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Abstract
Humans possess the innate ability to perceive the underlying rhythm in music and
consequently, move their bodies accordingly. Moving to music relies on our ability to
detect the underlying beat in a rhythm, known as beat perception (BP). BP activates many
motor areas in the brain: the putamen in the basal ganglia (BG), the premotor cortex
(PMC), and the supplementary motor area (SMA). Despite similarities in cortical
structure to humans, nonhuman primates do not appear to be able to sense and respond to
a beat. This study investigated the neural responses to rhythm in Macaca fascicularis to
determine if nonhuman primates show the same brain responses to the beat as humans.
We hypothesized that if macaques are sensitive to regularity in rhythms, neural activity
will differ between regular (having a beat) and irregular (not having a beat) stimuli, as
occurs in humans. We analyzed neural responses to auditory stimuli (under anaesthesia)
using a 7 Tesla magnetic resonance imaging scanner. Auditory cortex activated for all
stimuli. Although PMC and SMA activity was observed during regular rhythms, it varied
across conditions, and therefore was not significant. This study demonstrates that neural
activation in response to rhythm can be obtained in macaques under anaesthesia; however
there was no significant activity in motor areas during rhythm perception, and there were
no significant differences in activity between regular and irregular conditions. The null
results may be the result of low power, human-derived testing parameters, the use of
anaesthesia, or may indicate that macaques do not process rhythm with the same neural
structures as humans. Once the experimental conditions have been optimized, further
testing and analysis will need to be conducted to obtain conclusive results.
Keywords: beat perception, music, motor areas, auditory, primates
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Introduction
Temporal integration of the environment is crucial for the interaction of
organisms and their surroundings (Lashley, 1951). From the coordinated movements of
an insect, to the songs of birds, to the human language, the ability to perceive temporal
patterns is crucial for understanding and interaction with the environment (Mauk and
Buonomano, 2004). While every organism can process time, humans can detect and
understand higher order temporal patterns, potentially resulting in the development of
language and music (Mauk and Buonomano, 2004). Speech recognition involves a
complex (higher order) form of pattern recognition. From the second we begin listening
to speech, we are analyzing the durations between syllables and phonemes, the time
between vowels and consonants, and the onset time for particular sounds, all for the sole
purpose of understanding what is being said (Mauk and Buonomano, 2004).
In addition to language perception, our ability to process complex higher order
temporal structures is fundamental to our understanding and development of music
(Mauk and Buonomano, 2004). Humans possess the unique ability to perceive the
underlying beat in music and consequently, synchronize their bodies accordingly (Drake,
et al., 2000, Zatorre, et al., 2007). This synchronization can manifest itself as accurate
tapping or dancing to a rhythm (Grahn and Brett, 2007). Beat perception (BP) occurs
naturally and requires little conscious effort. The underlying mechanisms of BP play a
key role in our ability to perceive and assess time and coordinate our movements.
Contemporary literature suggests that the inherent capacity to synchronize body
movement in correspondence to an auditory stimulus is a quality exclusive to the human
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species (Patel, et al., 2005). This ability accounts for the human tendency to tap, clap, and
dance to music.
A rhythm is composed of a sequence of events that form temporal patterns of
sound (Grahn, 2012). Often, upon listening to a regular musical rhythm, one begins to
feel a sense of a pulse, known as the beat. Beats can be elicited by temporal (patterns of
duration) and non-temporal (pitch and volume) cues (Grahn and Brett, 2007). Regular
rhythms are deemed to have a beat, while irregular rhythms do not (Zatorre, et al., 2007).
The organization of these beats in temporal space is referred to as the meter (Grahn,
2012). Rhythms fall into one of three main “metrical” categories (Figure 1); metric
simple (MS), metric complex (MC) and nonmetric (NM) (Grahn and Brett, 2007). MS
and MC rhythms are composed of tones that are spaced at regular integer related ratios. A
regular integer related ratio means that the intervals between notes in a rhythm are related
to each other (multiples of one another). For example, a rhythm may be composed of
notes spaced at 100 ms, 200 ms and 400 ms apart (all intervals are a multiple of 100 ms,
hence they are integer ratios and in this example the ratio is 1:2:4). MS and MC rhythms
show periodicity at the smallest interval unit (Grahn, 2009). Additionally, MS rhythms
are arranged in a higher order structure that results in a regular grouping of intervals
(every 4 units etc.) while MC rhythms are not (Grahn and Brett, 2007). It is this regular
grouping of intervals that induces the feeling of a regular beat. As such, MS rhythms are
deemed regular while MC rhythms are deemed irregular in nature (Grahn and Brett,
2007). The third category, NM rhythms, is another class of irregular rhythms. They are
composed of tones that are spaced at non-integer related ratios (1:1.4:3.5:4.5) in addition
to containing an irregular grouping of intervals (Grahn and Brett, 2007). As a result, they
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do not evoke beat sensation. In summary, MS rhythms induce a sense of beat, whereas
MC and NM rhythms do not.
Two fundamental aspects of rhythm structure are required for human BP. The
first is the presence of simple integer ratio relationships of the smallest interval unit
(present in MS and MC). The second is a higher order structure that results in regularly
occurring accents in the rhythm referred to as higher order periodicity (Grahn and Brett,
2007). It is this high level of periodicity present in MS rhythms that allows humans to
perceive the beat (Grahn, 2012). Humans can most efficiently detect beat intervals
between 440-1080 ms (Parncutt, 1994). Therefore, the periodic nature of base unit
intervals (< 300 ms) present in both MS and MC rhythms will not result in beat
perception as the time interval is to short for human beat detection (Grahn, 2009).
BP has been shown to increase activity in motor areas of the brain in MS rhythms
compared to both MC and NM rhythms (Grahn, 2009). During beat-based rhythms,
humans showed an increase in activation in their motor areas, particularly the putamen of
the basal ganglia (BG), the premotor cortex (PMC), and the supplementary motor area
(SMA) (Grahn, 2009). The BG have been implicated in the internal generation and
continuation of the beat (Grahn and Rowe, 2012). Parkinson’s patients, who lack a fully
functional BG due to impaired dopamine release, demonstrate a diminished ability to
complete simple timing tasks, such as discriminating a change in MS rhythms (Grahn and
Brett, 2009). This suggests that the BG plays an important role in rhythm and beat
processing (Grahn and Brett, 2007).

