rectus, and cingulate cortex.
Laterality of activation changed from the previous study in the following regions: MFG from
right to bilateral, STG from left to bilateral, and the superior temporal pole from left to right.
An uncorrected p threshold of .001 was used in this series of studies. The authors
conclude that based on findings from previous studies, the right STG is important for musical
perceptual processes that precede semantic retrieval; the left STG for access to, and the left IF for
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selection from, semantic knowledge of familiar tunes; and the left posterior MTG for executive
processes in retrieval (Groussard, Rauchs, et al., 2010).
Peretz et al. (2009) used fMRI to test recognition of familiar melodies by contrasting the
passive listening of 28 familiar melodies with 28 unfamiliar melodies. All melodies were 8.5
seconds in length and recorded with a piano sound. The unfamiliar melodies were created as
retrograde versions of the familiar melodies. The notes in a retrograde melody are in reverse
order from those in the original melody such that the last note from the original melody becomes
the first in the retrograde, and the first note from the original becomes the last; the time between
any two notes remains unchanged. The participants were nine females. No questions were asked
during the scanning; participants simply listened to the tunes. Fixed-effects analysis was used at
the group level by combining all scans from all subjects in a single model, i.e. without accounting
for between-subject variation. The results from a fixed-effects analysis only apply to the study
sample, and not to the population represented by the sample. With a significance threshold of p <
.05, corrected for multiple comparisons, significant familiarity-related activation was found in the
right superior temporal sulcus (STS).
Plailly et al. (2007) compared familiarity for music and odors. This study was the only
one to use melodies from commercial CDs, which have orchestration with multiple instruments,
instead of a synthesizer with a single voice. They were, however, all instrumental tunes without
any associated lyrics, as in the other studies; excerpt duration varied from 4 to 8 seconds. The
unfamiliar melodies were also real melodies. For each modality (music and odor), 24 familiar
and 24 unfamiliar stimuli were presented. Thirteen male participants indicated whether they
found each stimulus familiar. Areas of activity common to both modalities were found through a
familiar versus unfamiliar contrast based on all stimuli from both modalities. These areas were
located within the left SFG, MFG, precentral gyrus (PCG), STS, cingulate gyrus, supramarginal
gyrus (SMG), and right angular gyrus. A contrast of musical familiarity against odor familiarity
yielded the music-specific areas of activation, where each modality-specific familiarity was a
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contrast of the familiar and unfamiliar stimuli specific to that modality. These areas were within
the left SFG, IFG, angular gyrus, and precuneus. An uncorrected p threshold of .01 was applied
to identify all of these areas. A statistical analysis focusing only on specific regions rather than
the whole brain, called region of interest (ROI) analysis, was performed on the hippocampus and
parahippocampal gyrus due to the known involvement of these regions in memory in general. At
a corrected p threshold of .01 for the ROI analysis, a modality-independent familiarity-related
activation was found in both of these areas. A comparison with previous studies led the authors
to suggest that the left anterior dorsal SFG, ventral IFG, and angular gyrus are involved in a lefthemisphere-based multimodal network for the feeling of familiarity, whereas the left anterior
ventral SFG and hippocampus are associated with recollection.
Platel (2003, 2005) performed two studies with the same stimuli and procedure except
that the first used PET and the second used fMRI. The results from the two studies were also
almost identical. Nine young male participants performed three types of tasks: semantic,
episodic (divided into familiar and unfamiliar versions), and perceptual (also divided into familiar
and unfamiliar versions). The semantic and episodic tasks used the same set of 64 familiar and
64 unfamiliar melodies, where all were real melodies, 5 seconds in length and recorded with the
flute timbre. The melodies for the perceptual tasks were not used anywhere else. The
participants made the following judgments about the melodies: (a) for the semantic task, whether
the tune was familiar; (b) for the ensuing episodic tasks, whether they had heard the tune
previously during the session; and (c) for the perceptual tasks, whether the last two notes had the
same pitch. The regions of activation for semantic memory were found by contrasting all
melodies from the semantic task against those from the perceptual tasks. This contrast found
semantic memory to be associated with activation in the left IFG, MTG, STG, angular gyrus, and
bilateral medial frontal areas. The semantic versus episodic contrast did not yield any additional
areas for semantic memory. Results only differed between the two studies in that the earlier
study did not find activation in STG. The author hypothesizes that the left IFG is involved in
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access to musical semantic memory, whereas the left anterior temporal cortex is the basis of the
musical lexicon.
Table 1-1 presents a summary highlighting the differences among results from studies of
musical semantic memory. Only the most recent study is presented when the methods and results
of several studies are similar.

Table 1-1: Studies of the Neural Basis of Musical Semantic Memory
Study Focus

Group-Level
Results*

Important Brain Regions and Role

Musical vs. verbal semantic memory
(Groussard, Rauchs, et al., 2010)

p < .001,
uncorrected

left STG (represents semantics of
music)

Recognition of familiar music
(Peretz et al., 2009)

p < .05,
corrected**
(fixed effects)

right STS (contains musical lexical
networks)

Familiarity for music vs. odors
(Plailly et al., 2007)

p < .01,
uncorrected

left SFG, IFG, angular gyrus (feeling
of familiarity)

Semantic vs. episodic musical memory
(Platel, 2005)

p < .05,
corrected

left anterior temporal cortex (musical
semantic representations), left IFG
(access to musical lexicon)

Note. STG = superior temporal gyrus, STS = superior temporal sulcus, SFG = superior frontal
gyrus, IFG = inferior frontal gyrus. All studies used fMRI and had younger participants
(generally aged below 30 years).
* ”corrected”/”uncorrected” in this column refer to correction for multiple comparisons when
identifying regions with significant activation.
** This study used fixed effects analysis for group results, thus not accounting for betweensubject variation. The other studies used random effects.
Overall, these studies suggest an association between musical semantic memory and
activity in the temporal area, possibly in the left STG. Additionally, the left IFG appears to be
involved in accessing this memory.

1.5 Semantic Memory in Older Adults
Whether memory for familiar music, as measured by performance on behaviour tasks, is
affected by aging is not clear. Some confusion may be due to the fact that although the relevant
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studies all use familiar melodies as stimuli, the tasks for testing, and thus the type of memory
being tested sometimes differs. Studies that test familiarity by simply asking whether a given
melody amongst a mix of well-known melodies and foils is familiar to the participant find that
familiarity is preserved in older adults (Cuddy et al., 2012; Vanstone et al., 2012; Vanstone,
Cuddy, Duffin, & Alexander, 2009). Studies using the old-new recognition paradigm (with a
study phase, followed by a test phase) with well-known melodies, and sometimes foils, find
familiarity to be impaired in older adults (Bartlett, 1995; Belleville, Ménard, & Lepage, 2011;
Halpern & O’Connor, 2000). The latter recognition task tests the participants’ ability to
remember if they have heard the tune during an earlier study phase, which is probably a test of
the ability to encode and retrieve episodic memory. The former task, on the other hand, asks the
participants whether they recognize the music in general, with no preceding study phase; it thus
probably tests retrieval of musical semantic memory (Vanstone et al., 2012). Bartlett (1995)
describes these as memory for intra-experimental (episodic) versus pre-experimental (semantic)
knowledge.
Thus, the literature is consistent with the idea that musical semantic memory is not
impaired, whereas musical episodic memory is impaired, in older adults relative to younger
adults. It is important to distinguish between tests of lifetime familiarity (or semantic memory)
and within-session familiarity (or episodic memory) because not only does aging appear to affect
performance differently, but their underlying brain mechanisms may also be distinct
(Waidergoren, Segalowicz, & Gilboa, 2012) .
1.5.1 Effects of Aging on the Neural Basis of Musical Semantic Memory
To the best of our knowledge, the effects of aging on the neural basis of semantic
memory for music have not been studied. The studies reviewed thus far have examined musical
semantic memory mechanisms exclusively in younger adults, generally around the ages of 20 to
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25, although one study included adults up to age 40. An analysis of semantic memory studies in
non-musical domains may suggest possible effects of aging in their musical counterpart.

1.5.2 Effects of Aging on the Neural Basis of Semantic Memory in Non-Musical Domains
Studies indicate that the neural basis of semantic memories generally changes with age
(Mayes & Montaldi, 2001; Smith & Squire, 2009). Douville et al. (2005) compared MTL activity
associated with recognition of recent (1990s) versus remote (1950s) famous names in healthy
older adults. They found that the right hippocampus and parahippocampal gyrus were more
activated for recent famous names than for remote famous names, thus validating the time-limited
role of MTL in memory suggested by the standard consolidation theory. Similarly, Haist et al.
(2001) tested older adults on recognition of photographs of famous faces from each decade from
1940s to 1990s. They found a temporally graded role of the entorhinal cortex and hippocampus,
with highest activation for recent memories. Whereas the entorhinal changes extended back 20
years, the hippocampal consolidation lasted about 10 years.
Not all studies, however, have found MTL changes with aging memory. For example,
Bernard et al. (2004) found no significant MTL differences in activation when comparing
recognition of recent (1990s) and remote (1960s-1970s) famous faces. This study had a single
group of participants with a mean age of 58 + 6 years. The lack of differences may be due to the
remote famous faces belonging to people who continued to be well known. Thus, the memories
associated with remote faces may not have been sufficiently older than memories for the recent
famous faces (Woodard et al., 2007). However, the famous versus non-famous faces contrast
highlighted several areas of activation for semantic memory retrieval, including the left PFC (all
gyri), the retrosplenial cortex, MTG, and the temporo-parietal junction.
St-Laurent, Abdi, Burianová, & Grady (2011) also found no differences, in this case
between younger and older adults, in performance or in regions of activation for semantic
memory. Tasks for several types of memory were differentiated by the nature of the question
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asked regarding a photograph of a generic (i.e. not personal) object. In the control condition,
participants simply viewed a scrambled picture. Although no age differences were found, a
comparison of the semantic and a combination of the other memory conditions showed activation
for semantic memory in the left MTG, right retrosplenial cortex, bilateral cerebellum, and some
occipital areas. Additionally, a comparison between all memory conditions and the control
condition found a common network of activation for memory in the bilateral MTG, left STG,
bilateral IFG; left MFG, medial SFG, PCG, cingulate, hippocampus, supplemental motor area;
bilateral angular gyrus and caudate. The authors noted that activations in older adults for the two
non-semantic memories were more similar to each other than in younger adults, suggesting a loss
of neural differentiation, i.e. loss of specialization of brain regions, with aging. Semantic
memory, on the other hand, did not differ in this manner between the two groups.
Nielson et al. (2006) studied recognition of both recent (famous since the 1990s) and
“enduring” (1950s, but fame continuing to present) names in both younger and older adults.
While activity did not differ in the younger group between the two time periods, older adults had
significantly greater activation for recent compared to enduring events in the bilateral posterior
cingulate gyrus, left lentiform nucleus, and several frontal regions (left IFG, bilateral medial
frontal gyrus, and left PCG). However, whether the difference in activation between younger and
older adults is significant in these regions was not reported. When famous (recent and enduring)
names were contrasted against non-famous names, several regions of signficant activation were
found in the two groups. These regions were then used in ROI analysis to reveal greater
activation in older than younger adults for the recent names in several frontal, temporal, and
parietal lobe areas. Older adults also had greater activation than younger adults in a few of these
areas for enduring names. The increased activity in older adults may be due to compensation,
where older adults use additional resources by recruiting more brain regions or by greater
activation of certain regions while achieving the same performance as younger adults,
presumably due to dysfunction of certain areas. However, the authors note that no areas had
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greater activation for what was possibly the task of the greatest difficulty – rejection of nonfamous names (in a contrast with correct recognition of famous names). Thus, it seems unlikely
that additional effort would explain the additional activation in older adults.
Table 1-2 presents the highlights of the studies in this section. In general, studies have
found differences in activation associated with the age of the memory. In older adults, recent
memories were shown to invoke greater activation than remote memories within MTL structures,
cingulate gyrus, and some frontal areas. No differences between recent and remote memories
were found in younger adults.

