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Thesis summary

Regular rhythmic patterns often induce spontaneous movement in synchrony with

the beat (such as toe-tapping). This synchronous response is seen across all cultures,

implying a universal mechanism that is sensitive to the beat. Beat sensitivity may indicate

the presence of a beat-based timing function, but evidence for this function is conflicting.

The research undertaken in this thesis tries to identify if beat-based timing exists, what is

necessary for beat-based timing to occur, and the behavioural and neural consequences of

the presence of a beat for rhythm processing.

The first chapter summarises previous behavioural, neuroimaging, and

neuropsychological research on beat-based timing. Models of beat perception and

temporal sequences used in previous work are reviewed.

The first set of experiments (presented in Appendix 1) are behavioural tests of

reproduction, discrimination, and subjective ratings of integer-ratio and noninteger-ratio

rhythms, to look for evidence that integer-ratio rhythms induce beat-based timing in

human participants.

The second chapter contains behavioural experiments using metric and nonmetric

rhythms. Certain types of metric rhythms do appear to induce a beat, thus are reproduced

and discriminated more accurately, and are rated as more rhythmic. A suitable

neuroimaging paradigm that equates for difficulty across conditions is developed and

tested.

The third chapter details a functional magnetic resonance imaging experiment that

tests if two particular brain structures, the basal ganglia and the supplementary motor

area, are involved in beat-based rhythm processing. The hypothesis is confirmed, and the
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role of additional brain areas in rhythm processing, as well as the effect of musical

training, are examined.

The fourth chapter contains experiments testing two types of patients with damage

to the basal ganglia, to determine if intact basal ganglia are necessary for beat-based

timing to occur. The first group has unilateral lesions of the basal ganglia and shows no

rhythm deficits. The second group has Parkinson’s disease, and shows a deficit in rhythm

processing overall, in addition to a deficit in beat-based rhythm processing in particular.

The results indicate that beat-based timing exists, and that only certain types of

sequences induce it. The basal ganglia are involved in beat-based timing, but further

experimentation to determine their exact contribution is required.
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Chapter 1: General Introduction

1.1 - Introduction

Regular rhythmic patterns engage us: we clap our hands, drum on the steering

wheel, snap our fingers, or sway in time. This response is seen across all cultures, in

musicians and nonmusicians, from children to adults, implying a universal mechanism

that is sensitive to the beat. A beat is generally defined as an underlying regular pulse in a

temporal pattern, to which listeners synchronise, or entrain. Sensitivity to the beat may

indicate the presence of a beat-based timing function, in which sequences of temporal

intervals may be timed and remembered by how they relate to the underlying beat.

Previous research to discover if beat-based timing exists has found conflicting evidence

for and against timing based on a beat. The research I have undertaken seeks to identify if

beat-based timing exists, the types of temporal patterns that induce beat-based timing, and

the behavioural and neural consequences of the presence of a regular beat for processing

of temporal patterns.

Understanding how the brain processes rhythm has implications beyond simply

learning how we respond to and engage in rhythmic activity. For example, a therapy

called Rhythmic Auditory Stimulation has improved gait disorder in patients with

Parkinson's disease, Huntington's disease, stroke, and traumatic brain injury (McIntosh et

al. 1997; Thaut et al. 1997; Hurt et al. 1998; Thaut et al. 2001). The therapy involves

patients walking to a steady metronome beat, or music with a steady beat. Over time,

long-term improvements are observed in stride length, speed, symmetry and muscle

activation patterns. More recently, it has been shown that children with dyslexia show

deficits in beat detection (Goswami et al. 2002). Discovering how different parts of the

brain contribute to rhythm perception can advance our understanding of these disorders
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and lead to more effective clinical therapies. A network of several brain areas is involved

in rhythm and timing processes, yet little is known about the specific contribution of the

individual parts of the network to these processes. One of the aims of this thesis is to

clarify the contribution of different brain areas to processing of rhythm.

1.2 - Psychological timing models

Rhythm is a broad term that has several different meanings, so clarification is

helpful. Rhythms are comprised of a sequence of temporal intervals, marked by discrete

events, containing varying levels of repetition and (often hierarchical) structure. In the

research discussed here, the rhythms contain temporal intervals of approximately 200-

1500 milliseconds, thus distinguishing them from shorter rhythms (many neural rhythms)

and longer rhythms (circadian rhythms). Although rhythm is most often associated with

auditory and motor activities like music and speech, it may also be perceived in the visual

and tactile modalities. In addition, rhythms have different levels of regularity and

structure. For example, in Western music, rhythms tend to be hierarchical and highly

regular, and these are the types of rhythms that most often come to mind when thinking of

rhythm. However, rhythms can also be irregular and non-repetitious, such as those

frequently used in "20th century" classical music. Thus, rhythms of the regular type often

have a beat, whereas irregular rhythms may not have a regular beat, but both are

considered rhythms.

In order to perceive and measure the individual durations that comprise any

rhythmic sequence, we can conceive of the brain as using an "internal clock". Such a

mechanism may consist of three components: a clock that is used to estimate duration, a

reference memory that is used to store previously perceived durations, and a comparator

that compares the output of the clock to a stored interval in reference memory (Treisman
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1963; Gibbon 1977; Church et al. 1990; Gibbon et al. 1997). Exactly how the internal

clock operates, however, is a controversial matter (Pashler 2001). Two proposed classes

of timers will be considered here: interval-based timers and beat-based timers. Interval-

based timers measure the durations of intervals with the clock component, then store a

representation of the intervals, which can be used to produce or compare the intervals

starting at any arbitrary time. Interval-based timers are generally modelled with hourglass

conceptions of the internal clock (see Matell et al. (2000) for a review of timing models).

Beat-based timers are based on a different conception of the internal clock: that of

an entrainable oscillator that peaks in amplitude at regular temporal intervals. The timer

synchronises by using beats (defined by the startpoints of the desired intervals to be

timed) to continue to produce pulses at regular intervals that coincide with the original

beats. Durations are then measured in relationship to these beats. Beat-based timers are

generally associated with oscillator-model conceptions of an internal clock (McAuley et

al. 2003).

Whereas interval-timers can do anything beat-based timers do, the converse is not

true. An interval timer could generate the same interval repeatedly, producing a series of

equal-length intervals (called isochronous intervals), like those of a beat-based timer. A

beat-based timer, however, cannot compare the duration of two successive intervals that

begin at arbitrary times: The second interval must begin on the beat established by the

first in order for beat-based timing to be reliable. To confirm that beat-based timers exist,

it would be valuable to show that their use confers some advantage over the use of

interval-based timers. If beat-based timers are more precise than interval-based timers,

then timing accuracy should increase when conditions are conducive to beat-based

timing. If both timers exist and offer comparable precision, then their simultaneous use

would make intervals more precise. Another possibility is that beat-based timing might
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consume fewer working memory resources than interval-based timing. Representing

intervals as multiples and subdivisions of a single beat duration may be more efficient,

and thus less working memory-intensive, than representing each interval separately. In

this case, the flexibility of the interval-based timing system may come at the cost of

having to remember the individual intervals to be timed separately, whereas the beat-

based system provides an encoding framework whose benefits may be seen when

sequence complexity is high. For example, a performance benefit might be seen when

sequences containing intervals of different durations are timed. Whether beat-based

timing would enhance the capacity to remember an entire sequence of intervals, or

improve the timing of the individual intervals within the sequence, or both, remains to be

seen.

1.2.1 - Behavioural investigations of beat-based and interval-based timing

A number of experiments have been conducted to determine which timing system

operates in human behaviour (Schulze 1978; Keele et al. 1989; McAuley et al. 1998;

Pashler 2001; McAuley et al. 2003). Most use simple discrimination tasks to determine

whether subjects time a single duration more accurately when a beat (set up by multiple,

successive presentations of a single duration) can be used. These studies examine whether

timing performance is the same with and without a beat, or when the beat is or is not

disrupted.

A recent series of experiments illustrates the type of paradigms that have been

used, and the type of findings that do not support the existence of beat-based timing

(Pashler 2001). As shown in Figure 1.1, in the first experiment, subjects heard a series of

tones (either two or six) delineating a "standard" time interval (SI), then a gap, then two

tones delineating a "test" interval (TI). Subjects compared the length of the test interval to



Chapter 1: General Introduction

16

the length of the standard interval, and then indicated whether the test interval was longer

or shorter than the standard interval. In each block of trials, the gap between the standard

interval(s) and the test interval was chosen to be either equal to the standard interval, 100

milliseconds (ms) shorter than the standard interval, or 100 ms longer. If beat-based

timing exists, performance should be best when the gap is equal to the standard interval,

and therefore the test tones occur “on the beat” set up by the standard tones. No such

effect was observed, although there was a compatible trend.

Figure 1.1  Duration discrimination in Experiment 1 (Pashler 2001). Subjects completed
six blocks: three of (A) and three of (B). SI = standard interval, TI = test interval.

In a second experiment, Pashler tested reproduction instead of temporal

discrimination. Subjects again heard one or five standard intervals, but instead of

discriminating a test interval, they reproduced the standard interval by pressing a key.

They were allowed to respond at any time, with the hypothesis that if beat-based timing

were more precise, subjects’ reproductions would be more accurate when they started

"on" the beat set up by the standard tones. Subjects often responded on the beat, however,

on-beat responses were no more accurate than off-beat responses. The author's
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interpretation of these findings was that the brain times brief intervals with an interval

timer and that responding on the beat is simply a strategy (but one that does not improve

temporal precision). The author's conclusion is that beat-based timing probably does not

exist. Other studies using similar paradigms have also found no beat-based timing

improvement (Keele et al. 1989; Ivry et al. 1995). However, why subjects would start

most of their responses on or near the beat, when this provides no increase in accuracy, is

not clear. In addition, different studies find that subjects' discrimination of intervals is

clearly influenced by the presence of a beat, suggesting that beat-based timing does exist

(Schulze 1978; Vos et al. 1997; McAuley et al. 1998; McAuley et al. 2003).

Perhaps the conflicting data in previous studies that have examined beat-based

timing resulted from the stimuli or tasks that were tested. In these studies, the stimuli and

tasks were relatively simple. Most tested discrimination or reproduction of a single

duration, presented either alone or in the context of an isochronous sequence. This work

also relies on two implicit assumptions: First, that cyclic presentations of the same

duration instantiate beat-based timing, and second, beat-based timing, if it exists, will be

used when a beat has been induced. However, if beat-based timing facilitates processing

of a series of different durations, then it may not be used when only one duration is tested.

In addition, when the beat is disrupted for task manipulations, subjects may stop using the

beat-based system. Finally, if the beat-based system is not more accurate in timing a

single duration than the interval-based system, then subjects could switch from beat-based

timing to interval-based timing with no accuracy decrement. Thus, the beat-based timer

may be active, but difficult to detect behaviourally. For these reasons, testing for the

existence of beat-based timing requires knowledge of what temporal sequence

characteristics actually do induce a beat.
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1.3 - What temporal characteristics cause beat perception to occur?

1.3.1 - Integer-ratio vs. noninteger-ratio sequences

In order for beat-based timing to occur, the onsets of the individual durations in a

sequence must have an underlying regularity to which the beat-based timer can

synchronise. For sequences with no regularity to the onsets, there is nothing to which to

synchronise, and beat-based timing cannot be used. One approach to creating beat-based

sequences relates the durations in a sequence by simple integer-ratios. That is, the

durations in the sequence are integer multiples of the smallest duration (Sakai et al. 1999).

For example, a 1:2:4-ratio rhythm would contain durations that are of relative lengths 1,

2, and 4. Presumably, the beat-based timing system encodes the length of the smallest

duration as the beat, and the rest of the durations in the sequence are two or four times the

length of that duration (see Figure 1.2). The length of the "1" duration can vary: In one

study it was between 220 and 270 ms (Sakai et al. 1999), though other studies suggest

that beat durations can be anywhere between 250 ms and 1,500 ms (Povel 1981).

Performance of integer-ratio sequences can be contrasted with performance of

noninteger-ratio sequences, where the relationships between durations are complex ratios

(i.e., not integer multiples of the smallest duration). In a 1:2.3:3.7 sequence, for example,

a beat-based timer synchronised to the 1 duration length would not be successful in

aligning with the onsets of other durations in the sequence, therefore would be of little use

in measuring those durations. Moreover, any beat duration that would be successful in

aligning with all the intervals in that sequence likely would be far shorter than the

proposed ~250 ms lower limit for the beat.
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If beat-based timing exists and provides a performance advantage, and is used to

time integer-ratio sequences, but not noninteger-ratio sequences, then performance of

integer-ratio sequences should be more accurate than noninteger-ratio sequences.

If beat-based timing does not exist (or offers no performance advantage), the interval-

based account would suggest that the integer-ratio and noninteger-ratio rhythms should be

performed equally accurately, assuming the overall length of the sequences and number

of durations in the sequences is matched.

Figure 2.2  Shows a schematic of sample integer-ratio (1:2:4) and noninteger-ratio
(1:2.3:3.7) rhythms. The beat onset is shown in grey. In the integer-ratio rhythm, the beat
aligns with the onset of each duration in the sequence, and therefore the durations can be
measured in terms of the beat. In the noninteger-ratio rhythms, the beat cannot align, and
there is no consistent relationship between duration onsets and a regular beat.

1.3.2 - Metric vs. nonmetric sequences

It is possible that integer-ratios are not enough for beat-based timing to occur. The

assumption that humans will detect that the durations in integer-ratio rhythms are

constructed as multiples of a base duration, and that they will use the base duration as the

beat, has not been proven. One model of temporal pattern perception (Essens et al. 1985;

Povel et al. 1985; Essens 1995; Shmulevich et al. 2000) classifies temporal patterns into
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two types: those conceivable in a metrical (i.e. measured by the beat) framework and

those that are not. The model suggests that when perceiving a temporal pattern the

listener tries to generate an internal clock (or beat) to measure the temporal structures

(that is, the listener automatically tries to use the beat-based timing system). However, the

model suggests that the beat that is used is not necessarily at the level of the smallest

duration in the sequence. Rather, the beat is induced by the distribution of accents in the

sequence. Accents are duration onsets that sound more prominent than the surrounding

onsets. In music, accents that cue the beat are provided by pitch, volume, and timbre, in

addition to rhythm. However, in sequences where the tones are identical in all physical

aspects except for duration, some tone onsets sound more prominent than others because

of the temporal context. These types of accents occur on tones preceded or followed by

periods of relative silence (or no new tones being presented), or when a tone is the second

of two tones in a row (Povel et al. 1981). Povel et al. (1981) found that the second of two

tones in a row needed to be nearly four dB softer than the first tone in order for both tones

to be heard as equal in volume. The authors speculate that processing of the first tone is

interrupted by the onset of the second tone, and more complete processing of the second

tone (because it is not interrupted) causes it to be heard as accented.

According to the metric model, temporal patterns that have regularly occurring

accents that induce a beat are called metric; patterns that cannot have a regular beat fit to

them are called nonmetric. One can infer from the model that accented and unaccented

tones are necessary to induce a clock, but it has not been shown that isochronous

sequences have this critical accent distribution. Therefore, a beat may not have been

induced (or only weakly so) in previous behavioural experiments because of the lack of

accentuation, and a beat-based timer may not have been used.
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There is empirical evidence for better reproduction of rhythms that are encoded

metrically (Essens et al. 1985). The authors did not test the role of accents in causing

subjects to feel a beat, but tested if performance of rhythmic sequences would be more

accurate if they were encoded in relationship to a beat. Subjects were asked to listen to

and reproduce rhythmic patterns. Both metric and nonmetric sequences were tested. In the

metric condition, a low-pitched isochronous metronome sequence (the beat) was

presented in alignment with the rhythmic sequence (see Figure 1.3). The metric rhythms

consisted of the same patterns as the nonmetric, but intervals were added to the beginning

and/or end to lengthen the sequence and provide a metric context. Reproduction accuracy

of the intervals that were the same in both the metric and nonmetric condition was

analysed. In the metric condition, reproduction of these intervals was more accurate than

in the nonmetric condition. Thus, the results suggest that beat-based timing does indeed

improve performance of rhythmic sequences. However, it is unclear if subjects would

have encoded the rhythm in relationship to the beat without the metronome (i.e., if they

would have spontaneously felt a beat from perceptual accents in the sequence), or if the

isochronous metronome was required to indicate the beat. In addition, subjects could

listen to the rhythms as often as they wished before reproducing the sequence, and the

authors do not report if subjects listened to more presentations in one condition than the

other condition. It is therefore not known if subjects were able to learn the metric

sequences more quickly than the nonmetric sequences. Nonetheless, the results of this

study suggest that if a regular distribution of accents is successful in inducing a beat, then

performance of rhythmic sequences with this distribution should show a beat-based

performance advantage.
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Figure 1.3  A schematic of sample metric and nonmetric rhythms from Essens et al.
(1985). The metric pattern is based on the nonmetric pattern, with additional intervals
added to construct a pattern that aligned with the presented beat. The beat is a 125 Hz, 50-
ms square-wave tone presented concurrently with the metric rhythm tones. The
presentation of the beat ensures that subjects encode the rhythm metrically (in
relationship to the beat). In each sequence, reproduction of the intervals that were the
same across sequences (i.e., those in the red box) was analysed.

1.4 - Neural loci of timing systems: Neuroimaging and neuropsychological

investigations

Neuroimaging studies can be useful in detecting the presence of a beat-based

timer, by showing that there are different patterns of brain activation during beat-based

timing compared to other forms of timing. By observing the areas that are active when

processing beat-based sequences compared to sequences that do not induce a beat, it

should be possible to determine if there are neural loci specific to beat-based timing.

Behavioural evidence for beat-based timing, strengthened by neural evidence, would

provide converging support for the existence of beat-based timing. Although

neuroimaging cannot distinguish which areas are critical for a given function, it is useful

in identifying candidate brain areas. Follow-up neuropsychological studies of patients

with selective brain damage can be conducted to determine the necessity of the candidate
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areas to rhythm processing. Neuropsychological studies do have caveats, however.

Compensation by other areas may obscure the contribution of a damaged region.

Heterogeneity of damage and individual differences in experiences or abilities can also

reduce the power to detect deficits. In addition, a deficit may be observed because

damage to a particular region has disconnected other brain regions that must interact to

accomplish the task. However, if both neuroimaging and neuropsychological studies

suggest the importance of the same areas, one can be more confident that those areas

serve a crucial function in the task.

In neuroimaging and neuropsychological studies, it is critical that the sequences

that induce a beat are similar in difficulty to the sequences that do not induce a beat.

Differences in difficulty may confound interpretation of neuroimaging activation

differences or neuropsychological patient performance differences. For neuroimaging, if

there are differences in difficulty levels between conditions, areas may be more active in

one condition because of increased attentional or working memory load, not because the

areas participate in beat-based timing. Similarly, patients with brain damage may have

trouble with a condition because it is more difficult, not because the damaged area is

involved in timing processes.

Several neuroimaging studies of timing and rhythm have been conducted, and the

areas commonly activated in a selection of these studies are presented in chapter 4. A

detailed table of the all the activated areas that are reported in these studies is presented in

Appendix II. Motor areas are frequently reported, including the supplementary motor area

(SMA), the premotor cortex (PMC), the basal ganglia, and the cerebellum (Rao et al.

1997; Penhune et al. 1998; Sakai et al. 1999; Lutz et al. 2000; Schubotz et al. 2000;

Ramnani et al. 2001; Rao et al. 2001; Schubotz et al. 2001; Macar et al. 2002; Dhamala et
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al. 2003; Ferrandez et al. 2003; Nenadic et al. 2003; Coull et al. 2004; Harrington et al.

2004; Lewis et al. 2004; Macar et al. 2004; Mathiak et al. 2004; Pastor et al. 2004).

Many of these studies have used rhythmic patterns, but almost none have

specifically tested beat-based rhythms. One study reported the neural areas activated for

integer-ratio and noninteger-ratio sequences (called metric and nonmetric by the authors,

although the two terms are not interchangeable). The authors (Sakai et al. 1999) measured

brain activation using functional magnetic resonance imaging (fMRI), and tried to

determine if there were differences when remembering rhythms that were integer-ratio or

noninteger-ratio (the former possibly a type of beat-based timing condition, the latter not).

For the integer-ratio sequences, the intervals were related by 1:2:4 and 1:2:3, and for the

noninteger-ratio sequences, 1:2.5:3.5. For example, if the length of the "1" duration was

270 ms, then the other intervals in the sequence would be 540 and 1080 ms (1:2:4), 540

and 810 ms (1:2:3) or 675 and 945 ms (1:2.5:3.5). Figure 1.4 shows some sample rhythms

for the different conditions.
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Figure 1.4  Sample rhythms tested for the integer-ratio (1:2:3, 1:2:4) and noninteger-ratio
(1:2.5:3.5) conditions in Sakai et al. (1999).

The subjects' task was to listen to the rhythm, maintain it in memory for 10.8

seconds, and then reproduce it by tapping a button. Brain activation during the memory

delay period was compared with the activation during the memory of a control tone

sequence, which had constant intertone intervals (an isochronous sequence with the same

number of intervals and the same overall length as the previous sequences). The results

showed two different patterns of brain activation depending on the sequence type: The

left premotor and parietal areas and right cerebellar anterior lobe were active for 1:2:4 and

1:2:3 rhythms, whereas the right prefrontal, premotor, and parietal areas as well as the

bilateral cerebellar posterior lobe were active for 1:2.5:3.5 rhythms. Unfortunately, the

authors did not statistically compare the integer-ratio conditions with the noninteger-ratio

condition, meaning that the reported differences in activation between the conditions may

not be significant. In addition, because integer-ratio and noninteger-ratio rhythms were

not balanced for difficulty (more errors were made in the noninteger-ratio condition) the
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noninteger-ratio areas that were observed could have been recruited because of increased

attentional or working-memory load. Lastly, the isochronous control tone sequence may

have induced a beat, and subtracting this condition from the conditions of interest may

have removed activation specific to beat-based timing.

Damage to the cortical areas commonly activated during timing tasks can often

impair timing performance. SMA lesions impair the ability to tap isochronously

(Halsband et al. 1993). The dorsolateral prefrontal cortex has also been implicated

(Nichelli et al. 1995; Mangels et al. 1998; Jones et al. 2004), although deficits in working

memory may account for the poorer performance. Patients with anterior right temporal

lobe resections have impaired memory for rhythmic patterns (Penhune et al. 1999), but

not impaired perception of these patterns. Damage to inferior parietal cortex impairs

timing of single intervals (Harrington et al. 1998), but timing deficits in that study were

also correlated with deficits in switching attention, suggesting that the parietal cortex is

involved in attention to time, not timing itself.

One current debate concerns the role of two subcortical structures, the basal

ganglia and the cerebellum, in timing. Lesions to either of these areas impair timing on

perceptual and reproductive tasks (Tramo et al. 1990; Peretz et al. 1993; Harrington et al.

1998; Harrington et al. 1998; Harrington et al. 1999; Samson 1999), and, as mentioned

earlier, they are commonly activated in neuroimaging studies of timing. However, there is

much debate over their respective roles. One theory is that the cerebellum subserves

timing in the millisecond range, whereas the basal ganglia subserve timing in the seconds

to minutes range (Ivry 1996; Ivry et al. 2004). However, Parkinson's disease patients have

been shown to be impaired on temporal perception tasks using intervals of 300 and 600

ms, and administration of a dopamine agonist, haloperidol, impairs timing of intervals

smaller than 500 ms (Rammsayer 1999).
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Very few studies have used sequences of complex intervals when testing

neuropsychological patients. Furthermore, I am not aware of any neuropsychological

studies that have examined the role of different brain areas in beat-based and interval-

based timing. The contribution of the brain areas reported in neuroimaging and

neuropsychological studies may differ depending on whether beat-based or interval-based

timing is being used, and one of the aims of this thesis is to determine if this is the case.

1.5 - Overview of thesis

The overall aims of the thesis are to test if beat-based timing exists, and if so,

whether beat-based timing is mediated by the basal ganglia and SMA. The first

experiments are designed to discover if a behavioural beat-based timing advantage exists,

and if so, what types of rhythmic sequences will induce beat-based timing. These

experiments (presented in Appendix I) attempt to replicate and extend previous work

showing that performance of integer-ratio sequences shows a beat-based timing

advantage when compared to performance of noninteger-ratio sequences. The two

different rhythm types are tested in three reproduction tasks, a discrimination task, and a

subjective ratings task, in which subjects rated how rhythmic the rhythms sounded.

New rhythms are created for experiments in chapter 2. These rhythms are created

using the metric model, generating one type of beat-based rhythm and two types of non-

beat-based rhythms. The new rhythms were constructed to allow testing of the predictions

of the integer-ratio/noninteger-ratio model and the metric model simultaneously. Subjects

were tested on reproduction of the rhythms, and on two versions of a temporal deviant

discrimination task. The first discrimination task employed a more difficult deviant

discrimination than the second task. Finally, subjects rated the beat-based condition and

one of the non-beat-based conditions on rhythmicity.
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After creating a discrimination paradigm that balanced difficulty between

conditions and yielded a suitable number of correct trials for analysis, an fMRI study was

conducted. Chapter 3 presents the behavioural and fMRI results of this rhythm

discrimination paradigm. The hypothesis that the basal ganglia and SMA are involved in

beat-based timing was tested. In addition, both musicians and non-musicians were tested

to determine the effects of musical training on behavioural performance and neural

activation patterns during rhythm processing.

The experiments in chapter 4 try to determine if the basal ganglia are crucial to

beat perception, and if damage to the basal ganglia selectively disrupts beat-based

processing. The first group of patients has unilateral basal ganglia lesions, and was tested

on reproduction and discrimination of beat-based and non-beat-based rhythms. The

second group of patients has Parkinson's disease, resulting in dysfunction of the basal

ganglia. These patients were tested on rhythm discrimination.

 The final chapter summarises the findings of the thesis, and discusses the

implications of the results for theories of beat-based timing. Limitations of the current

work and possible future lines of research are outlined.
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Chapter 2: Metric and Nonmetric Rhythm Experiments

2.1 - Introduction

Initial experiments (presented in Appendix I) tested performance of two types of

sequences that had been used in a previous rhythm reproduction study (Sakai et al.,

1999). The first type of sequence, called integer-ratio, was hypothesised to induce a beat.

Performance of integer-ratio sequences was compared to performance of noninteger-ratio

sequences, which are hypothesised not to induce a beat. The aim of the experiments was

to replicate the behavioural findings of the original study, and confirm that reproduction

of integer-ratio rhythms shows a behavioural performance benefit, consistent with the use

of beat-based timing. However, these experiments failed to replicate the original

behavioural data, as subjects' overall performance was substantially lower than in the

original study. Performance levels were low enough to indicate that many subjects could

not perform the reproduction task. Therefore, different tasks were also tested

(discrimination and subjective ratings of the rhythms). However, consistent performance

differences between integer-ratio and noninteger-ratio rhythms were not obtained in these

paradigms either, suggesting that integer-ratio rhythms may not induce a beat in listeners.

In light of those results, a re-evaluation of the integer-ratio and noninteger-ratio

theory raises the following issue: how does the beat-based system "know" that the beat is

at the level of the smallest interval? And when confronted with irregular sequences, why

not find the interval length that is the lowest common denominator of all the interval

lengths present, and use that as a beat to measure the sequence? Both these issues require

that the beat-based system analyse the entire sequence in order to find the smallest

interval or the lowest common denominator. Intuitively, however, this is not how humans

behave. Humans are able to entrain to the beat in a novel rhythm without first needing to
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listen to the entire rhythm. The way that humans accomplish this has been proposed to be

through accent detection.

As mentioned in chapter 1, accents are tones that sound prominent because of the

temporal context. For example, tones will be heard as accented when they are preceded or

followed by silence, or when they are the second of two tones in a row (Povel et al.

1981). Accent distributions in a sequence determine the rate of the beat. For integer-ratio

sequences, if the accent distribution does not suggest to the listener that the best clock is

at the lowest level (length '1' in the sequence), they will not necessarily use that level as

the beat. Without using this level as the beat, the rest of the intervals in integer-ratio

sequences may not align with a beat-based framework. Sequences that could potentially

be measured by a beat, but do not reliably induce a beat with regular accent distributions

are said to have high complexity (Essens 1995). Many of the integer-ratio rhythms tested

in experiments 1 through 5 (see Appendix I) fall into this high complexity category.

Additionally, the length of the smallest interval in the previously used integer-ratio

sequences varied from 220 to 270 ms. Other studies have suggested that the preferred

beat level is often much longer, closer to 500-700 ms (Parncutt 1994; Franek et al. 2000).