	
  

6	
  

Overall, two key models of timing exist; absolute timing and relative beat-based
timing (Teki, et al., 2011). Absolute timing involves the memorization of individual
interval lengths in a rhythmic pattern. The cerebellum has been implicated to play a role
in this timing mechanism. Absolute timing occurs when an individual is exposed to
irregular rhythms (MC and NM) in which no regular beat structure can be detected (Teki,
et al., 2011). Furthermore, beat-based timing occurs when one listens to a regular beat
(MS). The ability to identify patterns and to relate intervals to one another (for instance,
recognizing interval A as being two times longer than B and interval C as being the same
length as A) results in pattern recognition that allows for beat recreation in the absence of
strict memorization (when, for example, tapping to a song) (Teki, et al., 2011). FMRI
studies employing humans have implicated the BG and the SMA as being of critical
importance in this timing mechanism (Grahn and Brett, 2007). Beat-based timing is the
fundamental model of BP and ultimately enables humans to remember a rhythm,
allowing for accurate reproduction of the sequence (Grahn and Brett, 2007).
The ability to understand and process higher order complexities in music and
rhythm is thought to be unique to humans (Mauk and Buonomano, 2004). Little is known
about the neural responses of nonhuman primates in response to rhythm perception.
Despite stark similarities in cortical structure and neurobiology to our ancestors,
nonhuman primates do not appear to share the ability to sense and respond to a beat.
When rhesus monkeys (Macaca mulatta) were asked to tap to regular stimuli consisting
of single equally spaced tones and continue the rhythm, they were unable to do so (Zarco,
et al., 2009). Rather than synchronizing and anticipating the next tone, they were
responding to the onset of the stimulus, pressing the button only after hearing the tone.
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This inability to synchronize to regular stimuli suggests that nonhuman primates cannot
process the beat and anticipate future events (Zarco, et al., 2009). Although nonhuman
primates do not appear to be able to synchronize to the beat, it is possible that they do
detect beats but are unable to translate this understanding into a corresponding action.
Previous studies have required primates to “physically” communicate BP understanding
by tapping or pressing a button (Konoike, et al., 2012, Zarco, et al., 2009). However, a
frequently overlooked flaw with this paradigm is that primates may not have adequate
incentive to respond to an arbitrary stimulus.
Consequently, this study will aim to shed light on the neural processes that are
involved in BP, bypassing the behavioural aspect of previous studies. We will compare
the neural response to regular and irregular rhythms in Macaca fascicularis to determine
whether BP occurs in this species. This study will consist of three main objectives. The
first objective will involve determining whether macaques exhibit motor responses to
rhythm as indicated by increases in activation of motor areas in response to all rhythms.
If macaques show motor responses to rhythm, the second objective will be to investigate
differences in neural activation between beat (MS) and non-beat (MC and NM) rhythms,
which would indicate BP. If BP occurs in macaques, the final objective will be to
establish if this difference in neural activity appears in the putamen, an activation similar
to the human response.
If macaques are sensitive to regularity present in the rhythms, we hypothesize that
a differential response in neural activity will be observed during regular and irregular
stimuli. Conversely, if macaques are not sensitive to regularity in rhythms, we
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hypothesize a differential response in neural activity will not be observed between regular
and irregular stimuli.
This will be the first study to compare BP across two species. If nonhuman
primates do share the same neural capabilities as humans, we predict that their brains will
respond similarly to humans. This experiment will address the fundamental issue of
whether it is valid to use nonhuman primate models to infer timing aspects of human beat
and rhythm perception. If the two do not share the sense of regularity in rhythms,
questions will be raised as to whether experiments on nonhuman primate models provide
accurate transferable knowledge that can be applied to human beat and rhythm
perception.
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Methods
Subjects
A single macaque subject (Macaca fascicularis) was used for this study. This
species was chosen due to the practical availability of the primate and its ability to fit
within the bore of the scanner.
Auditory stimuli generation
Auditory stimuli were generated in Matlab. Individual stimuli composed of
repeated macaque calls (150 ms long) separated by varying time intervals (from 135 ms
to 600 ms). A prerecorded macaque call was used to increase interest of the stimulus to
