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Brief Communications

A Generalized Mechanism for Perception of Pitch Patterns

Psyche Loui,' Elaine H. Wu,> David L. Wessel,'* and Robert T. Knight'+
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Surviving in a complex and changeable environment relies on the ability to extract probable recurring patterns. Here we report a
neurophysiological mechanism for rapid probabilistic learning of a new system of music. Participants listened to different combinations
of tones from a previously unheard system of pitches based on the Bohlen-Pierce scale, with chord progressions that form 3:1 ratios in
frequency, notably different from 2:1 frequency ratios in existing musical systems. Event-related brain potentials elicited by improbable
sounds in the new music system showed emergence over a 1 h period of physiological signatures known to index sound expectation in
standard Western music. These indices of expectation learning were eliminated when sound patterns were played equiprobably, and
covaried with individual behavioral differences in learning. These results demonstrate that humans use a generalized probability-based
perceptual learning mechanism to process novel sound patterns in music.
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Introduction
The brain’s ability to perceive sound patterns is necessary for
speech and music. Electrophysiological and neuroimaging evi-
dence indicate that while the auditory cortex analyzes sound fea-
tures such as pitch (Zatorre et al., 1994), the lateral prefrontal
cortex further processes stimuli and selects for further actions
(Alain et al., 1998; Miller and Cohen, 2001). Sound pattern learn-
ing can be measured using various brain signatures. Frequency
and harmonicity tuning in the auditory cortex depends on inter-
actions with sounds, as has been observed from song learning in
birds (Grace et al., 2003) and noise exposure in rats (Zhang et al.,
2002). Violations of simple sound patterns in animals and hu-
mans elicit distinct brain signatures including a negative event-
related potential (ERP) waveform onsetting 150—210 ms after
pattern violation (Niitinen et al., 1982; Naitinen and Alho,
1995; Deouell and Bentin, 1998; Woldorff et al., 1998) termed the
mismatch negativity (MMN). The MMN is generated in the su-
perior temporal plane (Niidtinen and Alho, 1995; Woldorffet al.,
1998), is thought to index echoic memory (Alain et al., 1998;
Nidtdnen et al., 2005), and at a cellular level is dependent on
intact functioning of NMDA receptors (Javitt et al., 1996).
Further brain signatures of structural violation are elicited by
language and Western music. Language studies have shown that
syntactical violations elicit a left-lateralized negativity peaking
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around 200 ms termed the ELAN (early left anterior negativity)
(Hahne and Friederici, 1999). Semantically incongruous words
generate the N400, a negative waveform largest central-parietally
around 400 ms after word onset (Kutas and Hillyard, 1980; Ben-
tin et al., 1993). In the music domain, violations of Western mu-
sical rules or expectations are shown to elicit a negative-polarity
ERP at 150-210 ms (Koelsch et al., 2000). This waveform is larg-
est frontally and was originally observed to be right-sided and
thus termed the early right anterior negativity (ERAN) (Koelsch
et al.,, 2000), but has been later observed as bilateral and termed
the early anterior negativity (EAN) (Loui et al., 2005; Leino et al.,
2007). Additionally, violations in Western music elicit a late neg-
ativity (LN) or N5 (Koelsch et al., 2000; Loui et al., 2005), a
negative-going waveform 400—600 ms after the unexpected
chord, largest over prefrontal sites.

While EAN and LN components are elicited by unexpected
chords in traditional Western music, nothing is known about
neural processing of non-Western music. Thus, the EAN and LN
could reflect processing of rules specific to Western music (Leino
et al., 2007; Miranda and Ullman, 2007), or more general pro-
cessing of sound patterns in any system of pitches. Children and
adults with no formal musical training show ERPs to Western
musical violations (Koelsch et al., 2003; Loui et al., 2005), sug-
gesting either an innate system specialized for musical processing
(Peretz, 2002), or a rapid and implicit ability to learn musical
patterns based on probabilities (Huron, 2006). If the latter is true,
novel and/or non-Western musical systems may elicit similar
brain signatures.