Previous experiments testing the metric model (Essens et al. 1985; Povel et al.

1985; Essens 1995; Shmulevich et al. 2000) that is used in the next set of experiments

have found support for humans remembering sequences that have regular accent

distributions more accurately. However, in those studies, the rhythms were presented in a

looping fashion, and subjects were allowed to listen as long as they wanted. It is unclear if

the beat will be perceived or useful in the much shorter rhythms used in the experiments

presented thus far. In addition, the aim of previous work using the metric model has been

to show that subjects' performance is higher when the beat is used (Essens et al. 1985). In

those experiments, a regular metronome was presented with the rhythms in order to
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ensure subjects encoded the rhythms in relationship to the beat. Subjects' performance

was better in the presence of the metronome, but it is not clear that the rhythms

themselves would have successfully induced a beat. It is possible that without a

metronome, and with shorter rhythms, a regular accent may not improve subjects'

performance.

The experiments in this chapter were designed to evaluate the effects of integer-

ratio and noninteger-ratio ratio relationships, and regular or irregular accent structures on

reproduction, discrimination, and subjective ratings of rhythms. The reproduction

experiment demonstrates the conjunction of sequence characteristics necessary for beat-

based timing to occur. The results demonstrate that sequences with integer-ratio

relationships and regular accents are performed more accurately than sequences without

regular accents or integer-ratios. Two discrimination paradigms are tested in the auditory

and visual modalities to test generalisability of the reproduction findings to discrimination

performance and to the visual modality. The experiments also aim to remove difficulty

confounds so that the paradigm can be tested in fMRI. Differences in performance levels

due to difficulty can change activation patterns in fMRI for reasons not due to differential

processing of the stimuli, but because of increased attention or working memory.

Therefore, equating performance levels between conditions is important if one desires to

draw conclusions not related to difficulty from activation differences between conditions.

Of course, ceiling or floor effects are to be avoided, as they may indicate that the test is

insensitive to difficulty differences, not that difficulty differences do not exist. The first

discrimination study confirms that discrimination performance of beat-based sequences is

superior to performance of non-beat-based sequences in both modalities, but is not

successful in removing difficulty confounds. The second discrimination study modifies

the temporal deviants to make them easier to detect, and succeeds in equalising
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performance across the conditions without producing ceiling effects. The final experiment

examines subjective ratings of two of the rhythm conditions (the two conditions that are

most closely matched), in both the auditory and visual modalities, to determine if ratings

of rhythmicity differ between beat-based and non-beat-based conditions, and if ratings

correlate with discrimination and reproduction performance measures.

2.2 - Metric/Nonmetric Rhythm Generation

The rhythms used in the following experiments were created using integer-ratio

and noninteger-ratio related sets of intervals. The integer-ratio intervals were related by

ratios of 1:2:3:4 and the noninteger-ratio intervals were related by 1:1.4:3.5:4.5. Three

types of rhythms were created. Two types used the integer-ratio intervals. In the first

rhythm type, termed "metric simple", the intervals were arranged in groups of four units

(e.g., in the sequence 211314, an interval onset consistently occurs every four units). The

patterns were constructed to induce a perceptual accent at the beginning of each group of

four units (Povel et al. 1981). The perceptual accents should cue subjects to hear a regular

beat coinciding with the onset of each group (Essens 1995). In addition, if subjects choose

a faster rate for the beat, the sequence can still be measured by that rate (for example,

measured in units of two rather than four). The intervals in the "metric complex" rhythms

were arranged specifically not be able to be grouped reliably into two, three, or four units

(e.g., 341211), and therefore difficult to measure by any unit but the lowest, or one. Since

there is no regular grouping, and no regular accent distribution, no beat should be

induced. Noninteger-ratio intervals were used to create "nonmetric" rhythms, using the

same arrangement as the metric complex intervals but substituting the following

noninteger-ratio interval lengths: 1.4 for 2, 3.5 for 3, and 4.5 for 4. Schematics of sample

rhythms for each condition are shown in Figure 2.1.
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Figure 2.1  A schematic of example rhythms for Experiment 6. Although in this example
the nonmetric rhythm is slightly longer than the metric simple and metric complex
rhythms, on average the nonmetric rhythms were slightly shorter.

Nine sets of intervals were used to generate all the sequences. The intervals in

each set were reordered to generate different sequences for each of the conditions. Two

interval sets had five intervals, and each set generated three sequences for each condition.

Three interval sets had six intervals, and each set generated four sequences for each

condition. Four interval sets had seven intervals, and each set generated three sequences

for each condition. Thirty sequences per condition were generated. The interval sets and

generated sequences are shown in Table 2.1.

Table 2.1 The rhythmic sequences used in Experiments 6 through 9. The numbers
represent the relative lengths of each interval. The actual durations are shown in Table
2.4.

Interval set Metric
simple

Metric
complex

Nonmetric

5 intervals 11334 31413 11343 1 1 3.5 4.5 3.5
41331 33141 3.5 3.5 1 4.5 1
43113 41133 4.5 1 1 3.5 3.5

12234 22413 13242 1 3.5 1.4 4.5 1.4
31422 21324 1.4 1 3.5 1.4 4.5
43122 41232 4.5 1 1.4 3.5 1.4

6 intervals 111234 112314 124113 1 1.4 4.5 1 1 3.5
211134 214311 1.4 1 4.5 3.5 1 1
211413 321411 3.5 1.4 1 4.5 1 1
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Interval set Metric
simple

Metric
complex

Nonmetric

411231 421311 4.5 1.4 1 3.5 1 1
112224 112422 122142 1 1.4 1.4 1 4.5 1.4

211224 214221 1.4 1 4.5 1.4 1.4 1
222114 221241 1.4 1.4 1 1.4 4.5 1
422112 412212 4.5 1 1.4 1.4 1 1.4

112233 221331 121233 1 1.4 1 1.4 3.5 3.5
223113 132321 1 3.5 1.4 3.5 1.4 1
311322 231123 1.4 3.5 1 1 1.4 3.5
312213 323211 3.5 1.4 3.5 1.4 1 1

7 intervals 1111134 1111431 1314111 1 3.5 1 4.5 1 1 1
3141111 1411311 1 4.5 1 1 3.5 1 1
4111131 3114111 3.5 1 1 4.5 1 1 1

1111224 1122114 1112412 1 1 1 1.4 4.5 1 1.4
2211114 2141211 1.4 1 4.5 1 1.4 1 1
4221111 4111221 4.5 1 1 1 1.4 1.4 1

1111233 1123113 1132131 1 1 3.5 1.4 1 3.5 1
2113113 2331111 1.4 3.5 3.5 1 1 1 1
3121113 3113121 3.5 1 1 3.5 1 1.4 1

1112223 1123122 1132212 1 1 3.5 1.4 1.4 1 1.4
2112231 2123211 1.4 1 1.4 3.5 1.4 1 1
3122112 3221112 3.5 1.4 1.4 1 1 1 1.4

Different hypotheses make different predictions about performance accuracy of

these rhythms. If beat-based timing does not exist, and each interval of each sequence is

encoded separately, then performance on all the conditions should be the same. All the

conditions contain the same number if intervals, and are of the same average length. If

beat-based timing does exist, however, and if integer-ratios are enough to induce beat-

based timing, performance of the metric simple and metric complex sequences should be

similar, and performance of the nonmetric sequences should be worse than both types of

metric sequences. On the other hand, if a regular accent pattern is important to inducing

beat-based timing, then only metric simple sequences should show a performance benefit,

and performance of the metric complex and nonmetric sequences should be worse.
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In an attempt to maximise the number of correctly reproduced rhythms in all

conditions, the rhythm was presented three times before subjects reproduced it.

2.3 - Experiment 6

2.3.1 - Materials

The stimuli were the rhythms described above. The times used for the intervals in

each sequence were varied across six possible sets of durations, shown in Table 2.2.

Because a tone sounded for the duration of the interval, an additional tone, the

length of the base interval, was appended to the ends of the sequences. Subjects tapped

the onset of each interval, and their representations of the length of each interval were

given by the inter-tap time. Without a final onset, there would be no final tap, and the

length of subjects' representation of the last interval would not be known. A sine tone

sounded for the duration of each interval in the rhythm, with a 60 ms gap in sound

demarcating the intervals in a rhythm. Six pitches ranging from 247 Hz to 440 Hz were

used, with one pitch randomly chosen per trial. The pitch change on each trial was to help

subjects differentiate between trials.

Table 2.2  The sets of durations used in the metric and nonmetric rhythm conditions

Metric Conditions
1:2:3:4

Nonmetric Condition
1:1.4:3.5:4.5

220: 440: 660: 880 220: 308: 770: 990
230: 460: 690: 920 230: 322: 805: 1035
240: 480: 720: 960 240: 336: 840: 1080
250: 500: 750: 1000 250: 350: 875: 1125
260: 520: 780: 1040 260: 364: 910: 1170
270: 540: 810: 1080 270: 378: 945: 1215
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2.3.2 - Procedure

Twenty subjects participated. Rhythms were presented binaurally over

headphones. On each trial a rhythm was presented three times, and each presentation was

separated by 1100 ms. After the third presentation, subjects tapped the rhythm from

memory on one key of a computer keyboard. Subjects had 4.5 s to tap the rhythm before

the next one was presented. Subjects practised four trials, then completed three blocks of

30 trials each. There were 30 trials of each rhythm type (metric simple, metric complex,

nonmetric) presented in random order.

2.3.3 - Results

Performance was evaluated based on the sequence of keypresses the subjects

reproduced. The criteria used to assess performance were the same as in Experiments 1 -

3 (see Appendix I).

To determine if Number of intervals in the sequence, or Duration set, had a main

effect or interactions with Rhythm type on accuracy, 3 x 3 x 6 repeated measures

ANOVA was conducted on error rates, with Rhythm type (metric simple, metric

complex, and nonmetric), Number of intervals (5, 6, or 7), and Duration set as the factors.

There was a main effect of Rhythm type, but as there were no significant effects of the

Number of elements or the Duration set, or interactions (Type: F(2, 38) = 21.56, p < .001;

Number of elements: F(2, 38) < 1; Duration set: F(5, 95) < 1), the following analyses are

collapsed across the latter two factors.

Subjects performed the metric simple rhythms correctly more often than either the

metric complex or nonmetric rhythms (metric simple: 74% correct; metric complex: 53%;

nonmetric: 58%), confirmed by a repeated measures ANOVA with Rhythm type on
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percent correct scores (F(2, 38) = 20.67, p < .001). The number of sequences correctly

performed in the metric complex and nonmetric conditions was not significantly different

(see Figure 2.2).
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Figure 2.2  Percentage of correctly reproduced rhythmic sequences in each condition.
Metric simple sequences are performed accurately significantly more often than either
metric complex or nonmetric sequences.

The ratios reproduced for the different conditions were:

Metric simple = 2.08: 3.01: 3.83

Metric complex = 2.05: 2.84: 3.34

Nonmetric = 1.41: 2.95: 3.51

In the metric simple condition, the 2 ratio was significantly lengthened (t(1,19) = 2.52, p

= .02), and the 4 ratio was significantly shortened (t(1,19) = -2.23, p = .04).

In the metric complex condition, the 3 and 4 ratios were significantly shortened (t(1,19) =

-2.18, p = .04; t(1,19) = -7.0, p < .001). In the nonmetric condition the 3.5 and 4.5 ratios

were significantly shortened (t(1,19) = -6.2, p < .001; t(1,19) = -8.0, p < .001). The results

of the ratio deviation measure show that the metric simple condition deviates the least

from ideal, followed by the metric complex condition, then the nonmetric condition

(mean deviations of 0.22, 0.40, and 0.60, respectively). A 3 x 3 ANOVA with Rhythm
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type and Ratio (2/1.4, 3/3.5, 4/4.5) on the ratio deviation measures shows a main effect of

Rhythm type (F(2, 38) = 39.25, p < .001). The ratio deviation measure for each rhythm

type is shown in Figure 2.3. Planned contrasts show significant differences between all

the Rhythm types (metric simple vs. metric complex: F(1,19) = 30.16, p = < .001; metric

simple vs. nonmetric: F(1,19) = 54.22, p < .001; metric complex vs. nonmetric: F(1,19) =

22.44, p < .001). Mean deviation for the three ratio types was 0.13, 0.34, 0.65,

respectively. There was also a main effect of Ratio (F(2,38) = 41.13, p < .001). Post hoc

tests (Bonferroni-corrected) show that the 2 and 1.4 ratios were significantly more

accurate than the 3 and 3.5 ratios (F(1,19) = 20.98, p < .001) and the 4 and 4.5 ratios

(F(1,19) = 37.87, p <.001). The 3 and 3.5 ratios were reproduced significantly more

accurately than the 4 and 4.5 ratios (F(1,19) = 41.60, p < .001). These main effects,

however, are qualified by a significant interaction between Ratio and Rhythm type

(F(4,76) = 22.39, p < .001). Further analyses to determine the nature of the interaction

found that the accuracy of 2 and 1.4 ratios did not differ across the different rhythm types

(F(2,38) < 1), but the 3 and 3.5 ratios did differ across rhythm type (F(2,38) = 18.47, p <

.001), as did the 4 and 4.5 ratios (F(2,38) = 39.81, p < .001). Post hoc tests (Bonferroni-

corrected) show that the 3 and 3.5 ratios were most accurate in the metric simple

condition, followed by the metric complex condition, and worst in the nonmetric

condition (metric simple vs. metric complex: F(1,19) =  4.44, p = .049); metric simple vs.

nonmetric: F(1,19) = 26.90, p < .001; metric complex vs. nonmetric: (F(1,19) = 16.25, p =

.001). The same pattern is observed for the 4 and 4.5 ratios. The mean deviation for the

metric simple condition = 0.27, the metric complex condition = 0.70, and the nonmetric =

0.99. Performance of the 4 and 4.5 ratios differs significantly between all conditions

(metric simple vs. metric complex: F(1,19) = 42.00, p < .001); metric simple vs.
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nonmetric: F(1,19) = 56.81, p < .001; metric complex vs. nonmetric: (F(1,19) = 13.18, p =

.001).
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Figure 2.3  Reproduction accuracy of each ratio, in each rhythm type. The absolute value
of the deviation of the average ratio from the ideal ratio is shown for each ratio. Zero is
perfect reproduction (no deviation). The metric complex and nonmetric conditions show
increased deviation (worse performance) of the two longer ratios, compared to the metric
simple condition.

The average reproduced/ideal proportions for each interval in the different

conditions were:

Metric simple:  0.95 0.99 0.96 0.93 (1, 2, 3, and 4 proportions)

Metric complex:  1.01 1.00 0.95 0.88 (1, 2, 3, and 4 proportions)

Nonmetric: 1.04 1.01 0.89 0.87 (1, 1.4, 3.5, and 4.5)

One-sample t tests on each mean reproduced interval in each condition showed that in the

metric simple condition, only the interval of length 4 was reproduced significantly shorter

than 4. In the metric complex and nonmetric conditions, the 3 and 4 intervals or 3.5 and

4.5 intervals, respectively, were significantly shortened (see Figure 2.4).
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Interval proportion by rhythm type 
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Figure 2.4 Reproduction accuracy of the average intervals of each length, in each rhythm
type. The average length of the reproduced interval is divided by the ideal length. A
proportion of 1 is perfect reproduction. The metric complex and nonmetric conditions
show truncated performance of the longer intervals.

The proportional deviation measure shows that the metric simple condition is

most accurate, followed by the metric complex, then the nonmetric (metric simple = 0.06,

metric complex = 0.08, nonmetric = 0.09). A 3 x 4 ANOVA with Rhythm type and

Proportion shows a main effect of Rhythm type (F(2, 38) = 15.98, p < .001). Planned

contrasts show significant differences between all the Rhythm types (metric simple vs.

metric complex: F(1,19) = 15.40, p = .001; metric simple vs. nonmetric: F(1,19) = 39.94,

p < .001; metric complex vs. nonmetric: F(1,19) = 4.40, p = .05). There was a main effect

of Proportion (F(2,38) = 6.68, p = .006). Post-hoc tests (Bonferroni-corrected) show that

the 1 and 2 proportions were both significantly more accurate than the 3 proportion and

the 4 proportion. The 3 proportion was also significantly more accurate than the 4

proportion (mean deviation for the proportions = 0.069, 0.071, 0.11, 0.17, respectively).

There was also a significant interaction between Rhythm type and Proportion (F(6,114) =

15.48, p < .001). Post hoc tests (Bonferroni-corrected) to determine the nature of the

interaction found no significant differences across rhythm types for the 1 and 2

proportions. There were significant differences across rhythm types for the 3 proportion
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(F(2,38) = 12.22, p < .001), and the 4 proportion (F(2,38) = 32.12, p < .001). Post hoc

tests (Bonferroni-corrected) showed that the 3 proportion was most accurate in the metric

simple condition, followed by the metric complex condition, and worst in the nonmetric

condition, and all three conditions differed significantly from each other (metric simple

vs. metric complex: F(1,19) = 6.45, p = .02; metric simple vs. nonmetric: F(1,19) = 20.84,

p < .001; metric complex vs. nonmetric, F(1,19) = 6.97, p = .016). The 4 proportion was

significantly more accurate in the metric simple condition than the metric complex and

nonmetric conditions, which did not differ from each other (metric simple vs. metric

complex (F(1,19) = 38.14, p < .001; metric simple vs. nonmetric: F(1,19) = 95.15, p <

.001; metric complex vs. nonmetric: F(1,19) = 2.19, p = .16). This indicates that the effect

of rhythm type was mainly on accuracy of the longer intervals, which were shortened

least in the metric simple condition.

2.3.4 - Discussion

The metric simple condition was performed with the greatest accuracy. The

number of sequences remembered was significantly greater in the metric simple condition

than in the other two conditions, which did not significantly differ from each other. The

reproduction fidelity of the individual intervals in the metric simple condition was also

the highest of all three conditions. Both the ratio deviation measure and the proportional

deviation measure found that in the metric simple condition the two longest proportions

and ratios were more accurate than in the other two conditions.

Overall, the intervals in the metric simple condition tended to be shortened

(though only the 4 interval was significantly so). Previous work has found that temporal

patterns comprised of two intervals related by a simple ratio can be rescaled (performed

more quickly or more slowly while maintaining the correct ratio), but two intervals
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related by complex ratios cannot be (Collier et al. 1995). Although that study did not test

beat-based and non-beat-based rhythms, the ratios that subjects performed are reasonably

comparable to the current study. In that study the simple ratios were 2:1, 3:1, 4:1, or 3:2,

and the complex ratios were 2.72:1, 3.33:1, or 1.82:1. It is possible that the metric simple

condition in the current study was reproduced more quickly because of this flexibility in

the representation. There are several reasons why subjects may have chosen to scale the

rhythms, achieving faster reproduction, even though not asked to do so. Subjects may

have felt time pressure to reproduce the sequence before the next sequence was presented.

They may have wanted to respond before the representation of the sequence decayed too

much, or before interference with the working memory representation could occur. As

only the metric simple condition could be scaled, the other two conditions could not show

a scaling effect, despite the presence of time pressure or desire to use strategies in these

conditions as well. Given that scaling was not present in the metric complex condition,

the current study suggests that temporal sequences containing several different intervals

are not processed the same way as sequences containing only two types of intervals. If

this were the case, the metric complex condition, which contains the same ratios as the

metric simple condition, might have shown similar scaling effects. However, directly

testing subjects' ability to rescale the metric simple and metric complex rhythms is the

only way to be certain, and that was not done here.

The number of sequences recalled did not significantly differ between the metric

complex and nonmetric conditions. However, the accuracy of the reproduced sequences

in these two conditions was significantly different. Subjects shortened the longer ratios in

both conditions, but more so in the nonmetric condition. This effect may be due to the

fact that the nonmetric ratios were 3.5 and 4.5 and the metric complex ratios were 3 and

4, and that subjects were shortening the nonmetric condition more because of its
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proportionately longer ratios. However, evidence against this possibility is that the

proportional deviation measure shows that the 3 and 3.5 intervals differ significantly

between the two conditions, but the 4 and 4.5 do not. An alternative is that the

presentation and reproduction of twice as many integer-ratio sequences (both metric

conditions) as noninteger-ratio sequences (the nonmetric condition) improved subjects’

performance of the intervals in the metric complex condition compared to the nonmetric

condition. It is therefore difficult to know for certain that the presence of integer-ratios

improves timing accuracy, though the data are suggestive.

The data show that integer-ratio relationships alone are not sufficient to induce

beat-based timing. Additional grouping to define the appropriate accent structure is

necessary to improve performance. When provided with regular accent structure, subjects

remember the entire sequence more often, and reproduce the intervals within the

sequence more accurately. Equivalent intervals in sequences of identical length can be

rearranged to prevent this accent perception, and subjects subsequently perform worse.

In Experiments 1 through 5, the integer-ratio conditions contained some metric

simple and metric complex rhythms (but mostly rhythms that were between the levels of

simplicity and complexity chosen for this experiment). The superior performance of the

1:2:4 condition in those experiments is probably due to the presence of some sequences

that induced a beat. This is difficult to test post hoc, as other factors were present that are

likely to have improved performance (such as repetition of short patterns within some

sequences), and most of the previous rhythms were somewhere between the criteria

established in this experiment for metric simple and metric complex.

The next stage was to develop a suitable discrimination paradigm that could

remove difficulty confounds, and yield a significant number of correct trials for analysis

in neuroimaging. To meet both these criteria, performance should be similar, and high,
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across all the conditions, to indicate that subjects are not finding one condition more

difficult than the others. However, performance at ceiling (or at floor) is not acceptable,

because difficulty differences could still be present, to which the test is insensitive. The

next two experiments were designed to try to meet these criteria.
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2.4 - Experiment 7

2.4.1 - Introduction

This discrimination experiment was similar to Experiment 4 (see Appendix I):

subjects compared the third presentation of a rhythm with the first two presentations,

deciding whether the third presentation contained a temporal deviant. The experiment

tested deviant discrimination in both the auditory and visual modalities.

2.4.2 - Materials

 The deviant sequences contained a transposition of intervals in the sequence. For

example, 211413 has as a possible deviant sequence 211431, in which the 3 interval and

the 1 interval have been transposed. Only deviant sequences that were in the same

category as the standard sequences were allowed. That is, a metric simple standard

sequence could not have a metric complex deviant sequence, and a metric complex

standard sequence could not have a metric simple deviant sequence. For example, 43122

would not have 43212 as a possible deviant sequence, because the onsets would no longer

be grouped in units of four, and would violate the regular accent structure of the

sequence. If these types of deviants were present, subjects could accomplish the task by

detecting that onsets in deviant sequences either no longer aligned with the beat (in the

metric simple condition), or now aligned with the beat (in the metric complex condition),

giving the metric conditions an unfair advantage. Another restriction on the deviants for

the metric simple condition involved the 112 and 211 patterns. These patterns in metric

simple sequences could only be changed from 112 to 211, or 211 to 112. This prevents an

accent from being heard off the beat, as a transposition resulting in 121 would put an

accent on the 2 interval (Povel et al. 1981). The complete list of sequences is shown in
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Table 2.3. Other than interval order, all characteristics of the deviant sequences were the

same as the standard sequences. The duration sets for the intervals were the same as in

Experiment 6.

Table 2.3  Table of standard and deviant rhythm sequences used in Experiment 7.

metric simple metric complex nonmetric
standard deviant standard deviant standard deviant

5 intervals 22413 22431 11343 13143 1 1 3.5  4.5  3.5 1 3.5 1 4.5  3.5
31413 31431 13242 31242 1 3.5 1.4 4.5 1.4 3.5 1 1.4  4.5  1.4
31422 13422 23241 23214 1.4 3.5  1.4  4.5 1 1.4 3.5 1.4 1 4.5
41331 43131 33141 31341 3.5 3.5 1 4.5 1 3.5 3.5  4.5 1 1
43113 41313 41133 14133 4.5 1 1 3.5 3.5 1 4.5 1 3.5 3.5
43122 41322 41232 42132 4.5 1 1.4  3.5  1.4 1 4.5 1.4  3.5  1.4

6 intervals 112314 112134 121233 122133 1 1.4 1 1.4 3.5 3.5 1 1 1.4 1.4 3.5 3.5
112422 211422 122142 212142 1 1.4 1.4 1 4.5 1.4 1 1.4 1 1.4 4.5 1.4
211134 211314 124113 214113 1 1.4 4.5 1 1 3.5 1.4 1 4.5 1 1 3.5
211224 112224 132321 312321 1 3.5 1.4 3.5 1.4 1 1 3.5 1.4 3.5 1 1.4
211413 211431 214221 214212 1.4 1 4.5 1.4 1.4 1 1 1.4 4.5 1.4 1.4 1
221331 221313 214311 124311 1.4 1 4.5 3.5 1 1 1.4 4.5 1 3.5 1 1
222114 221124 221241 221214 1.4 1.4 1 1.4 4.5 1 1.4 1 1.4 1.4 4.5 1
223113 223131 231123 213123 1.4 3.5 1 1 1.4 3.5 1.4 3.5 1 1.4 1 3.5
311322 313122 321411 324111 3.5 1.4 1 4.5 1 1 3.5 1 1.4 4.5 1 1
312213 312231 323211 323121 3.5 1.4 3.5 1.4 1 1 3.5 1.4 3.5 1 1.4 1
411231 411213 412212 412221 4.5 1 1.4 1.4 1 1.4 4.5 1.4 1 1.4 1 1.4
422112 422211 421311 412311 4.5 1.4 1 3.5 1 1 4.5 1 1.4  3.5 1 1

7 intervals 1111431 1111413 1112412 1121412 1 1 1 1.4  4.5 1 1.4 1 1 1 1.4  4.5 1.4  1
1122114 1121124 1132131 1131231 1 1 3.5 1.4 1 3.5 1 1 1 3.5 1.4 3.5 1 1
1123113 1123131 1132212 1132122 1 1 3.5 1.4 1.4 1 1.4 1 1 3.5 1.4 1.4 1.4 1
1123122 1121322 1314111 1311411 1 3.5 1 4.5 1 1 1 3.5 1 1 4.5 1 1 1
2112231 2112213 1411311 1141311 1 4.5 1 1 3.5 1 1 1 4.5 1 1 1 3.5 1
2113113 2113131 2123211 1223211 1.4 1 1.4 3.5 1.4 1 1 1.4 1 1.4 3.5 1 1.4 1
2211114 2112114 2141211 2142111 1.4 1 4.5 1 1.4 1 1 1.4 1 4.5 1 1 1.4 1
3121113 3121131 2331111 2313111 1.4 3.5  3.5 1 1 1 1 1.4 3.5 1 3.5 1 1 1
3122112 1322112 3113121 3131121 3.5 1 1 3.5 1 1.4 1 3.5 1 1 1 3.5 1.4 1
3141111 1341111 3114111 1314111 3.5 1 1 4.5 1 1 1 3.5 1 1 1 4.5 1 1
4111131 4111113 3221112 3212112 3.5 1.4 1.4 1 1 1 1.4 3.5 1.4 1.4 1 1 1.4 1
4221111 4211211 4111221 4112121 4.5 1 1 1 1.4 1.4 1 4.5 1 1 1 1.4 1 1.4

In the auditory condition, a sine tone sounded for the duration of each interval,

with a 60 ms gap in sound demarcating the intervals in each sequence. Six pitches ranging
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from 247 Hz to 440 Hz were used, with one pitch randomly chosen per trial. The visual

stimulus was the same as the visual stimulus in the visual condition of Experiment 4: A

line with a small cross-bar rotated to different positions. However, the line now rotated

clockwise (instead of anti-clockwise), and in 25º increments (instead of 36º increments).

The positions were vertical (0º), 25º, 50º, 75º, 100º, 125º, and 150º. The smaller

increments were necessary to fit seven positions in each cycle. The five- and six-interval

sequences rotated only to the first five or six positions, respectively. After each

presentation of the sequence a fixation cross was presented, and the new presentation

started at the vertical position. A schematic of the visual presentation is shown in Figure

2.5.
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Figure 2.5 Visual presentation trial structure in Experiment 7: A fixation cross is
presented for two seconds, followed by presentation of the rhythm using a rotating line.
The fixation cross is present for 1100 ms between rhythm presentations. The cycle is
repeated three times. In the third presentation intervals may be transposed to create a
deviant (not shown). The times shown are for a six-interval 211314 rhythm created with 1
= 240 ms.