the macaque, much like humans listening to another individual. Each audio clip generated
was approximately 15 s in length. Three general structures of stimuli were generated
(Figure 1): metric simple (MS), metric complex (MC) and nonmetric (NM).
Although MC and NM rhythms sound irregular to humans, both rhythm types
were used in this experiment. As previously discussed, humans require two conditions for
a rhythm to sound regular. According to these criteria, both MC and NM rhythms sound
irregular to the human ear. However, the same conclusion cannot be made for macaques.
Taking into consideration the possibility that macaques may only require the intervals to
be related at regular integer ratios (the first condition) to perceive a beat, MC rhythms
may also elicit the feeling of a beat in addition to MS rhythms. Therefore, all three
rhythms types were used in this experiment to account for any differences in BP related
to rhythm structure.
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A baseline control stimulus was generated by completely scrambling a stimulus
file to obtain an audio clip with 15 s of continuous “noise”. Additionally, for each
auditory stimulus (MS, MC and NM) a scrambled stimulus counterpart was generated.
The scrambled stimuli were identical in structure to their parent files with the sole
difference between the regular and scrambled files being that each tone consisted of a
scrambled sound as opposed to a macaque call. Scrambled counterparts were generated to
control for any neural activity resulting in response to the recognition of the macaque
call. By comparing the regular rhythms against their scrambled counterparts, we can
determine whether neural activation is due to the recognition of the call or in response to
the rhythm. Below is a summary of the auditory files and their categories:
Regular Stimuli: MS and MS-scrambled
Irregular Stimuli: MC, MC-scrambled, NM and NM-scrambled
Controls: continuous scrambled call and silence
Two sets of stimuli were generated. One set using a baseline interval of 150 ms
and another set using a baseline interval of 135 ms. Generating identical stimuli with two
different baseline interval lengths would allow us to determine if macaques are sensitive
to shorter (135 ms) or longer (150 ms) intervals.
Experimental design
Auditory stimuli were compiled in Eprime. The experiment consisted of 9 blocks
(group of stimuli), each totalling 4 min in length. Each block contained 2 mini-blocks. A
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mini-block consisted of 2 MS, 1 MC, 1 NM and 1 control (scrambled) stimuli. One miniblock was composed of regular macaque calls while the other mini-block was composed
of scrambled versions of the same calls. To summarize, each mini-block contained 4
rhythmic calls and 1 control call. Therefore, a total block would consist of 8 rhythmic
calls and 2 control calls. Out of the 8 calls, 4 were MS, 2 were MC and 2 were NM. Half
of the rhythmic stimuli in each condition (MS, NM, MC) consisted of stimuli generated
using a base interval of 150 ms while the other half consisted of stimuli generated using a
base interval of 135 ms.
A program was generated in Eprime, which would sequentially select each block
(block 1 then block 2 and so on) (Table 1). Once a block was selected, the first miniblock (regular calls) contained in the large block would play its 5 stimuli in a random
order. These 5 stimuli were separated by periods of silence. Four silent periods, 14 s, 10
s, 10 s and 6 s were played in a random order between the 5 stimuli. A sample play list
from a mini-block appeared as follows:
1- MS (150 ms base interval)
2- 10 s silence
3- MC (135 ms base interval)
4- 6 s silence
5- NM (150 ms base interval)
6- 10 s silence
7- Control (scrambled)
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8- 14 s silence
9- MS (135 ms base interval)
Once the first mini-block had played all stimuli, the second mini-block (scrambled calls)
in the selected block would play in a similar fashion. Upon completion of the second
mini-block, the next block was sequentially selected and played in the same fashion. Due
to scanner limitations, each scanning session was limited to approximately 6 min in
length. Since each block was 4 min long (2 min per mini-block), we could play 1.5
blocks in a single session. Below is a breakdown of blocks played per session:
Session 1: Block 1 + Block 2 (1st mini block)
Session 2: Block 2 (2st mini block) + Block 3
Session 3: Block 4 + Block 5 (1st mini block)
This pattern of playing 3 mini-blocks per session was repeated until all 9 blocks were
played.
Note that there was a deviation from the above design during the study.
Randomization of stimuli within each mini-block did not occur due to a programming
error. The first mini-block (regular calls) would play the stimuli in order of appearance
(no randomization) spaced with periods of silence (no randomization). Once the miniblock was completed, the program would proceed to play the second mini-block
(scrambled calls) in the same fashion.
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Image acquisition