We tested the hypothesis that music perception recruits rapid
probability learning by measuring electrophysiological responses
to a novel, unfamiliar musical system. In the current study, we
examined the development of auditory pattern perception and
context integration by manipulating probabilities with which
participants heard these novel chord progressions. We tested
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Fadeout In addition, a third stimulus type was created
for each starting point, forming the “fadeout”
chord progressions. These stimuli were identi-
—_ cal to the standard stimuli, except that one of
the four chords in each chord progression was
changed in amplitude so as to create a rapid

fadeout in volume (Fig. 1, right). The chord

T T T » 100 +
0 600 1200 1800 2400 O
time (ms)

100
600 1200|1800 2400 0
Deviant chord

Figure 1.

1 of the 4 chords faded out in volume). Participants’ task was to detect the fadeout chords.

whether these novel sound patterns elicited similar brain re-
sponses observed in well learned Western music. Furthermore,
we traced the emergence and individual differences in auditory
learning using these brain signatures.

Materials and Methods

Design of a new musical system. Musical systems around the world are
based on the octave, which is a 2:1 ratio in frequency. For instance, the
most commonly used Western scale has 12 logarithmically even divisions
of the octave, such that the equation for the frequency (F) of each note is
as follows: F = k X 2"/') where n is the number of pitches along the
scale and k is taken to be the reference point of the scale, usually 440 Hz.

In contrast to the Western musical system, the new musical system
used in the present study is based on the Bohlen-Pierce scale, an artificial
scale that has pitches recurring at the 3:1 (tritave) rather than 2:1 ratio
(octave) (Krumbhansl, 1987; Mathews, 1988; Sethares, 2004). The
Bohlen-Pierce scale contains 13 logarithmically even divisions of the
tritave, and the frequency of each tone in the scale is expressed by
the following formula: F = k X 3 /13,

In these experiments, three different starting points (k) were used,
with k being set to 220 Hz, 289.5 Hz, and 167.2 Hz. These three starting
values correspond to n of 10, 0, and 3, three neighboring keys in the
Bohlen-Pierce scale (Krumbhansl, 1987). The use of three starting values
increases variability among the stimuli to ensure that results observed
reflected generalized pattern learning, rather than rote memory of a sin-
gle stimulus. For each set value of k, it was possible to solve for n such that
the resultant F values formed tones with frequencies that were approxi-
mately related to each other in low-integer ratios. As tones with frequen-
cies that form low-integer ratios (such as the Pythagorean ratios of 3:4:5)
are known to sound consonant and relatively pleasant when played to-
gether (Kameoka and Kuriyagawa, 1969; Blood and Zatorre, 1999;
Sethares, 2004), three tones that approximated ratios of 3:5:7 could be
played simultaneously to form chords. Four of these chords were played
sequentially to form a chord progression known as the “standard” chord
progression. The progression of chords were chosen such that each chord
shared one tone with its predecessor and successive chords contained no
large leaps, in accordance with perceptual principles that give rise to
voice-leading principles in Western music (Huron, 2001). These three
standard chord progressions, each corresponding to one value of k and a
setof 12 (3 simultaneous X 4 sequential) values of n (see Fig. 1, left, for an
illustration of tone frequencies in the three standard chord progressions),
were used as the most common stimulus type.

To investigate the violation of novel pitch patterns, the “deviant”
chord progression was constructed by substituting another three-tone
chord, which also obeyed the low-integer ratio of 3:5:7, into the position
of the third chord for each of the chord progressions with different start-
ing points. This resulted in another stimulus type of three chord progres-
sions, in contrast to the three standard chord progressions (Fig. 1,
middle).

600 1200 1800 2400

Fadeout chord
(task-relevant target)

Pseudospectrogram schematic of stimuli in three stimulus types with the starting point of k = 220 Hz. Time is
plotted on the abscissa, whereas frequency is plotted on the ordinate. Each horizontal line represents one tone, a sine wave of a
fixed frequency lasting 600 ms each. Chord progressions, each with four sequential chords and each chord consisting of three
simultaneous tones, were played to participants during EEG recording. Stimuli consisted of 70% standard chord progressions, 20%
deviant chord progressions (where the third chord was different from the standard), and 10% fadeout chord progressions (where

which contained the amplitude decrease was
randomized. During the experiment, partici-
pants were required to respond via button press
whenever they heard the volume decrease. This
ensured that participants listened attentively to
all stimuli, but responded to a feature unrelated
to pitch patterns.