Table 1-2: Studies of Aging Effects on the Neural Basis of Semantic Memory in Non-Musical
Domains
Study

Stimuli

Participants

Age Differences in Activation

Haist et al.
(2001)

famous faces
from 1940s to
1990s

older adults (mean
age 65 years, range
60-70 years)

search limited to MTL
temporally graded, recent>remote:
entorhinal cortex

Bernard et
al. (2004)

famous faces
1960s-1970s vs.
1990s

adults (mean age 59
years, SD 6 years)

no differences

Douville et
al. (2005)

famous names
1950s vs. 1990s

older adults (mean
age 70 years, range
60-79 years)

search limited to MTL
recent>remote: R HC and PHG

Nielson et
al. (2006)

famous names
1950s vs. 1990s

younger and older
adults (mean age 24
& 70 years, SD 6.4
& 3.5, respectively)

recent>enduring in older adults:
bilateral CG, MFG; L IFG, PCG
old>young for (recent>non-famous and
enduring>non-famous) from
famous>non-famous ROIs: several
frontal, temporal, parietal areas

St-Laurent
et al.
(2011)

generic photos

younger and older
adults (age range
20-33 and 63-77
years, respectively)

no differences

Note. L = left, R = right, MTL = medial temporal lobe, HC = hippocampus, PHG =
parahippocampal gyrus, CG = cingulate gyrus, IFG = inferior frontal gyrus, MFG = medial
frontal gyrus, PCG = precentral gyrus, ROI = region of interest
Activation differences due to age of memory can be studied within a single participant
group by comparing memories acquired during time periods that are recent and remote relative to
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the study (e.g. songs that were popular 1 versus 20 years before the study), or by comparing
between two age groups, memories that were acquired when the participants from each group
were of a similar age (e.g. nursery rhymes learnt in kindergarten around the age of 5). With the
single group design, one can restrict the participants to one specific age range or include all ages.
Although these variations would all test for age effects on the neural basis of memory, their
results may be difficult to interpret, especially for comparison purposes, due to confounding
effects from brains of different ages. Studies assessing activity in just younger adults, just older
adults, or adults of all ages, would be based on brains of different ages, which may functon
differently due to overall aging effects due to compensation, dedifferentiation, and structural
changes (Grady, 2012).

1.6 The Present Study
The main goal of this study was to determine the differences between younger and older
adults in the neural correlates of access to the musical lexicon that underlies the feeling of
familiarity when we listen to music that we know. Understanding the effects of aging on the
neural basis of musical memory may add to the knowledge of brain aging as well as memory
mechanisms in general. This study is the first to examine the neural basis of musical memory in
older adults.
Another motivation for this study arose from the debate over whether musical semantic
memory is preserved in Alzheimer’s disease (AD). It has been argued that musical memory is
unlikely to be maintained since the temporal lobes, which appear to be the basis of this memory,
are damaged early and severely in AD (Baird & Samson, 2009). However, the neural basis for
recognition of familiar melodies has been assessed only in younger participants, whereas the vast
majority of AD patients are older (above 65 years old). If the musical lexicon in older adults
were less reliant on the temporal lobes than in younger adults, and instead based in regions less
affected in the early stages, this would provide a plausible brain mechanism that would allow for
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preservation of memory for music in mild and moderate AD. Notwithstanding the results of this
study, however, it is still possible that the specific STG areas associated with the musical lexicon
are not among the temporal regions that are affected early in AD.
We used fMRI to investigate the neural correlates of access to the musical lexicon in
younger and older adults. In order to isolate this process as much as possible, we contrasted the
brain activity during listening of familiar melodies against unfamiliar melodies, where the
unfamiliar melodies had many of the same musical properties as the familiar melodies while
being unrecognizable. This paradigm was also used by Peretz et al. (2009). Several aspects of
the current study’s design, such as the type of stimuli, matched that study’s design to allow us to
reproduce their results for younger participants, thus providing a validated reference point for
comparison of the activation in older participants from our study.
This study’s design did not capture access to the lexicon alone; the contrast of familiar
versus unfamiliar melodies necessarily included any activation associated with familiarity-related
processes, e.g. for triggered emotions or associated memories. We were able to separate some
functionality based on findings in previous studies. Additionally, although recognition of familiar
melodies involves both familiarity and recollection, the recollection aspect was expected to be
minimal since the majority of the melodies we selected are generally not associated with a
specific time or place, especially in non-musicians. An example would be a melody that served
as background music in several movies.
Familiarity across groups was expected to be associated with activation in STG and IFG
areas bilaterally, but with a stronger emphasis on the right. In younger adults, familiarity was
expected to be associated largely with STG as well as MTL structures, and less with the frontal
areas. The opposite pattern was expected in older adults, with distributed areas of activation
throughout the frontal lobe (e.g. the inferior frontal gyrus), and less, or perhaps no, activation in
MTL. One assumption was that all participants had encountered the familiar melodies at similar
ages; thus, the memories in older adults would be overall more remote and those in younger
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adults more recent. According to both prominent memory theories, SCT and MTT, semantic
memories are re-distributed from temporal to frontal areas as they age. Differences in memoryrelated activation could also be due to age-group differences in memory mechanisms for all
musical memories, whether recent or remote.
Along with activation related to tune familiarity, activations for two other stimulus
attributes were examined. Sound-related activation provided verification of our methodology.
This was computed by contrasting all conditions with sound against the silent trials. Bilateral
activation for sound was expected in the STG area, especially at Heschl’s gyrus. Activation for
melody processing was determined by contrasting the familiar and unfamiliar melody conditions
against signal-correlated noise; bilateral activation was expected in the STS, planum polare, and
perhaps the rostral medial PFC, with relatively more activity in the right hemisphere (Janata,
2005; Patterson et al., 2002).
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Chapter 2
Method
This study used melodies and signal-correlated noise as stimuli in an fMRI experiment to
identify the neural correlates of sound, melody processing, and melody familiarity in two age
groups of adult participants.

2.1 Participant Selection
Two groups of participants were recruited: younger adults aged 18 to 25 years and older
adults aged 65 years and above. All were required to be female, right-handed, and having
completed secondary school at a minimum. Additionally, participation was restricted to native
English speakers who grew up in an English-speaking environment since the expected familiarity
with well-known melodies is based on the assumption of a common culture. Only non-musicians,
defined for our purposes as those with a maximum of three years of formal music training, were
selected in order to avoid a heterogeneous sample in terms of possible structural and functional
brain differences due to the amount and type of music training (Gaser & Schlaug, 2003; Hyde et
al., 2009).
The younger participants were recruited through poster advertisements posted at Queen’s
University; the responders were all undergraduate students at Queen’s University, except for two
who were enrolled in post-graduate programs at the university. Advertisements seeking older
participants were placed in the local newspaper and at the Seniors Centre in Kingston
(http://seniorskingston.ca/). Older participants were also recruited through the Retirees
Association of Queen’s University, and through other labs within the Department of Psychology,
where people had registered an interest in future fMRI studies.
Participants with any history of neurological disease or injury were excluded, as were
those with any contraindications for MRI, such as metal implants or claustrophobia. A history of
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depression was not an exclusionary criterion because no effect of depression was expected for the
main task of listening to familiar and unfamiliar music. This assumption was tested during the
data analysis stage. The mini-mental state examination (MMSE) (Folstein, Folstein, & McHugh,
1975) and Montreal Cognitive Assessment (MoCA) (http://www.mocatest.org/, 2012) was used
with older adults to exclude those with possible cognitive impairment.

2.2 Participant Characteristics
Table 2-1 shows the demographic and music-related characteristics for the younger (n =
20) and older (n = 20) groups, as well as the group comparison statistics. The age range for the
younger adults was 18-25 years, and for the older adults 65-84 years. Unpaired two-sample ttests were used to compare the characteristics. No significant differences between the two groups
in the years of education were found. However, the younger participants listened to significantly
more hours of music per week, had significantly more years of music training, and rated their
music training experiences as significantly better than older participants. Thus, the effects of
these characteristics were tested at the data analysis stage.
Older adults were required to have cognitive test results in the normal range: 27-30 for
the MMSE scores (O’Bryant et al., 2008), and 24-30 for the MoCA scores (Luis, Keegan, &
Mullan, 2009). In fact, no participants fell outside this range (participant MMSE score range =
27-30, MoCA score range = 24-30).
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Table 2-1: Characteristics of the Younger and Older Participants
M (SD)
Younger Participants

Older Participants

Characteristic

(n = 20)

(n = 20)

t(38)

p

Age* (years)

20.1 (1.6)

70.9 (6.2)

34.7

.00

Education (years)

14.1 (1.3)

14.7 (2.1)

1.1

.29

Rating of Music Training*
(Scale from 1 to 10)

5.6 (2.4)

3.2 (2.9)

2.9

.01

Years of Music Training*

1.3 (1.0)

0.4 (0.8)

2.8

.01

Music Listening*
(hours/week)

7.7 (3.1)

3.8 (4.2)

3.1

.00

n/a

29.5 (0.9)

n/a

n/a

MoCA
n/a
27.0 (1.9)
n/a
* These characteristics were significantly different between the two groups (p < .05).

n/a

MMSE

2.3 Stimuli
Four types of stimuli were used during the fMRI: 39 familiar melodies, 39 unfamiliar
melodies, 21 signal-correlated noise (SCN), and 21 silent trials. Each stimulus was 8.5 seconds
in length, including a 500 ms fadeout for the melodies. The melodies were edited using Sibelius
v6 music notation software (http://www.sibelius.com/) and exported as wave files using Kontakt
Player 2 (Native Instruments http://www.native-instruments.com/) running the Steinway Grand
Piano sample bank from Garritan Personal Orchestra v3 (http://www.garritan.com/). The sound
files were encoded with 16 bits per sample at a rate of 44.1 kHz using Audition v3 from Adobe
(http://www.adobe.com/).
The familiar melodies were excerpts chosen from instrumental pieces without associated
lyrics in order to minimize possible activations related to language use. The unfamiliar melodies
were retrograde (i.e. with reversed note order) versions of familiar melodies, thus largely
matching the tonal and temporal qualities of their original counterparts in order to limit the
difference between the two versions to familiarity as much as possible (Hébert, Peretz, &
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Gagnon, 1995).1 Figure 2-1 shows a sample melody and its retrograde. Minimal changes, mostly
in rhythm, were made to a few of the retrograde melodies to make them unrecognizable; these
changes respected the original pitch and number of notes. The familiar and unfamiliar melodies
were similar in style to those used by Peretz et al. (2009).2

Figure 2-1: An Original (Familiar) Melody and its Retrograde (Unfamiliar) Version
The order of the notes in the familiar melody (top) is reversed to create an unfamiliar
melody (bottom).

The familiarity of the original and retrograde melodies was tested in a pilot study with ten
participants in each of two groups representing the same populations as those in the main study.
During the pilot, participants rated the familiarity of an initial set of fifty melodies and their
retrograde versions on a scale from 0 (“not-at-all familiar”) to 3 (“definitely familiar”). Only
those melodies with mean ratings in each group above 1.5 for the original version, and below 1.5
for the unfamiliar version, were used in the main study; eleven melodies did not qualify, leaving
thirty-nine each of familiar and unfamiliar melodies for the main study. Additional results from
the pilot are given in Appendix A. Appendix B provides detailed information (full title,
composer, and starting bar number) for the thirty-nine tunes selected from the pilot for the main
study. It also shows the tunes in common with those used in the study by Peretz et al. (2009),
although our excerpt may be extracted from a different portion of the same tune.
1

Retrograde versions of familiar melodies are “maximally close to the familiar ones in interval size, tone
repetition, rhythmic structure and complexity” (Hébert et al., 1995) - while generally avoiding similarity
that would lead to recognition of the unfamiliar (retrograde) version.
2

All melodies were examined and verified by Bernard Bouchard, a composer from the BRAHMS
Laboratory at the University of Montreal (http://www.brams.org/en/membres/bernard-bouchard/). He also
created the stimuli for a similar study on familiar music with younger adults (Peretz et al., 2009)
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The SCN stimuli were created with Praat software (http://www.praat.org/, based on code
written by Matt Davis, MRC Cognition and Brain Sciences Unit, Cambridge, http://www.mrccbu.cam.ac.uk/people/matt.davis/) from randomly selected unfamiliar melodies. SCN, often used
in speech studies, preserves the amplitude envelope and spectral profile of a waveform (Davis &
Johnsrude, 2003). This original waveform in our study was the sound wave for an unfamiliar
melody excerpt. SCN does not contain spectral details of the sound, thus rendering a melody
unrecognizable, while retaining some of the temporal patterns and pitch. SCN provided good
reference stimuli for computing contrasts that isolated brain regions activated by the tonal and
melodic components of the melodies. Lastly, the silent trials allowed us to validate this study’s
imaging and data analysis methods by serving as reference stimuli for locating regions associated
with processing of auditory stimuli, which were verified against known auditory areas. We chose
to use fewer of the SCN and silent trials (21 of each) than the familiar and unfamiliar melody
trials (39 of each) in order to limit the imaging time for the comfort of the participant.