The macaque was scanned using a 7 Tesla (T) ultra-high field magnetic resonance
imaging (MRI) scanner at Robarts Research Institute. The macaque completed a single
scanning experiment consisting of 6, 6-minute sessions of stimuli. To minimize
movement during scanning, the macaque was anaesthetized with ketamine. The stimuli
were presented through Sensimetric insert headphones. Structural and functional images
of the brain were collected.
Data prepressing and statistical analysis
Data pre-processing and analysis was performed on SPM8 software running in a
Matlab environment. The images were slice-time corrected, spatially realigned and
normalized to the structural macaque template obtained during scanning. The EPI
(functional) images were then smoothed using a 5 mm smoothing kernel. A high-pass
filter (120 s) was applied to the data to remove low frequency noise. Whole brain analysis
was conducted by modelling the canonical hemodynamic response function to determine
changes in brain activity. A t-test was performed to compare various conditions to one
another to determine areas of significant differences.
Comparisons
The data obtained from this study was compared with previous human data
published in the literature. Additionally, future studies will be conducted on humans
using the same paradigm in the 7 T scanner and the results compared.
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Results
All analyses were conducted on the average brain activation observed across six
individual sessions.
Brain response to rhythm
Under anaesthesia, neural activation was obtained in response to rhythm. Robust
activation of the auditory cortex (superior temporal gyrus = STG) was observed for an
average of all rhythmic conditions compared to rest (Figure 2). Additionally, unexpected
activity in the parietal area and visual cortex was observed (Table 2). See Table 2 for t
and p values of local maxima and their respective brain areas.
Brain response to rhythm perception
To determine the effect of each rhythm condition on brain activity, activation
from the control condition was subtracted from activation in the three rhythm conditions.
This allowed for the subtraction of any neural activity due to simply hearing sounds. Two
main comparisons were conducted; regular (MS) rhythms minus control and irregular
(MC and NM) rhythms minus control (Figure 3). In MS minus control, MC minus control
and NM minus control contrasts, there was significant activation of the auditory cortex
(STG). PMC activation was also observed in all three contrasts, although more prominent
in MS minus control and MC minus control comparisons. Furthermore, SMA activity
was only present in the MS minus control contrast (Figure 4). Unexpected activation of
the parietal area and visual areas were observed; parietal activation in both regular (MS
minus control) and irregular (NM minus control and MC minus control) rhythm contrasts
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and visual activation in both regular (MS minus control) and irregular (MC minus
control) rhythm contrasts (Table 3, 4 and 5). See Tables 3, 4 and 5 for t and p values of
local maxima and their respective brain areas. Overall, there were no significant
differences in neural activity between regular (beat) and irregular (non-beat) rhythms that
would support the presence of BP.
Brain response between rhythm types
Finally, we compared the following rhythm types (Figure 5): regular vs. irregular
(MS vs. MC; MS vs. NM) and irregular vs. irregular (MC vs. NM). Other than small
right PMC activity, very little neural activation was observed in the MS vs. NM
comparison. Furthermore, similar areas of activation were observed across the two
comparisons; regular vs. irregular (MS vs. MC) and irregular vs. irregular (MC-NM).
These areas include somatosensory areas and the cerebellum. Activation of the right
auditory cortex (STG) was present in the MS vs. MC comparison but not the MS vs. NM
comparison. See Tables 6 and 7 for t and p values of local maxima and their respective
brain areas. Similar neural responses were expected (although not observed) in the two
regular vs. irregular rhythm comparisons. Instead, there were qualitatively greater
similarities between the regular vs. irregular (MS vs. MC) and irregular vs. irregular (MC
vs. NM) contrasts. The lack of difference in brain activity between regular and irregular
rhythms may suggest that BP is not occurring in the subject.
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Discussion
This study looked at the neural responses to regular and irregular rhythms in a
single macaque subject. Under anaesthesia, neural activation to rhythm was observed
indicating that the anaesthesia did not block all neural activity in response to rhythm.
However, unlike previous work in humans, which showed activation in the auditory
cortex, SMA, PMC and BG, the neural response to all rhythms in the macaque was
limited to the auditory cortex (Grahn and Brett, 2007). Motor area activation was
observed once neural activity due to hearing sounds was subtracted. This suggests that
motor area responses in the macaque were not as strong (masked by auditory cortex