2.4.3 - Procedure

Thirty subjects participated. Auditory rhythms were presented in one half of the

experiment and visual rhythms in the other half. The order was counterbalanced across

subjects. In the auditory condition, rhythms were presented binaurally over headphones.

Subjects saw or heard four examples of a pseudorandom selection of rhythms in one

modality before starting the half of the experiment in that modality. Each half of the

experiment contained three blocks with 30 trials each. Each trial consisted of three
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presentations of a rhythm, separated by 1100 ms. There was 1100 ms of silence in the

auditory condition, and 1100 ms of fixation cross presentation in the visual condition. The

intertrial interval was two seconds of silence in the auditory condition, and two seconds

of a fixation cross in the visual condition. Half the trials contained a deviant in the third

repetition, to which subjects responded by pressing the space bar on a computer

keyboard.  If they thought the trial did not contain a deviant, they did nothing.

2.4.4 - Results

Because there were not enough trials to fill all the cells in an ANOVA for

Modality, Rhythm type, Number of intervals, and Duration set, separate ANOVAs were

conducted on the last two factors individually (as they are the factors of least

experimental interest) to see if they had an effect on accuracy. A repeated measures

ANOVA with Duration set on d' scores, percent correct, and reaction times found no main

effect (d': F(5,140) < 1; percent correct: F(5,140) < 1; RT: F(5,140) = 1.33, p = .26). A

repeated measures ANOVA with Number of intervals, conducted on d' scores, percent

correct, and reaction times, found a significant main effect in all three measures (d': F(2,

56) = 12.29, p < .001; percent correct: F(2,56) = 16.00, p < .001; RT: F(2,56) = 3.96, p =

.025). Therefore, the following analyses are collapsed across Duration set, but not

Number of intervals.

A 2 x 3 x 3 repeated measures ANOVA with Modality, Rhythm type, and Number

of intervals was conducted on d' scores, percent correct, and reaction times. Twenty-five

missing values in the reaction times (of 540 cells) were replaced with the mean reaction

time for that condition. A significant main effect of Modality was present for d' scores,

percent correct and reaction times (d': F(1,28) = 12.00, p = .002; percent correct: F(1,28)

= 11.39, p = .002; RT: F(1,28) = 24.23, p < .001). The auditory condition was performed
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more accurately and responded to more quickly than the visual condition (d': 1.74 vs.

1.23, percent correct: 74% vs. 67%, RT: 1295 ms vs. 1601 ms). D', percent correct, and

reaction time scores are shown in Figures 2.6, 2.7, and 2.8.

A main effect of Rhythm type was found in all three measures (d': F(2, 56) =

31.28 , p < .001; percent correct: F(2,56) = 24.84, p < .001; RT: F(2,56) = 10.25, p <

.001). Planned contrasts showed that the metric simple condition was performed better

than the metric complex condition, which was performed better than the nonmetric

condition (d': 1.36, 1.09, and 0.70, percent correct: 76%, 71%, and 64%). All conditions

differed significantly from each other (metric simple vs. metric complex d': F(1, 28) =

13.20, p = .001; percent correct: F(1,28) = 15.37, p = .001; metric simple vs. nonmetric d':

F(1, 28) = 54.82, p < .001; percent correct: F(1,28) = 15.21, p = .001; metric complex vs.

nonmetric d': F(1, 28) = 19.64, p < .001; percent correct: F(1,28) = 13.24, p = .001).

Subjects responded significantly more quickly to the metric simple condition than to the

metric complex and nonmetric conditions, which did not significantly differ (metric

simple vs. metric complex F(1,28) = 15.37, p = .001; metric simple vs. nonmetric F(1,28)

= 15.21, p = .001; metric complex vs. nonmetric F(1,28) < 1).
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Figure 2.6  The sensitivity to the presence of a deviant (as indexed by d' scores) for each
rhythm type in each modality. Performance in the auditory modality is significantly better
than the visual modality, and metric simple performance is significantly better than metric
complex performance, which is significantly better than nonmetric performance.
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Figure 2.7  The percentage of correct judgements of the third repetition for each rhythm
type in each modality. Performance in the auditory modality is significantly better than
the visual modality, and metric simple performance is significantly better than metric
complex performance, which is significantly better than nonmetric performance.
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Figure 2.8 The reaction times for each rhythm type, in each modality. Reaction times in
the auditory modality are significantly faster than the visual modality, and responses to
the metric simple condition are faster than responses to the other conditions.

There was a main effect of Number of intervals on percent correct and reaction

times (percent correct: F(2,56) = 16.08, p < .001; RT: F(2,56) = 7.04, p = .002). Post hoc

tests (Bonferroni-corrected) showed that the sequences with five intervals were performed

accurately significantly more often than the sequences with six intervals and the

sequences with seven intervals, which did not significantly differ from each other (5 vs. 6:

F(1,28) = 23.06, p < .001; 5 vs. 7: F(1,28) = 22.22, p < .001; 6 vs. 7: F(1,28) < 1). In

reaction times, sequences with seven intervals were responded to significantly more

quickly than sequences with six intervals, and there was a trend for seven-interval

sequences to be responded to more quickly than five-interval sequences (6 vs. 7: F(1,28)

= 15.21, p = .002; 5 vs. 7: F(1,28) = 6.37; p = .053; 5 vs. 6: F(1,28) = 1.11, p = .91).

There was also an interaction between Rhythm type and Number of intervals in

the d' scores and reaction times (d': F(4,112) = 2.90, p = .025; RT: F(4,112) = 5.42, p =

.001). The d’ scores are shown in Figure 2.9. Post hoc tests (Bonferroni-corrected) show

that that effect of Rhythm type on d' scores and reaction times was only significant for
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sequences with six intervals (d': F(2,58) = 19.37, p < .001; RT: F(2,58) = 8.94, p = .001)

and seven intervals (d': F(2,58) = 17.44, p < .001; RT: F(2,58) = 15.25, p < .001), and that

the five interval sequences show a trend for a difference across the different rhythm types

(d': F(2,58) = 2.4, p = .10; RT: F(2,58) = 2.57, p = .09).

Interaction between Rhythm type and Number of intervals
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Figure 2.9 The d' scores for sequences with five, six, or seven intervals, for each rhythm
type. Accuracy among the five-intervals sequences does not significantly differ, whereas
the six- and seven-interval sequences show significant differences between all the rhythm
types.

2.4.5 - Discussion

The auditory condition was performed better than the visual condition. This is in

contrast to the discrimination results of Experiment 4, but in line with other research

(Grondin et al. 1999; Collier et al. 2000; Ferrandez et al. 2003). The findings are

consistent with the reproduction results in Experiment 6. The metric simple condition was

discriminated more accurately than the other two conditions, and responded to more

quickly. However, discrimination accuracy on the metric complex and nonmetric rhythms

differed significantly in this experiment. The metric complex condition was more

accurately discriminated than the nonmetric condition (though there were no differences
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in reaction times). The paradigm did not succeed in removing difficulty confounds.

Further analysis into the deviant sequences revealed a likely reason why. In

approximately half of the nonmetric deviant sequences, an interval of length 1 was

transposed with an interval of length 1.4. This discrimination is more difficult than an

equivalent transposition in the metric conditions, in which 1 is transposed with 2. When

ranked in order of difficulty (as indexed by d' scores), the sequences in the nonmetric

condition with the highest error rates all contained a 1/1.4 transposition. For this reason,

the deviant sequences were modified for the next experiment.
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2.5 - Experiment 8

2.5.1 - Materials

All materials were the same as the previous experiment, except for the deviant

sequences. As before, only deviant sequences that did not change the sequence from a

metric simple sequence to a metric complex sequence (or vice versa) were allowed.

However, the deviant sequences now contained two temporal changes. One interval was

divided into two intervals, and two separate intervals were combined into one, within the

same sequence (e.g., 211314 becomes 223113: 11  2, and 4  13). This keeps the

number of intervals in the deviant sequence identical to that of the target sequence, and

presumably makes the task easier, as there are two temporal changes that can be detected.

The complete list of sequences is shown in Table 2.4.

Table 2.4  Table of standard and deviant rhythm sequences used in Experiment 8.

metric simple metric complex nonmetric
standard deviant standard deviant standard deviant

5 intervals 22413 22314 11343 23313 113.5 4.5 3.5 1.4 1 1.4 4.5 3.5
31413 31224 13242 42312 1 3.5 1.4 4.5 1.4 4.5 1.4 1 3.5 1.4
31422 31134 21324 24213 1.4 1 3.5 1.4 4.5 3.5 3.5 1 1 4.5
41331 31134 33141 34131 3.5 3.5 1 4.5 1 3.5 4.5 3.5 1 1
43113 22314 41133 42123 4.5 11 3.5 3.5 4.5 1.4 1.4 1 3.5
43122 31422 41232 43122 4.5 1 1.4 3.5 1.4 4.5 3.5 1.4 1 1.4

6 intervals 112314 222114 121233 132321 1 1.4 1 1.4 3.5 3.5 1 1 1 3.5 3.5 3.5
112422 112134 122142 321222 1 1.4 1.4 1 4.5 1.4 3.5 1 1 1 4.5 1.4
211134 211413 124113 341121 1 1.4 4.5 1 1 3.5 1 1 1 4.5 1.4 3.5
211224 312114 132321 421221 1 3.5 1.4 3.5 1.4 1 4.5 1.4 3.5 1 1 1
211413 312213 214221 211341 1.4 1 4.5 1.4 1.4 1 1.4 1 3.5 1 4.5 1
221331 224211 214311 213141 1.4 1 4.5 3.5 1 1 1.4 1 1 3.5 3.5 1.4
222114 421122 221241 112341 1.4 1.4 1 1.4 4.5 1 4.5 1 1.4 1.4 1.4 1
223113 222114 231123 241113 1.4 3.5 1 1 1.4 3.5 1 1 4.5 1 1.4 3.5
311322 314112 321411 333111 3.5 1.4 1 4.5 1 1 1.4 1 1.4 1 4.5 1.4
312213 421113 323211 323112 3.5 1.4 3.5 1.4 1 1 3.5 1.4 1 1.4 1.4 1.4
411231 131124 412212 412311 4.5 1 1.4 1.4 1 1.4 4.5 1 1.4 1 1 3.5
422112 134112 421311 432111 4.5 1.4 1 3.5 1 1 3.5 13.5 3.5 1 1
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metric simple metric complex nonmetric
standard deviant standard deviant standard deviant

7 intervals 1111431 2111331 1112412 2111412 1 1 1 1.4 4.5 1 1.4 1.4 1 1.4 4.5 1 1 1
1122114 1123122 1132131 1112331 1 1 3.5 1.4 1 3.5 1 1 1 1 1.4 1.4 1 4.5
1123113 1124112 1132212 2122212 1 1 3.5 1.4 1.4 1 1.4 1 1 3.5 4.5 1 1 1
1123122 1124211 1314111 1312212 1 3.5 1 4.5 1 1 1 1 3.5 1 1 3.5 1.4 1
2112231 2211231 1411311 1421211 1 4.5 1 1 3.5 1 1 1 4.5 1.4 1.4 1 1 1
2113113 2114112 2123211 2331111 1.4 1 1.4 3.5 1.4 1 1 1.4 1 1.4 3.5 1 1 1.4
2211114 2211213 2141211 2113311 1.4 1 4.5 1 1.4 1 1 1.4 1 3.5 1 1 1.4 1.4
3121113 2113113 2331111 2321211 1.4 3.5 3.5 1 1 1 1 1.4 3.5 1 1.4 1 1 1.4
3122112 4221111 3113121 1211331 3.5 1 1 3.5 1 1.4 1 3.5 1 1 1.4 1 1 3.5
3141111 3113211 3114111 2111412 3.5 1 1 4.5  1 1 1 3.5 1.4 1 3.5 1 1 1
4111131 2211114 3221112 3112113 3.5 1.4 1.4 1 1 1 1.4 3.5 1 1 1.4 1.4 1 1.4
4221111 4211112 4111221 2211141 4.5 1 1 1 1.4 1.4 1 1.4 1.4 1 1.4 1.4 1.4 1

2.5.2 - Procedure

 Ten subjects participated. Procedure was the same as in Experiment 7.

2.5.3 - Results

Because there were not enough trials to fill all the cells in an ANOVA for

Modality, Rhythm type, Number of intervals, and Duration set, separate ANOVAs on

accuracy and reaction times were conducted on the last two factors individually (as they

are the factors of least experimental interest). A repeated measures ANOVA with

Duration set on d' scores, percent correct, and reaction times found no significant effects

(d': F(5,45) < 1; percent correct: F(5,45) = 1.11, p = .37; RT: F(5,45) = 1.87, p = .12). A

repeated measures ANOVA with Number of intervals on d' scores, percent correct, and

reaction times found a significant effect on d' scores (F(2,18) = 3.75, p = .04), a

marginally significant effect on percent correct (F(2,18) = 3.48, p = .053), and no

significant reaction time effects (F(2,18) = 1.75, p = .20). The following analyses are

therefore collapsed across Duration set but not Number of Intervals. Four empty reaction
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time cells in the visual condition were replaced with mean reaction times for that

condition.

A 2 x 3 x 3 repeated measures ANOVA with Modality, Rhythm type, and Number

of intervals (five, six, seven) on d' scores, percent correct, and reaction times found a

main effect of Modality on d' scores and percent correct, but not reaction times (d’: F(1,9)

= 19.75, p = .002; percent correct: F(1,9) = 17.57, p =  .002; RT: F(1,9) = 2.33, p = .16).

Sequences in the auditory modality were discriminated correctly more often than in the

visual modality (d’: 1.82 vs. 1.10; percent correct: 78% vs. 68%). D’ scores, percent

correct, and reaction times are shown in Figures 2.10, 2.11, and 2.12.

Number of intervals had a significant effect on d’ scores (F(2,18) = 8.94, p =

.002), and a marginally significant effect on percent correct and reaction times (F(2,18) =

3.46, p = .054; F(2,18) = 3.48, p = .053). Post hoc tests (Bonferroni-corrected) show that

sequences with six intervals were discriminated significantly more accurately than

sequences with seven intervals (d’: F(1,9) = 20.26, p < .001). No significant effects of

Rhythm type were found on d’ scores, percent correct, or reaction times (d’: F(2,18) < 1;

percent correct: F(2,18) < 1; RT: F(2,18) = 2.19, p = .14).

A significant interaction between Modality and Number of intervals was found for

reaction times. Post hoc tests were conducted to determine the nature of the interaction.

There was a trend for the sequences with five intervals to be responded to faster than

sequences with six or seven intervals in the auditory condition, but slower than sequences

with six or seven intervals in the visual condition (F(1,9) = 3.7, p = .086). This trend did

not survive Bonferroni or Sidak correction, however. There was also a significant three-

way interaction between Modality, Rhythm type, and Number of intervals on d’ scores

(F(4,36) = 2.90, p = .035), and a trend for a significant interaction on percent correct

(F(4,36) = 2.60, p = .052). The d’ scores broken down by Modality, Rhythm type, and



Chapter 2: Metric and Nonmetric Rhythm Experiments

58

Number of elements are shown in Figure 2.13. Bonferroni-corrected post hoc tests found

that in the auditory modality, the 6-interval sequences were more accurately discriminated

(when measured by d' scores) than 5-interval sequences in the metric simple condition (d':

F(1,9) = 13.38, p = .005; percent correct: F(1,9) = 2.25, p = .17) and nonmetric condition

(d': F(1,9) = 7.65, p = .02; percent correct: F(1,9) = 1.76, p = .22), but not in the metric

complex condition (d': F(1,9) = 3.28, p = .10; percent correct: F(1,9) < 1). In the metric

complex condition, 7-interval sequences were more accurately discriminated than 5-

interval sequences (d': F(1,9) = 26.75, p = .001; percent correct: F(1,9) = 8.20, p = .019).

In the visual modality, performance across rhythm types and number of intervals is not

significantly different, except in the metric complex condition, where the 6-interval

sequences are discriminated more accurately than the 5- and 7-interval sequences (6 vs. 5:

F(1,9) = 7.92, p = .02; 6 vs. 7: F(1,9) = 7.45, p = .023). However, this effect did not

survive Bonferroni or Sidak correction. No other interactions were found.
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Figure 2.10  The sensitivity to the presence of a deviant (as indexed by d' scores) for each
rhythm type in each modality. Performance in the auditory modality is significantly better
than the visual modality.



Chapter 2: Metric and Nonmetric Rhythm Experiments

59

Percent correct

0
10
20
30
40
50
60
70
80
90

100

auditory  visual

Pr
op

or
tio

n 
co

rr
ec

t

metric simple

metric complex

nonmetric

Figure 2.11  The percentage of correct judgements of the third repetition for each rhythm
type in each modality. Performance in the auditory modality is significantly better than
the visual modality.
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Figure 2.12  The reaction times to deviants for each rhythm type in each modality.
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Figure 2.13  d' scores broken down by modality, number of intervals, and type.

2.5.4 - Discussion

As in Experiment 7, subjects were more accurate in the auditory modality than the

visual modality, though no significant differences in reaction times between modalities

were found. No significant behavioural differences were found between the rhythm types,

in accuracy or reaction time (though there is a trend for reaction time to be slightly faster

in the metric simple condition). Although there are effects of the number of intervals in

the sequences, these effects appear to average out across Rhythm type, which is the

variable of interest. As subjects were correctly discriminating approximately 70-80% of

the deviant sequences, the lack of significant difference between rhythm types is not due

to ceiling or floor effects. The lack of difference also does not appear to be due to an

alternate, non-temporal method of completing the task, because the number of intervals

and overall sequence length was the same in the repetitions containing deviants as in the

standard sequences. No subjects reported using non-temporal strategies.

This paradigm is appropriate for fMRI. It removes confounds of task difficulty

that were present in the reproduction task and the previous discrimination task.
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The next experiment is a ratings experiment, conducted to test if subjective ratings

of the different rhythm types correlated with discrimination and reproduction

performance. Only the metric simple and metric complex rhythms were tested, as these

conditions are identical in the types of intervals and the length of the sequences. Ratings

of the level of rhythmicity of the sequences were correlated with reproduction and

discrimination performance.
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2.6 - Experiment 9

2.6.1 - Materials

Materials were the metric simple and metric complex standard rhythms from

Experiment 8. Auditory and visual stimulus presentation was also the same as in

Experiment 8.

2.6.2 - Procedure

Sixteen subjects were presented with auditory rhythms in one half of the

experiment, and visual rhythms in the other half, counterbalanced across subjects.

Subjects saw four examples of a pseudorandom selection of rhythms in one modality

before starting the half of the experiment in that modality. Each rhythm was presented

three times in a row.  Subjects were asked to rate how “rhythmic the pattern seemed” on a

scale of 1 to 7, with 1 meaning not at all rhythmic, and 7 meaning very rhythmic. The

ratings scale appeared after each trial, and the next rhythm was presented after subjects

clicked a button with the number corresponding to their rating.  Subjects performed 2

blocks per modality, with 30 trials per block. Metric simple and metric complex rhythms

were randomly intermixed.

2.6.3 - Results

As shown in Figure 2.14, the metric simple rhythms were considered more

rhythmic than the metric complex rhythms, and the auditory rhythms were rated more

rhythmic than the visual rhythms. Both these effects are significant, as shown by a

repeated measures two-way ANOVA with Modality and Rhythm Type (Modality:

F(1,15) = 9.95, p = .007; Rhythm type: F(1,15) =16.69, p = .001). The difference between

ratings for metric simple and metric complex was significantly larger for auditory
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rhythms than visual rhythms, resulting in a significant interaction between Modality and

Rhythm type (F(1,15) = 8.04, p = .013).  There was a small but significant correlation

between the ratings of the auditory and visual versions the rhythms (r = .229, p < .001).
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Figure 2.14  Average ratings of rhythmicity for metric simple and metric complex
rhythms, presented in the auditory and visual modalities.

There was a significant correlation between reproducing a sequence correctly in

Experiment 6 and the rhythmicity rating of that sequence in the auditory condition (r =

.57, p < .001). There was also a significant correlation between reproduction and the

rhythmicity rating of that sequence in the visual condition (r = .33, p = .012). Auditory

ratings were significantly correlated with auditory discrimination performance in

Experiment 7 (r = .41, p = .001), but not with discrimination performance in Experiment

8. There was also a significant correlation between auditory discrimination performance

in Experiment 7 and reproduction performance in Experiment 6 (r = .39, p = .003). No

other significant effects were found.
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2.6.4 - Discussion

These data provide further confirmation that integer-ratio relationships alone are

not necessarily sufficient to induce a beat. Both the metric simple rhythms and the metric

complex rhythms are constructed from intervals related by integer-ratios, but they are

rated differently. When a regular accent structure is present, as in the metric simple

rhythms, ratings of rhythmicity are higher. This effect is greater in the auditory modality

than the visual modality. Very little work has been done on accent perception induced by

temporal context, and no studies that I am aware of have examined accent perception in

the visual modality. There are a few possibilities, similar to those discussed for beat

perception, as to why accent perception might be less strong in the visual modality. It

may be that temporal accents are present in the visual modality, but are more difficult to

induce, or have weaker effects. It is also possible that temporal accents come about

through auditory processing constraints, and that the visual rhythms are being translated

to an auditory code through auditory imagery. Thus, the accents are present, giving rise to

differences between the metric simple and metric complex rhythms in the visual

modality, but may be diminished during the translation, making the difference between

conditions smaller in the visual modality than the auditory modality. Auditory imagery of

onsets may not be subject to the same processing constraints as actual on-line processing

of the onsets.

There were significant correlations between auditory ratings of sequences, and

their reproduction performance in Experiment 6 and discrimination performance in

Experiment 7. The lack of correlation with discrimination performance in Experiment 8 is

not surprising, given that the deviants in that experiment were designed to minimise

performance differences between the different rhythm types. Auditory discrimination in

Experiment 7 was also correlated with reproduction performance in Experiment 6. The
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visual conditions, however, show few significant correlations. The visual ratings of a

rhythm are correlated with reproduction performance, but no significant correlations with

any visual discrimination condition are present. This pattern of results suggests that the

auditory stimuli are processed more similarly across different tasks than the visual

stimuli.

2.7 - General Discussion

The experiments in this chapter demonstrate the importance of regular accents for

inducing beat-based timing. The presence of integer-ratios may be necessary (though this

was not directly tested), but they are not sufficient to consistently improve performance,

as shown by the differences between behavioural measures of the metric simple and

metric complex rhythms in Experiments 6, 7, and 9. In difficult tasks (reproduction and

discrimination of a single temporal deviant) the beat-based timing advantage is

prominent. Beat-based sequences are remembered correctly more often, the individual

intervals of correct sequences are reproduced more accurately, and temporal deviants are

detected more often and responded to more quickly. These findings are paralleled by

differences in subjective ratings of the rhythms: metric simple sequences are rated as

more rhythmic than metric complex sequences.

These experiments show that results of timing experiments testing one or two

different intervals cannot necessarily be generalised to timing of four different intervals.

Several studies find that simple ratios of intervals are reproduced more accurately than

complex ratios (Povel et al. 1985; Collier et al. 1995), but the experiments presented in

this chapter show that accurate reproduction of simple ratios can differ, depending on the

interval ordering. In fact, simple ratios can be performed worse than complex ratios, as

shown by the poor performance of the 1:2:3 ratio condition in Experiments 1 and 2.
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Although these experiments provide strong behavioural evidence for a beat-based

timing advantage, it is still unknown if beat-based timers exist in the brain. The neural

areas that process beat-based and non-beat-based rhythms may or may not be different. It

is possible that a single, distributed timing network processes both types of rhythms, but

that beat-based rhythms are less taxing to this system. In this case, one might predict that

the areas active when processing the rhythm types should be similar, but that the more

difficult metric complex and nonmetric conditions will additionally activate prefrontal

areas modulated by task difficulty, such as the anterior cingulate (Barch et al. 1997) and

dorsolateral prefrontal cortex (McKiernan et al. 2003; Newman et al. 2003). On the other

hand, one may predict additional activation within the timing network for metric complex

and nonmetric sequences, reflecting extra processing done by timing areas in order to

maintain a higher level of performance. An alternative theory is that the beat-based timing

system is at least partially separate from the non-beat-based timing system, and that

certain areas will be more responsive to, or respond only to, the beat-based rhythms.

Some overlap in the beat-based and non-beat-based systems is probable, given the

common network of motor areas that is consistently activated in previous imaging studies

of rhythm and timing (for a review, see Ferrandez et al. (2003). In addition, as humans

generally do not know a priori what type of temporal sequence they will be processing at

any given time, beat-based and non-beat-based sequences are likely to be processed by

similar areas until enough of the sequence has been heard to establish whether a beat is

present.

The next experiment uses fMRI to determine which of these predictions is correct,

by resolving the neural networks involved in processing beat-based and non-beat-based

rhythms.
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Chapter 3: fMRI Experiment

Experiment 10

3.1 - Introduction

This experiment was designed to discover the neural networks involved in beat-

based and non-beat-based rhythm processing. A more specific aim was to test the

prediction that the SMA and basal ganglia are involved in beat-based timing. Previous

neuroimaging studies have investigated brain activity elicited during a variety of timing

and rhythm tasks, in auditory, visual and tactile modalities. A selective review of these

studies demonstrates that several brain areas are commonly activated across tasks and

modalities. The reviewed studies measured brain activity using positron emission

tomography (PET) and fMRI during the following tasks:

1) temporal interval discrimination in the auditory modality (Rao et al. 2001; Nenadic et

al. 2003; Harrington et al. 2004; Mathiak et al. 2004), in the visual modality:

(Ferrandez et al. 2003; Coull et al. 2004), and in the tactile modality: (Pastor et al.

2004);

2) rhythm discrimination in the visual modality (Schubotz et al. 2000; Schubotz et al.

2001);

3) visually cued single interval reproduction (Ferrandez et al. 2003; Macar et al. 2004),

and tactilely cued single interval reproduction (Macar et al. 2002);

4) tapping with an isochronous auditory temporal cue (Rao et al. 1997) and tapping with

an isochronous or irregular visual temporal cue (Lutz, Specht et al. 2000);

5) reproduction of rhythms presented in the auditory modality (Sakai, Hikosaka et al.

1999; Lewis, Wing et al. 2004), in the visual modality (Ramnani et al. 2001; Lewis et
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al. 2004) or both (Penhune et al. 1998; Sakai et al. 1999; Lutz et al. 2000; Dhamala et

al. 2003)

Despite the variety of tasks, differing control conditions, and multiple modalities, a

network of commonly activated areas is observed. Subcortically, the cerebellum and basal

ganglia are frequently activated. Cortical areas include the SMA, PMC, inferior frontal

and parietal areas, and to a lesser degree, the dorsolateral prefrontal cortex. Peak

activations during the relevant tasks, located in the aforementioned areas, are plotted in

Figure 3.1. Plots and a table of the stereotaxic coordinates of all maxima reported in these

studies is in Appendix III.
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Figure 3.1  Areas of peak activation reported in studies of timing and rhythm perception
and production. The A panel shows points on coronal slices (numbers denote position in
the y plane in MNI coordinates), the B panel shows transverse slices (numbers denote
position in the z plane in MNI coordinates). Only activations reported in the following
areas are plotted: cerebellum (pink), basal ganglia (yellow), inferior frontal cortex
(green), dorsolateral prefrontal cortex (red), premotor cortex (light blue), supplementary
motor area (magenta), and inferior parietal cortex (dark blue).

In the current study, similar patterns of activation are expected. However, the

specific contribution of the different brain areas to beat-based and non-beat-based

processing will be investigated. If the results show that listening to beat-based rhythms

and non-beat-based rhythms produces different activation patterns, then there is

converging evidence for the existence of beat-based timing, and evidence for which brain
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areas mediate it. The prediction is that the basal ganglia and SMA will be preferentially

involved in beat-based processing.

The basal ganglia and SMA are highly interconnected through striato-thalamo-

cortical loops. These structures have been shown to be critical to temporal sequencing

(Brotchie et al. 1991; Tanji 2001) and to predictable, internally generated movements

(Freeman et al. 1993). Beat-based timing involves prediction of accented events

(indicators of the beat) that occur at regular intervals, to which spontaneous movement is

frequently observed. Therefore, these areas are proposed to mediate beat-based timing,

generating regular internal beats to measure beat-based sequences. If this is true, the basal

ganglia and SMA should be more active in the beat-based condition than in the other two

conditions.