2.4 Procedure
The study was cleared for ethics compliance by the Queen’s University Health Sciences
and Affiliated Teaching Hospitals Research Ethics Board (Appendix C). The MRI procedures
were approved by the Facility Management Committee for the Queen’s MRI Facility. All
participants received $10 per hour for participation.
Each participant was tested over two sessions on separate days. Each session lasted
between 45 and 75 minutes, depending mostly on the speed of the participant in carrying out the
steps of the protocol. During the first session, participants completed a questionnaire with
demographic, health, and music-related background information; the “MRI Safety Checklist for
Research Subjects” form used by the Queen’s MRI Facility; and the MMSE and MoCA in the
case of older adults. The participants then listened to a block of stimuli (different from those
presented at the second session) in a sham scanner in order to become accustomed to the MRI
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environment. After this, outside the sham scanner, the melodies from the scanner were replayed
while the participant rated each melody using the same familiarity scale as for the ensuing
scanner session.
The stimulus delivery method during the sham session was the same as during the MRI
session, i.e. using the same MATLAB program and the same model of headphones for stimuli
playback. The stimulus tunes were similar in style and of the same length for both sessions, as
was the setup of the block, including the number of trials for each of the four conditions,
presented in the same pseudo-randomized order.
The sham scanner has a bore with the same dimensions as the MRI scanner, as well as a
similar bed that slides into this opening. The scanning sounds were simulated by playback of the
appropriate scan sequence from a CD supplied by the scanner manufacturer. The volume of the
scanning sound simulations was approximately 90 dB, approaching the volume of the MRI
scanner. After the participant was positioned inside the sham scanner, a two-minute anatomical
scan was simulated with the appropriate scanning noise. Then a five-and-a-half minute sparse
functional imaging block was simulated using an alternating sequence of an 8.5-second stimulus
followed by a 2-second EPI scan noise, with a total of 30 stimuli. This first session provided a
realistic preview of the scanner session to follow, and allowed us to test participant comfort with
our protocol.
All scanning occurred at the second session. The participants were asked to simply listen
to the stimuli in the scanner, without providing any active responses, in order to avoid motor
activation related to button presses. After the scanning session, the participants listened to the
same melodies as in the scanner to rate their level of familiarity for each tune. They were
instructed to base their rating on general lifetime familiarity, and not on whether they thought
they had heard the tune in the scanner. The rating scale ranged from 0 (“not- at-all familiar”) to 3
(“definitely familiar”). The endpoints of this 4-point scale implied that the participant was
completely certain, whereas the two points in the middle indicated some uncertainty, about
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whether they had encountered the tune before. An even number of options allowed us to learn
which side of the familiar or unfamiliar question best fit their feelings towards a tune. Appendix
D shows the question and rating scale provided to the participants while they rated the melodies.

2.5 FMRI Design
This study used a flexible factorial design with two groups and two types of stimuli to be
contrasted in order to find activation related to an attribute of interest. This design was repeated
for each of the attributes of sound, melody processing, and familiarity with a melody. The two
groups were younger and older adults. The main effect of each attribute (regardless of age group)
was calculated using a one-sample t-test on subject-level contrasts between the two stimuli types.
We then tested for an interaction between attribute and age group using an unpaired two-sample
t-test to compare subject-level contrasts from each group. Figure 2-2 shows the factorial design
for familiarity as an example. For any significant interaction, the simple effects of that attribute
would be calculated for each group, again using a one-sample t-test on subject-level contrasts for
the attribute from the group.
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Familiarity

Group

Familiar
(Fam)

Unfamiliar
(Unfam)

Younger (Y)

FamY

UnfamY

Older (O)

FamO

UnfamO

Activation of interest

Contrast

Implementation

Main effect of
familiarity

FamY&O – UnfamY&O

1-sample t-test on all subject-level
contrasts from Y and O

Group-familiarity
interaction

(FamY – UnfamY) versus
(FamO – UnfamO)

2-sample t-test comparing subjectlevel contrasts of Y and O

Simple effect of
familiarity for Y

FamY – UnfamY

1-sample t-test on all subject-level
contrasts for Y

Simple effect of
familiarity for O

FamO – UnfamO

1-sample t-test on all subject-level
contrasts for O

Figure 2-2: Flexible Factorial Design for the Attribute of Familiarity

During the functional imaging, 120 stimuli (39 familiar, 39 unfamiliar, 21 SCN, and 21
silent trials) were presented. These were divided across four blocks, with 30 stimuli per block.
Each type of stimulus was presented roughly an equal number of times in all blocks; thus, a block
contained either 10 or 9 of each of familiar and unfamiliar melodies, as well as either 5 or 6 of
each of SCN stimuli and silent trials. A block did not contain the familiar, unfamiliar, or SCN
counterparts of the same melody in order to prevent the detection of any possible similarities.1
After applying these restrictions, each stimulus was randomly assigned to one of the four blocks.
Any given block had the same sequence of stimuli for all participants, but the order of the four
blocks was counterbalanced among participants using four block orderings.

1

An unfamiliar melody was created by reversing the notes of a specific familiar melody. Each SCN
stimulus was generated from a specific unfamiliar melody, preserving the melody’s amplitude envelope
and spectral profile. Thus, there were some similarities, such as rhythm, between a familiar melody and its
corresponding unfamiliar and SCN stimuli. The unfamiliar melodies had been pre-tested in a pilot study to
ensure their unrecognizability, and the SCN stimuli did not sound recognizable; however, inclusion in the
same block was still avoided in order to further reduce the possibility of detection of similarities.
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2.6 Imaging Protocol
Detailed structural images were obtained at the start of scanning using a T1-weighted
magnetization-prepared rapid gradient echo (MP-RAGE) single-shot sequence to acquire 176
sagittal slices with a field of view (FOV) = 256 mm x 256 mm, in-plane resolution = 1.0 mm x
1.0 mm, slice thickness = 1.0 mm, flip angle (FA) = 9°, repetition time (TR) = 1760 ms, echo
time (TE) = 2.2 ms. This scan took 7.5 minutes. After the anatomical scan, a sample tune was
played to allow adjustment of the headphone volume to a level comfortable for the participant.
The functional imaging protocol was then started. Using sparse imaging, a single brain volume
was acquired immediately following an 8.5-second stimulus (Figure 2-3). This scan occurred
every 10.5 seconds using a T2*-weighted GE-EPI interleaved sequence to acquire 32 axial slices
with FOV = 211 mm x 211 mm, in-plane resolution = 3.3 mm x 3.3 mm, slice thickness = 3.3
mm with a 25% gap, FA = 78°, TR = 2000 ms, TE = 30 ms. A complete list of MRI Settings is
provided in Appendix E.

Effective TR = 10.5 sec
Stimulus

Stimulus
(Familiar/Unfamiliar/SCN/Silence

TRs per Block

Trigger

Trigger

Scan (1 volume)
Scanner TR = 2.0 sec
0

… 30 Effective

8.5

10.5

Time (seconds)
Figure 2-3: Sparse Design for One Block of Functional Imaging
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Functional imaging was split into four blocks of 5.6 minutes each (including two
preparatory scans). During each block, after the preparatory scans, an initial “dummy” scan
preceded thirty brain volumes to be analyzed, with one volume after each stimulus. Between
blocks, the MRI operator communicated with the participant remotely to ensure that there were
no problems. Thus, it took approximately 25 minutes for the fMRI portion of the protocol, during
which 120 brain volumes were acquired.

2.7 Equipment
A Siemens 3 Tesla MAGNETOM Trio whole body MRI scanner with a 12-channel head
matrix coil was used for the scanning. All sound files were played at a sample rate of 44.1 kHz
via MATLAB running on Widows Vista, through a NordicNeuroLab Audio System
(http://www.nordicneurolab.com/) with headphones having a relatively uniform frequency
response between 8 Hz and 35 kHz (NordicNeuroLab, 2013). The headphones also provide a
noise attenuation of approximately 30 dB.

2.8 Data Analysis
SPM1 software was used to analyze imaging data. The following steps were performed
on data for each participant: (1) DICOM to NIfTI conversion; (2) spatial preprocessing:
realignment, reorientation, co-registration, segmentation, normalization, and smoothing;
(3) model specification and estimation; and (4) contrast specification and generation of statistical
parametric maps (SPMs). The first-level contrasts, computed for each subject, were then used in
a second-level random effects analysis to yield group results.

1

SPM8 from Functional Imaging Laboratory at Wellcome Trust Centre for Neuroimaging,
http://www.fil.ion.ucl.ac.uk/spm/, running on MATLAB 2010a from MathWorks,
http://www.mathworks.com/products/matlab/
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2.8.1 DICOM to NIfTI Conversion
The scanner generates image files using the DICOM1 format. These must be converted
to the NIfTI2 format for use in SPM. We used SPM utilities for this conversion. For each
participant the structural volume, in the form of 176 DICOM image files (one per slice), was
converted to a single NIfTI image. For each block of the functional run, 31 DICOM image files
(one per volume) were converted to 31 NIfTI images; the first of these, the “dummy” scan, was
then discarded.

2.8.2 Spatial Preprocessing
Because imaging analysis is voxel-based, any given voxel in the brain is expected to be in
the same location within a scan throughout a series of scans that are being analyzed together
(Ashburner, Friston, & Penny, n.d.). Therefore, it is necessary to correct for subject movement
over time as well as differences in brain shapes among individuals. The spatial preprocessing
steps, involving a series of spatial transformations, reduce variance due to such confounds. Even
in the case of a single subject, the use of a standardized brain with a known shape and size allows
a meaningful comparison of the results to those from other studies.
2.8.2.1 Realignment
Head movement of several millimeters is not uncommon during an fMRI session, despite
the use of head restraints (Ashburner, Friston, et al., n.d.). We used SPM to realign all functional
images from the four blocks to match the position and orientation of the first functional image
from the first block. SPM uses the effect of movement on signal intensity to determine an affine

1

DICOM: Digital Imaging and Communications in Medicine, a standard for handling medical images.
http://medical.nema.org/
2

NIfTI: Neuroimaging Informatics Technology Initiative, a workgroup sponsored by the U.S. National
Institutes of Health. http://nifti.nimh.nih.gov/
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rigid-body transformation (Ashburner, Friston, et al., n.d.). This transformation is represented by
six parameters per image: three translations and three rotations about the different axes. SPM
saves these realignment parameters, one per functional image, for later use. The individual
images were not re-sliced using these parameters, but a mean re-sliced functional image was
created for use in subsequent steps.

2.8.2.2 Reorientation
The goal of this step is to roughly align the brain in the subject’s scans to the MNI1 brain
template. This allows for better normalization since the SPM templates are also in MNI space.
SPM graphical tools were used to define the origin at the anterior commissure in each subject’s
structural image, and to shift and rotate the image in space such that an imaginary line between
the anterior and posterior commissures of the reoriented image would lie parallel to the horizontal
plane. The same transformation was then applied to all of the functional images. Figure 2-4
shows the results of (a) manually reorienting a structural image to roughly match the SPM
template, and then (b) having SPM apply the same transformation to the functional images.

1

The Montreal Neurological Institute (MNI) created templates that were adopted as an international
standard by the International Consortium of Brain Mapping (ICBM). SPM8 uses ICBM templates. For
reorientation purposes, the single-subject T1 template in the SPM8 “canonical” directory serves as a good
visual guide for a brain in MNI space.
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Figure 2-4: Reorienting Structural and Functional Images to MNI Space
A sample structural image before (top-left) and after (top-right) manual reorientation. The same
transformation is then applied to all the functional images using SPM. A sample functional
image for the same subject before (bottom-left) and after (bottom-right) this transformation.