activation) as those in humans.
Our first objective was to evaluate whether motor responses to rhythm were
occurring in the macaque brain. Although no motor activation was present when
comparing all rhythms to silence, some motor activity (SMA and PMC) was observed in
MS minus control, MC minus control and NM minus control conditions. The subtraction
of the control stimuli (continuous scrambled noise) from each rhythm type allowed for
the exclusion of brain activity due to hearing “noise”. The residual activity was attributed
to rhythm processing. While motor areas were responding to rhythm, there was no
response in the BG and very little response in the SMA. Previous work in humans have
implicated these two areas to be critical in BP (Grahn, 2009). This finding questions the
presence of BP in this macaque subject.
To evaluate whether macaques engage in BP (second objective) we compared
regular and irregular rhythms. There were two main categorical comparisons, regular
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rhythm minus control (MS minus control) and irregular rhythms minus control (MC
minus control and NM minus control). If BP was occurring in this species, we predicted
that we would see additional neural activity in the regular rhythm minus control contrast
that was not present in the irregular rhythm minus control contrasts. This additional
activity would be the result of beat processing occurring in the brain. The neural
activation present in the MS minus control comparison was similar to that in the MC
minus control and NM minus control comparisons. The lack of difference in neural
activity between the regular rhythm minus control and the irregular rhythms minus
control indicates that BP does not seem to occur. An additional analysis was conducted
that compared each rhythm to one another. There were two main categories of
comparison, regular vs. irregular and irregular vs. irregular rhythms. If BP was occurring
in the subject, it was predicted that there would be differences in neural activity in the
regular vs. irregular (MS vs. MC and MS vs. NM) comparison and not in the irregular vs.
irregular (MC vs. NM) comparison. Again, neural activation observed between the two
comparisons was similar. Interestingly, greater differences in neural activity were
observed in the MS vs. MC comparison than the MS vs. NM comparison. Since NM
rhythms are more irregular in structure than MC rhythms, it was predicted that the MS vs.
NM comparison would result in equal or greater differences in brain activity than the MS
vs. MC comparison. Overall, the lack of difference in neural activity between beat and
non-beat rhythms suggests that BP did not occur in this subject. As a result, our third
objective, which was to determine whether the differences in neural activity occur in
similar regions as observed in the human brain, could not be evaluated.
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To summarize, our hypothesis was not supported. Nonhuman primates do not
appear to be able to sense the underlying beat in a rhythm indicated by the lack of
differential neural response between beat and non-beat rhythms. If BP did occur in
nonhuman primates, differences in neural activity would have been observed when
comparing regular and irregular rhythms. As in the human response, regular rhythms
would elicit greater neural responses that could be attributed to beat processing (Grahn
and Brett, 2007). The fact that we observed motor response to rhythm supports the notion
that motor areas are in fact involved in macaque rhythm perception.
Extraneous variables
The data from this study were highly variable and inconsistent. The figures shown
in this paper displayed the average neural activation across 6 sessions. Within a single
condition, activated brain areas between individual sessions differed. Additionally,
although the figures highlight significant peak levels of activation, few brain areas
showed significant cluster activation (FDR < 0.05). The only significant cluster response
observed was that of the left auditory cortex in all rhythms minus rest and MS rhythm
minus control conditions. It should also be noted that activity was observed in muscle
surrounding the brain (data excluded from data tables). If this muscle activation is
attributed to scanning artefacts, it raises the concern that the areas of activation observed
in the brain may not be significant increases but rather artefacts. All in all, it is important
to note that this is a preliminary study conducted on a single subject and thus, many
factors may have contributed to data inconsistencies or a lack of significant results. Two
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main factors to consider are the human derived testing parameters used in the experiment
and the use of anaesthesia on the macaque.
Due to the preliminary nature of this study, human testing parameters were
utilized in the design and analysis of the experiment. In the case of this study, the data
was pre-processed and analyzed using human-based settings. Additionally, the
experimental design was modelled after human imaging studies. This experiment was a