In addition, the current experiment examines the role of musical training by

testing musicians and nonmusicians performing the same discrimination task. Musicians'

increased exposure to and experience with beat-based rhythms may have implications for

the behavioural and neural correlates of beat-based timing. Musicians might perform the

task more accurately, but as the rhythms are specifically designed to invoke a beat in non-

specialist listeners, musicians' additional expertise may not be necessary or beneficial to

task performance. Accordingly, some previous behavioural studies of rhythm have found

that musicians perform similarly to nonmusicians (Povel 1981; Essens 1986), but others

find that musicians perform better (Yee et al. 1994; Madison et al. 2002). Neurally,

opposing predictions can be made. Musicians increased exposure to beat-based rhythms

may cause the relevant neural areas to operate more efficiently than in nonmusicians,

resulting in lower levels of activation. Nonmusicians may recruit additional areas to help

with the task. Alternatively, musicians may have more sensitive systems, and therefore

show increased levels of activation in comparison with nonmusicians. They may recruit
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additional motor areas because their experience with rhythm usually results in

performance of the rhythm, and the areas involved in perceiving rhythm may have

become functionally coupled with performance areas. Finally, it is possible that musicians

and nonmusicians will activate the same areas to accomplish the task.

It is difficult to know which of these predictions will hold, as few studies (almost

none in fMRI) examine how brain responses differ between musicians and nonmusicians

performing musical tasks. Much of the research in this area has measured event-related

potentials (ERPs) to violations of timbre, pitch, rhythm, etc., in musical patterns

(Crummer et al. 1988; Hantz et al. 1992; Levett et al. 1992; Besson et al. 1994; Besson et

al. 1995; Trainor et al. 1999). In general, the results show that musicians have larger and

faster ERPs to violations, especially when behavioural detection of the violation is

influenced by musical expertise. However, it is difficult to know the implications of ERP

research for fMRI activation, as larger ERP amplitudes may result from a larger area of

the brain responding, or the same (or smaller) area responding with greater synchrony.

When measured, the ERP topographies usually do not differ between musicians and

nonmusicians, suggesting the same network of brain areas responds in both groups. In

fMRI, the brain responses of pianists and non-pianists during tapping tasks have been

examined (Hund-Georgiadis et al. 1999; Jäncke et al. 2000; Krings et al. 2000). In

general, pianists exhibit reduced numbers of active voxels in primary and secondary

motor areas1. Thus, based on the ERP and fMRI findings, it is difficult to predict whether

musicians' brain activation will be higher, lower, or the same as non-musicians for a

perceptual rhythm discrimination task.

                                                

1 In one study (Hund-Georgiadis et al., 1999), pianists exhibit increased activation in primary motor cortex,
however pianists also tapped faster than non-pianists, preventing a strong conclusion.
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3.2 - Materials

 The materials were the auditory rhythms from Experiment 8, using the same

deviant sequences. Pitches ranging from 247 Hz to 440 Hz were used, with one pitch

randomly chosen per trial. Pitches were tested beforehand against the perceptual pitch

created by the MRI scanner, to make sure pitches would be differentiable from the noise

of the scanner.

3.3 - Procedure

Twenty-seven right-handed subjects participated (19 males, 8 females). Fourteen

had musical training (over five years of formal musical training and current active

musical involvement), thirteen had no musical training (reported no formal musical

training or musical activities). All participants understood completely the nature of the

experimental procedures and provided written informed consent before participation. The

study was approved by the Local Research and Ethics Committee. Each participant was

reimbursed for travel expenses and time taken to participate in the study.

Due to time constraints during the scanning sessions, only the auditory modality

was tested. Before scanning, participants completed eight practice trials. In the scanner,

subjects were given earplugs to dampen scanner noise. Additional noise dampening was

provided by circumaural ear-defending headphones, through which the rhythms were

presented. During scanning participants completed four blocks of 38 trials each,

approximately 40 minutes total. There was a short break between each block. Trials were

equally distributed between four types: rest (no sound presented), metric simple, metric

complex, or nonmetric rhythms, presented in a pseudorandom order. The trial structure

for non-rest trials is shown in Figure 3.2. On each trial subjects heard three presentations

of a rhythm separated by 1100 ms. The first two presentations were always identical, the
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third presentation was either identical or contained a temporal deviant. After the third trial

subjects pressed (with the index or middle finger of the right hand) one of two buttons on

a button box resting on their abdomen to indicate whether the third presentation had been

the same as or different from the first two presentations. Asking subjects to respond after

the third repetition prevents activation due to response execution from co-occurring with

activation during the third repetition. Thirty-nine percent of the trials contained a deviant.

On rest trials, no sound was presented and no response was made. Each rest trial was

similar in length to the average rhythm trial (13.1 seconds).

Participants had visual reminders of their task during each trial. The visual cues

appeared on a computer screen, and the screen image was projected onto a translucent

screen within the bore of the magnet, approximately 245 cm behind the participants' head.

The participants could see the projection via an angled mirror placed above their head.

During rhythm presentation the word "Listen" appeared on the screen. After the third

presentation, the word "Response" was displayed, and during rest trials the word "Wait"

appeared. Participants were instructed not to move any part of their body during the scan,

except for the finger during response.

Figure 3.2  Trial structure for the fMRI discrimination task.
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3.4 - FMRI methods.

Participants were scanned on a Bruker MEDSPEC 3 Tesla scanner at the Wolfson

Brain Imaging Centre in Cambridge, using a head coil gradient set. Echoplanar imaging

(EPI) data were collected with the following parameters: 21 planes, matrix size of 64 x

64, TE = 37.5 ms, TR = 1.1 s, FOV = 20 x 20 cm, FA = 65.5. The resulting EPIs had a

slice thickness of 4mm, interslice distance of 1 mm, and in-plane resolution of 3.125 x

3.125 mm. For each block, 530 volumes were acquired (for a total of 2100 volumes). In

each block, the task started after fifteen scans had passed (these scans were discarded), to

ensure steady-state magnetisation had been achieved before the start of the task. A map of

the magnetic field was acquired to correct for distortion to the EPIs resulting from

inhomogeneities in the field (Jezzard & Balaban, 1995). High-resolution three-

dimensional spoiled gradient-recalled (SPGR) at steady-state anatomic images were

collected for anatomic localisation and coregistration. EPI coverage of the entire brain

was not possible in all subjects, and the most inferior slices were omitted in these cases.

Figure 3.3 shows what inferior brain areas were covered in all subjects, and were thus

included in the subsequent analyses.

Figure 3.3  The EPI coverage (in red), superimposed on a skull-stripped MNI template.
The red overlay shows the inferior areas covered in all subjects and therefore included in
analyses. Numbers indicate levels in the z plane.
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3.4.1 - Image processing and statistical analysis

All fMRI data were preprocessed using SPM2 software, and statistical analysis

was conducted using SPM99 (Wellcome Department of Cognitive Neurology, London,

UK) in the Matlab environment (Mathworks, Sherborn, MA). Images were first corrected

for slice timing, with the first slice in each scan used as a reference. They were then

realigned spatially, with respect to the first image in the series, using trilinear

interpolation. After, magnetic field maps were used to undistort the EPI images (Cusack

et al. 2002). The SPGR image was skull-stripped using the Brain Extraction Tool (BET),

(Smith 2002), then normalised (using affine and smoothly nonlinear transformations) to a

brain template in Montreal Neurological Institute (MNI) space. The resulting

normalisation parameters were then applied to the EPIs and all normalised EPI images

were spatially smoothed with an 8 mm full-width half-maximum Gaussian kernel.

For each subject, each session, and each condition (metric simple, metric

complex, and nonmetric) the following event types were modelled separately: first

presentation; second presentation; third presentation for same trials; third presentation for

different trials; button press response. Each event was modelled using a regressor made

from an on-off box-car convolved with a canonical hemodynamic response function. The

six estimated parameters of movement between scans (XYZ translation and rotation)

were entered as covariates of no interest. Before running the model, the time course of the

average brain signal was screened for spikes of high variance. Short periods of high

variance are usually associated with brief subject movements as shown in the realignment

parameters. The high variance scans were removed from the model using a modified

version of the SPM99 modelling routines (http://www.mrc-

cbu.cam.ac.uk/Imaging/Common/missing_time.shtml). Low-frequency noise was
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removed with a standard high-pass filter of 120 seconds. The results estimated from

single subject models were entered into second-level random effects analyses for standard

SPM group inference (Penny et al. 2003). All reported peaks passed a whole-brain false

detection rate (FDR) threshold of p < .05 (Benjamini and Hochberg, 1995; Genovese et

al., 2002). The FDR approach controls for the expected proportion of false positives

among suprathreshold voxels. An FDR threshold is determined from the observed p-value

distribution, and hence, is adaptive to the amount of signal within a given contrast

(Genovese et al., 2002).

3.5 - Behavioural results

The accuracy findings related to Rhythm type in Experiment 8 were replicated in

the behavioural data collected during the fMRI experiment. Reaction times were not

analysed because subjects were told to respond at a fixed time, not as soon as they

detected the deviant. Because there was an effect of Number of intervals in the sequence

in experiment eight, an ANOVA was conducted to see if it had an effect on d' or percent

correct scores in the current experiment. No significant effect was found (d': F(2,52) < 1;

percent correct: F(2,52) = 1.1, p = .89). The d' and percent correct scores are shown in

Figures 3.4 and 3.5. There were no significant differences across Rhythm type or Musical

training levels in d' and percent correct scores, as confirmed by the lack of main effects or

interactions in a 3 x 2 repeated measures ANOVA with Rhythm type (metric simple,

metric complex, nonmetric) as the within-subjects factor and Musical training (musician,

nonmusician) as the between-subjects factor (Rhythm type: d': metric simple  = 2.5,

metric complex = 2.2, and nonmetric = 2.4; F(2, 50) = 1.44, p = .25; percent correct:

metric simple = 87%, metric complex = 84%, and nonmetric = 84%; F(2, 50) = 1.86, p =

.17). Musical training: d': musicians = 2.6, nonmusicians = 2.2; F(1, 25) = 2.41, p = .13;
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percent correct: musicians = 87%, nonmusicians = 82%, F(1, 25) = 1.85, p = .19. For both

d' and percent correct, the F-ratio of a Rhythm type x Group interaction was less than 1.).

Although the statistical differences in both factors approach significance, partial eta-

squared statistics indicate that either factor alone accounted for less than 10 percent of the

overall variance (rhythm type: d': η2 = .05, percent correct η2 = .07; musical training: d' η2

= .09, percent correct η2 = .07). Even if there was not sufficient power to detect a

significant effect of musical training or rhythm type, these effects appear to be modest.
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Figure 3.4  The percentage of correct judgements of the presence or absence of a
temporal deviant in each rhythm type in musicians and nonmusicians.
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Figure 3.5 The d' scores for each rhythm type in musicians and nonmusicians
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3.6 - Functional imaging results

3.6.1 - Random effects analyses.

All analyses on the effects of the different rhythm types were conducted on the

first two presentations of the rhythms to exclude activation due to deviant detection,

decision-making, and response preparation during the third rhythm presentation, and

motor activation during the subsequent response.

Figure 3.6 shows the results of the random effects analysis of all rhythms - rest,

collapsed across both group and condition. The SMA, dorsal premotor area (PMd), basal

ganglia, cerebellum, and superior temporal gyrus (STG) extending into the

insula/ventrolateral prefrontal cortex (VLPFC) are activated, all bilaterally. See Table 3.1

for Z scores of local maxima.

Figure 3.6  Shows regions activated by
listening to rhythmic patterns. All areas are
significantly active, p < .01, corrected for
multiple comparisons. The cortical and
cerebellar activations were used to define
functional ROIs for further analysis.



Chapter 3: fMRI Experiment

79

Table 3.1 Stereotaxic locations of peak voxels in all rhythms - rest contrast.

Brain Region Z score p value x y z
L SMA BA 6 5.03 < .001 −9 6 60
R SMA BA 6 4.97 < .001 3 6 66
L Premotor BA 6 5.3 < .001 −54 0 51
R Premotor BA 6 5.24 < .001 54 0 45
L Putamen 5.67 < .001 −24 6 9
R Putamen 5.08 < .001 21 6 6
R Cerebellum 4.68 < .001 30 −66 −27
L Cerebellum 4.41 < .001 −30 −66 −24
R Superior temporal gyrus BA 21/22 6.02 < .001 60 −33 6
L Superior temporal gyrus BA 22/48 5.8 < .001 −57 −15 9
L Superior temporal pole 4.68 < .001 −57 6 3
R Inferior frontal 4.52 < .001 27 30 15
This table shows the brain region, p and Z values, and stereotaxic coordinates (in mm) of

peak voxels in MNI space. Thresholded at p < .001, whole-brain corrected (FDR). R =

Right, L = Left, SMA = Supplementary motor area

As the reproduction data in Experiment 6 suggest that only the metric simple

condition is beat-based, activation in the metric simple condition was compared to

activation in the metric complex and nonmetric conditions. This contrast, shown in Figure

3.7, revealed bilateral activation in the putamen and superior temporal gyri, as well as the

left inferior frontal gyrus. See Table 3.2 for Z scores of local maxima. The reverse

contrast (metric complex and nonmetric - metric simple) showed no significant

differences at a corrected threshold of p < .05.
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Figure 3.7  Brain regions more active for metric simple than metric complex or
nonmetric rhythms. All areas significantly active at p < .05, FDR corrected for multiple
comparisons.

Table 3.2 Stereotaxic locations of peak voxels in metric simple - metric complex and
nonmetric contrast.

Brain Region Z score p value x y z
L Superior temporal gyrus 4.60 .039 −51 3 3

3.87 .040 −51 −9 −3
R Superior temporal gyrus/Insula 3.78 .045 42 −36 18
R Insula 3.92 .040 45 6 −6

3.87 .040 30 −21 12
L Putamen 4.47 .039 −27 0 −9

4.19 .039 −27 0 0
3.77 .045 −27 −12 6

R Putamen 4.31 .039 24 0 −9
4.31 .039 24 12 6
4.24 .039 24 −3 9

L Inferior frontal gyrus BA 45 4.03 .040 −51 33 6
L Superior frontal gyrus BA 10 4.01 .040 −12 69 18
R Amygdala 3.88 .040 21 9 −15

This table shows the brain region, p and Z values, and stereotaxic coordinates (in mm) of
peak voxels in MNI space. Thresholded at p < .05, whole-brain corrected (FDR). R =
Right, L = Left.

Additional random effects analyses were conducted to find group differences.

Between-group analyses comparing musicians and non-musicians, collapsed across

rhythm type, showed no significant differences at a corrected threshold of p < .05. In

addition, no interactions between Rhythm type and Musical training were found. In an

effort to find activation that correlated with performance, subjects were ranked by

behavioural performance measured by d' scores, then a between-group analysis was
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conducted by contrasting activation from subjects in the upper half and the lower half. No

significant differences were found.

The activation during the first and second presentations of the rhythms was also

examined. The first presentation - second presentation contrast (shown in Figure 3.8)

shows significantly higher activation in the bilateral superior temporal gyri, caudate

(extending into putamen on the left), and precuneus, as well as right inferior temporal

gyrus, right inferior orbitofrontal gyrus, right supramarginal gyrus, left hippocampus, left

precentral gyrus, and the middle occipital gyrus. See Table 3.3 for Z scores of local

maxima. Compared to the first presentation, the second presentation activated the anterior

cingulate, ventrolateral prefrontal cortex, inferior parietal lobule, and premotor cortex, all

bilaterally, as well as the right dorsolateral prefrontal cortex and the left precentral gyrus.

Activation is shown in Figure 3.9, and Z scores of local maxima are shown in Table 3.4.

Figure 3.8  Brain regions more active for
the first rhythm presentation than the
second rhythm presentation. All areas
significantly active at p < .05, FDR
corrected for multiple comparisons.
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Table 3.3 Stereotaxic locations of peak voxels in the first presentation - the second
presentation contrast.

Brain region p value Z score x y z
R Superior temporal gyrus BA 21/22 < .001 7.19 60 -27 6
R Superior temporal gyrus BA 21/38 < .001 4.84 51 3 -9
R Inferior temporal gyrus BA 20 .012 3.24 57 -27 -30
L Superior temporal gyrus BA 22/42 < .001 7.16 -75 -27 12
L Superior temporal gyrus BA 22 < .001 6.40 -60 -15 6
L Superior temporal gyrus/Insula < .001 4.88 -39 -30 3
L Hippocampus .012 3.24 -36 -12 -18
L Caudate .002 3.94 -6 6 18

< .001 4.89 -24 9 18
.002 3.91 -21 24 18

R Caudate .013 3.20 18 18 15
Precuneus .001 4.14 0 -57 42

.011 3.27 0 -75 57
L Precuneus .001 4.03 -12 -54 18
L Cuneus .009 3.36 -39 -75 39
L Parietal/Middle cingulum < .001 4.48 6 -39 36
R Supramarginal gyrus, BA40 .003 3.73 45 -75 27
L Precentral gyrus, BA 4 .004 3.66 -3 -33 78
R Inferior orbitofrontal BA 46/47 .007 3.43 57 42 -9

This table shows the brain region, p and Z values, and stereotaxic coordinates (in mm) of
peak voxels in MNI space. Thresholded at p < .05, whole-brain corrected (FDR). R =
Right, L = Left

Figure 3.9  Brain regions more active for
the second rhythm presentation than the
first rhythm presentation. All areas
significantly active at p < .05, FDR
corrected for multiple comparisons.
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Table 3.4 Stereotaxic locations of peak voxels in the second presentation - the first
presentation contrast.

Brain Region p value Z x y z
Anterior Cingulate .006 4.79 6 27 42
R Superior frontal gyrus, BA 6/8 .008 4.06 15 12 57
R Anterior superior frontal gyrus, BA 10/47 .016 3.50 30 54 18
R Anterior superior frontal gyrus, BA 9 .007 4.22 42 39 36
L Anterior superior frontal gyrus, BA 10 .009 3.88 -36 57 21
R VLPFC, BA 13 .007 4.22 33 24 3
L VLPFC, BA 13 .018 3.44 -36 27 -3
L VLPFC, BA 47 .011 3.74 -45 21 0
R PMC, BA 6 .006 4.79 30 0 45

.008 4.05 42 6 36
L PMC, BA 6 .007 4.24 -21 3 60

.023 3.31 -21 -24 60
L Precentral gyrus, BA 6 .012 3.65 -66 -9 36
L Precentral gyrus, BA 4 .009 3.95 -45 -18 42
R inferior parietal, BA 40 .006 4.67 33 -45 45
R inferior parietal, BA 40 .008 4.05 42 -36 48
L parietal (precuneus), BA 7 .010 3.81 -27 -51 54

This table shows the brain region, p and Z values, and stereotaxic coordinates (in mm) of
peak voxels in MNI space. Thresholded at p < .05, whole-brain corrected (FDR). R =
Right, L = Left

Activation during the second and third presentations of the rhythms was also

examined. The second presentation - third presentation contrast shows activation in the

left middle and superior frontal gyri, and left angular gyrus (see Figure 3.10 and Table

3.5). The third presentation - the second presentation activated several areas, including

the anterior cingulate, right dorsolateral prefrontal cortex, bilateral ventrolateral and

inferior prefrontal cortex, left inferior and superior parietal lobules, bilateral superior

temporal gyri, the SMA, left precentral gyrus, right caudate, and thalamus extending into

the midbrain. See Figure 3.11 and Table 3.6.
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Figure 3.10  Brain regions
more active for the second
rhythm presentation than the
third rhythm presentation. All
areas significantly active at p <
.05, FDR corrected for
multiple comparisons. BA =
Brodmann area.

Table 3.5 Stereotaxic locations of peak voxels in the second presentation - the third
presentation contrast.

Brain region p value Z score x y z
L Middle frontal gyrus, BA 8/9 .023 4.65 -27 27 48
L Anterior superior frontal gyrus, BA  8/9 .041 3.56 -12 51 45
L Medial superior frontal gyrus, BA 9/10 .045 3.52 -9 63 33
L Medial superior frontal gyrus, BA 10 .048 3.48 -9 66 21
L Angular gyrus, BA 40 .023 4.26 -51 -57 36

This table shows the brain region, p and Z values, and stereotaxic coordinates (in mm) of
peak voxels in MNI space. Thresholded at p < .05, whole-brain corrected (FDR). R =
Right, L = Left, BA = Brodmann Area

Figure 3.11  Brain regions more active for the third rhythm presentation than the second
rhythm presentation. All areas significantly active at p < .05, FDR corrected for multiple
comparisons. VLPFC = Ventrolateral prefrontal cortex, STG = Superior temporal gyrus.
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Table 3.6 Stereotaxic locations of peak voxels in the third presentation - the second
presentation contrast.

Brain region p value Z score x y z
Anterior cingulate, BA 32 < .001 4.82 3 39 24
L Cingulate gyrus, BA 32 < .001 5.41 −12 18 39
R DLPFC, BA 44/48 < .001 5.37 45 15 30
R Inferior frontal gyrus, BA 44/45 < .001 5.18 54 24 24
R Inferior frontal gyrus, BA 45 < .001 5.04 48 30 15
R Inferior frontal gyrus, BA 45 < .001 4.99 45 24 9
L Inferior frontal gyrus, BA 44 .004 3.52 −48 6 24
R VLPFC, BA 47 < .001 5.54 27 27 −6
L VLPFC, BA 47 < .001 5.18 −39 27 0
R Medial frontal gyrus, BA 8 < .001 4.56 3 27 45
R Medial frontal gyrus, BA 6 < .001 4.56 3 33 42
L Medial frontal gyrus, BA 6, SMA < .001 4.64 −12 0 54
R Inferior orbital gyrus .005 3.46 15 39 −24
L Precentral Gyrus/Inferior Frontal
Gyrus, BA 6

.002 3.84 −60 9 30

L Precentral gyrus, BA 4 < .001 4.94 −39 −15 57
L Superior temporal gyrus BA 22 < .001 4.71 −72 −27 12

< .001 4.60 −54 −15 3
L Superior temporal gyrus BA 42 < .001 4.28 −54 −39 12
R Superior Temporal gyrus BA 22/42 < .001 5.13 60 −36 9
R Superior Temporal gyrus BA 22 < .001 4.85 51 −24 0
L Middle temporal gyrus BA 37 .009 3.21 −45 −60 −3
L Insula/Angular gyrus < .001 4.60 −48 −21 15
L Superior parietal lobule .007 3.31 −27 −51 54
R Caudate .001 4.07 9 12 6
L Thalamus < .001 5.38 −3 −15 −3

This table shows the brain region, p and Z values, and stereotaxic coordinates (in mm) of
peak voxels in MNI space. Thresholded at p < .01, whole-brain corrected (FDR). R =
Right, L = Left, BA = Brodmann Area

3.6.2 - Region of Interest Analyses.

Because there were a priori hypotheses about the basal ganglia and SMA, and in

order to further analyse activity patterns in other brain areas of interest, a region of

interest (ROI) analysis was conducted. For the basal ganglia, where structure is easily

defined by anatomy and relatively invariant across individuals, structural ROIs were used

for the pallidum, putamen, and caudate (Tzourio-Mazoyer et al. 2002). For the cerebellum

and cortical structures, functional ROIs were defined using activations from the all
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rhythms - rest contrast (thresholded at p < .05 FDR corrected). This generated ROIs for

the left and right superior temporal gyrus, dorsal premotor cortex, and cerebellum, as well

as a single ROI on the midline for the SMA. All ROIs are shown in Figure 3.12.

Figure 3.12  All regions of interest overlaid on skull-stripped MNI template. Numbers
indicate levels in the z plane.

The ROI analysis was conducted using the software package MarsBaR

(http://marsbar.sourceforge.net). For each ROI, a t test was carried out to compare the

mean voxel value during trials of each rhythm type, and between each group. As shown

in Figure 3.13, the metric simple - metric complex contrast showed significantly

increased activation in the pallidum, putamen, caudate, SMA, and STG bilaterally. The

metric simple - nonmetric contrast revealed increased activation in the same areas, though

the caudate no longer reached significance (t-values for both contrasts are shown in Table

3.7). No significant differences in activation were seen between the metric complex and

nonmetric rhythms, and none of the areas were activated significantly more by the metric

complex or nonmetric rhythms than the metric simple rhythms.
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Figure 3.13  Levels of activation (proportion of blood-oxygenation-level-dependent
signal change) in each region of interest for each rhythm condition. The basal ganglia,
SMA, and STG show increased activation to metric simple rhythms, whereas the
cerebellum and premotor areas do not respond significantly differently across rhythm
types. ns = not significant

Table 3.7 t-values for metric simple - metric complex, and metric simple - nonmetric
contrasts, for each ROI.

Metric simple -
metric complex

Metric simple -
nonmetric

ROI t value t value
R Superior Temporal Gyrus 3.91*** 1.72*
L Superior Temporal Gyrus 4.13*** 2.08*
Supplementary Motor Area 2.36* 2.12*
R Caudate 2.06* 1.19*
L Caudate 1.83* 1.1 (ns)
R Pallidum 3.45*** 2.78***
L Pallidum 2.66** 1.74**
R Putamen 3.65*** 2.97***
L Putamen 4.05*** 3.4***
R Cerebellum 0.48 (ns) -0.22 (ns)
L Cerebellum 0.71 (ns) -0.22 (ns)
R Premotor 1.25 (ns) 0.46 (ns)
L Premotor 1.49 (ns) 0.58 (ns)

ns = not significant, * = p < .05, ** p < .01, *** p < .001, R = Right, L = Left
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Results of between-group analyses (see Fig. 3.14) revealed that musicians

activated the SMA, bilateral cerebellum, and right PMd significantly more than

nonmusicians did (see Table 3.8 for t-values). There were no significant interactions

between Musical training and Rhythm type.

Figure 3.14  Regions of interest in which musicians have greater activation than
nonmusicians.

Table 3.8 t-values for activation differences between musicians and non-musicians in
selected ROIs.

Musicians - nonmusicians
ROI t value

Supplementary Motor Area 1.99*
R Premotor Cortex 2.99**
R Cerebellum 2.77**
L Cerebellum 2.91**

* = p < .05, ** p < .01 R = Right, L = Left

3.7 - Discussion

In order to draw conclusions about how the brain processes different rhythm

types, it was crucial to remove confounds of difficulty. It was also necessary to have a
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task that ensured subjects were attending to the rhythms. Using the discrimination

paradigm, no significant behavioural differences were found between the rhythm types,

suggesting that task difficulty confounds were successfully removed. As subjects were

not performing exceeding well or poorly, the lack of difference is not due to ceiling or

floor effects. The lack of difference also does not appear to be due to an alternate, non-

temporal method of completing the task, because the number of intervals and overall

sequence length was the same in the repetitions containing deviants as in the standard

sequences. The discrimination paradigm should have reduced motor rehearsal and

response-preparation activation that might have obscured rhythm-processing activation.

Because activation in motor areas was being analysed, activation from motor imagery

during a reproduction task might have overwhelmed activation due to beat perception. By

only evaluating activation to the first two rhythm repetitions, we avoided confounds of

response preparation, as subjects would not yet have known which response to make.

Looking at differences between matched rhythm conditions also eliminated the need for a

non-temporal control task. Suitable control tasks for timing experiments can be difficult

to design, as non-temporal tasks may involve instantaneous judgements or easier

discriminations than temporal tasks (discussed in Coull et al. 2004).

The imaging data provide strong evidence for beat-based timing, and confirm the

importance of regular accent structure in beat induction. In the metric simple condition,

subjects exhibited significantly increased activity in the bilateral basal ganglia, SMA,

superior temporal gyri, and left inferior frontal gyrus, compared to the metric complex

and nonmetric conditions. The basal ganglia and SMA were predicted to be more

involved in beat-based timing. It is not clear, however, if they are involved in detecting

the accented tones that indicate beat, or in generating future predictions about accented

events, or both. Future studies to tease apart these possibilities will be needed. In addition,



Chapter 3: fMRI Experiment

91

a visual rhythm condition, which was not possible in the current experiment, would help

clarify the superior temporal gyrus activation. It is possible that subjects were better able

to form an auditory representation of the beat-based rhythms, consistent with the better

reproduction performance of beat-based rhythms in Experiment 6. Alternatively, the

auditory areas may be performing additional analysis or beat extraction, or subjects may

be using auditory imagery to predict the beat. A visual rhythm condition will be included

in future experiments to determine whether auditory cortex makes a supramodal

contribution to rhythm processing. The left inferior frontal gyrus activation, slightly

anterior to Broca's area, has been observed in verbal working memory studies (Chein et

al. 2001). Another proposition is that this area is involved in chunking, or encoding

structured stimuli, in both the spatial and verbal domains (Bor et al. 2003; Bor et al.