2.8.2.3 Co-registration
Lower-resolution functional scans are superimposed on a higher-resolution anatomical
scan in order to (a) allow the areas of activation to be accurately located within a single subject’s
brain, and (b) compute a more precise spatial normalization from the detailed structural image to
be used for normalization of the functional images (Ashburner, Friston, et al., n.d.).
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An inter-modality registration between the T1-weighted structural scan and the T2*weighted functional scans occurs in the co-registration step. An image from one modality is
chosen as the source image, and an image from the other modality as the reference image. SPM
computes the mapping required to match the position of each voxel in the source image to its
counterpart in the reference image (Ashburner, Chen, et al., n.d.). As in the realignment step,
SPM uses a rigid body transformation to specify this mapping.
The two modalities were co-registered by using the structural image as the source, and
the mean re-sliced functional image from the realignment step as the reference image. The
structural image was thus spatially transformed to match the mean functional image. Because in
this study each participant’s structural and functional images were obtained at the same session
without any breaks, the co-registration transformation required was generally small due to
minimal movement between the two types of scans. Thus, the structural image looked very
similar before and after co-registration. None of the functional images was modified since these
were already in the same space as the mean functional image used as a reference.

2.8.2.4 Segmentation and Normalization
We used the default unified segmentation and normalization method in SPM.
Segmentation uses modified versions of ICBM-452 tissue probability maps to partition the
structural brain volume into volumes containing white matter, gray matter, and cerebrospinal
fluid (Ashburner, Chen, et al., n.d.). The segmented tissue volumes give the probability of any
voxel in the normalized subject image being of a specific tissue type.
Normalization transforms a subject image to match a standard brain. Thus far, all
transformations have altered only the position and orientation of the brain, i.e. simply moved it
through space, while preserving its size and shape. Such transformations are adequate for brain
images from a single subject, but not when matching brain images from different subjects. The
latter is required when averaging activation results from several subjects for group analysis, or
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when matching a single subject’s brain to a standardized template to allow for comparison to
another subject from the same or a different study. The transformation required is a type of
deformation, or “warp”, that is applied to the brain image, causing different parts of the brain to
stretch in different directions and to different extents. In this manner, normalization compensates
for differences in brain sizes and shapes among subjects. The participant images were matched to
the SPM T1 template.1 Figure 2-5 shows sample results of normalization. The functional
images, including the mean image, were also normalized using the parameters from the structural
normalization.
Caution is advised when applying the normalization step with certain patient populations
because an abnormal amount of healthy grey tissue may cause the resulting warped image to
inadequately match the reference template (Ashburner, Friston, et al., n.d.). Specialized diseasespecific templates may be necessary. In this study, however, all participants were healthy. Thus,
the same templates were used for the younger and older adults.

1

The SPM8 T1 template is derived from the ICBM-152 template, which is an average of 152 T1-weighted
brain MRIs of healthy young adults (from spm_templates.man file in SPM8 installation and from
http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152Lin).
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Figure 2-5: Effect of Normalization
The participant’s structural image (top-left) is warped (top-right) to match the SPM T1template
(bottom-left), which is based on the ICBM-152 T1 template (bottom-right). The brain shape and
size in the normalized participant image matches that of the T1 template.

2.8.2.5 Smoothing
The hemodynamic response in the blood vessels has been shown to extend over
approximately 5 mm (Ashburner, Friston, et al., n.d.). For this and other reasons, the BOLD
signal generally covers several voxels, whereas noise tends to be random and thus independent
from one voxel to the next (Ashburner, Friston, et al., n.d.). Smoothing averages the intensity
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values across neighbouring voxels for an improvement in the signal-to-noise ratio of an image.
Smoothing not only suppresses noise, but also the effects of variability in anatomy among
subjects, leading to better matches in activation areas across subjects. A Gaussian kernel, with a
full-width at half-maximum (FWHM) of 10 mm in the x, y, and z directions, was specified in
SPM for smoothing in this study (Figure 2-6). When smoothing with a Gaussian kernel, each
voxel value becomes a weighted average of itself and its neighbours, effectively “blurring” the
image data. Smoothing increases the spatial correlation and thus reduces the number of
independent values in the resulting image.

Figure 2-6: Effect of Smoothing
A functional image before (left) and after (right) smoothing with a Gaussian kernel with FWHM
of 10 mm.

2.8.3 Model Specification and Estimation
After the spatial preprocessing steps above, the imaging data is modeled for each subject
using the general linear model (GLM). GLM accounts for experimental factors of interest, as
well as confounding factors and residual error (Ashburner, Friston, et al., n.d.). The GLM,
applied at every voxel in the image, takes the form of the equation Y = Xβ + ϵ. Y is the BOLD
signal at a given voxel during the series of functional scans (treated as a time series) for a
participant. X is the design matrix containing the experimental and nuisance factors. β specifies
the contribution of each of the factors in the design matrix X to the BOLD signal Y. ϵ is the error
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residual, i.e. the portion of the BOLD signal, Y, not accounted for by the scaled design matrix
Xβ. When the BOLD signal is modeled using this GLM equation, we specify the experimental
factors for the design matrix, and SPM computes the estimated parameters,̂, that represent the
estimated amount of contribution of each experimental factor to the BOLD signal in the
functional scan time series. Parameters are estimated by minimizing error using the ordinary
least squares method to find the best fit for the observed signal (Ashburner, Chen, et al., n.d.).
For this study, the four experimental conditions (familiar melodies, unfamiliar melodies,
SCN, silent trials) were specified as the first four columns of regressors in the design matrix. The
six realignment parameters from the spatial preprocessing step were nuisance variables captured
in the next six columns of the design matrix. These were followed by four columns to account
for possible effects on the signal from dividing the functional imaging into four blocks. Finally,
the last column represented the mean signal for the subject. The design matrix had 120 rows, one
for each functional scan for this subject. A sample design matrix from a participant is graphically
depicted in Figure 2-7.
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Figure 2-7: Sample Subject-Level Design Matrix
Each row corresponds to a single scan; thus, there were 120 rows in our study. The first four
columns represent the experimental conditions for the different types of stimuli; the next six
columns show the movement regressors; the next four blocks capture the block effects; and the
last column models the subject.

The canonical HDR basis function was selected in SPM to model the BOLD response to
the stimuli. Other model-related settings included an interscan interval (the effective TR) of 10.5
seconds, a microtime resolution of 105 time bins per TR with the microtime onset at the 95th bin
to mark the halfway point through volume acquisition. A high-pass filter was applied to remove
noise with a period above 128 seconds, such as may occur due to a low-frequency scanner drift.
After we specified this model, SPM estimated the parameters ̂ 1, ̂ 2, ̂ 3, and ̂ 4, which represent
the contribution of each of the four experimental conditions in the design matrix to the observed
time-series signal for a given subject.
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2.8.4 Contrast Specification and Generation of SPMs
A contrast is a linear combination of the parameter estimates, ̂, that allows us to test a
specific hypothesis comparing the experimental conditions. For example, in our study, at each
voxel we tested the null hypothesis that no difference in activation existed between the familiar
and unfamiliar melody conditions, i.e. that ̂ 1 – ̂ 2 = 0. As a linear combination of parameter
estimates, this can be written as 1* ̂ 1 + (– 1)* ̂ 2 + 0* ̂ 3 + 0* ̂ 4 = 0. In SPM this contrast is
specified as the vector [1 -1 0 0]. The other contrasts we examined were as follows: unfamiliarfamiliar [-1 1 0 0]; sound-silence [1 1 1 -3]; and tunes-SCN [1 1 -2 0]. For each subject, SPM
creates a contrast image containing the specified combination of parameter estimates at each
voxel. At the subject level as well as the group level, statistical tests on these contrast images
identify voxels that are significantly active for that contrast. At these voxels, we would reject the
null hypothesis that no differences exist between the conditions, i.e. that ̂ 1 – ̂ 2 = 0, because of
the low probability of the observed BOLD signal if this were true.
A t-statistic, a type of parametric statistic, is calculated at each voxel throughout the brain
to estimate the likelihood that the voxel’s activation pattern over time, as seen in the scan series,
is due to a particular experimental manipulation, as specified by a contrast. The t-test is based on
a ratio of the contrast with estimated parameters and the standard error for this contrast
(Ashburner, Friston, et al., n.d.). The result is a statistical parametric map, which is an image
containing a t-statistic at each voxel. SPM uses this map to identify brain areas with significant
activation at a specified p-value that must be corrected for multiple comparisons since every
voxel is being tested. We applied the SPM family-wise error (FWE) correction, which takes into
account the spatial correlation between voxels, e.g. due to smoothing (Ashburner, Friston, et al.,
n.d.). SPM uses random field theory to implement this correction. We selected the FWE
corrected p-threshold of .05 find significant areas of activation.
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Chapter 3
Results
3.1 Behavioral Results
After the scanning, the participants rated their level of familiarity for all familiar and
unfamiliar tunes heard in the scanner on a scale from 0 (“not-at-all-familiar”) to 3 (“definitely
familiar”). Overall, 77.4% (SD = 12.9) of the tune ratings were either 0 or 3, indicating
participant certainty regarding whether the tune was familiar. The percentage of tunes correctly
recognized (rating of 0 or 1 for an unfamiliar tune; rating of 2 or 3 for a familiar tune) by each
participant did not differ between younger and older adults (younger M = 88.4, SD = 7.9; older M
= 89.8, SD = 9.2; t(38) = 0.5, p = .62 (Figure 3-1).

% Correctly Recognized

100.00
80.00
60.00
40.00
20.00
0.00
Younger Adults

Older Adults

Figure 3-1: Mean Recognition Scores for Younger and Older Adults
Percentage of tunes correctly recognized as familiar or unfamiliar in younger (n = 20) and older
(n = 20) adults. No significant difference was found. Error bars represent standard deviation.

The familiar tunes were excerpts from existing melodies known to be generally familiar
amongst this study’s populations, whereas the unfamiliar tunes were retrograde versions of the
familiar tunes. Familiar tunes were rated as more familiar than unfamiliar tunes across all
participants (familiar M = 2.79, SD = 0.19; unfamiliar M = 0.59, SD = 0.32; t(62) = 36.1,
p < .001). The older adults rated familiar tunes slightly higher in familiarity than younger adults
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(younger M = 2.73, SD = 0.29; older M = 2.85, SD = 0.15; t(58) = 2.13, p = .037). However, the
ratings for the unfamiliar tunes did not differ between the two groups (younger M = 0.58, SD =
0.35; older M = 0.61, SD = 0.34; t(76) = 0.29, p = .77) (Figure 3 2). The mean rating of each tune
across all participants was above 1.5 for the original (familiar) version and below 1.5 for the
retrograde (unfamiliar) version, with the exception of the retrograde version of tune number 13
with a mean rating slightly above 1.5. Figure 3-3 displays mean ratings for individual tunes for
each age group. The mean ratings for individual tunes with their names and tune numbers are
listed in Appendix F.

Mean Familiarity Rating
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Younger Adults

Unfamiliar Tunes
Older Adults

Figure 3-2: Mean Familiarity Ratings for Younger and Older Adults
Older adults (n = 20) rated familiar tunes slightly higher (p = .037) than younger adults (n = 20),
but no significant difference in unfamiliar tune ratings was found between the two groups. Error
bars represent standard deviation.
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Figure 3-3: Mean Familiarity Ratings for Individual Tunes in Younger and Older Adults

3.2 Activations of Interest
The main effect of each of the stimulus properties of sound, melody processing, and
familiarity on brain activation was examined across groups, i.e. with all forty participants. A
contrast image applicable to a specific property was computed for each participant. These
contrast images were used in a one-sample t-test to find the property’s main effect and in a twosample t-test to find group-property interaction, i.e. to compare property-related activation
between the two groups. An FWE corrected p-threshold of .05 was applied to determine the
significant areas of activation.

3.2.1 Activation for Sound (Sound-Silence Contrast)
Activation associated with processing of sound was obtained mostly for the purpose of
verification of this study’s fMRI methodology. In the sound-silence contrast, sound comprised
all conditions that contained a melody or an SCN stimulus. Whole brain analysis with this
contrast showed the expected large clusters of activation in the right and left temporal gyri
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(Figure 3-4), with respective peaks at MNI x, y, z (in mm) = 52, -24, 7 (t = 19.6, cluster size =
1291 voxels) and MNI x, y, z (in mm) = -44, -20, 4 (t = 17.6, cluster size = 1244 voxels). Table
3-1 lists the remaining activation peaks separated by a minimum distance of 10 mm, in clusters
greater than 10 voxels.

Figure 3-4: Activation Associated with Sound (Sound-Silence Contrast)
pFWEc < .05, N = 40. The activation is displayed on the average of all participants’ spatially
normalized structural images. The right side of each image represents the right side of the brain.