All tones were artificially generated sine
waves (pure tones); this was to avoid any possi-
ble influence of overtones in most instrumental
timbres on the perception of the novel scale
(Sethares, 2004). The three stimulus types were
presented at different probabilities, with stan-
dard sounds being presented with 70% probability, deviant sounds at
20%, and fadeout chords at 10%. The three starting points k were used
equiprobably. (See Fig. 1 for a schematic of stimuli.) During the experi-
ment, the participant’s task was to press a button upon detecting fadeout
sounds, ensuring attentive listening to all auditory stimuli.

Participants. Twelve normal healthy adults (8 females, 4 males, mean
age 23.5 years, age range 19-29) participated in this study. All subjects
were right handed and reported having normal hearing, normal or
corrected-to-normal vision, and no history of neurological or psychiatric
disorder. All subjects were recruited as volunteers from the University of
California at Berkeley community; each subject gave written informed
consent before the experiment and was paid $10 per hour for participa-
tion. Subjects had no prior exposure to the musical system used in the
present study. All research was approved by the Committee for the Pro-
tection of Human Subjects at UC Berkeley.

Procedure. Participants were seated in a sound-attenuated, electrically
shielded chamber. Electroencephalograms (EEGs) were recorded while
sounds were presented. Participants were instructed to make a button-
press response on a joystick immediately upon detecting each fadeout
chord. Stimuli were presented at a level of 70 dB on a PC using Presen-
tation 9.90 software (Neurobehavioral Systems) with a pair of Altec Lan-
sing computer speakers, which were placed 100 cm from each ear. Each
experiment included 10 runs, with each run containing 100 chord pro-
gressions in total. Thus, each participant heard 1000 chord progressions
overall, with 700 being standard, 200 being deviant, and 100 being fade-
out targets.

EEG recording. EEGs were recorded from a 64-channel electrode cap
which corresponded to the international 10-20 system, with six addi-
tional external electrodes placed at the outer canthi of the eyes, below the
left eye, on the nose, and on each mastoid. EEGs and behavioral data were
acquired using a BioSemi system with ActiView 5.1 software. Electrode
impedances were kept below 25 k() for all electrodes. All channels were
continuously recorded with a bandpass filter of 0.01-100 Hz and refer-
enced to the right mastoid during recording. The raw signal was digitized
with a sampling rate of 512 Hz. Recordings took place in an electrically
shielded, sound-attenuated chamber. A video zoom lens camera was
used to monitor participants’ movements during recording.

Data analysis and statistical testing. Raw EEG data were imported into
BioSemi software BrainVision Analyzer for analysis. Raw data were ref-
erenced to the averaged signal of the left and right mastoids and high-pass
filtered at 0.5 Hz to eliminate low-frequency drift. EEG epochs contain-
ing fluctuations of >100 wV was rejected to eliminate noise due to eye
blinks, eye movements, excessive muscle activity, and other artifacts.
ERPs were segmented and averaged separately for each condition (stan-
dard, deviant, and fadeout) over the time window of 200 ms before
stimulus to 1000 ms after stimulus, and then bandpass filtered at 0.5-20
Hz and baseline corrected relative to a period of 200 ms before stimulus
to 0 ms (stimulus onset). ERPs were grand averaged across 12 subjects on
mean amplitudes across latency windows of 150-210 ms (EAN) and
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400-600 ms (LN). Peak and latency ANOVAs
were conducted over the most activated site for
each time epoch: FCz (EAN) and Fpz (LN).
Scalp topography statistics were calculated by uv
clustering electrodes into five regions: anterior
frontal (Fpz, Fpl, Fp2, AFz, AF3, AF4, AF7,
AF8), frontal (Fz, F1, F2, F3, F4, F5, F6, F7, F8,
FCz, FC1, FC2, FC3, FC4, FC5, FC6, FT7, FT3),
central (Cz, C1, C2, C3, C4, C5, C6, CPz, CP1,
CP2, CP3, CP4, CP5, CP6, T7, T8, TP7, TPS),
parietal (Pz, P1, P10, P2, P3, P4, P5, P6, P7, P8,

Loui et al. ® Generalized Mechanism for Pitch Patterns

Early
Anterior

P9, POz, PO3, PO4, PO7, PO8), and occipital
(Oz, 01, O,, Iz). Frontal electrodes were se-
lected based on regions of interest defined for
the EAN in previous studies (Koelsch et al.,
2007).

Follow-up behavioral experiment. To assess
the relationship between the observed brain po-
tentials and the behavioral ability to learn gram-
matical rules, participants of the EEG experi-
ment were invited for a behavioral follow-up
experiment that assessed their learning and
generalization of grammatical rules.