2004). Its activation in the current study is consistent with this account, as the beat in the

metric simple condition could be considered a higher-level regular structure that aids

working memory performance.

No areas were significantly more active during the metric complex or nonmetric

conditions when compared to the metric simple condition. In addition, no areas showed

significant differences in activation between the metric complex and nonmetric

conditions. This is in contrast to the conclusions of previous work (Sakai et al. 1999) that

found different patterns of activation for sequences with integer-ratio and noninteger-ratio

intervals. However, the two conditions were never directly contrasted in the previous

study, thus it is impossible to say if the differences in activation were significant.

The cerebellum and premotor areas, although active during the task, do not

respond significantly differently to the different rhythm types. They appear to be involved

in temporal processing, but without a specific role in beat-based timing. It is important to

note that coverage of the cerebellum inferior, lateral, and posterior to our ROIs was
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incomplete, and therefore it is not possible to conclude that no part of the cerebellum is

sensitive to the different rhythm types (see Fig 3.3). Musically trained participants recruit

these areas more than untrained participants do, although behavioural performance is not

significantly different between these groups. One explanation might be that musicians

recruit these areas for working memory purposes, either through strategies learned in

musical training, or simply through experience. In support of this explanation, premotor

areas have been implicated in rehearsal during working memory tasks (Smith et al. 1999)

and general working memory operations that are not task- or material-specific (Cabeza et

al. 2000). Certain areas of the cerebellum are also involved in working memory. The

cerebellar activation in this study was centred in lobule VI, extending into Crus I

(Schmahmann et al. 1999). These areas are modulated by working-memory load

(Desmond et al. 1997), and are active in verbal working memory tasks (Fiez et al. 1996),

as well as tasks involving storage and comparison of different durations (Mathiak et al.

2004).

Musicians may have used specific rehearsal strategies in aid of working memory

more than non-musicians. One reported strategy was motor imagery, for example,

imagining a finger or toe tap. The increased SMA activation in musicians is consistent

with this account. The SMA is involved in planning internally generated movement

(Cunnington et al. 1997; Deiber et al. 1999), and is activated by imagined movement

(Decety et al. 1994; Thobois et al. 2000).  Moreover, the increased cerebellar activation

observed in musicians might be a neural correlate of automaticity. The cerebellum is

critical for highly practised movements (Lang et al. 2002), and musicians may

automatically invoke motor imagery to accomplish the task. Support for this hypothesis

comes from studies showing that musicians automatically invoke motor imagery when

listening to musical pieces (Haueisen et al. 2001). It is not known, however, if this occurs
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when just listening to rhythms. The fact that musicians do not activate the basal ganglia

more than the non-musicians is consistent with idea that beat-based timing is universal

process; nearly all humans can perceive a beat in music, without special training or

practice, but merely through exposure to beat-based patterns (Drake 1998).

One theory about the roles of the basal ganglia and cerebellum suggests that the

cerebellum subserves timing in the milliseconds-to-seconds range, and the basal ganglia

subserves timing in the seconds-to-minutes range (Ivry 1996). Although the current

experiment did not directly test this theory, the results of this study imply that both areas

are involved in timing in the milliseconds-to-seconds range, but the basal ganglia are

more involved when the structure of a rhythm allows beat-based timing to be used. It is

possible in the current experiment that the basal ganglia are sensitive to accents occurring

at a higher level than the approximately 500-700 ms level predicted by previous research

(Parncutt 1994; Franek et al. 2000), but the highest possible accent level that repeats

within a presentation is between 1.76 and 2.16 seconds (which would occur twice in each

metric simple rhythm presentation). These lengths are more in the milliseconds-to-

seconds category than seconds-to-minutes category.

The involvement of the basal ganglia in beat-based timing suggests that the types

of deficits found on timing tasks when testing neuropsychological patients will be

dependent on the type of timing that can be used to accomplish the task. The majority of

neuropsychological studies test timing of isochronous intervals, which do not reliably

show beat-based timing advantages (as evidenced by the conflicting results of the beat-

based and interval-based studies reviewed in the introductory chapter). Therefore, future

neuropsychological studies using complex sequences will be important to clarify the roles

of the basal ganglia and cerebellum in timing.
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In addition to examining the activation patterns for the different rhythm types,

analysis of task-related activation was conducted. An outline of the cognitive processes

needed during each stage of the task is useful in interpreting the observed activation.

During the first presentation of the rhythms, subjects are hearing new auditory stimuli,

and engaging attentional, encoding, and working memory processes. During the second

presentation, maintenance in working memory of the first presentation, along with

updating and correcting of the representation with the second presentation, is occurring.

During the third presentation, comparative processes are needed, and an increase in

attentional load is likely, along with response preparation if a deviant is detected. The

observed activation is consistent with these expectations.

In the first presentation of the rhythms compared to the second, the superior

temporal gyri, precuneus/cuneus, and caudate were bilaterally active. The auditory cortex

activation in the superior temporal gyri is expected, as subjects were hearing and

attending to a new auditory stimulus. The precuneus/cuneus activation is probably from

switching of attention (Le et al. 1998; Dove et al. 2000). During the intertrial interval and

rest trials, subjects are attending to the screen (and anything else they may choose). After

the word "Listen" appears, the first rhythm begins to play, and subjects must switch their

attention to the rhythms to accomplish the task. A previous study has shown the caudate

to be active early in duration discrimination tasks, and was hypothesised in that study to

be involved in the encoding stage (Rao et al. 2001). The caudate activation in the current

study supports that hypothesis, as it is higher during the first presentation (when subjects

are encoding the rhythm) than the second.

The second presentation compared to the first presentation activates areas

associated with attentional systems and working memory, including the anterior

cingulate, right DLPFC, and inferior parietal cortex. Several of these areas are even more
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active in the third presentation compared to the second. The anterior cingulate and right

dorsolateral prefrontal cortex are implicated in a variety of cognitively demanding tasks,

with diverse range of stimuli (Duncan et al. 2000), including selective attention and task

management (Smith et al. 1999), and monitoring of working memory (Owen et al. 1996).

Activation in both frontal and parietal areas correlates with working memory load

(Klingberg et al. 1997) and these areas are activated by other temporal tasks (Lejeune

1997; Rubia et al. 1998; Jäncke et al. 2000).

The ventrolateral prefrontal cortex is also activated more in the second

presentation than the first. The VLPFC has been implicated in auditory working memory

(Petrides et al. 1993), and as the site where active comparisons of information held in

working memory are made (Petrides 1994; Owen et al. 1996). Both of these theories fit

with the activation observed during our task, in which subjects are likely rehearsing the

rhythm in working memory, and comparing (and updating) their representation of the

rhythm during the second presentation. This hypothesis is confirmed further by the

increase in activation in VLPFC during the third presentation compared to the second

presentation, though other cognitive processes are certainly occurring during that time,

such as deviant detection, decision-making, and response preparation.

The third presentation compared to the second activates areas implicated directing

attention, such as the thalamus (LaBerge et al. 1990), and areas implicated in auditory

selective attention, including bilateral superior temporal gyri, right middle frontal gyrus,

right inferior frontal gyrus, and the inferior parietal lobe (Woldorff et al. 1993; Pugh et al.

1996). As hearing the third rhythm was critical to doing the task, and was only played

once, subjects are apt to increase their attention to the third presentation. Finally, response

preparation probably underlies the left precentral gyrus and right caudate activation.
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It has been proposed that left hemisphere structures preferentially process rhythm

(Mavlov 1980; Polk et al. 1993). The data contain little confirmation of this. The rhythms

activated superior temporal gyri bilaterally, in both musicians and nonmusicians. The

motor structures involved were also activated bilaterally, and musical training increased

recruitment of the right, not left, premotor area. The role left versus right hemisphere

structures play will need to be followed up in neuropsychological patients or by using

transcranial magnetic stimulation (TMS) to assess the necessity and sufficiency of these

structures in rhythm processing.

The next experiments were designed to assess the necessity of the basal ganglia in

beat-based rhythm processing. Although the neuroimaging results suggest that the basal

ganglia and SMA are involved, they may not be required to perceive a beat or for beat-

based timing to occur. Patients with stroke affecting the basal ganglia and patients with

Parkinson's disease were tested to see if they showed a beat-based advantage in rhythm

reproduction and discrimination (for patients with stroke) or only discrimination (for

patients with PD).
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Chapter 4: Neuropsychological Patient Experiments

4.1 - Experiment 11

4.1.1 - Introduction

Several studies have examined temporal processing in neuropsychological

patients. Deficits have been found after damage to cortical areas including the prefrontal

cortex (Nichelli et al. 1995; Harrington et al. 1998; Mangels et al. 1998), the

supplementary motor area (Halsband et al. 1993), the premotor cortex (Halsband et al.

1993; Harrington et al. 1998), the inferior parietal lobule (Harrington et al. 1998), and

superior temporal gyri (Liegeois-Chauvel et al. 1998; Penhune et al. 1999; Wilson et al.

2002). Timing deficits occur after damage to subcortical areas as well, including the basal

ganglia (Harrington, 1998; Artieda, 1992; Rammsayer et al. 1997) and the cerebellum

(Ivry et al. 1988; Ivry et al. 1989; Nichelli et al. 1996; Mangels et al. 1998; Molinari et al.

2003). One can conclude from these studies that no single brain area is uniquely

associated with significant timing deficits. Timing is likely to result from the interaction

of several brain areas, each with a specific contribution. Prefrontal and parietal areas are

most likely involved in working memory and sustained attention processes that are

present in the tasks used to test temporal processing. In support of this view, two of the

prefrontal damage studies mentioned above find that patients were also impaired on

control tasks (Nichelli et al. 1995; Mangels et al. 1998). Even in studies where patients

show impairments only on timing tasks, control tasks may not be balanced for attentional

requirements. Frequency discrimination is often used as a control condition for duration

discrimination (Harrington et al. 1998; Mangels et al. 1998), even though duration

discrimination requires sustained attention to the entire duration, and frequency

discrimination can occur within the first few-hundred milliseconds. In addition, frequency
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perception may depend on fewer resources than duration perception. Duration

discrimination under dual-task conditions deteriorates in healthy subjects, whereas

frequency discrimination does not (Casini et al. 1999).

There is clear evidence for basal ganglia and cerebellar involvement in timing

processes. In addition to the evidence in studies cited above, a study of a patient with

complete callosal sectioning confirms a subcortical role in duration perception (Handy et

al. 2003). In this study, stimulus durations shown to only one hemisphere were accessible

bilaterally, even though no transcallosal communication was possible. As representations

derived in either the basal ganglia or the cerebellum are available to both hemispheres,

the relative contribution of each structure is still unclear.

Most previous patient studies involve synchronisation/continuation paradigms, or

discrimination of single intervals. Very few patient studies have examined timing of

sequences of complex intervals. Testing beat-based and non-beat-based rhythms in

patient populations may shed some light on contributions of the various motor areas to

different timing processes. Here, the focus is on patients with damage to the basal

ganglia, as the fMRI data in the previous chapter suggest specific involvement of the

basal ganglia in beat-based rhythm processing.

The experiments presented in this chapter test patients with basal ganglia damage

on metric simple and metric complex rhythms. If the basal ganglia are necessary for

accent-perception or beat-induction, patients with basal ganglia damage should show a

reduced performance benefit when processing beat-based rhythms, compared to

neurologically normal control subjects. The first experiment examines rhythm

reproduction and discrimination in patients with unilateral damage of the basal ganglia

(from infarct). To my knowledge, no other experiments have tested patients with this type

of damage on rhythm tasks. The second experiment examines rhythm discrimination in
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patients with a degenerative disorder of the basal ganglia, Parkinson's disease.

Reproduction was not tested in the PD patients. Tremor prevents some patients from

being able to tap a sequence on a keyboard, and less severe tremor still poses problems

when trying to separate intentional and unintentional keypresses.

4.1.2 - Materials

Materials were the metric simple and metric complex rhythms from Experiment 6

(the nonmetric rhythms were not used). Subjects were also administered the National

Adult Reading Test (NART) (Nelson et al. 1991) which has been shown to provide a

valid pre-morbid estimate of IQ (Crawford et al. 2001; Bright et al. 2002).

4.1.3 - Participants

Seven patients with unilateral basal ganglia damage from stroke and 15 controls

participated. Patients were recruited from the Martinez Veterans Affairs Medical Center

in California, USA. Five patients had lesions of the left basal ganglia; two had lesions of

the right. When possible, patients responded with their ipsilateral hand. All patients were

at least six months post-stroke.

Patients and controls were matched for age and years of education. All

participants were right handed.

4.1.4 - Procedure

Subjects participated in a reproduction paradigm in the first half of the

experiment, and a discrimination paradigm in the second half. The reproduction

procedure was the same as in Experiment 6, except subjects only heard the rhythm two

times before tapping it back. The discrimination procedure was the same as Experiment 7.

In each half of the experiment, subjects practised four trials, then completed two blocks of
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30 trials each. There were 30 trials of each rhythm type (metric simple and metric

complex), presented in random order in each half.

The basal ganglia patients were hypothesised to show a smaller performance

advantage than controls for the metric simple condition when compared to the metric

complex condition. Subjects were placed into three categories, depending on the level of

musical training. Category 1 was for little or no musical training, 2 was for moderate (3 -

10 years) musical training, and 3 was for 10+ years training, and continued musical

activity.

4.1.5 - Results

Reproduction performance was assessed following the procedures outlined in

Experiment 1 (see Appendix I).

The ages, musical training levels, and NART scores of patient and control groups

were tested to see if the two groups significantly differed on these measures. An F-test

was used to examine the data for equal or unequal variance, and then an independent-

samples t test with equal or unequal variance was conducted to determine significance.

Age (patients = 61.4, controls = 56.8) and musical training (patients = 1.1, controls = 1.5)

did not significantly differ between the groups (t(20) = 1.10, p = .30, t(20) = -1.79, p =

.09), although NART scores were significantly better in the controls than the patients

(21.7 errors, 9.8 errors, t(20) = 3.07, p = .018).
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Figure 4.1 Percent correct scores for controls and patients on metric simple and metric
complex rhythms in the reproduction task, adjusted for NART performance.

The NART scores significantly predicted the number of sequences reproduced

correctly in each condition (F(1,19) = 12.18, p = .002). When controlling for NART

performance, subjects performed more metric simple sequences correctly than metric

complex sequences (22% correct vs. 14% correct), as confirmed by a mixed-design

ANCOVA with Rhythm Type as the within-subjects factor, Group (patient, control)  as

the between-subjects factor, and NART errors as the covariate (F(1,19) = 11.83, p =

.003). No other main effects or interactions were found.

As three patients and two controls did not perform any metric complex sequences

correctly, analysis of the accuracy of the individual intervals was only completed on the

remaining four patients and 13 controls. One patient and four controls had no data for

some intervals due to the few sequences being performed correctly not containing certain

intervals, so the analysis was collapsed across interval to keep as many subjects as

possible. A mixed-design ANCOVA on the proportional deviation measure (averaged

across intervals) with Rhythm Type as the within-subjects factor, Group as the between-

subjects factor, and NART errors as the covariate, revealed no main effects or

interactions.
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For the discrimination task, NART scores again significantly predicted

performance (F(1,19) = 6.31, p = .021). When controlling for NART performance,

subjects were more accurate at discriminating metric simple sequences than metric

complex sequences (d': metric simple = 1.92, metric complex = 1.13), as confirmed by a

mixed-design ANCOVA (F(1,19) = 5.69, p = .028). No other main effects or interactions

were found.
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Figure 4.2  d' scores (adjusted for NART performance) for patients and controls on
metric simple and metric complex rhythms in the discrimination task.

4.1.6 - Discussion

Compared to controls, the patients showed no overall rhythm deficit, and no

specific beat-based rhythm deficit. Performance of both patients and controls is consistent

with the previous experiments in this thesis on these rhythms. The metric simple

condition was performed more accurately than the metric complex condition, in both

reproduction and discrimination. In reproduction, the overall number of correct sequences

was lower than in a pilot experiment that also used two rhythm presentations, but this

effect is likely due to the higher subject age in this study. NART performance was a
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significant predictor of performance on both rhythm tasks. This is consistent with

previous work that has found IQ to be correlated with performance on rhythm tasks

(Moore et al. 1982).

There are several potential reasons why a beat-based rhythm deficit was not

observed in the current experiment. The basal ganglia may not be necessary for

processing beat-based rhythm. On the other hand, the damage was unilateral in all cases.

The basal ganglia activation in the fMRI study was bilateral, thus, in patients, the

undamaged side could be compensating for any difficulties in processing by the damaged

side. It was not possible to test all patients contralateral to the lesion, as some had

contralateral hemiparesis, but there was no evidence of deficit even in patients that were

tested contralateral to the side of the lesion. In addition, the rhythms were presented to

both ears, allowing processing of the rhythms by both hemispheres. Auditory projections

are bilateral from the cochlea to the nuclei of the lateral lemniscus. From that point on,

the projections are mainly contralateral, but rhythms presented to the contralateral ear

would still have been projected to both hemispheres. A dichotic listening paradigm may

be more appropriate, perhaps presenting rhythm to the contralateral ear and white noise to

the ipsilateral ear in order suppress the ipsilateral processing of the rhythm. Future studies

using a presentation of this sort may have more success in discovering the contribution

the basal ganglia are making to beat-based rhythm processing.

The next study tested patients with bilateral degeneration of the basal ganglia due

to Parkinson's disease, and thus did not require unilateral presentation and contralateral

response.
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4.2 - Experiment 12

4.2.1 - Introduction

Parkinson's disease is characterised by progressive cell death in the substantia

nigra that decreases dopamine release by the striatum, affecting excitatory input to the

posterolateral putamen (Lewis et al. 2003). Previous studies in patients with Parkinson's

disease have shown deficits in timing tasks (Artieda et al. 1992; Harrington et al. 1998).

In PD patients, dopaminergic treatment improves motor timing (Pastor et al. 1992;

O'Boyle 1997) and time perception (Malapani et al. 1998). Dopaminergic treatment also

partially normalises activation in PD patients during paced finger tapping tasks (Elsinger

et al. 2003). In addition, administration of haloperidol (a dopamine receptor antagonist) to

healthy adults impairs timing of 50 ms and 1000ms intervals (Rammsayer 1999). In

nearly all previous research, discrimination of single intervals or isochronous tapping

tasks are used. Little is known about how PD patients process complex rhythms. In this

experiment, PD patients with bilateral basal ganglia degeneration are tested on rhythm

discrimination of the metric simple and metric complex rhythms. The bilateral nature of

the degeneration in the subjects tested prevents compensation by the undamaged side that

may have been present in the previous experiment. If the basal ganglia are necessary for

beat-based rhythm processing, the PD patients should show a decrement in discrimination

performance for the metric simple rhythms.

4.2.2 - Materials

Materials were the standard and deviant metric simple and metric complex

rhythms from Experiment 7 (the nonmetric rhythms were not used).
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4.2.3 - Participants

Fifteen patients and fifteen controls participated. PD patients were recruited by

letter from the Brain Repair Centre at Addenbrooke's Hospital, in Cambridge, UK. PD

patients were approximately Hoehn and Yahr stage 2 (Hoehn et al. 1967), with disease

duration of 1 to 12.5 years. Controls were recruited from the Cambridge area by letter and

email.

4.2.3 - Procedure

Subjects were tested on the discrimination paradigm used in the previous

experiment. The reproduction paradigm was not tested. PD patients displaying tremor

severe enough to interfere with a button-press response stated their responses aloud

("same" or "different") and the experimenter recorded the response. For this reason,

reaction times were not included in the data analysis. All patients were on their regular

medication regimen and were right-handed. Percent correct and d' scores were calculated

for the metric simple and the metric complex conditions, for each subject. The

Parkinson's disease patients were hypothesised to show a smaller difference between the

metric simple and metric complex conditions than the control subjects. As before,

subjects were placed into three categories, depending on the level of musical training.

Category 1 was for little or no musical training, 2 was for moderate (3 - 10 years) musical

training, and 3 was for 10+ years training, and continued musical activity.

4.2.4 - Results

The Ages, Musical training levels, and NART scores of PD patient and control

groups were tested to see if the two groups significantly differed on these measures. An

F-test was used to examine the data for equal or unequal variance, and then an

independent-samples t test with equal or unequal variance was conducted to determine
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significance. There were significant differences between patients and controls in Age

(Control = 57, PD = 67; t(1,28) = 3.19, p =  .004) and Musical training (Control = 1.5, PD

= 1; t(1, 28) = -3.23, p = .003) but not mean NART errors (Control = 9.8,  PD = 12;

t(1,28) = 1.08, p = .29). Because of differences in Age and Musical Training, and as the

previous study indicated NART errors were predictive of scoring on this task, NART,

Age and Musical training were included as covariates in the analysis. A between-subjects

ANCOVA was conducted, with Group (Patient, Control) as the between-subjects factor,

Rhythm type as the within-subjects factor, and NART scores, Age, and Musical training

as covariates on d' scores and percent correct. There was no main effect of Rhythm type

(d': F(1,25) < 1; percent correct: F(1,25) < 1). A trend for a main effect of Group was

observed on d' scores (F(1,25) = 2.93, p = .10), and a significant effect of NART was

found for d' scores and percent correct (d': F(1,25) = 9.3, p = .005; percent correct:

F(1,25) = 8.83, p = .006). As Age and Musical training had no significant effects on d'

scores or percent correct (d': Age: F(1, 26) < 1; Musical training: F(1,26) < 1, p = .39;

percent correct: Age: F(1,26) < 1; Musical training: F(1,26) < 1), and their inclusion

caused the loss of two degrees of freedom, the same analysis was run again without these

covariates. The between-subjects ANCOVA with Group including NART as a covariate

on d' scores and percent correct found that Controls were significantly more accurate at

deviant discrimination than PD patients (d': F(1,27) = 7.42, p = .01; percent correct:

F(1,27) = 5.10, p = .032). There was a significant effect of Rhythm type on d' scores

(F(1,28) = 5.58, p = .026) and a marginally significant effect of Rhythm type on percent

correct (F(1,27) = 3.88, p = .059). See Figures 4.3 and 4.4. The metric simple rhythms

were discriminated more accurately than the metric complex rhythms (d': 1.59 vs. .99;

percent correct: 75% vs. 67%). There was a significant interaction between Group and

Rhythm type on d' scores (F(1,27) = 3.4, p = .038, one-tailed), and a marginally



Chapter 4: Neuropsychological Patient Experiments

107

significant interaction on percent correct (F(1,27) = 2.29, p = .07, one-tailed). NART

significantly predicted d' scores and percent correct (d': F(1,27) = 11.02, p = .003; percent

correct: (F(1,27) = 10.15, p = .004).
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Figure 4.3  d' scores (adjusted for NART performance) for patients and controls on
metric simple and metric complex rhythms in the deviant discrimination task.
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Figure 4.4  Percent correct scores (adjusted for NART performance) for patients and
controls on metric simple and metric complex rhythms in the deviant discrimination task.
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4.2.5 - Discussion

Overall, PD patients scored worse on rhythm discrimination than controls. It is

possible that this is the result of a perceptual timing deficit, as other studies have reported

time perception deficits in medicated (Harrington et al. 1998) and unmedicated (Artieda

et al. 1992; Pastor et al. 1992) PD patients. However, working memory and attentional

impairments also have been observed in PD patients (Brown et al. 1988; Cooper et al.

1991; Fournet et al. 2000), and could also be the cause of lower performance on this task.

Unfortunately, the controls and PD patients were not ideally matched, as both age and

levels of musical training differed between the groups. These factors did not appear to

have an effect on discrimination performance, but better matching between controls and

PD patients would have improved confidence in the effects that were observed.

The metric simple condition was discriminated correctly significantly more often

than the metric complex condition in both controls and PD patients. The difference was

significant for the d' scores, and marginally significant for the percent correct scores.

In addition, discrimination of metric simple rhythms was more affected by dysfunction of

the basal ganglia than metric complex rhythms. This predicted interaction was significant

for d' scores, though only marginally significant for percent correct. Thus, the hypothesis

that the control group would show a greater benefit for beat-based rhythms than the PD

group is confirmed. The inclusion of Age and Musical training as covariates, however,

diminished the significance of this effect (by inflating error variance through lack of

predictive power, and reducing the degrees of freedom). Although Age and Musical

training do not significantly affect performance on this task, the fact that their inclusion as

covariates eliminates the significance of the interaction between Rhythm type and Group

indicates the effect is probably weak. However, all patients were on medication, which

may have mitigated any deficit to a certain extent.
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Future studies using PD patients on and off medication may show stronger effects,

especially as individual variability on this task is high, and therefore having patients serve

as their own controls would eliminate an important source of between-subjects variability.

In addition, studies of patients with Huntington's disease may prove more fruitful.

Huntington's disease causes degeneration of the caudate and putamen directly, unlike

Parkinson's disease, in which the degeneration affects input to the putamen. Finally,

pharmacological studies using dopamine antagonists on healthy volunteers provide

another option, and again one in which subjects can serve as his or her own control.
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Chapter 5 - General Discussion and Conclusions

5.1 - Introduction

The hypotheses tested by the experiments reported in this thesis were 1) that beat-

based timing exists, and 2) that beat-based timing is mediated by the basal ganglia and

SMA. The data support both hypotheses, and also provide information about the types of

sequences that induce beat-based timing, additional brain areas that may be involved, and

the influence of musical training on the neural systems that process rhythm.

A summary and discussion of the results follows. Limitations of the current

experiments and potential future directions are discussed, and the thesis ends with general

conclusions.

5.2 - Summary of results

The first experiments (presented in Appendix I) tested whether performance of

integer-ratio rhythms showed a beat-based timing benefit when compared to performance

of noninteger-ratio rhythms. Experiment 1 is a direct replication of a previous rhythm

reproduction study, based on behavioural methods presented in the original paper (Sakai,

1999). The experiment fails to replicate the original behavioural findings. All subjects in

the original study performed 90% or more of the sequences correctly. In the replication

attempt, no subject achieved greater than 52% correct, and the average performance

across subjects was 27% correct. Modifications were made to the stimuli and to the

paradigm in Experiments 2 and 3 in order to improve subjects' performance, but

improvement was marginal. I attempted to contact the first author by email, hoping to

determine the nature of the discrepancy between our results, but no reply was received. It

is difficult to explain the why subjects in the original study performed so much better than
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subjects in the current studies. It is possible that highly-trained subjects or expert

musicians might achieve such high performance, but the subjects were not professional

musicians, and only 10 trials were given for practise. Given that many more subjects

participated in the current reproduction experiments than in the original experiment, I

conclude that the original results do not generalise to the population. Even if integer-ratio

rhythms do induce a beat, the reproduction paradigms are so difficult that they are

unlikely to be a sensitive measure, and different paradigms may be necessary. To address

this, Experiment 4 used a discrimination paradigm and Experiment 5 used a subjective

ratings paradigm to test for differences between integer-ratio and noninteger-ratio

rhythms in the context of a task that subjects could perform. The results of these two

experiments suggest that the integer-ratio versus noninteger-ratio distinction does not

produce reliable performance differences. The overall results of Experiments 1 through 5

therefore provide little support for the fact that integer-ratio rhythms may induce a beat.

Although 1:2:4 rhythms were reproduced accurately more often than 1:2.5:3.5 rhythms,

1:2:3 rhythms were not consistently different from either 1:2:4 or 1:2.5:3.5 rhythms, even

though 1:2:3 rhythms are in the integer-ratio category. In addition, during both auditory

and visual discrimination tasks, 1:2:4 rhythms produced neither accuracy nor reaction

time benefits compared to 1:2.5:3.5 rhythms. However, the ratings study found that the

1:2:4 rhythms were regarded as slightly more rhythmic than 1:2.5:3.5 rhythms. Overall,

the results of these experiments suggest that 1:2:4 rhythms (but not the 1:2:3 rhythms)

may have been inducing a beat, but not consistently or strongly. Alternative

interpretations are that beat-based timing does not exist, or that it does not provide a

consistent performance benefit.

 To distinguish among these possibilities, new rhythms were created for the

experiments in chapter 2. The new rhythms also used integer-ratios and noninteger-ratios,
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but varied in the regularity of the accent distribution (achieved by varying the order of the

intervals). The metric simple condition used integer-ratios and regular accent

distributions. The metric complex condition also used integer-ratios, but had irregular

accent distributions. The nonmetric condition used noninteger-ratios and irregular accent

distributions.