mix between a block and event-related design. While attempting to present long durations
of rhythms, we included multiple conditions (MS, MC and NM). Consequently, we
presented each rhythm for approximately 15 s. A more robust brain response may be
obtained in future studies if the length of the stimuli is increased. This would allow for
adequate excitation of the brain tissue. Additionally, data collected from this experiment
should be reprocessed using different parameters to optimize data extraction. Some of
these parameters include changing the size of the smoothing kernels used and applying a
mask to exclude brain activity from muscle.
The anaesthesia used in this study may have also had multiple effects on the
subject. Over the time course of the experiment, the macaque’s level of consciousness
may have fluctuated resulting in stronger or weaker neural activity in one session in
comparison to another. Additionally, the anaesthesia may have had a large impact on
temporal processing in the brain. Previous work assessing processing of auditory stimuli
in anaesthetized humans found that anaesthesia decreased neural responses to stimuli by
approximately half in addition to abolishing higher order processing capabilities, like
speech recognition (Plourde, et al., 2006). Further work suggests that attention to the
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rhythm is required to recruit BG activity (Chapin, et al., 2010). These studies may explain
the lack of conclusive results obtained in this experiment. While auditory and associative
motor area activation was observed, there was no evidence of BP. BP may involve high
level processing that is blocked by anaesthesia when the subject is rendered unconscious.
One way to determine if anaesthesia blocks BP is to determine if BP requires
consciousness in humans. This can be tested in a few ways; the first involves running a
similar paradigm to the one presented in this study on anaesthetized participants. Since
we know humans can engage in BP, evidence of BP under anaesthesia would indicate
that this is an unconscious process. If there is no BP under anaesthesia, it would support
the argument that BP is a conscious process that requires the attention of the subject.
Therefore, it would not be possible to observe rhythm processing in an anaesthetized
macaque. The second way to test if BP is a conscious process does not require
anaesthesia. The main effect of anaesthesia is to render the subject unconscious.
Therefore, by directing the attention of human subjects to another task while measuring
BP, we can determine whether BP is a conscious or unconscious process.
Future Directions
We sought to evaluate the ability of nonhuman primates to engage in BP by using
brain imaging in place of behavioural studies. Examining neural activity minimized
extraneous variables that may have impacted previous behavioural studies that required
macaques to indicate BP by tapping to a stimulus (Zarco, et al., 2009, Konoike, et al.,
2012). This task required subjects to undergo many months of training before the
experiment could be performed. Additionally, subjects may have had no motivation to tap
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to an arbitrary stimulus. In this study, we used stimuli composed of a macaque call to
increase the responsiveness of the subject to the sound. Despite our best efforts to control
for variables that may have impacted previous behavioural studies, there were additional
extraneous variables that may have affected the results of this study.
Further testing is required to obtain conclusive results and detect patterns over
various conditions. However, before proceeding to scan additional subjects, an
independent component analysis will be conducted on the current data to detect any
underlying patterns in neural activity. Underlying patterns in the data would suggest that
consistent responses were present but perhaps they were not consistently triggered by our
conditions (as could happen if anaesthesia levels were varying over time). If it is
determined that the stimuli are affecting brain response, then the testing parameters will
need to be optimized in addition to determining the effects of anaesthesia on rhythm
processing before further testing can be conducted.
The information derived from this experiment will provide valuable insight into
human and primate timing models. If macaques engage in BP, nonhuman primate models
will provide a gateway into examining the effects of rhythm and beat processing also
seen in humans. If macaques do not engage in BP, then their brain responses can be
compared to those in humans to determine what changes have occurred during evolution
that would explain the development of language and music. A lack of BP in macaques
would indicate the development of higher-level rhythm processing in the human species.
In this scenario, nonhuman primate models can be used to infer aspects of human brain
development to determine why we can engage in higher-level processing of rhythms.
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Appendix