Chord progressions used as stimuli in the EEG experiment were
used as an artificial grammar from which sequences of pitches were
generated. Each note in the chord progression could either repeat
itself, go up or down vertically within the chord, or go forward to any
note within the next chord. Supplemental Figure 1 (available at
www.jneurosci.org as supplemental material) illustrates the deriva-
tion of a pitch sequence, or a melody, from the pitches in the chord
progression. Four hundred ten melodies were composed using this
artificial grammar. At the end of a 30 min exposure phase to these
melodies, participants were given a two-alternative forced choice test
to measure their ability to generalize the rules they had implicitly
learned from exposure to the new musical system toward new melo-
dies. The generalization test contained 10 trials. In each trial, two
melodies were presented; one melody followed the grammatical rules
whereas the other melody violated the rules. Participants were asked
to choose the melody that sounded most familiar to them. The iden-
tification of novel grammatical melodies is an appropriate test of
generalization as it requires knowledge of the combinations of possi-
ble melodies that can be generated from chord progressions.

Figure 2.

Results

ERPs to standard and deviant sounds

First we compared event-related potentials elicited by high-
probability standard sounds with low-probability deviant
sounds. ERPs elicited by deviant sounds showed both the EAN
and the LN effects when compared with ERPs of standard
sounds (Fig. 2). Topography statistics were tested using elec-
trodes clustered by region (prefrontal, frontal, central, pari-
etal, and occipital). All other statistics were calculated using
the single frontal electrode FCz for the EAN and the prefrontal
electrode Fpz for the LN, as these sites were hypothesized to
show EAN and LN effects based on previous studies of tradi-
tional Western music.

An EAN was observed for deviant chords at 150-210 ms
after stimulus onset (F, 5, = 5.70, p < 0.02), with a bilateral
frontal scalp distribution (F, ;,5) = 13.87, p < 0.001). An LN
to deviant chords was also observed (F(, ,,, = 13.91, p =
0.001), and this response was maximal bilaterally over pre-
frontal channels onsetting at 400 ms after stimulus (F, 5 =
17.08, p < 0.001). EAN versus LN topographies differed as
indicated by a three-way interaction between time course
(150-210 vs 400—600 ms), stimulus type (standard vs devi-
ant), and electrode region (prefrontal, frontal, central, pari-
etal, occipital): F, 535y = 2.59, p < 0.05; indicating that differ-

—— Standard

Negativity
150-210ms
Late Ty
Deviart Negativity -

500-550ms

ERPs for standard and deviant stimulus types at anterior frontal channel AFz, showing the EAN and the LN as
significant differences between the ERPs. Light gray bars behind the waveforms highlight statistically significant differences
( p < 0.05) between the waveforms. Negative is plotted upward.

ent neural processes contributed to the EAN and the LN
respectively. Importantly, the topography and timescale of
these two components paralleled that observed for traditional
Western music (Loui et al., 2005), suggesting that perceiving
novel patterns of pitches recruits the same neural systems en-
gaged in the perception of Western music.

ERPs and probability learning

To examine probability learning as a function of time, data from
the EEG recording sessions were divided evenly into three tem-
poral blocks. The first and last blocks of EEG data (first block =
first 20 min, last block = last 20 min) were compared separately
to assess the evolution of EAN and LN effects over the 1 h dura-
tion of the recording session. ERPs for standard stimuli in the
early and late phases were identical (Fig. 3a). However, a com-
parison of the deviant stimulus types in the early and late phases
showed an enhanced EAN in the late phase (F, ,,, = 4.99,p =
0.03) (Fig. 3a). No significant differences between early and late
phases were observed for the LN.

The EAN results may reflect the brain’s sensitivity to dif-
ferential probabilities of sounds. However, an alternative ac-
count is that these effects were driven by a physical difference
between standard and deviant chords. Such a physical differ-
ence may include surface features of the deviant stimuli such
as dissonance arising from interactions between tones in a
chord (Kameoka and Kuriyagawa, 1969). To address the alter-
native possibility that the EAN reflects surface features of
sounds rather than their relative probabilities of occurrence,
we implemented an additional control condition. Before the
beginning of the experiment, standard and deviant sounds
were presented equiprobably (45%). The remaining 10% of
sounds contained a rapid fadeout in amplitude, and, as in the
rest of the experiment, participants indicated when they de-
tected these amplitude fadeouts. No significant difference be-
tween standard and deviant chords was observed when the
sounds were played equiprobably (Fig. 3b). The fact that this
equiprobable control condition elicited no EAN or LN effects
supports the claim that subjects were sensitive to the relative
conditional probabilities of sound patterns, rather than sur-
face properties of the sound stimuli or the occurrence of the
rote deviant items.