Table 3-1: Activation Peaks (pFWEc < .05) for the Sound-Silence Contrast, N = 40
Location of Cluster or Peak
R STG & sub-lobar
R STG
WM near R STG
L STG

Cluster Size
(voxels)
1291

p FWECorrected

t(39)

MNI Coordinates (mm)
x
y
z

.000
19.57
52
-24
7
.002
6.26
22
-40
24
1244
.000
17.57
-44
-20
4
.000
15.01
-37
-30
10
R precentral gyrus
58
.000
9.15
55
-1
47
Cerebellum
57
.000
8.67
-24
-60
-23
Brainstem
160
.000
8.64
2
-37
-3
R thalamus
.002
6.30
16
-24
-3
R SFG
44
.001
6.48
2
3
67
L precentral gyrus
15
.001
6.46
-50
-7
50
Note. These results are from whole-brain analysis in SPM. Peaks are grouped by cluster. Only
clusters containing more than 10 voxels are listed. All peaks separated by a minimum distance of
10 mm are included. Labels for the peak locations are from the LPBA40 atlas. FWE = familywise error rate, L = left, R = right, STG = superior temporal gyrus, WM = white matter, SFG =
superior frontal gyrus.
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An unpaired two-sample t-test comparing sound-related activation using whole-brain
analysis in younger and older adults showed no significant group differences.

3.2.2 Activation for Melody Processing (Tunes-SCN Contrast)
Melody processing was isolated by the tunes-SCN contrast, where tunes comprised the
familiar and unfamiliar melody stimuli. Most of the significant activation occurred at the
superior temporal gyrus (STG) bilaterally, although it was slightly stronger on the right side than
the left (Figure 3-5). One additional significant peak in a small cluster with 14 voxels was
located within the right superior frontal gyrus (Table 3-2).

Figure 3-5: Activation Associated with Melody Processing (Tunes-SCN Contrast)
pFWEc < .05, N = 40. The activation is displayed on the average of all participants’ spatially
normalized structural images. The right side of each image represents the right side of the brain.
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Table 3-2: Activation Peaks (pFWEc < .05) for the Tunes-SCN Contrast, N = 40
Cluster Size
p FWEMNI Coordinates (mm)
Location
(voxels)
Corrected
t(39)
x
y
z
R STG
373
.000
8.74
49
-24
4
L STG
288
.000
7.54
-37
-34
17
.000
6.82
-64
-20
7
.001
6.58
-54
9
-9
R STG
58
.000
7.01
55
6
-6
R SFG
14
.008
5.70
2
3
63
Note. These results are from whole-brain analysis in SPM. Peaks are grouped by
cluster. Only clusters containing more than 10 voxels are listed. All peaks separated
by a minimum distance of 10 mm are included. Labels for the peak locations are
from the LPBA40 atlas. FWE = family-wise error, L = left, R = right, STG =
superior temporal gyrus, SFG = superior frontal gyrus.

An unpaired two-sample t-test comparing activation for melody processing using wholebrain analysis in younger and older adults showed no significant group differences.
3.2.3 Activations for Tune Familiarity (Familiar-Unfamiliar Contrast) and Tune
Unfamiliarity (Unfamiliar-Familiar Contrast)
The main contrast of interest, familiar-unfamiliar tunes, identified activation correlated
with tune familiarity. The largest cluster (2537 voxels) included bilateral regions of the inferior
frontal gyrus (IFG), the left insular cortex, the right STG, bilateral putamen, thalamus, and the
brainstem (Figure 3-6). Activation was also seen within the left supramarginal gyrus (SMG) and
cingulate gyrus; bilateral SFG and precentral gyrus; right STG; and cerebellum (Table 3-3). The
unfamiliar-familiar contrast showed significant right-sided activation with peaks in the middle
frontal gyrus at MNI x, y, z (in mm) = 19, 62, 17 (t = 5.8, pFWEc = .007, cluster size = 33) and in
the angular gyrus at MNI x, y, z (in mm) = 45, -57 30 (t = 5.8, pFWEc = .007, cluster size = 66).
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Figure 3-6: Activation Associated with Tune Familiarity (Familiar-Unfamiliar Contrast)
pFWEc < .05, N = 40. The activation is displayed on the average of all participants’ spatially
normalized structural images. The right side of each image represents the right side of the brain.
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Table 3-3: Activation Peaks (pFWEc < .05) for the Familiar-Unfamiliar Contrast, N = 40
Cluster Size
p FWEMNI Coordinates (mm)
Location
(voxels)
Corrected t(39)
x
y
z
Putamen, IFG, L insula,
2537
thalamus, brainstem, R STG
R putamen
0.000
9.96
22
6
4
0.002
6.23
29
-17
-3
L putamen
0.000
9.60
-21
6
4
0.005
5.91
-27
-20
1
L IFG
0.000
9.43
-34
22
7
0.000
9.01
-47
6
1
0.001
6.73
-34
32
-6
0.001
6.55
-50
9
14
L insular cortex
0.000
9.33
-27
13
1
L thalamus
0.000
8.26
-11
-11
-3
R IFG
0.000
7.84
35
29
1
0.000
7.34
49
9
4
0.003
6.06
55
36
4
0.004
5.97
45
22
20
R thalamus
0.000
6.88
9
-11
1
Brainstem
0.000
6.77
-4
-24
1
0.002
6.31
9
-20
-9
R STG
0.002
6.23
55
13
-13
L supramarginal gyrus
200
0.000
9.47
-50
-40
24
SFG, L cingulate gyrus
579
L SFG
0.000
9.30
-1
-1
63
0.000
7.80
-4
13
53
0.000
7.01
-8
19
40
R SFG
0.000
6.84
9
16
40
L cingulate gyrus
0.009
5.70
-11
3
30
R STG
253
0.000
8.28
65
-34
14
0.002
6.27
52
-20
1
L precentral gyrus
67
0.000
7.20
-50
-4
50
R precentral gyrus
56
0.000
7.16
52
3
50
Cerebellum
15
0.008
5.76
29
-63
-23
Note. These results are from whole-brain analysis in SPM. Peaks are grouped by cluster. Only
clusters containing more than 10 voxels are listed. All peaks separated by a minimum distance of
10 mm are included. Labels for the peak locations are from the LPBA40 atlas. FWE = familywise error, L = left, R = right, IFG = inferior frontal gyrus, STG = superior temporal gyrus,
SFG = superior frontal gyrus.

An unpaired two-sample t-test showed no significant group differences between younger
and older adults in familiarity-related activation using whole-brain analysis. We then applied a
small-volume correction to these group difference results in order to test for differences at
specific locations. Several anatomical areas and coordinates were selected from previous studies
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of musical memory or of aging effects on non-musical memory (Table 3-4). The AAL
(Automated Anatomical Labeling) atlas was used to define the anatomical areas in SPM. Spheres
of 20 mm around the given coordinates were tested for significance. Additionally, peak voxel
coordinates from the group contrast for all participants (Table 3-3) were tested as points. None of
these small volume corrections resulted in any significant group differences in familiarity-related
activation with a pFWEc threshold of .05.

Table 3-4: Anatomical Locations for Small-Volume Correction
Anatomical Region
MNI Coordinates
Study
-46 -10
4
L superior temporal
(Groussard, Rauchs, et al., 2010)
-45 -75 28
(Plailly et al., 2007)

R superior temporal

L middle temporal

R middle temporal
L inferior frontal

L medial frontal

-54
-51
52
48

55 -40 11
-55 -9 -15
-57 -27 -2
-57 -39 -6
54 -26 -12
-52
-38

30 10
13 -16

-39
-42

9
15

35
2

-30
-33

14
12

-7
53

-4

R medial frontal
L superior frontal

L angular gyrus
L hippocampus
R hippocampus

-21 -11
-57 11
-10
2
-24 -10

17 -16

24 19
-6 54
-21 21
-6 48
-51 -59

41
-4
56
39
29

-14 -8 -20
-28 -52
6
18 -36 14
26 -19 -14

(Groussard, Rauchs, et al., 2010)
(Peretz et al., 2009)
(Halpern & Zatorre, 1999)
(Platel, 2003)
(Woodard et al., 2007)
(Groussard, Rauchs, et al., 2010)
(Groussard, Rauchs, et al., 2010)
(Platel, 2003)
(Plailly et al., 2007)
(Halpern & Zatorre, 1999)
(Satoh et al., 2006)
(Plailly et al., 2007)
(Platel, 2003)
(Woodard et al., 2007)
(Plailly et al., 2007)

(Platel, 2003)
(Pereira et al., 2011)
(Takashima et al., 2009)
(Takashima et al., 2009)
(Douville et al., 2005)
(Plailly et al., 2007)

(entire area)
Hippocampus &
Parahippocampal area
Note: L = left, R = right. All temporal and frontal regions used in AAL were gyri.
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3.3 Speculative Findings on Group Differences for Familiarity
In an effort to identify brain regions possibly related to familiarity, a less rigorous
significance threshold (uncorrected p-value of .001) was used on the group comparison of the
familiar versus unfamiliar melodies contrast. These results are being reported because the
specific regions seem plausible. The bilateral STG regions had greater familiarity-based
activation in younger adults than in older adults. Older adults, on the other hand, showed more
familiarity-based activation in the left parietal areas of the superior parietal and angular gyri than
younger adults did. The activation peaks (uncorrected p < .001) for familiarity differences
between younger and older adults are shown in Table 3-5.

Table 3-5: Activation Peaks (uncorrected p < .001) for Differences in the Familiar-Unfamiliar
Contrast between Younger (n = 20) and Older (n = 20) Adults
p
p FWECluster Size MNI Coordinates (mm)
Regions
Uncorr. Corrected
t(38)
k (voxels)
x
y
z
Younger > Older
R STG
.001
.847
3.56
5
45
-27
10
L STG
.001
.929
3.39
3
-41
-27
14
Older > Younger
L SPG
.000
.785
3.66
4
-14
-50
40
L angular gyrus
.001
.920
3.42
5
-41
-57
30
Note. These results are from whole-brain analysis in SPM. Labels for the peak locations are
from the LPBA40 atlas. FWE = family-wise error, L = left, R = right, STG = superior temporal
gyrus, SPG = superior parietal gyrus.

3.4 No Effect of Tune Ratings on Activation
Although the participants rated the tune familiarity on a scale from 0 to 3, in the data
analysis the tunes were treated as either familiar (rating of 2 or 3) or unfamiliar (rating of 0 or 1).
However, an alternate analysis using participant ratings verified that the results were not affected
by this simplification. As before, a one-sample t-test on subject-level contrasts was used to
determine group activation. Participant familiarity ratings of individual tunes were added as
parametric modulators when computing subject-level contrasts. This analysis, when applied to
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each contrast of interest (sound, melody processing, and familiarity), did not produce any areas of
activation at the group level that were different from those derived from the pre-existing
familiar/unfamiliar category analysis. Thus, the tune ratings were excluded from the main
activation analysis.

3.5 No Effect of Participant Characteristics on Activation
Younger and older adults were significantly different in certain characteristics: age, years
of music training, hours of music listening per week, and rating of their music training
experience. Each of these characteristics was tested individually, and together, as covariates
when computing the one-sample t-tests to find group results. However, the regions of activation
were the same as without these covariates for all of the contrasts in this study. Thus, these
participant characteristics were not included in determining the contrasts reported in this study.
An additional concern was that among the twenty older participants, four were taking
anti-depressants, while an additional participant had a history of depression. However, this group
of five older adults was found to not be significantly different from the group comprising the
remaining fifteen older adults in terms of the activation results for any of the contrasts.
Additionally, the full set of twenty participants had the same activation peaks, within a distance
of twice the effective FWHM, as the group of fifteen participants without a history of depression
or current anti-depressant use. Thus, the depression and anti-depressant use showed no
significant effects on any of the contrasts, allowing the data from all twenty participants to be
used to find group activations.
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Chapter 4
Discussion
4.1 The Neural Basis of Melody Processing
Melody processing was associated with activation mostly in the bilateral superior
temporal gyrus (STG). Patterson et al. (2002) found that melody, compared to fixed pitch,
produces bilateral (though stronger in the right hemisphere) activation in the lateral planum
polare and STG regions lying outside the core area. Our activation was also more prominent on
the right side. Many other studies have shown a link between melody processing and STG
(Schindler, Herdener, & Bartels, 2012; Stewart, 2006; Zatorre & Zarate, 2012). We saw an
additional small cluster of activation in the right superior frontal gyrus, which may be sensitive to
tonality (Janata et al., 2002). Since the signal-correlated noise stimuli are not tonal, the contrast
between melodies and these stimuli may include regions associated with tonality.