Figure 1: Schematic representation of metric simple (MS), metric complex (MC) and
nonmetric (NM) rhythms. Vertical lines indicate the onset of a tone. Numbers between
the vertical lines indicate the interval length (if 1 = 220 ms, then 2 = 440 ms).
Arrowheads denote perceptual accents, areas where a beat is felt in the rhythm. MS
rhythms are regular and elicit a beat (accents occur every 4 time units) while MC and NM
rhythms are irregular and do not elicit a beat (accents do not occur in a regular periodic
fashion). Figure adapted from Rhythm perception in motor areas of the brain (Grahn and
Brett, 2007).
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Table 1: Experimental design of the study. Blocks are played in sequential order. Once a
block is selected, the first mini-block (regular calls) within the block will play its stimuli
in a randomized order separated by periods of silence (chosen at a random order). Upon
completion of the first mini-block, the second mini-block (scrambled calls) will play in
the same fashion. This process is repeated for the next block in the list.

Block 1

Block 2

Block 3

Regular Calls (mini-block)

Scrambled Calls (mini-block)

MS (150 ms)

MS (150 ms)

NM (150 ms)

MC (150 ms)

MS (135 ms)

MS (135 ms)

MC (135 ms)

NM (135 ms)

Control

Control

Silent (14 s, 10 s, 10 s, 6 s)

Silent (14 s, 10 s, 10 s, 6 s)

MS (150 ms)

MS (150 ms)

MC (150 ms)

NM (150 ms)

MS (135 ms)

MS (135 ms)

NM (135 ms)

MC (135 ms)

Control

Control

Silent (14 s, 10 s, 10 s, 6 s)

Silent (14 s, 10 s, 10 s, 6 s)

MS (150 ms)

MS (150 ms)

NM (150 ms)

MC (150 ms)

MS (135 ms)

MS (135 ms)

MC (135 ms)

NM (135 ms)

Control

Control

Silent (14 s, 10 s, 10 s, 6 s)

Silent (14 s, 10 s, 10 s, 6 s)

MS = metric simple; MC = metric complex; NM = nonmetric; control (scrambled base
line).
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Figure 2: Brain activation during all rhythms (metric simple, metric complex and
nonmetric) minus rest. Areas show activation thresholded at a t-value of 2.58 = puncorrected
< 0.005. STG = superior temporal gyrus. Sagittal figure with green cross hairs indicate
the brain sections shown.
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Table	
  2:	
  Brain	
  regions	
  and	
  values	
  of	
  peak	
  voxels	
  in	
  all	
  rhythms	
  minus	
  rest	
  contrast.	
  
This	
  table	
  shows	
  the	
  brain	
  regions	
  and	
  their	
  corresponding	
  t	
  and	
  p	
  (uncorrected)	
  
values	
  in	
  addition	
  to	
  their	
  coordinates	
  in	
  stereotaxic	
  space	
  (in	
  mm).	
  

Brain Region

T-Value

p

x

y

z

2.69

0.004

23

-9

4

2.88

0.002

16

-7

-2

L superior temporal gyrus

4.32*

<0.001

-20

-8

-1

Parietal area

3.08

0.001

-4

-3

8

2.82

0.002

3

-9

9

Visual cortex

3.00

0.001

-9

-18

-8

Brain stem

4.00

<0.001

0

-18

-6

R superior temporal gyrus

Thresholded at cluster size greater than or equal to 10 voxels per cluster and a t-value of
2.58 = puncorrected < 0.005. R = right; L =left.
* FDRcorrected < 0.05.

	
  

29	
  

Figure 3: Brain activation of each rhythm type minus control: metric simple (regular)
minus control; metric complex (irregular) minus control; and nonmetric (irregular) minus
control. Areas show activation thresholded at a t-value of 2.58 = puncorrected < 0.005. STG
= superior temporal gyrus; MS = metric simple; MC = metric complex; NM = nonmetric.
Sagittal figure with green cross hairs indicate the brain sections shown.
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Figure 4: Brain activation of metric simple (regular) rhythms minus control. Areas show
activation thresholded at a t-value of 2.58 = puncorrected < 0.005. SMA = supplementary
motor area; MS = metric simple. Sagittal figure with green cross hairs indicate the brain
sections shown.
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Table 3: Brain regions and values of peak voxels in metric simple (regular) rhythms
minus control contrast. This table shows the brain regions and their corresponding t and p
(uncorrected) values in addition to their coordinates in stereotaxic space (in mm).