In chapter 2, reproduction, discrimination (a more difficult and a less difficult

version), and ratings of the new rhythms were analysed. In both the reproduction task and

the difficult discrimination task, subjects performed the metric simple condition

significantly better than the metric complex and nonmetric conditions. The effect was

present in both the auditory and the visual modality. In the difficult discrimination task,

however, the nonmetric condition was also performed less accurately than the metric

complex condition, likely due to a particularly difficult type of deviant present only in the

nonmetric condition. Therefore, a new discrimination paradigm was tested, using slightly

easier deviant sequences. Behavioural performance in the easier discrimination paradigm

was equal across all three conditions, thus the paradigm was deemed suitable for use in

fMRI. To test the subjective impressions of the metric rhythms, and to determine if

subjective impressions correlated with performance measures, a ratings study was

conducted. The metric simple condition was rated as significantly more rhythmic than

metric complex condition, and this effect was stronger in the auditory than the visual

modality.

The fMRI experiment in chapter 3 provided converging evidence for the existence

of beat-based timing. Confirming predicted neural hypotheses, metric simple rhythms

activated the basal ganglia and SMA more than metric complex and nonmetric rhythms

did. In addition, areas of the bilateral superior temporal gyri and left inferior frontal gyrus

were more active for the metric simple rhythms. No areas were significantly more active



Chapter 5: General Discussion

113

during the metric complex or nonmetric rhythms than during the metric simple rhythms,

and no areas responded significantly differently between the metric complex and

nonmetric rhythms. The latter result contradicts earlier work that suggests the neural

representation of a sequence is dependent on the ratio-relationships between intervals in

the sequence (Sakai et al. 1999). The fMRI results suggest that accent distributions within

the sequence play a larger role than ratio-relationships, as neural activation for metric

simple and metric complex rhythms significantly differed, even though they used the

same interval-ratios, but neural activation for metric complex and nonmetric did not

significantly differ, even though they used different interval-ratios.

With respect to effects of musical training, musicians activated the SMA, right

premotor cortex, and bilateral cerebellum more than nonmusicians. There were no

interactions between levels of musical training and rhythm type. In addition, musicians

did not perform the discrimination task significantly more accurately than nonmusicians.

Taken together, the findings suggest that activation of these areas may not necessarily

improve performance, but could be related to strategies learned in musical training, or

functional coupling of these areas through extensive practise to general rhythm

processing areas.

The patient studies in chapter 4 provide suggestive evidence for the necessity of

the basal ganglia to beat-based timing. Unilateral basal ganglia lesions do not produce any

detectable rhythm deficits, though bilateral presentation of the rhythms may have allowed

compensation by basal ganglia in the intact hemisphere. Parkinson's disease patients do

show an overall rhythm deficit, and also show worse performance than controls of metric

simple rhythms compared metric complex rhythms, suggesting that the basal ganglia do

play a specific role in beat-based timing.
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5.3 - Implication of results for timing models

The results presented in this thesis provide strong converging evidence for the

existence of beat-based timing. In order to induce beat-based timing, sequences

containing appropriate accent structure and grouping are required. The metric model

assumes that beat-detection in temporal sequences is attempted automatically, without the

need for explicit instruction (Essens et al. 1985). Others have suggested that the

automaticity can be overridden, and is therefore nonobligatory (Keele et al. 1989). The

results of Experiments 6, 7, and 9 uphold the automaticity proposition, as subjects were

given no indication as to the presence of a beat, but reproduced and discriminated beat-

based sequences more accurately, in addition to rating them as more rhythmic. Evidence

that the automaticity cannot always be overridden comes from another experiment

(Barnes et al. 2000), in which an isochronous sequence was presented (to induce a beat in

listeners), followed immediately by a standard interval and a comparison interval.

Subjects were instructed to ignore the isochronous sequence, and only concentrate on

timing the standard and comparison intervals. Subjects' performance showed that they

entrained to the beat in the preceding isochronous sequence, even when it impaired their

accuracy in timing the single duration presented immediately after.

Although Barnes (2000) found evidence for the presence of beat-based timing of

single durations, other studies have not (Keele et al. 1989; Ivry et al. 1995; Pashler 2001).

The conflicting evidence for beat-based timing likely results from the stimuli used.

Timing of single durations (within or outside the context of an isochronous sequence)

probably does not fully exploit the advantages of the beat-based system. I speculate that

the beat-based system allows parsimonious encoding of sequences of different durations.

When the beat-based system can be used, startpoints of the different durations occur not

at any arbitrary point in time, but at points that are multiples or subdivisions of the beat.
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This constraint greatly reduces the complexity of the representation that is needed to

encode the sequence. Although it is important to have the flexibility of an interval-based

system to encode timings that are irregular, the flexibility comes at a cost. This cost does

not appear consistently when testing timing of isochronous sequences or single durations,

but can be observed when testing certain types of sequences containing different

durations, such as the metric simple rhythms described in this thesis.

Interestingly, the metric model makes no claims about what types of accents are

present in isochronous sequences. However, previous research suggests that subjects do

hear accents in these sequences (Brochard et al. 2003). The study mentioned above also

demonstrates that isochronous sequences can induce a beat (Barnes et al. 2000). Further

research will be necessary to discover how accents in isochronous sequences are

perceived, and the implications of these types of accents for beat-based timing.

How the results of the current experiments inform the mode of operation for the

internal clock is not clear. Speculatively, the internal clock may be involved in measuring

of durations in an interval-based fashion, and an additional component involved in

analysing the structure of the pattern to determine if a beat is present. Alternatively, the

internal clock may be directly involved in beat-detection. In either case, the component

that detects the beat likely has a feed-forward connection to attentional areas, as increased

attention to events that coincide with the predicted beat has been suggested by other

studies (Jones et al. 1981; Jones et al. 2002).

The debate about the role of the cerebellum versus the basal ganglia in timing may

be informed by the results in this thesis. The basal ganglia appear to make an essential

contribution to the beat-based timing system, as suggested by the neuroimaging study and

supported by the results of the Parkinson's disease study. Although the cerebellum is also

active during rhythm perception, it is equally active when processing beat-based and non-
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beat-based rhythms. If the beat-based system is reliant upon the basal ganglia (as the

experiment with Parkinson's patients suggests), then its contribution to timing is likely to

differ from the contribution of the cerebellum. The cerebellum may be important to

perceiving the lengths of individual intervals, whereas the basal ganglia may be important

in detecting the presence of regularly accented events that define a beat-based structure.

However, as the basal ganglia are also critical to prediction of movements in well-learned

sequences, it is possible this predictive function extends to events in time. In this case, the

basal ganglia may predict accented events, rather than detect them (though it could

participate in both processes).

5.4 - Limitations of current work

Although the experiments in this thesis provide converging evidence for the

existence of beat-based timing, limitations are present.

Factors other than those tested in these experiments are likely to influence rhythm

processing. The repetition of intervals or repetition of small patterns within temporal

sequences was not addressed, and no stimuli were used in which the level of repetition

was systematically varied. How repetition and other factors (such as overall tempo,

sequence length, and the presence of longer or shorter durations than those used in these

experiments) affect performance cannot be determined from the current set of

experiments.

In addition, the tasks used in all the experiments in this thesis contained encoding,

mnemonic, and retrieval components. For this reason, it is not possible to determine the

degree to which beat-based timing affects each component process separately. It seems

intuitive that it may affect all of the components, but the data do not provide any evidence

for or against that possibility. This is especially problematic in the Parkinson's disease
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patients, where an overall deficit and a specific beat-based deficit are observed, but it is

unclear if both deficits arise from a similar cause, or if the nature of the overall deficit

differs from the nature of the beat-based deficit.

In addition, the anatomical focus of the neuropsychological experiments was the

basal ganglia, although other areas were implicated in beat-based processing by the fMRI

study. Further experiments with different neuropsychological patient groups will be

critical in assessing the role of other areas in beat-based timing. In particular, testing of

cerebellar atrophy or focal cerebellar lesion patients will be important in determining the

contribution of the cerebellum to rhythm processing. The current series of experiments do

not clarify if the cerebellum underlies timing of all types of rhythm (as implied by the

fMRI study), or if the beat-based system may perform some timing operations (such as

beat-detection) independent from cerebellar input.

The lack of visual condition in the fMRI and neuropsychological patient studies

means that no conclusions can be made about the supramodal contribution of these areas

to timing or rhythm processing. The areas may contribute differentially to processing of

rhythm in different modalities. This issue is particularly relevant in the fMRI study, in

which the observed temporal lobe activation could easily be a result of the auditory

stimuli that were used, and without a visual condition, it is impossible to know if the

temporal lobe is involved in processing of rhythm in general, or only rhythms in the

auditory modality. Similar criticism can be levied against the PD patient results, as it is

not known if damage to the basal ganglia affects rhythm processing supramodally.

A further limitation was the use of somewhat lenient criteria in selecting

musicians in the fMRI study. Significant activation differences between musicians and

nonmusicians were observed only in the ROI analyses, but stronger results that survived

correction for multiple comparisons across the whole brain might have been seen if
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professional musicians had been tested. The power to detect any interactions between

rhythm type and musical training were also reduced by not having stricter criteria for

musician selection.

Removing behavioural differences in the fMRI study was important in order to

draw conclusions from brain activation differences, but significantly reduced the power to

detect correlations of brain activity with successful performance of the task. Thus, the

lack of correlation between activation in any particular brain area and successful

discrimination may not be upheld in future work. In addition, encoding, working memory,

and comparison processes were all occurring during the first two rhythm presentations.

Thus, the contribution of different brain areas to these processes (and whether the

contribution of different brain areas may have differed among rhythm types) was difficult

to ascertain.

5.5 - Future directions

The findings presented in this thesis suggest several areas for future research in

behavioural, neuroimaging, and neuropsychological domains.

Behaviourally, more research is needed into how accent perception occurs. It is

known that tones that are louder in volume sound accented, but the "interval-produced"

accents, the perceptual accents that occur on certain tones, even though they are equal in

all respects but the time separating them, need further study. Previous studies suggest that

orienting, energy integration, and masking are unlikely to be the cause of these accents

(Povel et al. 1981). The authors suggest that processing of tones is interrupted when

followed shortly by other tones, thus decreasing the perceptual salience of the earlier

tones. In this case, an accent is heard on the uninterrupted tone because processing can be

completed. Although this explanation is intriguing, it needs further study. For example, at
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very slow rates, when processing of each tone can be completed before the next tone is

presented, are accents still perceived?

In addition, examining how the expectation of a beat influences accent perception

will be necessary, as accents at the beginning of temporal sequences presumably have

more influence in dictating the beat than accents later in sequences. Along a similar line,

determining the relative importance of different accent types will be important. For

example, the final tone of a three-tone group may carry more or less weight than the final

tone of a two-note group, which may carry more or less weight than a single tone on its

own. One way of examining this issue is to create sequences in which the beat induced by

one type of accent is different from that induced by another type of accent. The relative

strength of the different types of accents can be determined by observing the beat that is

actually perceived by the listener. Finally, the role of cultural experience in accent

perception remains to be tested. Tones heard as accented in the music of one culture are

not always heard as accented in another culture (Cross 2001). In this case, accents may

not arise from basic sensory processing constraints, but from the cultural experience of

the listener. Alternatively, cultural experience may override accents that arise from

processing constraints. This issue remains open to empirical investigation.

One phenomenon that is consistently observed throughout the behavioural studies

is large individual differences in rhythm performance. Some individuals perform rhythm

tasks very well, and others rather poorly. The behavioural data collected during the fMRI

experiment implies that these differences are not due to levels of musical training, though

it is possible musical training may have an effect. Rhythm capacities are likely to be

correlated with other types of capacities. However, what these other capacities may be is

unclear. Future work to determine if general intelligence, verbal ability, or other abilities

are correlated with rhythm abilities will be informative. For example, the findings may
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influence what other types of tasks should be tested with neuropsychological patients that

have rhythm deficits. It has been proposed on the basis of neuropsychological patient

work that there is a rhythm submodule in the brain (Peretz et al. 2003). However,

evidence for this theory would be stronger if patients showing rhythm deficits were also

tested on tasks that had been shown to correlate with rhythm abilities, as opposed to

simply comparing performance on other musical or auditory tasks. If patients are

unimpaired on tasks that correlate with rhythm abilities, then there is stronger evidence

for this theory than exists to date. Along a different line, correlation of rhythm processing

ability with other abilities may allow clinical rehabilitation therapies to be developed in

future. For example, children with dyslexia show difficulties in beat-detection (Goswami

et al. 2002). Improving performance on rhythm tasks may be an engaging rehabilitative

therapy that could improve other deficits.

The fMRI results in this thesis raise several questions for future research. For

instance, what is the individual contribution of the areas that are more active in beat-

based rhythm conditions? The basal ganglia and SMA were predicted to be involved in

beat-based timing, and they were indeed more active during the beat-based condition.

However, the left inferior frontal gyrus and superior temporal gyri were also more active.

Studies of different neuropsychological patient groups with focal lesions of SMA, left

inferior frontal gyrus, or the anterior superior temporal gyrus may help determine the

contribution of these areas to beat-based rhythm processing. Moreover, separate testing of

encoding, maintenance, and recall processes may clarify the role that these different areas

play.

Transcranial magnetic stimulation may also be useful in determining the

contribution of certain brain areas. TMS influences electrical activity in the brain using a

pulsed magnetic field. By passing current pulses through a conducting coil (held to the
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scalp) to generate a transient magnetic field, electrical currents can be induced in cortical

tissue. TMS can be used to interfere with neuronal processing in specific areas at chosen

points in time. TMS may be useful in determining the role of the SMA and inferior

frontal gyrus, as these areas are amenable to stimulation. Behaviourally, a selective TMS-

induced deficit in tests of beat-based rhythms compared to non-beat-based rhythms would

signal that an area has a specific role in beat-based processing. Stimulation during rhythm

presentation may selectively disrupt beat detection, but stimulation could also be applied

during a memory delay interval, thereby probing potential working-memory functions or

maintenance of the beat.

In addition to determining the role of beat-based areas, future studies are needed

to clarify the meaning of the activation differences between musicians and nonmusicians.

Because the behavioural paradigm tested in fMRI was designed to remove difficulty

differences and to allow reasonable levels of discrimination performance, the power to

detect any correlations between activation in certain areas and behavioural measures of

accuracy was reduced. However, in future studies, groups of musicians and

nonmusicians, selected for high and low success at rhythm discrimination, may provide

insight into the role of the cerebellum and premotor areas in performance of rhythm tasks.

If musicians activate these areas to assist task performance, successful nonmusicians may

show activation patterns similar to musicians. If the areas are more active due to musical

experience, then the cerebellum or premotor areas in musicians should show similar

activity levels across different performance levels.

The role of the basal ganglia was not made entirely clear by the two

neuropsychological studies conducted here. Although an effect was present in the

Parkinson's disease patients, it was by no means robust. Future studies with Huntington's

patients may be more fruitful, as their damage results from direct degeneration of the
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striatum, not degeneration of its inputs. As Huntington's disease is heritable, an

alternative approach may be to test people that are carriers for the Huntington's disease

gene, but are clinically presymptomatic. Previous work suggests that Huntington's disease

gene carriers show deficits in other tasks, similar to the deficits expected in diagnosed

Huntington's patients (Kirkwood et al. 2000; Blekher et al. 2004). New paradigms may be

useful in detecting specific beat-perception deficits, such as allowing subjects to tap the

beat they hear in a sequence, or rating the goodness of fit of a beat-track played with the

sequence. These paradigms may be simpler to use in clinical settings or with elderly

subjects, instead of reproduction and discrimination.

5.6 – Conclusions

The experiments in this thesis provide strong converging evidence for the

existence of beat-based timing. A critical component of any timing task is the stimuli that

are used. Tests with stimuli composed of single durations do not reliably show beat-based

timing benefits. Integer-ratio rhythms also do not reliably show performance benefits

when compared to noninteger-ratio rhythms, even though integer-ratio rhythms have an

underlying regularity: All the intervals in the sequence can be measured as multiples of

the smallest unit. Rhythms with a regular accent structure and grouping, however, do

show performance benefits in reproduction or difficult discriminations. FMRI data reveal

that beat-based sequences are also processed differently at the neural level. The basal

ganglia, SMA, left inferior frontal gyrus, and anterior superior temporal gyri are more

active for beat-based than non-beat-based rhythms. Neuropsychological studies confirm

that the basal ganglia are important for beat-based timing, but further studies to determine

the exact nature of the contribution will need to be conducted in future.
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Appendix I: Integer- and Noninteger-ratio Rhythm Experiments

A1.1 - Introduction

In order to test if beat-based timing exists, well-matched sequences that reliably

do and do not induce a beat are needed. Then behavioural experiments can test subjects'

performance of these stimuli to look for a beat-based timing advantage. In the following

experiments, performance is tested on two types of sequences that have been used in

previous experiments. The first type of sequence, called integer-ratio, is hypothesised to

induce a beat, and performance of integer-ratio sequences is compared to performance of

sequences hypothesised not to induce a beat, called noninteger-ratio.

The effects of integer-ratio and noninteger-ratio interval relationships are

evaluated on reproduction, discrimination, and subjective ratings of rhythms. The

reproduction experiments (Experiments 1 - 3) attempt to replicate and extend previous

work on integer-ratio and noninteger-ratio rhythms. They provide more detailed measures

of timing accuracy than were reported in the original study, and find some conflicting

results. The discrimination task (Experiment 4) tests if the results of the reproduction

studies generalise to perceptual discrimination and to the visual modality. The final

experiment (Experiment 5) explores if subjective ratings of auditory and visual

presentations of the rhythms are influenced by the presence of integer-ratio and

noninteger-ratio relationships, and if the ratings correlate with performance measures.

A1.2 - Experiment 1

A1.2.1 - Introduction

Experiment 1 was designed as a behavioural replication of a previous experiment

(Sakai et al. 1999). It uses identical stimuli and the same behavioural paradigm, with one
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exception. The original study also presented an isochronous control sequence, to control

for brain activation related to task processes, and not rhythm processing per se. As the

current experiment was only measuring behavioural performance, the control sequence

was omitted. One aim of the experiment was to identify the relative difficulty level of

individual sequences. This would allow sets of sequences to be balanced for difficulty

across conditions for use in a future neuroimaging experiment. Balanced stimuli ensure

that differences in brain activation between conditions are not due to differences in

difficulty between conditions. Another aim of the current experiment was to assess the

timing accuracy and variability of the reproduced intervals within the sequences. The

original experiment found differences between the number of correctly reproduced

integer-ratio and noninteger-ratio sequences, but reported very few measures of timing

accuracy of the intervals in the correctly reproduced sequences. In the current experiment,

both relative and absolute timing accuracy measures were calculated.

A1.2.2 - Materials

Custom software written in Visual Basic 6.0 and a desktop personal computer

were used to present stimuli and record keyboard responses.

Rhythmic stimuli were created according to the methods outlined in Sakai et al.,

(1999).  All the rhythms had six intervals, demarcated by seven, square wave, 1 kHz

tones, each 30 ms long. Each pattern contained two short intervals, two intermediate

intervals, and two long intervals. The Short: Intermediate: Long ratio was 1:2:4 or 1:2:3

for the integer-ratio rhythms, and 1:2.5:3.5 for the noninteger-ratio rhythms. The six

intervals were put into every possible order for both the integer- and noninteger-ratio

rhythms, generating 90 sequences for each condition. The table of sequences is shown in
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Table 1 of Appendix II. The absolute times used for the intervals in each sequence were

varied across five sets of durations, shown in Table A1.1.

1:2:3 1:2:4 1:2.5:3.5
270: 540: 810 230: 460: 920 230: 575: 805
281: 562: 843 240: 480: 960 240: 600: 840
292: 584: 876 250: 500: 1000 250: 525: 875
303: 606: 909 260: 520: 1040 260: 550: 910
314: 628: 942 270: 5460 1080 270: 675: 945

Table A1.1 The sets of durations used for the intervals in each condition, in milliseconds.

The set of durations used for a particular rhythm was chosen at random on each trial. Use

of different duration sets causes the rate of the beat to differ between trials, preventing

subjects from using the beat detected on previous trials to measure later trials. The 1:2:3

sequences used ranges of duration sets that differed from the 1:2:4 and 1:2.5:3.5 durations

sets, such that the overall length of the 1:2:3 sequences was the same as the 1:2:4 and

1:2.5:3.5 sequences. See Figure A1.1 for a schematic of sample rhythms from each

condition.
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Figure A1.1  A schematic of sample rhythms from the two integer-ratio conditions
(1:2:3, 1:2:4) and the noninteger-ratio condition (1:2.5:3.5). Vertical bars denote tone
onset.

A1.2.3 - Procedure

Fourteen subjects participated. Rhythms were presented binaurally over

headphones. As shown in Figure A1.2, a rhythm was presented and subjects remembered

the rhythm for 10.8 seconds (the length of the delay is the same as that in Sakai et al.

[1999]). After the delay, subjects saw a prompt to reproduce the rhythm, which they did

by tapping a key on a computer keyboard.
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Figure A1.2 Trial structure for Experiment 1

Three blocks of 40 trials were performed, and each block contained only one

rhythm type. The order of the blocks was counterbalanced across subjects. The rhythms

for each block were chosen at random from the 90 possible patterns.

Performance was assessed based on the sequence of keypresses reproduced by the

subjects. Trials with too few or too many keypresses and trials where the subject

reproduced the order of intervals incorrectly were considered errors. As the criteria for

correct order are not specified in detail in the previous study, a definition was created.

Within a sequence, if any reproduced interval was shorter than a reproduced interval that

was supposed to be longer, or vice versa, the order was deemed incorrect. Possible order

errors are: a long interval reproduced shorter than a short or intermediate interval, an

intermediate interval reproduced shorter than a short interval or longer than a long

interval, and a short interval reproduced as longer than an intermediate or long interval.

On trials with the correct number of keypresses and correct interval order,

accuracy and variability of the reproduced intervals within the sequence were measured.

For the first measure, the ratios of the reproduced intervals was calculated. To calculate

the ratio, the mean duration of each interval length for each trial was determined. Then

the mean durations of the two longer intervals were divided by the mean duration of the

shortest interval. Perfect reproduction would have resulted in ratios of 2 and 4 for the

1:2:4 rhythms, 2 and 3 for the 1:2:3 rhythms, and 2.5 and 3.5 for the 1:2.5:3.5 rhythms.

Calculating the ratios reveals how accurately the relationships between intervals in the
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sequence were reproduced, without respect to the absolute interval times. A second

calculation measured the accuracy of each reproduced interval type (short, intermediate,

and long) in relation to the absolute length presented in the stimulus for that interval. The

mean durations of each reproduced interval length in each rhythm were divided by the

duration actually presented in that rhythm (the ideal duration). Perfect reproduction

results in a score of 1 for each interval type. Intervals that are lengthened incur scores

greater than 1; shortened intervals score less than 1. For example, if a reproduced interval

was 245 ms, and the ideal interval was 230 ms, the score is 1.07. These scores are

referred to as the proportions for each reproduced interval, as they represent the

proportion of the presented interval that was reproduced by the subject. Note that there

are only two ratios calculated for each condition (for the intermediate and long ratios) but

that there are three proportions (one each for short, intermediate, and long proportions).

Two additional measures were derived from the ratio and proportional measures.

Because the ratio and proportional measures rely on one-sample t tests to determine if the

reproduced ratios or proportions are significantly different from their ideal value,

comparing accuracy between conditions is difficult. For example, a proportional measure

of 1.05 for an interval in one condition may be significantly different than 0.95 for the

same interval in another condition, but neither is necessarily more accurate.

Consequently, a measure of deviation from ideal reproduction was calculated for both the

ratio and proportional measures. For the ratio deviation measure, the value of the average

reproduced ratio for each ratio in each condition was subtracted from the ideal ratio. Then

the absolute value of the difference was tested for each ratio in each condition. For

example, if a subject reproduced sequences in the 1:2.5:3.5 condition with an average

ratio of 1:2.3:3.7, the ratio deviation measure would be 0.2 for each ratio type. A similar

calculation was made for the proportional deviation measure. The absolute value of each
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interval type's average deviation from 1 (perfect reproduction) was assessed for each

condition. For example, if a subject reproduced the 1, 2, and 4 intervals with

reproduced/ideal proportions of 1.1, 1.3, and 0.95, the deviation measure is 0.1, 0.3, and

0.5 for each of the intervals. For both deviation measures, higher numbers represent

increased deviation from ideal reproduction, or decreased accuracy.

A1.2.4 - Results

To determine if there were significant differences in accuracy among the five

duration sets used, or interactions between Duration set and Rhythm type, a 3 x 5

repeated measures analysis of variance (ANOVA) on error rates with Rhythm type and

Duration set was conducted. No main effects of or interactions with Duration set were

found (Duration set: F(4,52) = 1.22, p = .32), therefore, the following analyses are

collapsed across Duration set. There were not enough correctly performed sequences to

analyse the effect of Duration set on the proportional or ratio deviation measures.

As shown in Figure A1.3, the 1:2:4 sequences were performed correctly

significantly more often than the 1:2.5:3.5 sequences (30% correct vs. 22% correct). The

percent correct in the 1:2:3 condition (28% correct) did not significantly differ from the

other two conditions. Thus, a one-way ANOVA with Rhythm type (1:2:3, 1:2:4,

1:2.5:3.5) on error rates showed a significant main effect (F(1, 13) = 3.69, p = .039), but

planned contrasts show that only the 1:2:4 and 1:2.5:3.5 conditions significantly differed

from each other (1:2:4 vs. 1:2.5:3.5: F(1,13) = 10.54, p = .006; 1:2:4 vs. 1:2:3: F(1,13) <

1; 1:2:3 vs. 1:2.5:3.5: F(1,13) = 2.86, p = .115). Error rates for individual subjects ranged

from 48% to 98% errors.
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Figure A1.3  The percentage of correctly reproduced sequences for each condition

The average reproduced ratios for the trials not deemed errors were:

1: 2: 3 = 1: 2.1: 3.1

1: 2: 4 = 1: 2.1: 3.5

1: 2.5: 3.5 = 1: 2.3: 3.4

In the 1:2:4 condition, the 4 ratio was significantly shortened (mean ratio = 3.5,

t(12) = -3.56, p = .004). No other ratios were significantly shortened or lengthened in any

of the conditions. The amount that the reproduced ratios deviated from ideal performance

was not significantly different between conditions, tested with a 2 x 2 ANOVA with

Rhythm type and Ratio (Intermediate, Long) on the ratio deviation measure (F(2, 26) <

1). There was a main effect of Ratio, as the Intermediate ratios (2 and 2.5) were more

accurate than the Long ratios (3, 3.5, and 4) (F(2, 26) = 12.21, p = .004).

The average reproduced/ideal proportions (shown in Figure A1.4) for the trials not

deemed errors were:

Short Intermediate Long

1:2:3 condition:  1.08 1.12 1.09

1:2:4 condition: 0.99 1.00 0.86

1:2.5:3.5 condition: 1.00 0.90 0.94
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The 4 interval in the 1:2:4 condition was significantly shortened (mean proportion

= 0.86, t(13) = -4.9, p < .001). In the 1:2:3 condition, the 2 interval and the 3 interval

were significantly lengthened (mean proportions = 1.12, 1.09; t(14) = 3.82, p = .002; t(14)

= 2.17, p = .049). In the 1:2.5:3.5 condition the 2.5 and 3.5 intervals were significantly

shortened (mean proportions = 0.90, 0.94; t(14) = -3.59, p = .003; t(14) = -2.82, p = .045).
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Figure A1.4 The reproduced/ideal proportions for each interval, in each condition.

The amount that the reproduced proportions deviated from ideal performance was

significantly different between conditions. A 2 x 3 ANOVA with Rhythm type and

Interval on the proportional deviation measure showed a main effect Interval (F(2, 26) =

4.33, p = .02. The short interval was reproduced more accurately than the intermediate

and long intervals (0.073 mean deviation, vs. 0.11 and 0.12), however, these effects do

not survive Bonferroni or Sidak correction. There were no other main effects or

interactions.

A1.2.5 Discussion

The results of Experiment 1 are in strong contrast to the previous study (Sakai et

al. 1999). Subjects in that study never showed error rates above 10%, compared to error
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rates of 48% to 98% in this experiment. The previous study also found no significant

differences in the number of correctly performed sequences between the 1:2:3 and 1:2:4

conditions, and significant differences between both these conditions and the 1:2.5:3.5

condition. In the current experiment, 1:2:4 sequences are performed correctly more often

than the 1:2.5:3.5 sequences, but the number of correct 1:2:3 sequences does not

significantly differ from either of the other conditions.