4.2 The Neural Basis of Tune Familiarity
Significant increase in familiarity-related activation was found mainly within the frontal
and temporal cortices. Some of these areas were as predicted, specifically in the superior
temporal (right STG) and inferior frontal (bilateral IFG) areas. These have been commonly
reported in studies of musical semantic memory (MSM) (Groussard, Rauchs, et al., 2010;
Halpern & Zatorre, 1999; Peretz et al., 2009; Plailly et al., 2007). However, the laterality of both
areas varies greatly; the right side is slightly more common for the superior temporal cortex, and
the left for the inferior frontal cortex. In non-musical studies, the superior temporal region has
been connected with retrieval of semantic information (Rogers et al., 2006). This area was
identified as the possible basis of the musical lexicon by Peretz et al. (2009). They found
activation in the right superior temporal sulcus, with the peak located inferior to an STG peak in
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our study (STS peak in the Peretz et al. (2009) study at MNI x, y, z = 48, -24, -10; STG peak in
this study at MNI x, y, z = 52, -20, 1; Euclidean distance between these two peaks = 12.4 mm).
Right inferior frontal activation for retrieval from MSM was reported by Halpern &
Zatorre (1999). Left IFG may participate in selection from semantic memory in both musical
(Groussard, Rauchs, et al., 2010) and non-musical (Binder et al., 2009) domains. According to
Binder & Desai (2011), “Numerous experiments indicate that IFG is engaged when tasks require
effortful selection of semantic information, as when many alternative responses are possible or
lexical ambiguity gives rise to competing semantic representations” (p. 532). Although the IFG
activation in our study was bilateral, the left side is slightly stronger. Overall, there appears to be
a bilateral role for IFG in selection and retrieval from musical semantic memory.
The bilateral IFG and right STG were part of a large cluster (2537 voxels) of activation.
Some of the other regions in this cluster were the bilateral putamen, thalamus, brainstem, and left
insular cortex. The putamen and thalamus may be associated with motor synchronization to
rhythm, which may be more active when engaging with familiar music (Pereira et al., 2011). The
brainstem was expected to have similar activation for both familiar and unfamiliar melodies since
these were designed to have many of the same musical properties. The processing of these
properties, such as sound location and basic pitch and rhythm related attributes, is known to be
the main role of the brainstem in music (Purves, Augustine, et al., 2008). Perhaps brainstem
activation for familiarity reflects top-down feedback in the auditory pathway from the cortex to
the lower nuclei such that familiarity invokes a greater response in the brainstem. The activation
in the insular cortex may be due to sub-vocal rehearsal (Zatorre, Evans, & Meyer, 1994) from
predicting and possibly sub-vocally humming along due to familiarity (Alluri et al., 2012; Peretz
& Zatorre, 2005). The insular cortex may also have a role in emotional response to music
(Groussard, Rauchs, et al., 2010), perhaps by virtue of its influence on physiological changes
such as the heart rate (Janata, 2005), which, in turn, may affect mood or emotions.

66

Other clusters with significant activation related to familiarity were in the left
supramarginal gyrus (SMG), bilateral superior frontal gyrus (SFG), bilateral precentral gyrus
(PCG), left cingulate gyrus, and the cerebellum. In a study comparing MSM to memory for
odors, SMG had activation associated with familiarity for both types of stimuli, although other
parts of this gyrus were more active for unfamiliar than familiar items (Plailly et al., 2007). In a
meta-analysis of 120 fMRI studies of semantic memory, Binder et al. (2009) suggested that the
SMG is involved in higher-level integration and encoding of abstract somatosensory knowledge
related to complex motor sequences. Thus, SMG activation could also be part of an overall motor
response to musical stimuli (Peretz & Zatorre, 2005). SFG, which has been associated with MSM
in other studies (Groussard, Viader, et al., 2010; Platel, 2005), may be guided by reward circuits
when planning knowledge retrieval (Binder & Desai, 2011). Activity in SFG may also reflect the
amount of effort required in retrieval from MSM (Platel, 2003) or musical episodic memory
(Platel, 2003, 2005).
The cingulate gyrus (Platel, 2005), the precentral gyrus (PCG) (Plailly et al., 2007), and
even the cerebellum (Moscovitch et al., 2006) have been implicated in episodic and
autobiographical, as well as semantic (Binder et al., 2009) memory tasks, including retrieval.
However, the PCG (Alluri et al., 2012) and cerebellum (Stewart, 2006) may be more important
for music-related motor functions, such as perception and production of rhythm (Platel, 2003).
Another possibility for the cingulate gyrus, beside memory retrieval, is its involvement in
judgment of musical preference (Pereira et al., 2011), perhaps due to its role in emotions (Torta &
Cauda, 2011) .
Overall, activation was seen in several regions corresponded to different functions related
to familiarity. The division of activated regions among specific functions, as presented here, is
inferred from evidence from previous studies, and not directly from the results of this study. The
following function-region connections are proposed:
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accessing MSM lexicon: right STG/STS



MSM selection and retrieval: bilateral IFG, SFG; left SMG



episodic memory retrieval: bilateral SFG, PCG; left cingulate gyrus; cerebellum



motor/rhythm-related: bilateral putamen, thalamus, PCG; left insular cortex; cerebellum



emotions: cingulate gyrus, insular cortex

4.3 Effect of Age on the Neural Basis of Tune Familiarity
We examined the effects of aging on the neural basis for the musical lexicon, a form of
musical semantic memory. Functional imaging was used to measure brain activity elicited by
hearing familiar (compared to unfamiliar) tunes in younger and older adults. No significant
differences were found between the two age groups in familiarity-related activation. These
results are congruent with those from some studies of semantic memory in other domains. For
example, St-Laurent et al. (2011) found no differences when younger and older adults retrieved
semantic memories related to generic photographs. Bernard et al. (2004) also did not observe any
differences in recognition between recent and remote famous faces.
However, other studies of generic1 semantic memory (SM) have found some age
differences. Haist et al. (2001), Douville et al. (2005), and Nielson et al. (2006) all showed
differences in the medial temporal lobe or frontal areas using recognition of famous names and/or
faces. These studies had method differences that could have affected the findings. For example,
two of the studies (Douville et al., 2005; Haist et al., 2001) restricted their search to MTL, and so
may have missed other regions. All but one study had two groups of participants - younger and
older, whereas Bernard et al. (2004) limited their study to one group with a mean age of
approximately 60 years, but used stimuli from different time periods to test the effect of time on
activation for memories within the same individual.

1

“Generic” here refers to all domains, including music. However, since the majority of studies are in
domains other than music (e.g. language), it mostly refers to results from non-music studies.
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For older adults, we had predicted that the familiar-unfamiliar contrast would yield
higher activation in IFG and lower activation in STG compared to younger adults, but actually
found no activation differences between the younger and older groups. The main basis for the
prediction was (a) memory theories of consolidation, especially the standard consolidation theory,
that predict that semantic memories undergo such changes over time (Frankland & Bontempi,
2005), and (b) some studies of effects of aging on generic SM (Nielson et al., 2006).
If age differences in MSM do actually exist and this study failed to find them (i.e. type II
error), one reason might be an insufficient sample size for the size of the real effect. However, a
sample size of twenty participants in each group, though possibly still inadequate, is larger than in
many fMRI studies. Other possible reasons for not detecting hypothetical age differences
include: (a) incorrect assumption about the relative ages of the tune memories, i.e. that the
memories were more recent in younger adults and more remote in older adults, and (b)
interactions between MSM and other processes related to familiarity.
The expectation of age differences in familiarity-based activation was largely based on
age difference in memories of familiar tunes. The assumption was that the ages of the memories
were appropriately spaced between the two groups to yield a measurable amount of shifting of
semantic memory from temporal to frontal areas due to aging (Frankland & Bontempi, 2005;
Takashima et al., 2009). However, this assumption may not be valid if individuals in both groups
had heard a number of the melodies throughout their lifetimes, including in recent years; the tune
memories would then be recent in both groups. Alternatively, some tunes may have become
either originally popular or re-popularized during a specific period shared by both groups, again
making the memories of equal age in both groups. The memory consolidation process appears to
take about 12 years, after which there is little change in the neural basis of a memory (Smith &
Squire, 2009). Thus, memories of familiar melodies would ideally be considerably less than 12
years old in the younger adults, and considerably more than 12 years old in the older adults. To
test if the age of the melodies might have been a problem, another study could categorize
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melodies by age of popularity and then ensure that the newer melodies were used with the
younger group, and the older melodies with the older group. However, the selection of melodies
would be restricted by the requirement that the musical aspects of selected melodies for the two
groups be similar in order for these aspects to not confound the familiarity contrast.
Another factor in not detecting possible differences may be the involvement of many
processes not related to semantic memory itself. The contrasted tasks in the present study do not
isolate the musical semantic processes, but rather include the non-memory-based responses to
familiarity (Figure 4-1). For example, familiar music invoked responses in the cerebellum that
may be motor-related (Levitin & Tirovolas, 2009). Music may also play a role in cognitive
processes (Zatorre, 2005), which may be affected differently by familiar and unfamiliar music.
Familiar music sometimes invokes emotions, as seen by activity in limbic and paralimbic regions
(Pereira et al., 2011). Interactions between familiarity and these other processes could produce
unexpected outcomes where they have regions in common. It would be difficult to separate
MSM or familiarity from the processes that may automatically accompany MSM. If retrieval
from MSM precedes the other processes, we could try to capture just the MSM in the scan by, for
example, stopping the music very fast after recognition, perhaps by basing the timing on possible
physiological changes accompanying recognition.
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Music

Perception (processing of
pitch, rhythm, etc.)

Emotions (joy,
sadness, etc.)

Successful retrieval from
musical lexicon

Prediction &
Accompaniment (e.g.
humming along)

Recognition

Recall
(remember
specific details)

Retrieval from
episodic memory

Familiarity (a
feeling)

Music not
recognized

Learn new music,
etc.

…

Emotions (e.g.
comfort)

Emotions (associated
with episodic memories)
Figure 4-1: Potential Processes Related to the Musical Lexicon
The boxes in blue represent processes believed to be captured by the familiar-unfamiliar melody
contrast. The ones in grey were expected to be common to both types of melodies and thus
removed from the contrast. The boxes in white represent an unfinished path for processing of
unfamiliar music. The ovals in purple are not processes.

If, on the other hand, no actual age differences in the neural basis of MSM exist
(something that cannot be tested), then the results suggest that different mechanisms underlie
generic SM and MSM. Since this is the first study to investigate aging effects on neural
correlates of MSM, our prediction was necessarily based on studies of aging effects from nonmusical domains. However, general differences in the neural basis of these memory types may
entail different effects of aging. Groussard et al. (2010), who directly compared musical and
verbal SM, found some shared as well as some distinct regions for the two domains. The regions
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unique to MSM included the left superior temporal, left middle frontal, and right inferior frontal
areas, whereas the unique basis of verbal SM was mostly in the left middle temporal area. Such
differences in the neural basis of SM (regardless of age) between domains may invalidate the use
of knowledge of aging effects in one domain to predict such effects in another domain.
Therefore, even though studies of generic SM have found significant age differences in frontal
areas and MTL structures such as the hippocampus (Douville et al., 2005; Haist et al., 2001;
Nielson et al., 2006), their results may not be applicable to MSM studies.
If aging does not actually have an effect on the neural basis of MSM, then this may imply
that explanations provided by memory consolidation theories are inadequate, at least for the
music domain. A shift in the neural correlates of semantic memory from medial temporal lobe to
frontal areas is believed to occur in both the standard consolidation and multiple trace theories
(Moscovitch et al., 2005; Steinvorth, Levine, & Corkin, 2005). However, neither of these
theories is established. Douville et al. (2005), for example, found mixed evidence from both
theories. Relational binding theory further proposes to merge the concepts of semantic and
episodic memories (Winocur & Moscovitch, 2011). Memory is a complex concept, and models
of memory will continue to evolve as they are integrated with increasing knowledge of other
brain functions and of lower-level (e.g. single neuron, neurotransmitters) memory mechanisms.
Lastly, it may be helpful to use an enhanced version of the sparse imaging technique.
With the classical implementation of sparse imaging in this study, we captured the BOLD
response to a stimulus in only one brain volume that followed the 8.5-second familiar melody. It
is difficult to know if the timing of the single scan is ideal relative to hemodynamic response
(HDR) corresponding to recognition of the melody. In order to capture the largest possible
signal, the scan should occur when the HDR was at its peak. In the prototypical hemodynamic
response function (HRF), the peak is known to occur at 4-6 seconds following a brief stimulus
(Savoy, 2005). However, the time to peak and the duration of the response can vary among
individuals as well as different brain regions (Hall et al., 1999). Thus, we do not know the
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precise shape of the HRF. We also do not know the precise timing of recognition relative to
stimulus presentation. The onset of melody recognition may occur in as little as one quarter of a
second or up to 4 seconds after the stimulus (Filipic, Tillmann, & Bigand, 2010). Using the
prototypical HRF and a brief post-stimulus recognition response at 2 seconds (Dalla Bella, Peretz,
& Aronoff, 2003), Figure 4-2 shows how a single post-stimulus scan may capture some, but not
the maximum, MR signal. Mapping the temporal course of the recognition-related HRF may
allow us to find additional areas of activation, as well as areas with age-related activation
differences. With the ISSS imaging technique, several volumes can be captured between stimuli
to show several points along the HRF.