Brain Region

T-Value

p

x

y

z

3.17

0.001

24

-10

-8

2.99

0.001

18

-17

-3

4.33*

<0.001

-16

-10

-12

3.97*

<0.001

-23

-19

-7

L premotor

3.02

0.001

-15

8

-3

R premotor

3.57

<0.001

8

9

6

Parietal area

3.24

0.001

-12

-12

11

4.47

<0.001

2

-16

15

2.99

0.001

16

-13

13

R superior temporal gyrus
L superior temporal gyrus

Visual cortex

Thresholded at cluster size greater than or equal to 10 voxels per cluster and a t-value of
2.58 = puncorrected < 0.005. R = right; L =left.
* FDRcorrected < 0.05.
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Table 4: Brain regions and values of peak voxels in metric complex (irregular) rhythms
minus control contrast. This table shows the brain regions and their corresponding t and p
(uncorrected) values in addition to their coordinates in stereotaxic space (in mm).

Brain Region

T-Value

p

x

y

z

3.44

<0.001

23

-23

6

2.96

0.002

20

-14

-3

4.55

<0.001

-16

-10

-12

3.52

<0.001

-19

-14

-4

L premotor

3.47

<0.001

-11

17

-3

Parietal area

2.74

0.003

-13

-14

10

3.05

0.001

-1

-9

8

3.07

0.001

7

-14

14

3.54

<0.001

-6

-17

-1

2.71

0.003

-1

-18

12

3.04

0.001

-9

9

16

2.98

0.001

0

-3

2

R superior temporal gyrus
L superior temporal gyrus

Visual cortex
Cingulate cortex

Thresholded at cluster size greater than or equal to 10 voxels per cluster and a t-value of
2.58 = puncorrected < 0.005. R = right; L =left.
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Table 5: Brain regions and values of peak voxels in nonmetric (irregular) rhythms minus
control contrast. This table shows the brain regions and their corresponding t and p
(uncorrected) values in addition to their coordinates in stereotaxic space (in mm).

Brain Region

T-Value

p

x

y

z

3.07

0.001

21

-14

-7

2.69

0.004

14

-15

-2

3.63

<0.001

-16

-10

-12

3.24

0.001

-23

-21

-5

L premotor

3.06

0.001

-15

9

-4

Parietal area

2.93

0.002

-11

-12

10

R superior temporal gyrus
L superior temporal gyrus

Thresholded at cluster size greater than or equal to 10 voxels per cluster and a t-value of
2.58 = puncorrected < 0.005. R = right; L =left.
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Figure 5: Brain activation during regular vs. irregular (metric simple minus metric
complex; metric simple minus nonmetric) and irregular vs. irregular (metric complex
minus nonmetric) rhythms. Areas show activation thresholded at a t-value of 2.58 =
puncorrected < 0.005. STG = superior temporal gyrus; MS = metric simple; MC = metric
complex; NM = nonmetric. Sagittal figures with green cross hairs indicate the brain
sections shown.
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Table 6: Brain regions and values of peak voxels in metric simple (regular) minus metric
complex (irregular) rhythms contrast. This table shows the brain regions and their
corresponding t and p (uncorrected) values in addition to their coordinates in stereotaxic
space (in mm).

Brain Region

T-Value

p

x

y

z

2.95

0.002

15

-5

2

3.34

<0.001

11

-16

4

L superior temporal gyrus

2.86

0.002

-20

-4

4

R premotor

3.56

<0.001

6

7

7

R somatosensory

3.02

0.001

11

-4

7

R superior temporal gyrus

Thresholded at cluster size greater than or equal to 10 voxels per cluster and a t-value of
2.58 = puncorrected < 0.005. R = right; L =left.
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Table 7: Brain regions and values of peak voxels in metric complex (irregular) minus
nonmetric (irregular) rhythms contrast. This table shows the brain regions and their
corresponding t and p (uncorrected) values in addition to their coordinates in stereotaxic
space (in mm).

Brain Region

T-Value

p

x

y

z

R superior temporal gyrus

2.87

0.002

17

-4

-13

Cerebellum

2.90

0.002

0

-22

2

Parietal area

2.95

0.002

1

-8

11

Visual

3.29

0.001

-3

-19

14

3.25

0.001

8

-26

5

3.04

0.001

-6

-18

-1

Thresholded at cluster size greater than or equal to 10 voxels per cluster and a t-value of
2.58 = puncorrected < 0.005. R = right; L =left.
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