The ratio measures are in also in contrast to the previous study, which found that

in the 1:2:3 condition the 3 interval was lengthened, and in the 1:2.5:3.5 condition the 2.5

interval was shortened, and the 3.5 interval was lengthened. No ratios were shortened or

lengthened in the 1:2:4 condition. In that study, the inaccuracy in the 1:2.5:3.5 condition

was found to result from some subjects reproducing the 1:2.5:3.5 condition in 1:2:4 ratio

relationships. There is no evidence of subjects in the current study doing this. Although

the criteria for a sequence being reproduced correctly would not have shown an error if

subjects were regularising the 1:2.5:3.5 condition (thus performing it 1:2:4), the ratio

criteria would have shown increased deviation in the 1:2.5:3.5 condition. This is not the

case. No ratios in the 1:2.5:3.5 condition were reproduced significantly differently from

the ideal value, and the accuracy of the reproduced ratios (as assessed by the ratio

deviation measure) is not significantly different between conditions. Assessing the

accuracy of the intervals with the proportional deviation measure also shows no

significant differences in accuracy between the conditions.

Overall, these data provide some support for the existence of beat-based timing.

1:2:4 sequences are reproduced accurately more often than 1:2.5:3.5 sequences, though

the temporal accuracy of the individual reproduced intervals does not significantly differ.

This supports the hypothesis that beat-based timing improves encoding or memory for

rhythms, but not necessarily timing accuracy. There is only mixed support for integer-
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ratio rhythms inducing beat-based timing, as the number of correct 1:2:3 rhythms does

not significantly differ from the other two conditions. Thus, integer-ratio relationships do

not appear to be the only important factor in improving performance. It is possible that

only intervals related by factors of two are successful in beat-induction, and that 1:2:3

ratios are less consistently able to induce a beat, making the percentage of correctly

performed sequences in that condition fall between the percent correct of the other two

conditions.

The long delay between stimulus presentation and reproduction probably affected

how well subjects performed. The prompt to reproduce the rhythm may have disrupted

internal rehearsal of the sequences. Although this disruption may have affected all

conditions equally, it is possible that it was particularly disruptive when subjects were

using a beat. If subjects felt time pressure to start reproduction immediately after the

prompt, they may not have been able to start on the beat, and that would have a

disproportionately deleterious effect on beat-based sequence reproduction. In the next

experiment, the delay was removed to test if it was affecting accuracy, and if so, to see if

accuracy differences between the integer-ratio and noninteger-ratio conditions would

increase.

In addition, it was hoped that removal of the delay would improve overall

accuracy levels. One goal of the behavioural experiments was to create sequences that

were successful in inducing a beat so that the sequences could be tested in a functional

neuroimaging study. Large numbers of error trials in neuroimaging experiments can

influence activation patterns, and are often excluded from analysis. Because of constraints

on available scanning time, additional trials to make up for error trials cannot always be

added. Thus, a paradigm with high error rates reduces the power of neuroimaging studies,

and should be avoided.
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A1.3 - Experiment 2

A1.3.1 - Materials

Materials were the same as in Experiment 1.

A1.3.2 - Procedure

Thirteen subjects participated. Procedure was the same as Experiment 1, except

that subjects were allowed to reproduce the rhythm immediately after it had finished

playing, without a delay.

A1.3.3 - Results

To determine if there were significant differences in accuracy among the five

duration sets used, or interactions between Duration set and Rhythm type, a 3 x 5

repeated measures ANOVA on error rates with Rhythm type and Duration set was

conducted. There were no main effects of or interactions with Duration set (Duration set:

F(4,48) = 1.44, p = .237). Therefore, the following analyses were collapsed across

Duration set. There were not enough correctly performed sequences to analyse the effect

of Duration set on the ratio or proportional deviation measures.

As shown in Figure A1.5, the 1:2:4 sequences were performed correctly

significantly more often than the 1:2.5:3.5 and 1:2:3 sequences (46% correct vs. 28% and

28% correct). The number of correctly performed sequences in the 1:2.5:3.5 condition

and 1:2:3 condition did not differ, as revealed by a one-way ANOVA with Rhythm type

on error rates (F(2, 24) = 14.44, p < .001) with planned contrasts (1:2:4 vs. 1:2.5:3.5:

F(1,12) = 20.51, p = .001; 1:2:4 vs. 1:2:3: F(1,12) = 20.51, p = .001; 1:2:3 vs. 1:2.5:3.5:

F(1,12) = 0.00, p = 1.00). Error rates for individual subjects ranged from 42% to 90%.
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Figure A1.5 The percentage of sequences performed correctly in the integer-ratio (1:2:4,
1:2:3) conditions and the noninteger-ratio (1:2.5:3.5) condition.

The average reproduced ratios for the trials not deemed errors were:

1: 2: 3 = 1: 2.1: 3.1

1: 2: 4 = 1: 2.1: 3.8

1: 2.5: 3.5 = 1: 2.5: 3.4

In the 1:2:3 and 1:2:4 conditions, the 2 ratios were significantly lengthened (mean

ratios = 2.15, 2.10; t(12) = 3.09, p = .009, t(12) = 2.27, p = .042). No other ratios were

significantly shortened or lengthened. The ratio deviation measure showed no significant

differences in ratio accuracy between conditions (F(2,24) = 1.79, p = .19).

The average reproduced/ideal proportions (shown in Figure A1.6) for the trials not

deemed errors were:

Short Intermediate Long

1:2:3 condition: 1.10 1.17 1.10

1:2:4 condition:  0.97 1.00 0.91

1:2.5:3.5 condition: 1.00 0.99 0.96
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The 4 interval in the 1:2:4 condition was significantly shortened (mean proportion

= 0.91, t(12) = -3.67, p = .003).  In addition, in the 1:2:3 condition, all the intervals were

significantly lengthened (mean proportions for 1, 2, and 3 intervals = 1.10, 1.16, 1.10;

t(12) = 3.71, p = .003; t(12) = 7.38, p < .001; t(12) = 3.46, p = .005). In the 1:2.5:3.5

condition no intervals were significantly shortened or lengthened (mean proportions =

1.00, 0.99, 0.96).
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Figure A1.6 The reproduced/ideal proportions for each interval, in the integer-ratio
(1:2:4, 1:2:3) and noninteger-ratio (1:2.5:3.5) conditions.

The proportional deviation measure found a trend for a main effect of Rhythm

type (F(2,24) = 2.88, p = .075). The proportions in the 1:2:3 condition were less accurate

than the proportions in the 1:2:4 and 1:2.5:3.5 conditions, but not significantly so, tested

with planned contrasts (1:2:3 vs. 1:2:4: F(1,12) = 3.15, p = 0.1; 1:2:3 vs. 1:2.5:3.5:

F(1,12) = 3.19, p = 0.1; 1:2:4 vs. 1:2.5:3.5: F < 1). There was also a trend for a main

effect of Interval (F(2,24) = 3.03, p = .067). The short intervals were more accurate than

the intermediate and long intervals (mean deviation = 0.78 vs. 0.11 and 0.11), but these

effects did not survive post hoc Bonferroni or Sidak correction.
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The removal of the delay period that was present in the first experiment

significantly improved performance in 1:2:4 condition, but not in the other two

conditions, confirmed by the presence of a significant interaction in a mixed-design

ANOVA on Delay (presence, absence) and Rhythm type on error rates in both

experiments (F(2, 50) = 5.16, p = .009).

A1.3.4 - Discussion

Overall, 1:2:4 sequences are performed correctly more often than the 1:2:3 and

1:2.5:3.5 sequences, and performance of the 1:2:3 and 1:2.5:3.5 sequences does not differ

from each other. In assessing the timing accuracy of sequences performed correctly, the

1:2:3 condition is marginally less accurate than the other two conditions. All the intervals

in the 1:2:3 condition are reproduced as longer than ideal, but the overall deviation does

not reach significance when compared to the other conditions. Neither the ratio deviation

measure nor the proportional deviation measure show significant differences between

conditions in the accuracy of the reproduced ratios or proportions (though there is a trend

in the proportional deviation measure).

The removal of the delay period significantly increased the number of correctly

performed sequences in the 1:2:4 condition only. The prompt in Experiment 1 to

reproduce the rhythms after the delay does appear to have disrupted subjects' performance

of beat-based sequences. Surprisingly, the removal of the delay period did not

significantly improve performance of the 1:2:3 or 1:2.5:3.5 rhythms. Given the poor

accuracy of the 1:2:3 condition when compared to the 1:2:4 condition, these data suggest

that the 1:2:3 rhythms are not inducing a beat. This experiment confirms that 1:2:4

rhythms are performed more accurately than 1:2.5:3.5 rhythms, suggesting that the 1:2:4

rhythms are inducing a beat.
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However, the design of the previous experiments presents some potential

concerns. As only one rhythm type is presented in each block, it is possible that over time

subjects gained explicit awareness that 1:2:4 rhythms could be timed with a beat, and

therefore tried harder to find a beat in the rhythms presented in the 1:2:4 block, even

though some individual sequences may not have induced a beat on their own. It might

only require a few sequences in which a beat is induced for subjects to form a strategy of

actively trying to detect a beat in the rest of the sequences in the block. In addition, poorer

performance in the 1:2:3 and 1:2.5:3.5 blocks (28% correct as compared to 46% correct in

the 1:2:4 condition) may have led to frustration over time in these blocks, further

depressing performance. To examine if block effects were contributing to the accuracy

differences, the next experiment did not use only one type of rhythm per block. Instead,

the different rhythm types were randomly intermixed. The 1:2:3 condition was not

included, as the data suggest it does not consistently induce a beat.

The rhythms were also shortened to five intervals in an attempt to improve overall

performance. Increasing the number of correctly performed sequences would be useful

for collecting enough data to analyse the timing accuracy of individual intervals.

Sequences were created with two short, two intermediate, and one long interval (instead

of two long intervals), generating 30 different sequences for each condition. All other

aspects of the rhythms were the same.
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A1.4 - Experiment 3

A1.4.1 - Materials

As mentioned above, rhythmic stimuli were slightly modified from the earlier

experiment. Only the 1:2:4 and 1:2.5:3.5 ratios were used, and each sequence now only

contained five intervals (two short, two intermediate, and one long), instead of six. The

table of sequences used is shown in Table 2 of Appendix II.

A1.4.2 - Procedure

Thirteen subjects participated. Procedure was similar to Experiment 2, except that

the different rhythm types were randomly intermixed instead of presented in two separate

blocks. There were 30 trials per block.

A1.4.3 - Results

To determine if there were significant differences in accuracy among the five

duration sets used, or interactions between Duration set and Rhythm type, a 2 x 5

repeated measures ANOVA on error rates with Rhythm type and Duration set was

conducted. There were no main effects of or interactions with Duration set (F(4,48) =

1.00, p = .417), therefore the following analyses were collapsed across Duration set.

There were not enough correctly performed sequences to analyse the effect of Duration

set on the ratio or proportional deviation measures.

The 1:2:4 sequences were performed correctly significantly more often than the

1:2.5:3.5 sequences (61% correct vs. 45% correct: F(1,12) = 17.77, p = .001). See Figure

A1.7. Error rates for individual subjects ranged from 15% to 82%. There is a trend for

better performance in this experiment compared to Experiment 2, tested with a mixed-
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design ANOVA on Experiment (2, 3) and Rhythm type on error rates (F(1, 24) = 4.16, p

= .053).
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Figure A1.7 The percentage of sequences correctly reproduced in each condition

The average reproduced ratios for the trials not deemed errors were:

1: 2: 4 = 1: 2.2: 3.5

1: 2.5: 3.5 = 1: 2.4: 3.3

In the 1:2:4 condition, the 2 ratio was significantly lengthened (mean  = 2.24, t(12) =

5.72, p < .001), and the 4 ratio was significantly shortened (mean = 3.54, t(12) = -3.67, p

= .003). No ratios in the 1:2.5:3.5 condition were significantly shortened or lengthened.

The ratio deviation measure showed significantly less deviation in the 1:2.5:3.5 condition

than in the 1:2:4 condition (0.22 vs. 0.36, F(1,12) = 6.66, p = .024)

The average reproduced/ideal proportions (shown in Figure A1.8) for the trials not

deemed errors were:

Short Intermediate Long

1:2:4 condition: 0.94 1.04 0.82

1:2.5:3.5 condition: 0.97 0.92 0.91
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The 1 and 4 proportions in the 1:2:4 condition were significantly shortened (mean

proportions = 0.94, 0.82, t(12) = -2.90, p = .01; t(12) = -5.30, p < .001).  The 2.5 and 3.5

proportions were significantly shortened in the 1:2.5:3.5 condition (mean proportions =

0.92, 0.91, t(12) = -4.26, p = .001; t(12) = -2.49, p = .028). The proportional deviation

measure was not significantly different between conditions (F(1,13) = 1.43, p = .26).
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Figure A1.8 The reproduced/ideal proportions for each interval, in each condition.

A1.4.4 - Discussion

The 1:2:4 rhythms were performed correctly significantly more often than the

1:2.5:3.5 rhythms, even though the presentation of the two conditions was intermixed.

These data suggest that the better performance of the 1:2:4 rhythms in the previous

experiments was not due to blocking of the stimulus types. The superior performance of

the 1:2:4 rhythms in this experiment suggests that the individual 1:2:4 sequences are

capable of inducing a beat.

Shortening the rhythms to five intervals appears to have improved overall

performance (but not significantly), although the improvement may have resulted from

removal of the 1:2:3 condition and the intermixing of the different rhythm types.
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The interval proportions in the 1:2.5:3.5 sequences were performed more

accurately than the interval proportions in the 1:2:4 sequences. However, the ratio

accuracy measure did not significantly differ between the conditions. Beat-based timing

appears to improve memory for rhythmic sequences, as shown by the lower number of

errors in the 1:2:4 condition, but evidence for improvement of the timing accuracy of the

intervals within the sequence depends on the measure used.

The next study was conducted to see if the results generalised to perception of

rhythms, without reproduction. Previous research suggests that time perception and

reproduction are subserved by the same system (Ivry et al. 1995). If beat-based timing

improves memory for certain types of sequences, then rhythmic deviants should be more

easily detected in those sequences.

Another aim of the next study was to improve overall performance. As

recognition is generally better than recall (Schacter et al. 1994), it is likely that

performance on a discrimination task will yield more successful trials than reproduction

has yielded thus far. Although performance improved over the first three experiments, the

final experiment still had an average error rate of 43 percent. As mentioned earlier, high

error rates are problematic for neuroimaging experiments, due to power reduction.

From a neuroimaging perspective, a discrimination paradigm has the additional

advantage of reducing motor imagery and response preparation confounds. If subjects

have to reproduce a rhythm, they may be likely to rehearse the rhythm through motor

imagery, which activates motor areas. This activation could obscure activation that is

specific to beat-based processing in motor areas. In addition, subjects have to prepare a

rhythmic motor response in a reproduction paradigm, and activation due to response

preparation could obscure the activation of interest. Discrimination tasks should not

encourage motor imagery of the rhythms to the same degree as reproduction tasks.
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Moreover, subjects can be asked to withhold or delay the motor response in

discrimination tasks. In these cases, response preparation confounds are absent or

reduced, because the response either does not occur, or is decoupled in time from rhythm

processing activation.

A visual version of the task was also added to the next study to compare the

discrimination performance of integer-ratio and noninteger-ratio rhythms across

modalities. Previous research has shown that timing in the visual modality is less precise

than timing in the auditory modality (Glenberg et al. 1989; Collier et al. 2000). However,

as beat-based timing has not been tested in the visual domain, performance on a visual

version of the task provides information about the generalisability of beat-based timing

benefits. It is possible that beat perception occurs in the visual modality, or that it is

specific to the auditory modality. A beat-based benefit in the visual domain could be due

to perception of the beat by visual processing areas, or due to a transformation of the

visual code into an auditory imagery code, through which the beat is perceived. It is also

possible that beat-perception is carried about by neural areas that are not modality-

specific, and therefore the beat is perceived no matter what the modality. In addition,

beat-based and non-beat-based processing may rely on the same neural areas, or they

could be different processes subserved by different areas.

Neuroimaging is helpful in distinguishing among these possibilities. When using

both auditory and visual versions of a task, activation from low-level sensory processes

needs to be eliminated by subtracting activation due to sensory control tasks from

activation due to rhythm processing in that modality. Then, activation patterns observed

for beat-based and non-beat-based conditions in the two modalities could provide

evidence that helps differentiate the aforementioned hypotheses. The activation patterns

from rhythm processing may show no effects of modality or rhythm type, a main effect of
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modality, a main effect of rhythm type, and/or an interaction between the two. These

possibilities are now considered in turn.

Activation patterns during rhythm processing that are similar across modality and

rhythm type imply that rhythm processing is carried out by a supramodal network that

receives input from lower-level sensory areas, and that both types of rhythm processing

rely on the same neural network.

Activation patterns that are similar across modalities, but differ between rhythmic

conditions, imply that rhythm processing is not modality specific, but is carried out by

different higher-level systems depending on whether beat-based timing is required. Two

previous neuroimaging studies have found no effect of modality (Penhune et al. 1998;

Schubotz et al. 2000), but did not test different types of rhythms. In contrast, a

neuropsychological study did find an effect of modality (Penhune et al. 1999) in patients

with anterior right temporal lobe resections. These patients have an impairment in

auditory, but not visual, rhythm reproduction. This impairment, however, appears only in

the working memory for the rhythms, not in perception of them.

An effect of modality in the proposed neuroimaging experiment would support the

view that rhythm processing is at least partially modality-specific. The activation patterns

may indicate that primary or secondary sensory areas process some aspects of the rhythm

(beyond the processing done for the sensory control condition), then contribute that input

to higher-level areas. Higher-level areas may or may not respond to the information from

the two modalities differently. Alternatively, primary or secondary sensory areas may not

have a special role, and instead, higher-level areas may convert the sensory input into a

temporal code. Another possibility would be activation of secondary auditory areas in the

visual condition, as subjects recode the visual rhythm into an auditory representation, or
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secondary motor activation in either/both modalities, as subjects recode the sensory input

into a motoric rhythm representation.

Finally, an interaction between modality and rhythm type may be observed,

implying modality-specific processing for certain types of rhythms but not others.

Previous neuroimaging work in the visual modality has examined timing (Ferrandez et al.

2003), rhythm learning (Ramnani et al. 2001), and tapping to regularly and irregularly

paced visual signals (Lutz et al. 2000), but these studies did not have an auditory

condition. One study has measured tapping to auditorily and visually presented novel,

learned, and isochronous rhythms (Penhune et al. 1998), but did not control for perceptual

input. Another study that did match for perceptual input and motor output tested rhythm

discrimination performance in the visual and auditory modalities (Schubotz et al. 2000).

No significant differences in activation patterns were found between modalities, but only

integer-ratio rhythms were tested. The next experiment tests a behavioural rhythm

discrimination paradigm in both modalities, using integer-ratio and noninteger-ratio

rhythms.
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A1.5 - Experiment 4

A1.5.1 - Introduction

The imaging study (mentioned previously) that found no modality effects on

neural activation (Schubotz et al. 2000) presented subjects with auditory and visual

rhythms, and control tasks. In each task, three-element sequences of stimuli were

presented repeatedly and subjects monitored for deviants in a go/no-go response mode. In

the visual rhythm task, a sequence of pictures was presented successively for different

durations. Each display contained two small blue squares in opposing symmetrical

locations on a virtual circle. Over three successive frames, the location of the stimuli

moved to three of six possible circle locations, remaining at each location for a designated

interval and thus forming one visual "rhythm". One trial consisted of four successive

repetitions of one rhythm. The presentation durations were 300, 600, 900, 1200, 1500 or

1800 ms, and the sum duration was always 2400 ms for each rhythm. Subjects monitored

for rhythmic deviants, which were 900 ms longer or shorter than one of the presentation

durations in the first cycle. For the auditory condition, three different tones were

presented successively for different durations. The task and durations were the same as in

the visual rhythm task. The sensory control conditions involved colour monitoring, where

the sequences in the visual rhythm task were monitored for colour deviants, and pitch

monitoring, where the sequences in the auditory rhythm task were monitored for pitch

deviants.

For the current experiment, only behavioural data were collected, so no sensory

control conditions were necessary. The visual and auditory stimuli (described in detail

below) used in the experiment were also different because they no longer had to serve

double-duty for control conditions. The task was deviant discrimination. Pilot studies
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indicated that when it was not known in which presentation the deviant would be (that is,

the deviant could be in the second, third, or fourth rhythm presentation), subjects found

the task very difficult. Therefore, in this study, the rhythm was presented three times, and

a deviant was only possible in the third presentation. Subjects were informed of this, and

thus had two presentations to encode the rhythm before performing the discrimination.

Subjects discriminated temporal deviants in both integer and noninteger-ratio

rhythms. The noninteger-ratio rhythms were changed from the 1:2.5:3.5 ratios in the

previous experiment to 1:2.3:3.7 ratios to decrease the level of regularity and make a

stronger contrast between the noninteger- and integer-ratio conditions.

A1.5.2 - Materials

Rhythms with two short intervals, two intermediate intervals, and one long

interval, in 1:2:4 and 1:2.3:3.7 ratio relationships were created. The 1:2:4 rhythms were

the same as the 1:2:4 rhythms in Experiment 3, and the 1:2.3:3.7 rhythms were the same

as the 1:2.5:3.5 rhythms, except that 2.3 was used instead of 2.5, and 3.7 was used instead

of 3.5. The actual times used for the duration of the intervals in each sequence were

varied across five possible sets of durations, shown in Table A1.2. This variation prevents

subjects from using the rate of a beat perceived on a previous trial to successfully

measure a new trial.

Table A1.2. The five sets of durations (in milliseconds) used for the integer-ratio and
noninteger-ratio conditions.

Integer
(1:2:4)

Noninteger
(1:2.3:3.7)

231: 462: 924 224: 515: 829
241: 482: 964 234: 538: 866
252: 504: 1008 245: 564: 907
262: 524: 1048 254: 584: 940
273: 546: 1092 265: 610: 981
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The visual stimulus consisted of a black line that rotated to five different positions:

vertical (0°), then 36°, 72°, 108°, and 144° anti-clockwise. The line rotated to each of the

different positions in turn, appearing at each position for the duration specified by the

interval in the rhythm. For example, in a 12241 rhythm, the line would appear at the first

position for a time equivalent to the '1' duration, the second position for the '2' duration,

and so on (see Figure A1.9). Between trials, the line was replaced by a fixation cross for

two seconds. To make the auditory stimuli more equivalent to the visual stimuli, the

intervals were filled instead of empty, such that a sine tone sounded for the duration of

each interval, with a 60 ms gap in sound demarcating the intervals in each sequence. One

of six pitches, ranging from 247 Hz to 440 Hz, was used for each trial. The pitch was

varied from trial to trial to increase the salience of the beginning of each new trial.
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Figure A1.9  Visual presentation trial structure: A fixation cross is presented for two
seconds, followed by presentation of the rhythm using a rotating line. The cycle is
repeated three times. One element in the third presentation may be increased in length to
create a deviant (not shown). The times given are for a 12241 rhythm created with 1 =
241 ms.

A1.5.3 - Procedure

Ten subjects participated. Auditory rhythms were presented binaurally over

headphones, and the visual rhythms were presented on the monitor of a PC. The visual

rhythms and auditory rhythms were presented in separate halves of the experiment, with
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the order counterbalanced across subjects. Subjects completed four practise trials per

modality, then performed three blocks in each modality, with 34 trials in each block. The

integer-ratio and noninteger-ratio rhythms were intermixed. Each trial consisted of three

successive presentations of a rhythm. Subjects were told that the third presentation of the

rhythm might be rhythmically different from the first two presentations, and to press a

key on a computer keyboard when they detected this difference. The deviant sequences

were the same as the target sequences, but with a single interval increased in length, by

the amount of one intermediate interval for that sequence. Half the trials contained

deviants in the third presentation, half did not. Trials were separated by two seconds of

silence in the auditory condition, and presentation of a fixation cross for two seconds in

the visual condition. In order to assess performance, the percentage of correct

discriminations was calculated, along with d' scores (using signal detection theory [Green

et al. 1966]). Use of signal detection theory allows separability of the effects of the

stimulus detectability (in this case, a temporal deviant) from the subject's criterion.

A1.5.4 - Results

There were no significant differences in discrimination performance between the

different conditions and the different modalities (see Figures A1.10 and A1.11), as shown

by a repeated measures two-way ANOVA with the two-level factors Modality (auditory,

visual) and Rhythm type (integer-ratio, noninteger-ratio) conducted on percent correct

and d’ scores (d': F(1,9)  < 1; percent correct: F(1,9) < 1). The reaction times are shown in

Figure A1.12. There were no significant differences in reaction times between the

modalities and conditions (Modality: (F(1,9) < 1; Type: F(1,9) = 1.4, p = .27).
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Figure A1.10  The sensitivity to the presence of a deviant (as indexed by d' scores) for
each rhythm type in each modality. Performance is not significantly different between the
modalities and different rhythm types.

Percent correct

0

20

40

60

80

100

auditory visual

Rhythm type

pe
rc

en
t c

or
re

ct

integer

noninteger

Figure A1.11  The percentage of correct responses for each rhythm condition in each
modality. Performance is not significantly different between the modalities and different
rhythm types.
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Figure A1.12  The reaction times to correctly detected deviants in each modality.
Performance is not significantly different between the modalities and different rhythm
types.

A1.5.5 - Discussion

When discriminating deviants in the rhythms, subjects' performance was not

significantly different across conditions and modalities. The lack of difference does not

appear to be due to ceiling or floor effects, as subjects were not performing exceedingly

well or poorly. The lack of difference between integer-ratio and noninteger-ratio

conditions is surprising, given the strong contrast between conditions in the previous

experiment. Although previous research with single intervals suggests that temporal

reproduction and perception share a common timing mechanism (Ivry et al. 1995), timing

of complex sequences may not follow this pattern. Alternatively, subjects may have timed

the overall length of the sequences, as the presence of a deviant increased the length of

the sequence, and detecting this increase would result in successful discrimination.

However, no subjects reported this strategy. In addition, subjects reported that the

successive rhythm presentations made determining the beginning and end of each
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individual rhythm presentation nearly impossible. Therefore, a strategy involving timing

the overall length of each rhythm presentation seems unlikely.

Although studies of timing often find differences between the auditory and visual

modalities, the lack of difference in this study is consistent with Schubotz et al., (2000),

which found no significant behavioural differences between auditory and visual rhythm

discrimination, in both accuracy and reaction times. It is possible that having multiple

repetitions of the rhythm raises the accuracy of the visual condition to that of the auditory

condition. Alternatively, being able to associate the visual orientation of the line with the

duration of the corresponding interval may have improved performance in the visual

condition. Most previous studies used flashes of light or the appearance of a single visual

cue to create a temporal pattern, such that spatial location remained constant (Grondin et

al. 1999; Collier et al. 2000; Ferrandez et al. 2003). However, not all studies that use

constant spatial locations show decrements in the visual modality (Penhune et al. 1998;

Kagerer et al. 2001), suggesting that more research needs to be done into the factors that

affect visual timing performance.

The next experiment was conducted to see if a subjective ratings paradigm might

show differences in perception of the integer-ratio and noninteger-ratio rhythms. It was

designed to test if subjects felt a beat when listening to the rhythms, as happens when

listening to music. Ratings of rhythmicity of the sequences were then correlated with

reproduction and discrimination performance.
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A1.6 - Experiment 5

A1.6.1 - Materials

Materials were the rhythms from Experiment 4 (without deviants). Auditory and

visual stimulus presentation was also the same as in Experiment 4.

A1.6.2 - Procedure

Five subjects participated. Auditory rhythms were presented in one half of the

experiment, and visual rhythms in the other half, and order was counterbalanced across

subjects. Each rhythm was presented three times in a row. Subjects were asked to rate

how “rhythmic the pattern seemed” on a scale of 1 to 7, with 1 meaning not at all

rhythmic, and 7 meaning very rhythmic. The ratings scale appeared after each trial, and

the next rhythm was presented after subjects clicked a button with the number

corresponding to their rating. Subjects saw four examples of a random selection of

rhythms in one modality before starting the half of the experiment in that modality.

Subjects performed 3 blocks per modality, with 34 trials per block. Integer-ratio and

noninteger-ratio rhythms were randomly intermixed.