MR Signal

scan

melody
0

3

6
9
12
Time (seconds)

15

18

recognition
Figure 4-2: Hypothetical Hemodynamic Response to Recognition of a Melody

After finding no age differences in familiarity-related activation using an FWE–corrected
threshold of .05, we applied an uncorrected p threshold of .001 to look for group differences in
the familiar-unfamiliar contrast. The results were intelligible. The younger group had higher
activation bilaterally in the superior temporal gyrus, whereas the older group had greater
activation in the left superior parietal and angular gyri. However, the large p-values for the peaks
and the small cluster sizes in these results indicate that these regions may not actually be valid.
Nevertheless, activation found using these considerably less strict criteria might be of interest
because the activation areas also appear in the respective group-level activations, and generally fit
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the available evidence regarding the regions’ function. The superior temporal area has been
shown to be more active for recent events than remote events (Nielson et al., 2006). It may also
be more active for experiences that were remembered vividly, which generally accompany more
recent memories (Gilboa, Winocur, Grady, Hevenor, & Moscovitch, 2004). Thus, STG may be
similarly involved in effects of aging in MSM. For music STG’s role may include access to
semantic knowledge of familiar tunes (Groussard, Rauchs, et al., 2010). All of these factors
suggest that STG is more active in younger people when they listen to familiar tunes because
their tune memories are more recent, and they are thus able to visualize them in more detail.
Left-sided parietal areas in the superior parietal and angular gyri had more familiarityrelated activity (uncorrected p = .001) in older adults than in younger adults. Music studies have
shown that superior parietal lobule activation corresponds to the level of attention required when
interpreting auditory cues to retrieve cue-related information (Janata, 2009; Satoh et al., 2006). In
generic SM studies of aging, activation in the superior parietal region was shown to be greater in
older than younger adults for familiarity with more recently-famous faces (Nielson et al., 2006),
and directly associated with the age of the memory (Smith & Squire, 2009). These findings
imply a need for increased attention in older adults for face recognition. In our study, the greater
superior parietal activation in older adults may reflect their need for greater attention in retrieving
musical memories, or it may indicate that the older adults have known the melodies overall for
longer than the younger adults. For the angular gyrus, there is evidence of involvement in MSM
(Platel, 2005; Saito et al., 2012), but not for age-related activation. Plailly et al. (2007) found
familiarity-related activation in the angular gyrus for both music and odors, implying a modalityfree function. Binder & Desai (2011) suggest that the angular gyrus activation in generic SM
corresponds to the amount of semantic information, i.e. meaningfulness, in the stimulus being
processed, although it can also reflect episodic memory retrieval activity and temporal
information. Studies of generic SM in aging do not report age-related effects (Duarte, Henson, &
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Graham, 2008; Gilboa et al., 2004; St-Laurent et al., 2011). However, in MSM, it could suggest
that the familiar melodies somehow carry more meaning for older adults than for younger adults.

4.4 Conclusion
Activation for melody processing was detected almost entirely in the bilateral superior
temporal gyrus. Regions with robust familiarity-related activation included the bilateral inferior
frontal gyrus, right superior temporal gyrus, and left insular cortex. Other cortical areas of
activation were the left supramarginal gyrus, left cingulate gyrus, and bilateral superior frontal
gyrus. Subcortical areas of activation for familiarity were in the bilateral putamen, bilateral
thalamus, cerebellum, and brainstem.
We found no strong evidence against an equivalent neural basis of musical semantic
memory in younger and older adults. This corresponds well with our behavioral evidence, given
that we also found no significant differences in their ability to recognize the melodies. This was
the first study of aging effects on the neural basis of semantic memory for music. If future
studies also do not show age differences, this would imply that semantic memory in the music
domain has different neural mechanisms than in other domains where such age differences for
semantic memory have been found. Perhaps music is overall more integrated with other
memories, and the musical memories more distributed throughout the brain, than other types of
memories. If changes do occur in this more integrated and distributed network, they may be more
difficult to locate since the actual activation in each region would be smaller.
Future studies of activation with familiarity could set up tasks that further restrict
activation to the musical lexicon itself by excluding as many of the accompanying processes as
possible. Another possible next step may be to investigate format of the information stored in the
lexicon. Music, for example, can be recognized despite changes in pitch and rhythm, two of its
basic components. If not with these characteristics, then how is music being represented in these
neural circuits?
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Music has been among humans for at least 50,000 years (Thompson, 2009). Around the
world, people of all ages continue to enjoy music today. The main results of this study allow the
possibility that the young and the old are employing a similar underlying neural mechanism for
musical memory when they enjoy their familiar old tunes.
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Appendix A: Results from Pilot Study of Tune Familiarity
Mean Familiarity Rating by Younger and Older Adults for Original and Retrograde Versions of
Tunes
Mean Rating
Original
Retrograde
Tune Name
Younger
Older
Younger
Older
(n = 10) (n = 10) (n = 10) (n = 10)
1812
2.5
2.5
0.5
0.3
5th
3.0
2.7
0.3
0.2
bachfugued*
2.9
1.5
2.5
1.3
boccheriniminuet
2.6
2.7
0.1
0.4
bolero*
1.4
2.8
0.1
0.2
canonind*
3.0
1.4
0.0
0.3
carmensuite
2.8
3.0
0.0
0.1
cellosuite*
2.2
1.2
1.3
0.5
chariots
2.2
2.7
0.2
0.0
chickendance
3.0
2.3
0.1
0.1
danube
3.0
3.0
0.0
0.1
einekleine
3.0
3.0
0.2
0.8
entertainer
3.0
2.9
0.7
1.1
froehlicher
2.5
2.8
0.5
0.2
funeral
2.5
2.7
0.1
0.5
furelise
3.0
3.0
0.9
0.8
griegmorning
2.5
2.3
1.0
1.1
hallmountainking
3.0
2.8
0.8
0.4
hungarian*
1.3
2.9
0.2
0.6
hungariandance
2.0
2.7
0.4
0.3
infernal
3.0
3.0
0.2
0.5
inthemood
2.9
3.0
0.4
0.6
irishwasherwoman
1.7
2.7
0.3
0.8
jesu
2.6
2.5
0.8
0.6
lightcavalry*
1.3
2.5
0.1
0.1
lovestory*
2.5
3.0
1.9
1.5
mondschein
2.7
2.7
1.3
0.9
nozzefigarooverture*
1.9
0.9
0.3
0.2
nutcrackermarch
2.9
2.9
0.4
0.5
pinkpanther
3.0
2.9
0.0
0.2
pomp
2.4
1.7
0.0
0.1
radetzky*
1.0
2.7
0.2
0.5
raspa
3.0
3.0
0.6
0.6
reedflutes
2.9
2.1
0.1
0.2
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Mean Rating
Original
Retrograde
Tune Name
Younger
Older
Younger
Older
(n = 10) (n = 10) (n = 10) (n = 10)
rondoallaturca
2.9
2.4
0.3
0.3
sabre
2.7
3.0
0.7
0.7
sorcerer
2.1
2.3
0.0
0.4
starwars
3.0
2.1
0.5
0.2
sugarplum
3.0
2.5
0.3
0.1
swanlake
2.1
2.6
0.4
0.2
symphony40
2.7
2.8
0.7
0.3
thievingmagpie*
2.0
1.2
0.5
0.0
thunderblazes
2.9
2.9
0.1
0.1
toccatad*
3.0
1.3
0.2
0.2
toreadors
2.1
2.9
0.3
0.3
trepak
2.6
2.4
0.3
0.1
valkyrie
2.9
2.6
0.4
0.4
vivaldispring
3.0
2.5
0.9
0.2
waltzflowers
2.5
2.8
0.3
0.3
williamtell
3.0
3.0
0.2
0.5
* Tune was not chosen for the main study at the end of this pilot due to a
mean rating below 1.5 for the original version and/or above 1.5 for the
retrograde version, as rated by the younger and/or older adults.
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Appendix B: Title, Composer, and Starting Bar for Familiar Melodies
Detailed Information on Instrumental Pieces Selected for Main Study
Tune Name
1812
5th*
boccheriniminu
et
carmensuite
chariots
chickendance
danube*
einekleine*
entertainer*

Composer
Peter Ilyich
Tchaikovsky
Ludwig van
Beethoven
Luigi
Boccherini
Georges Bizet
Vangelis
Werner
Thomas
Johann
Strauss Jr.
Wolfgang
Amadeus
Mozart
Scott Joplin

Title

Starting
Bar #

1812 Overture, Op. 49

78

Symphony No. 5 in C Minor, Op. 67, Movement
1
Minuet from String Quintet in E Major, Op.11,
No.5 (G275)
Carmen Suite No.1, Movement 6 “Les Toréadors”
Chariots of Fire

55
11
1

An der schönen blauen Donau, Op. 314 (“The
Blue Danube Waltz”)

45

Serenade No. 13 for strings in G Major, K. 525
“Eine Kleine Nachtmusik”

1

froehlicher

Robert
Schumann

funeral

Frédéric
Chopin

furelise*

Ludwig van
Beethoven

Bagatelle No. 25 in A minor (WoO 59 and Bia
515) “Für Elise”

griegmorning

Edvard Grieg

hallmountainkin
g

Edvard Grieg

hungariandance

Johannes
Brahms

infernal*

Jacques
Offenbach

Glenn Miller
Irish
irishwasherwom
Traditional
an
Music
Johann
jesu
Sebastian
Bach
Ludwig van
mondschein
Beethoven

1

The Chicken Dance

The Entertainer
Fröhlicher Landmann, von der Arbeit
zurückkehrend (The Happy Peasant – Le gai
laboureur)
Piano Sonata No. 2 in B flat minor, Op. 35,
Movement 3”Marche funèbre: Lento”

inthemood

1

Peer Gynt Suite No.1, Op.46, Movement 1
“Morning Mood”
Peer Gynt Suite No.1, Op. 46, Movement 4 “In the
Hall of the Mountain King”

4
1
(pickup
beat)
3
1
(pickup
beat)
1
2

Hungarian Dance No.5

1

Orphée aux enfers (Orpheus in the Underworld),
The “Infernal Galop” from Act II, Scene 2

219

In the Mood
The Irish Washerwoman/ The Washwoman
Cantata BWV 147, Herz und Mund und Tat und
Leben, Movement 10 “Wohl Mir, Dass Ich Jesum
Habe” (Jesu, Joy of Man’s Desiring)
Piano Sonata No.14 in C Sharp Minor, “Quasi Una
Fantasia” Op. 27, No.2 (Moonlight Sonata)

89

1
1
(pickup
beat)
1
42

Tune Name

Composer

nutcrackermarc
h

Peter Ilyich
Tchaikovsky
Henry
Mancini

pinkpanther*
pomp
raspa*
reedflutes
rondoallaturca*
sabre
sorcerer
starwars
sugarplum
swanlake
symphony40*

Edward Elgar
Mexican Folk
Dance
Peter Ilyich
Tchaikovsky
Wolfgang
Amadeus
Mozart
Aram
Khachaturian
Paul Dukas
John
Williams
Peter Ilyich
Tchaikovsky
Peter Ilyich
Tchaikovsky
Wolfgang
Amadeus
Mozart

thunderblazes*

Julius Fučík

toreadors

Georges Bizet
Peter Ilyich
Tchaikovsky
Richard
Wagner

trepak
valkyrie*
vivaldispring

Antonio
Vivaldi

Title

Starting
Bar #

Marche (March) from The Nutcracker

1

Theme Song from The Pink Panther

11

Pomp and Circumstance. Military Marches. Op.
39, No. 1 in D Major “Trio”

78

La Raspa

1

Les Mirlitons (Dance of the Reed-Pipes) from The
Nutcracker

3

Piano Sonata No.11 in A Major, K. 331 (300),
Movement 3 “Alla Turca”

1

Sabre Dance from Gayane

3

The Sorcerer’s Apprentice (L’Apprenti Sorcier)

72
1
(pickup
beat)

Star Wars Main Theme
Danse de la Fée-Dragée (Dance of the Sugar Plum
Fairy) from The Nutcracker
Swan Lake Op. 20, Act II, No. 10 Scène:
Moderato
Symphony No. 40 in G minor, KV.550, Movement
1 “Molto Allegro”

5
2
1

Einzug der Gladiatoren, Op. 68 (“Entry of the
Gladiators” or “Thunder and Blazes”)
Carmen Suite No.1, Movement 6 “Les Toréadors”

13

Trepak (Russian Dance) from The Nutcracker

1

Die Walküre, WWV 86B, Act III

14

Concerto No.1. La Primavera, Spring, Frühling.
Op.8, No.1, RV 269, Allegro

1
(pickup
beat)

Peter Ilyich
Valse des Fleurs (Waltz of the Flowers) from The
Tchaikovsky
Nutcracker
Gioachino
William Tell Overture, Finale, March of the Swiss
williamtell*
Rossini
Soldiers
Note. The details for the tunes were compiled from the library by Stephie Leung, an
undergraduate student volunteer in the Music Cognition Lab at Queen’s University.
* These tunes were also used in the study by Peretz et al. (2009).
waltzflowers

90

1
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Appendix D: Tune Familiarity Scale

Tune Familiarity Scale

How familiar is this tune to you?

0

1

2

Not-at-all
Familiar

3
Definitely
Familiar
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Appendix E: MRI Settings
SIEMENS MAGNETOM TrioTim syngo MR B17
TA: 1:08

PAT: Off

Voxel size: 3.3×3.3×3.3 mm Rel. SNR: 1.00

Properties
Prio Recon
Before measurement
After measurement
Load to viewer
Inline movie
Auto store images
Load to stamp segments
Load images to graphic
segments
Auto open inline display
Start measurement without
further preparation
Wait for user to start
Start measurements

Interpolation
PAT mode
Matrix Coil Mode
Distortion Corr.
Prescan Normalize
Raw filter
Elliptical filter
Hamming

On
On

Geometry
Multi-slice mode
Series

Off
single

Contrast
MTC
Flip angle
Fat suppr.

Off
78 deg
Fat sat.

Off
Off
On
Off
Off
Interleaved
Interleaved

-----------------------------------------------------------------------------------

Special sat.
System
Body
HEP
HEA
SP4
SP2
SP8
SP6
SP3
SP1
SP7
SP5

None

Off
On
On
Off
Off
Off
Off
Off
Off
Off
Off

-----------------------------------------------------------------------------------

Positioning mode
Table position
Table position
MSMA
Sagittal
Coronal
Transversal
Coil Combine Mode

REF
H

0 mm

S-C-T
R >> L
A >> P
F >> H
Sum of

Squares

-----------------------------------------------------------------------------------

Resolution
Base resolution
Phase resolution
Phase partial Fourier

None
Auto (CP)

-----------------------------------------------------------------------------------

On
Off
On
Off
Off

32
25 %
R1.1 P7.6 F74.5
Transversal
A >> P
0.00 deg
0%
211 mm
100.0 %
3.3 mm
2000 ms
30 ms
1
1
None
HEA;HEP

Off

-----------------------------------------------------------------------------------

Off

Routine
Slice group 1
Slices
Dist. factor
Position
Orientation
Phase enc. dir.
Rotation
Phase oversampling
FoV read
FoV phase
Slice thickness
TR
TE
Averages
Concatenations
Filter
Coil elements

Averaging mode
Reconstruction
Measurements
Delay in TR
Multiple series

SIEMENS: ep2d_bold

AutoAlign
Auto Coil Select

Long term
Magnitude
31
0 ms
Off

--Default

-----------------------------------------------------------------------------------

Shim mode
Adjust with body coil
Confirm freq. adjustment
Assume Silicone
? Ref. amplitude 1H
Adjustment Tolerance
Adjust volume
Position

64
100 %
Off
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Standard
Off
Off
Off
0.000 V
Auto
R1.1 P7.6 F74.5

Orientation
Rotation
R >> L
A >> P
F >> H

Transversal
0.00 deg
211 mm
211 mm
132 mm

Physio
1st Signal/Mode
Average cycle
Acquisition window
Trigger pulse
Trigger delay
Phases

Ext./Trigger
13763 ± 4060 ms
2000 ms
1
0 ms
1

BOLD
GLM Statistics
Dynamic t-maps
Starting ignore meas
Ignore after transition
Model transition states
Temp. highpass filter
Threshold
Paradigm size
Meas[1]
Meas[2]
Meas[3]
Meas[4]
Meas[5]
Meas[6]
Meas[7]
Meas[8]
Meas[9]
Meas[10]
Meas[11]
Meas[12]

Off
Off
0
0
On
On
4.00
20
Baseline
Baseline
Baseline
Baseline
Baseline
Baseline
Baseline
Baseline
Baseline
Baseline
Active
Active

Meas[13]
Meas[14]
Meas[15]
Meas[16]
Meas[17]
Meas[18]
Meas[19]
Meas[20]
Motion correction
Interpolation
Spatial filter
Sequence
Introduction
Bandwidth
Free echo spacing
Echo spacing

Active
Active
Active
Active
Active
Active
Active
Active
On
3D-K-space
Off
On
2232 Hz/Px
Off
0.51 ms

-----------------------------------------------------------------------------------

EPI factor
RF pulse type
Gradient mode

64
Normal
Fast*
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Appendix F: Mean Ratings for Individual Tunes Heard in the Scanner
Average Tune Ratings by Younger, Older, and All Adults
Original
Younger

Retrograde

Older

All

Younger

Older

All

Tune
#

Tune
Name

M

SD

M

SD

M

SD

M

SD

M

SD

M

SD

1

1812

2.50

0.97

2.90

0.44

2.70

0.78

0.55

0.92

0.35

0.65

0.45

0.80

2

5th
bocche
rinimin
uet
carmen
suite
chariot
s
chicken
dance

3.00

0.00

3.00

0.00

3.00

0.00

0.20

0.51

0.15

0.36

0.18

0.44

2.45

0.97

2.70

0.71

2.58

0.86

0.40

0.58

0.25

0.54

0.33

0.57

2.90

0.30

3.00

0.00

2.95

0.22

0.40

0.49

0.10

0.30

0.25

0.43

2.30

1.10

2.65

0.73

2.48

0.95

0.10

0.30

0.20

0.40

0.15

0.36

3.00

0.00

2.85

0.65

2.93

0.47

0.75

0.77

0.85

1.11

0.80

0.95

3.00

0.00

3.00

0.00

3.00

0.00

0.25

0.54

0.95

1.02

0.60

0.89

3.00

0.00

3.00

0.00

3.00

0.00

0.40

0.66

0.65

0.73

0.53

0.71

3.00

0.00

2.85

0.65

2.93

0.47

0.30

0.64

0.35

0.48

0.33

0.57

10

danube
einekle
ine
entertai
ner
froehlic
her

2.35

0.85

2.95

0.22

2.65

0.69

0.65

0.85

0.65

0.73

0.65

0.79

11

funeral

2.20

1.17

2.70

0.90

2.45

1.07

0.25

0.54

0.15

0.36

0.20

0.46

12

furelise
griegm
orning
hallmo
untaink
ing
hungari
andanc
e

3.00

0.00

2.85

0.65

2.93

0.47

1.00

0.89

0.85

1.01

0.93

0.96

2.90

0.44

2.80

0.51

2.85

0.48

1.65

1.01

1.30

1.10

1.48

1.07

3.00

0.00

3.00

0.00

3.00

0.00

1.40

0.80

1.40

1.02

1.40

0.92

2.20

1.12

2.90

0.30

2.55

0.89

0.60

0.80

0.40

0.66

0.50

0.74

infernal
inthem
ood
irishwa
sherwo
man

3.00

0.00

3.00

0.00

3.00

0.00

0.25

0.54

0.95

0.92

0.60

0.83

2.60

0.73

3.00

0.00

2.80

0.56

0.60

0.80

0.50

0.81

0.55

0.80

2.10

0.94

2.70

0.78

2.40

0.92

0.30

0.46

0.60

0.80

0.45

0.67

2.00

1.18

2.55

0.97

2.28

1.12

0.60

0.73

0.70

1.05

0.65

0.91

2.70

0.56

2.70

0.56

2.70

0.56

1.25

0.77

1.05

1.07

1.15

0.94

21

jesu
mondsc
hein
nutcrac
kermar
ch

2.65

0.85

3.00

0.00

2.83

0.63

0.70

0.84

1.10

1.04

0.90

0.97

22

pinkpa

3.00

0.00

3.00

0.00

3.00

0.00

0.55

0.67

0.70

0.84

0.63

0.76

3
4
5
6
7
8
9

13

14

15
16
17

18
19
20
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Original
Younger

Retrograde

Older

All

Younger

Older

All

Tune
#

Tune
Name
nther

M

SD

M

SD

M

SD

M

SD

M

SD

M

SD

23

pomp

2.55

0.86

2.50

1.02

2.53

0.95

0.30

0.64

0.15

0.36

0.23

0.52

24

raspa
reedflut
es
rondoal
laturca

2.95

0.22

3.00

0.00

2.98

0.16

1.20

0.98

1.00

1.10

1.10

1.04

2.70

0.78

2.80

0.51

2.75

0.66

0.25

0.43

0.15

0.36

0.20

0.40

2.95

0.22

2.90

0.30

2.93

0.26

0.75

0.83

0.50

0.74

0.63

0.80

sabre
sorcere
r
starwar
s
sugarpl
um
swanla
ke
symph
ony40
thunder
blazes
toreado
rs

2.85

0.36

3.00

0.00

2.93

0.26

0.80

0.98

0.80

1.03

0.80

1.00

2.60

0.58

2.75

0.70

2.68

0.65

0.75

0.89

0.70

0.84

0.73

0.87

3.00

0.00

2.80

0.68

2.90

0.49

0.70

0.78

0.45

0.92

0.58

0.86

3.00

0.00

2.90

0.44

2.95

0.31

0.55

0.74

0.65

0.85

0.60

0.80

2.65

0.79

2.85

0.65

2.75

0.73

0.35

0.57

0.45

0.59

0.40

0.58

2.70

0.78

2.85

0.36

2.78

0.61

0.55

0.67

0.75

0.70

0.65

0.69

3.00

0.00

3.00

0.00

3.00

0.00

0.30

0.71

0.40

0.66

0.35

0.69

2.55

0.80

2.95

0.22

2.75

0.62

0.45

0.74

0.35

0.73

0.40

0.73

trepak
valkyri
e
vivaldi
spring
waltzfl
owers
william
tell

2.80

0.68

2.40

0.92

2.60

0.83

0.25

0.43

0.30

0.71

0.28

0.59

2.90

0.30

2.70

0.56

2.80

0.46

0.75

0.89

0.70

0.95

0.73

0.92

3.00

0.00

2.70

0.56

2.85

0.42

0.60

0.80

0.60

0.92

0.60

0.86

2.55

0.86

2.85

0.65

2.70

0.78

0.15

0.36

0.25

0.43

0.20

0.40

3.00

0.00

3.00

0.00

3.00

0.00

0.85

0.96

1.20

1.25

1.03

1.13

2.73

0.29

2.85

0.15

2.85

0.15

0.58

0.35

0.61

0.34

2.85

0.15

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Averag
e:
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