A1.6.3 - Results

The mean rating for each Rhythm type in each Modality is shown in Figure

A1.13. Subjects rated the integer-ratio rhythms as slightly more rhythmic than the

noninteger-ratio rhythms, as confirmed by a repeated measures 2-way ANOVA with

Rhythm type and Modality (F(1,4) = 9.042, p = .04). There was no effect of Modality

(F(1,4) < 1) or interaction between Rhythm type and Modality. There was a small but

significant correlation between the ratings of the auditory and visual versions the rhythms

(r = .237, p < .001).
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There was a significant correlation between rhythmicity ratings of individual

sequences in the auditory condition and reproducing that sequence correctly in

Experiment 3 (r = .38, p = .006). There was also a significant correlation between ratings

and discrimination performance in the auditory condition in Experiment 4 (r = .29, p =

.038), but not discrimination performance in the visual condition (r = .17, p = .24). No

other significant correlations were found.
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Figure A1.13  The average ratings of rhythmicity for integer and noninteger-ratio
rhythms, in auditory and visual modalities.

A1.6.4 - Discussion

There was no significant effect of modality in this experiment. The integer-ratio

rhythms were judged slightly more rhythmic than the noninteger-ratio rhythms (4.5 vs.

4.2). The difference is small and not particularly convincing evidence that integer-ratio

rhythms consistently induced awareness of a beat in subjects. It is possible that asking

how rhythmic a pattern seemed was the wrong question to discover if subjects felt a beat.

However, directly asking subjects "how much does the rhythm have a beat" would be

likely to predispose subjects to tap isochronously (or imagine doing so) to the rhythms,

and rhythms in which there were tones coinciding with a tap may be rated as having a
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beat more than rhythms in which tone onsets did not coincide with a tap. This type of

strategy would not really answer whether subjects felt a beat, but rather if they could find

a beat. Previous work has asked subjects to rate how complex a rhythm seems (Essens

1995). The ratings in that study were shown to partially correlate with the repetition of

short patterns within a sequence, so this also did not seem an ideal measure for

discovering if subjects felt a beat.

The reproduction performance of individual sequences correlates positively with

auditory rhythmicity ratings. The auditory discrimination performance also correlates

positively with the auditory ratings, but the correlation fails to hold in the visual

discrimination and ratings, even though the ratings of rhythmicity between the auditory

and visual conditions are positively correlated. Taken together, these data suggest that

subjects in both the auditory and visual conditions detected the presence of a beat in the

integer-ratio rhythms, but that the beat was not helpful in improving performance of the

discrimination task.

A1.7 - General Discussion

The results of these experiments show that 1:2:4 rhythms are remembered more

frequently in reproduction tasks, but not when the task is discrimination of temporal

deviants. 1:2:3 rhythms, however, show no significant benefit over 1:2.5:3.5 rhythms

during reproduction, even though both 1:2:3 and 1:2:4 sequences use integer-ratios.

Ratings of rhythmicity are higher for 1:2:4 integer-ratio rhythms, though the difference

between the integer-ratio and noninteger-ratio scores is small. As no previous research on

sequences containing several different intervals has tested both production and perception

(and ratings), it is difficult to know if performance is expected to be similar across

paradigms.
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The integer-ratio sequences appear to offer only inconsistent improvement in

performance across rhythm tasks, and only 1:2:4 integer-ratios show any significant

improvement in these experiments. This raises the question of whether integer-ratio

sequences are truly inducing a beat. If so, why do 1:2:3 sequences show little or no

benefit? It seems likely that another factor may be at work, and that this factor is not

accounted for by the integer-ratio model of beat induction. To test if the inconsistent

results across different tasks and different types of integer-ratio sequences could be

resolved, new rhythms were generated for the next set of experiments. These rhythms

used integer-ratios and noninteger-ratios, but the accent structure (described in the

chapter 2) of the sequence was also varied across conditions. It was hoped that by

accounting for accent structure in addition to the presence or absence of integer-ratios,

the behavioural evidence for a beat-based timing benefit could be strengthened.
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Table 1. Sequences used in Experiments 1 and 2. Numbers denote relative lengths of
intervals, see section A1.2.2 for absolute times

1:2:4 1:2:3 1:2.5:3.5
224411 223311 2.5 2.5 3.5 3.5 1 1
224141 223131 2.5 2.5 3.5 1 3.5 1
224114 223113 2.5 2.5 3.5 1 1 3.5
221441 221331 2.5 2.5 1 3.5 3.5 1
221414 221313 2.5 2.5 1 3.5 1 3.5
221144 221133 2.5 2.5 1 1 3.5 3.5
242411 232311 2.5 3.5 2.5 3.5 1 1
242141 232131 2.5 3.5 2.5 1 3.5 1
242114 232113 2.5 3.5 2.5 1 1 3.5
244211 233211 2.5 3.5 3.5 2.5 1 1
244121 233121 2.5 3.5 3.5 1 2.5 1
244112 233112 2.5 3.5 3.5 1 1 2.5
241241 231231 2.5 3.5 1 2.5 3.5 1
241214 231213 2.5 3.5 1 2.5 1 3.5
241421 231321 2.5 3.5 1 3.5 2.5 1
241412 231312 2.5 3.5 1 3.5 1 2.5
241124 231123 2.5 3.5 1 1 2.5 3.5
241142 231132 2.5 3.5 1 1 3.5 2.5
212441 212331 2.5 1 2.5 3.5 3.5 1
212414 212313 2.5 1 2.5 3.5 1 3.5
212144 212133 2.5 1 2.5 1 3.5 3.5
214241 213231 2.5 1 3.5 2.5 3.5 1
214214 213213 2.5 1 3.5 2.5 1 3.5
214421 213321 2.5 1 3.5 3.5 2.5 1
214412 213312 2.5 1 3.5 3.5 1 2.5
214124 213123 2.5 1 3.5 1 2.5 3.5
214142 213132 2.5 1 3.5 1 3.5 2.5
211244 211233 2.5 1 1 2.5 3.5 3.5
211424 211323 2.5 1 1 3.5 2.5 3.5
211442 211332 2.5 1 1 3.5 3.5 2.5
422411 322311 3.5 2.5 2.5 3.5 1 1
422141 322131 3.5 2.5 2.5 1 3.5 1
422114 322113 3.5 2.5 2.5 1 1 3.5
424211 323211 3.5 2.5 3.5 2.5 1 1
424121 323121 3.5 2.5 3.5 1 2.5 1
424112 323112 3.5 2.5 3.5 1 1 2.5
421241 321231 3.5 2.5 1 2.5 3.5 1
421214 321213 3.5 2.5 1 2.5 1 3.5
421421 321321 3.5 2.5 1 3.5 2.5 1
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421412 321312 3.5 2.5 1 3.5 1 2.5
421124 321123 3.5 2.5 1 1 2.5 3.5
421142 321132 3.5 2.5 1 1 3.5 2.5
442211 332211 3.5 3.5 2.5 2.5 1 1
442121 332121 3.5 3.5 2.5 1 2.5 1
442112 332112 3.5 3.5 2.5 1 1 2.5
441221 331221 3.5 3.5 1 2.5 2.5 1
441212 331212 3.5 3.5 1 2.5 1 2.5
441122 331122 3.5 3.5 1 1 2.5 2.5
412241 312231 3.5 1 2.5 2.5 3.5 1
412214 312213 3.5 1 2.5 2.5 1 3.5
412421 312321 3.5 1 2.5 3.5 2.5 1
412412 312312 3.5 1 2.5 3.5 1 2.5
412124 312123 3.5 1 2.5 1 2.5 3.5
412142 312132 3.5 1 2.5 1 3.5 2.5
414221 313221 3.5 1 3.5 2.5 2.5 1
414212 313212 3.5 1 3.5 2.5 1 2.5
414122 313122 3.5 1 3.5 1 2.5 2.5
411224 311223 3.5 1 1 2.5 2.5 3.5
411242 311232 3.5 1 1 2.5 3.5 2.5
411422 311322 3.5 1 1 3.5 2.5 2.5
122441 122331 1 2.5 2.5 3.5 3.5 1
122414 122313 1 2.5 2.5 3.5 1 3.5
122144 122133 1 2.5 2.5 1 3.5 3.5
124241 123231 1 2.5 3.5 2.5 3.5 1
124214 123213 1 2.5 3.5 2.5 1 3.5
124421 123321 1 2.5 3.5 3.5 2.5 1
124412 123312 1 2.5 3.5 3.5 1 2.5
124124 123123 1 2.5 3.5 1 2.5 3.5
124142 123132 1 2.5 3.5 1 3.5 2.5
121244 121233 1 2.5 1 2.5 3.5 3.5
121424 121323 1 2.5 1 3.5 2.5 3.5
121442 121332 1 2.5 1 3.5 3.5 2.5
142241 132231 1 3.5 2.5 2.5 3.5 1
142214 132213 1 3.5 2.5 2.5 1 3.5
142421 132321 1 3.5 2.5 3.5 2.5 1
142412 132312 1 3.5 2.5 3.5 1 2.5
142124 132123 1 3.5 2.5 1 2.5 3.5
142142 132132 1 3.5 2.5 1 3.5 2.5
144221 133221 1 3.5 3.5 2.5 2.5 1
144212 133212 1 3.5 3.5 2.5 1 2.5
144122 133122 1 3.5 3.5 1 2.5 2.5
141224 131223 1 3.5 1 2.5 2.5 3.5
141242 131232 1 3.5 1 2.5 3.5 2.5
141422 131322 1 3.5 1 3.5 2.5 2.5
112244 112233 1 1 2.5 2.5 3.5 3.5



Appendix II

161

112424 112323 1 1 2.5 3.5 2.5 3.5
112442 112332 1 1 2.5 3.5 3.5 2.5
114224 113223 1 1 3.5 2.5 2.5 3.5
114242 113232 1 1 3.5 2.5 3.5 2.5
114422 113322 1 1 3.5 3.5 2.5 2.5

Table 2. Sequences used in Experiment 3. Numbers denote relative lengths of intervals,
see section A1.2.2 for absolute times

1:2:4 1:2.5:3.5
11224 1 1 2.5 2.5 3.5
11242 1 1 2.5 3.5 2.5
11422 1 1 3.5 2.5 2.5
12124 1 2.5 1 2.5 3.5
12142 1 2.5 1 3.5 2.5
12214 1 2.5 2.5 1 3.5
12241 1 2.5 2.5 3.5 1
12412 1 2.5 3.5 1 2.5
12421 1 2.5 3.5 2.5 1
14122 1 3.5 1 2.5 2.5
14212 1 3.5 2.5 1 2.5
14221 1 3.5 2.5 2.5 1
21124 2.5 1 1 2.5 3.5
21142 2.5 1 1 3.5 2.5
21214 2.5 1 2.5 1 3.5
21241 2.5 1 2.5 3.5 1
21412 2.5 1 3.5 1 2.5
21421 2.5 1 3.5 2.5 1
22114 2.5 2.5 1 1 3.5
22141 2.5 2.5 1 3.5 1
22411 2.5 2.5 3.5 1 1
24112 2.5 3.5 1 1 2.5
24121 2.5 3.5 1 2.5 1
24211 2.5 3.5 2.5 1 1
41122 3.5 1 1 2.5 2.5
41212 3.5 1 2.5 1 2.5
41221 3.5 1 2.5 2.5 1
42112 3.5 2.5 1 1 2.5
42121 3.5 2.5 1 2.5 1
42211 3.5 2.5 2.5 1 1
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Fig X. Areas of peak activation reported in studies of timing and rhythm perception and
production. The top panel shows points on coronal slices (numbers denote position in the
y plane in MNI coordinates), the bottom panel shows transverse slices (numbers denote
position in the z plane in MNI coordinates). All peaks reported for the relevant tasks are
plotted: cerebellum (pink), basal ganglia (yellow), inferior frontal cortex (green),
dorsolateral prefrontal cortex (red), premotor cortex (light blue), supplementary motor
area (magenta), inferior parietal cortex (dark blue), other (brown).
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Table 1 Coordinates and anatomical designation of brain areas active in 17 neuroimaging studies of rhythm and timing. The first column
contains the study and the condition reported. Coordinates, anatomical designations, and Brodmann areas are those reported by the respective
authors. Numbers refer to coordinates in stereotaxic space. Numbers in parentheses are Brodmann areas (in cortex) or cerebellar anatomical
areas (in cerebellum). If no additional anatomical name is given, the column heading is the name reported by the authors.

basal ganglia cerebellum SMA/preSMA Premotor DLPFC inferior frontal/FOP inferior parietal other

(Dhamala et al.
2003)
correlates of
rhythm complexity

Vermis -4  -72  -20
Vermis -4  -72  -20
Vermis -4  -72  -24

R Midbrain 16  -16  -12
R Precent Gyr 24  -28  64
L STG -56  -72  -8
L Precent/Postcent gyrus
-36  -28  64
L Precent Gyr 44  -20  56
L Thal -8  -28  -4
L Thal -4  -20  12

(Coull et al.
2004)

L Ant Put
-18 9 -6

preSMA 6 3 54 R PMd (6)
27 3 63

R (9) 21 36 33 R FOP (45) 60 24 12 L (40) -51 -48 33
R (40) 48  -45 33

R Inf temp (20) 63 -21 -2
R MTG (21) 66  -36  0
R STG (22) 66  -48  18
L VLPFC (47) -42 15 -12

(Ferrandez et al.
2003)
Duration discrim -
intensity discrim

L Put -24  3  6 L SMA -3 9 63
R SMA 6 18 57

L (4/6) -48  3  48 L IFG (45/47) -51 15 0
R IFG (45/47) 51 30 0
L Prefrontal (44)
-54 12 18

L (40) -60  -36  27
R  60  -33  30

R Insula 36  21  6
L STG (21/22) -54  -48  9
R STG  57 -42 12
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basal ganglia cerebellum SMA/preSMA Premotor DLPFC inferior frontal/FOP inferior parietal other

(Harrington et al.
2004)
main effect of
encoding duration

L Caud/Put
-16 4 22
R Caud
14 -1 17
L Caud tail
-36 -34 -1
R Caud 10 16 3
L Put -29 3 3

Cerebellum (VI)
L -11 -75 -15
R 40 -61 -20
L (VIIB) -12 -70 -29
L (VII) -35 -57 -28

R lFG (44/45) 51 10 21 L Angular gyrus (39)
 -44 -60 35
L (40) -48 -45 41
R (40) 40 -48 40

AC (24) -11 16 25
Post Cing (23) 7 -40 23
L STG (22,41,42)
-54 -30 12
R STG (21,40,41,42)
54 -28 9
L Sup Pariet (7)
-35 -64 43
Medial Frontal (9) 1 41 35
R Precuneus (7) 4 -51 61
R Precuneus (7) 6 -81 35
R Lingual gyrus (18)
10 -88 -10

(Lutz et al. 2000)
Regular tapping -
rest

R cerebellar nuclei 16
-52 -24

R preSMA
4 0 60
L SMA -8 -4 60

L Ventral SMC -60 -20 20
L Dorsal SMC -40 -12 60
R STG 48 -68 0
L STG -44 -68 8

Irregular tapping -
rest

R Cerebellar Nuclei
16 -52 -24
R Cerebellar Vermis 4
-60 -16
L Cerebellar Nuclei
-32 -56 -28

R preSMA
4 0 60
L preSMA
-8 456

R PMv 48 4 24
R PMd 28 -8 48
L PMv -52 16 -4
L PMd -24 0 60

L Dorsal SMC -48 -16 48
L Ventral SMC -60 -20 20
R Dorsal SMC 44 -4 44
L MTG -48 -68 8
R STG 64 -40 8
L STG -44 -68 8
L Occip Gyrus -48 -68 8
R Occip Gyrus 48 -68 0

Irregular - regular

* = reg - irreg

R Cerebellar Nuclei 32
-52 -48
R Cerebellar Vermis 4
-72 -20

L preSMA
-4 8 48

L PMd -24 0 60 L IPL -36 -44 52 L SMC -44 -8 44
*L Precuneus -4 -64 52
L VL Thal -20 -16 12
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basal ganglia cerebellum SMA/preSMA Premotor DLPFC inferior frontal/FOP inferior parietal other

(Lewis et al. 2004)
Synchronise >
continue

L Put -36 -12 0
R Put 30 -12 6
R Put 24 0 6

R IFG 42 27 -12
R IFG 53 21 30

R Inf Parietal Gyrus
45 -30 24

L STG -48 -30 0
L STG -59 -27 6
L STG -56 -15 0
R STG 59 -15 0
R STG 68 -21 6
R STG 62 -3 0
R TTG 39 -30 12
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basal ganglia cerebellum SMA/preSMA Premotor DLPFC inferior frontal/FOP inferior parietal other

Continue >
synchronise

L hemisphere
-39 -56 -24
R Hemisphere
36 -65 -24
R hemisphere
24 -71 -24

L IPS -12 -80 42
L SMG -42 -33 48
L SMG -33 -45 54
R SMG 30 -36 48
R SMG/Angular gyrus
45 -45 42
R SMG 56 -30 48
R SMG 45 -30 36

R Sup Pariet 21 -48 60
L Ant Precent  -48 6 48
L Medial SFG -6 6 54
L Ant Precent  -36 0 48
L Medial Precent -6 -6 72
L Ant Precent -30 -12 60
R Medial SFG 3 15 48
R Medial SFG 9 3 60
SFG 0 -12 54
L Insula -36 18 -6
L Insula -39 9 0
L Parahippocampal Gyrus
-33 -9 -12
R Cingulate 15 -24 36
R Cingulate 3 -18 36
L STG -53 21 -12
L STG -56 21 0
R STG 53 18 -18
R STG 48 9 -6
L Cuneus -9 -80 -6
L Cuneus -9 -71 12
L MOG -48 -74 -6
L SOG -24 -89 -18
L IOG -15 -95 -18
L Cuneus/SOG -3 -95 6
R Cuneus 3 -71 18
R MOG 42 -71 6

(Macar et al.
2002)
time estimation

R SMA 4 0 66 R (9) 38 34 30
L (9/46) -34 42 22

R IPL 48 -48 46 R AC 6 20 34
L Precent Gyr -50 -4 42
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basal ganglia cerebellum SMA/preSMA Premotor DLPFC inferior frontal/FOP inferior parietal other

(Macar et al.
2004)
Time vs. force

SMA 6 -3 60 L M1 (4) -51 -9 48

(Mathiak et al.
2004)
Discr - ident of
temporal intervals

R (6) 45 11 52 L IFG (47) -39 52 -12 L IPS (40)
-48 -50 50
R IPS (40)
53 -47 49

L Sup Parietal Cortex (7)
-6 -62 47

(Nenadic et al.
2003)
Time estimation

* = Time estim -
freq discrim

R Caud 12 2 16
L  Put -32 -2 -2
R  Put 28 16 -6

*R  Put 26 18 -8

R MFG/DLPFC (46)
38 42 26

R IFG (44/45)
54 16 14
R IF Cortex (45/47)/
R Ant Insula 36 30 2

L Insula -34 24 2
AC (32) 10 28 36
L AC/Cing Sulcus (24)
 -12 34 26
L STG/TTG (41/42)
-62 -12 10
R STG/TTG (41/42)
66 -8 12
R STG/MTG (22/21)
66 -28 4
R Thal 6 -8 10

(Pastor et al.
2004)
temporal - spatial
discrimination

preSMA
12 16  62
6 14 58
-8 6  60

AC (32) 8  30  22
L AC (24) -2  26  18
R MFG (9) 14  36  34

(Penhune et al.
1998)
AUD Production of
isochronous -
perception

Globus Pallidus -12
1 -8

R Paravermis (V/VI)
16 -59 -15

SMA -3 3 54 R Parietal (40)
52 -43 48

L M1/S1 -39 -23 62
-51 -23 42
L MI/S1-47 -16 42
R Planum Temporale
51 -30 5
R ITG (20) 60 -40 -14
L Parietal -44 -32 47
L Frontal (10)-31 55 -11
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basal ganglia cerebellum SMA/preSMA Premotor DLPFC inferior frontal/FOP inferior parietal other

VIS Production of
isochronous -
perception

Globus Pallidus -23
-7 8

R Paravermis (V/VI)
12 -49 -22
L Lateral (Crus la)
-30 -61 -32

R STS 46 -23 -6
L Insula -34 8 -5
L Insula -39 8 3
R VL Frontal (47/11)
31 42 -3
R VL Frontal (44/45)
46 18 3
L Red Nuc  -8 -23 -18

AUD Production of
rhythm -
perception

L 18/19 -21 -75 2
L Ventromedial Temp
Cortex -32 -42 -23

VIS Production of
rhythm -
perception

L Paravermis (VI) 12
-64 -18

R (17/18) 24 -92 -6
L M1/S1 -39 -18 57

AUD Production of
novel - perception

L Put -23 15 -2
R Put 27 17 -8

Ant Vermis (III/IV)
8 -49 -21
Post Vermis
(VIIIa/VIIb)
-1 -69 -33
R Lateral (Crus la) 19
-75 -27
R Lateral (Crus lp) 46
-66 -32
L Lateral (Crus lp)
-38 -68 -30

SMA 4 22 47 Red Nuc -1 -19 -9
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basal ganglia cerebellum SMA/preSMA Premotor DLPFC inferior frontal/FOP inferior parietal other

VIS Production of
novel - perception

Ant Vermis
1 -50 -15
Post Vermis
(VIIIa/VIIb)
-8 -78 -29
R Lateral (Crus la)
21 -75 -27
L Lateral (Crus la)
 -28 -78 -24
L Lateral (Crus lp)
-39 -62 -32
L Lateral (Crus lp)
-23 -78 -29

AC -1 25 33
R Ant Insula 36 20 2
R VL Frontal (47/11)
17 28 -20
R VL Frontal (47/11)
21 44 -17
L Thal (VA/VL) 19 -11 6

(Rao et al. 1997)
continuation
(* = in both
continuation +
synchronisation)

L  Put -28 -11 6
L  Put -26 28 7

*R 14 -52 -19
R 15 -51 -18

SMA 21 24 54
SMA 23 29 56

R IFG (44) 56 10 7
R IFG (44) 49 7 7

*L SMC (4) -36 -23 54
L SMC (4) -34 -25 56
R STG (22) 64 -15 13
R STG (22) 61 -18 15
L VL Thal  -15 -21 4
L VL Thal  -12 -20 7

(Ramnani et al.
2001)
Rhythm >
Random

L Ant Vermis (III)
-12  -56  -22
L Post Vermis (V/VI)
-4  -74  -22
R Crus I/Crus II
(HVIIA) 40 -62 -42

R preSMA 2 12
52
R preSMA 6 2
72

R PMd 48 4 46
R PMd 30 6 62

L Post Inf Frontal Sulcus
-36 8 28
L Post Inf Frontal Sulcus
-64 8 30

R IPS 42 -52 54
L IPS -34 -46 44
R IPS 54 -38 60

Midbrain 0 -30 -12
R Med Parietal Cortex
14 -72 48
L Med Parietal Cortex
-6  -80 52
R Parieto-occipital Sulcus
20 -70 32
R Frontal Pole 34 60 16
L Ventromedial Thal
-10  -14 -2
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basal ganglia cerebellum SMA/preSMA Premotor DLPFC inferior frontal/FOP inferior parietal other

(Rao et al. 2001)
Duration discrim

R Medial Caud
12 7 3
12 6 4
L Medial Caud
-12 7 5
-9 7 2
-8 4 8
R Lat Caud
15 6 19
R Put 22 8 –1
R Put 23 6 8
R Put 26 6 –2
L Put -20 -1 5

Vermis (tuber, VIIB) -
3 -70 -30
2 -70 -29

R PMd (6)
23 -7 48
23 -3 52
46 1 49
L PMd -45 -7 47
R PMv (6) 46 8 24
L PMv -54 -13 26
L PMv -51 -15 27

R DPLFC (46/10/9)
34 23 25
31 46 22
41 29 22

R IPS/
Angular gyrus (40)
38 -40 41
36 -43 40
37 -47 38
30 -56 35

R STG (22) 51 -39 6
L MTG (21) -46 -56 4
R Precuneus (7)
10 -68 44
R Thal
4 -21 0
4 -11 0
5 -10 0

(Schubotz et al.
2000)
rhythm discrim –
pitch/colour
discrim

L  Put -20 3 11
R  Put/Caud
13 8 9

L Sup
Semilunar Lobule
-30 -54 -32
R Sup
Semilunar Lobule
27 -61 -35

SMA -3 -3 53 L -24 -13 50
R 24 -10 52

L FOP -46 9 12
R FOP 44 9 18

L Post IPS -18 -70 43
R Post IPS 22 -67 39
L Ant IPS -37 -44 48
R Ant IPS 39 -44 38

Brain stem

(Schubotz et al.
2001)
Interval monitoring

L -17 4 9
R 13 7 11

Cerebellar Cortex
L -32 -66 -15
R 25 -60 -17

preSMA 1 2 45
SMA 1 1 50

L PMd -47 -1 36
R PMd 40-1 36
L PMv -50 5 17
R PMv 46 8 15

L FOP (44) -47 11 2
R FOP (44) 46 12 4

L IPL/SMG -38-45 46
R IPL/SMG 43 -37 41

L FEF -29 -4 51
R FEF 28 -2 48
L SPL -14 -66 50
R SPL 13 -57 51
L Thal -14 -17 11
R Thal 7 -14 10

Interval production L -23 6 8
R 13 6 8

Cerebellar Cortex
L -32 -66 -15
R 25 -57 -17

preSMA
1 12 45
SMA -2 -7 52

L PMd -47 -1 36
R PMd 43-1 36
L PMv -50 5 17
R PMv 46 8 17

L FOP (44) -50 11 2
R FOP (44) 46 12 4

IPL/SMG
L -38-45 46
R 37 -39 47

L FEF -29 -5 48
R FEF  28 -2 48
L SPL  -11 -66 50
R SPL  7 -67 47
L Thal -14 -17 11
R Thal 7 -17 11



Appendix III

171

basal ganglia cerebellum SMA/preSMA Premotor DLPFC inferior frontal/FOP inferior parietal other

interval tasks >
ordinal tasks

L -17 5 7
R 13 12 11

Cerebellar Cortex
L -35 -65 -9

preSMA
1 20 47

L PMd -44 1 45
R PMd  37-1 43
L PMv -45 9 26
R PMv 46 9 23

L FOP (44) -53 14 8
R FOP (44) 43 13 17

(Sakai et al.
1999)
1:2:4

R Ant 16 -48 -16
R Ant 18 -52 -20

L -52 4 48
L -42 -6 52
L -56 16 32

L IPS -36 -42 54
R IPS 36 -34 66
L IPS -50 -32 56

1:2:3 R Ant 16 -52 -16
R Post 34 -66 -20

L -46 10 44 L IPS -52 -30 52

1:2.5:3.5 R Post  34 -58 -22
L Post -32 -60 -22

R 42 14 48
R 52 0 48

R IPS 34 -48 66
L IPS -44 -42 54

R PFC 42 46 18
R STG 64 -32 16

Abbreviations:
AC = anterior cingulate

Aud = Auditory

Ant = anterior

Caud = caudate

Cing = cingulate

Discr, Discrim = Discrimination

DLPFC = dorsolateral prefrontal cortex

estim = estimation

FEF = frontal eye fields

FOP = frontal operculum

Gyr = gyrus

IF = inferior frontal

ident = identification

IFG = inferior frontal gyrus

Inf = inferior

IOG = inferior occipital gyrus

IPL = inferior parietal lobule

IPS = intraparietal sulcus

L = left

Lat = lateral

M1 = primary motor cortex

Med = medial

MFG = middle frontal gyrus

MOG = middle occipital gyrus
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MTG = middle temporal gyrus

Nuc = nucleus

Occip = occipital

Pariet = parietal

PFC = prefrontal cortex

PMd = dorsal premotor area

PMv = ventral premotor area

Post = posterior

Postcent = postcentral

Precent = precentral

Put = putamen

R = right

S1 = primary sensory cortex

SFG = superior frontal gyrus

SMA = supplementary motor area

SMC = sensorimotor cortex

SMG = supramarginal gyrus

SOG = superior occipital gyrus

SPL = superior parietal lobule

STG = superior temporal gyrus

STS = superior temporal sulcus

Sup = superior

Temp = temporal

Thal = thalamus

TTG = transverse temporal gyrus

VA = ventral anterior

Vis = Visual

VL = ventrolateral

VLPFC = ventrolateral prefrontal cortex
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