If the EAN indexes probability learning, an individual’s be-
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EAN reflects

grammatical generalization

Replicating previous results (Loui and
Wessel, 2008), the behavioral follow-up
experiment demonstrated successful
rule generalization: participants were
able to identify melodies that followed
the same rules as being more familiar,
even when they had not heard the spe-
cific melodies before. Performance on

Last block [UV]

Standard
Deviant

generalization trials were confirmed as
being above chance by a ¢ test against
chance level of 50% correct (mean per-
formance = 66.4% correct; SD = 14%;
two-tailed ¢ test against chance: t(,5) =
3.79, p < 0.01).

To relate behavioral results to electro-
physiological indices, results for each indi-
vidual (in proportion correct out of 1.0)
were correlated with the size of the early
anterior negativity for each participant.

b

Equiprobable stimuli ;|

Standard 0|
Deviant

1 1 1|

Individual participants’ generalization
scores correlated with the amplitude of
their EAN in the ERP study (Pearson’s r =
0.75; p = 0.02, two-tailed) (Fig. 4), sug-
gesting that the EAN may be an index of
grammar learning.

Discussion
The current data show that the human
brain rapidly and flexibly integrates

500 novel sound patterns to form a musical
|

Ly g [ms] context. Both the early anterior negativ-

Figure 3.

standard and deviant chords when presented equiprobably.
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Figure 4.  Correlation between EAN amplitude and proportion correct in the grammar-
learning behavioral task.

havioral capabilities in probability learning should be reflected in
EAN effects. To test this hypothesis, we conducted a follow-up
behavioral experiment of probability learning in another session
with the same participants.

a, A comparison of waveforms elicited by standard versus deviant stimuli during the first and last blocks of the
experiment, suggesting an increasing sensitivity to different probabilities of stimuli over the course of the experiment. b, ERPs for

ity and the late negativity, considered in-
dices of syntax processing in Western
music, are elicited by low-probability
sound patterns in the novel music sys-
tem. The time course and scalp topogra-
phies of these waveforms parallel findings from Western mu-
sic, supporting a shared neural mechanism for processing well
known as well as novel sound patterns.

We also observed rapid probability-based learning during
the course of the experiment. Both EAN and LN were signifi-
cant in the main comparison of standards vs deviants; and the
EAN was significantly larger in the late phase when compared
with the early phase. The increase in amplitude of the EAN
over the course of the experiment reflects gradual develop-
ment of expertise as a function of exposure, suggesting that the
EAN is an effective index of probability learning in the audi-
tory modality, in line with previous findings of larger MMN in
musicians than nonmusicians (Tervaniemi et al., 2001).

These results are also consistent with language learning
research using both natural and artificial languages (Friederici
et al., 2002). Second-language learners elicit increased N400
component amplitudes for incorrect words during the course
of language acquisition (McLaughlin et al., 2004). Our results
converge with this observation by showing adaptive function-
ing of the brain via buildup of expectations and the develop-
ment of context-dependent sensitivity for incongruous events.
However, the present data reveal rapid learning over the
course of 1 h, compared with linguistic studies, which report
development of expertise over several months. Finally, EAN
amplitude reflected behavioral performance in grammar
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learning, suggesting that the EAN may provide a neural corre-
late of individual differences in learning.

The present data suggest that the EAN reflects perceptual
mechanisms of expectation violation, whereas the LN may
reflect further cognitive analysis, specifically an integration of
an unexpected event into its context. MEG and patient data
(Alain et al., 1998; Woldorff et al., 1998) have implicated the
superior temporal planes as sources of the EAN, with top-
down modulation from the lateral prefrontal cortex (Maess et
al., 2001; Barcelo and Knight, 2007). The lateral prefrontal
cortex has been implicated in maintaining contextual infor-
mation (Huettel et al., 2002; Barcelo and Knight, 2007), con-
verging with neuroimaging results (Levitin and Menon, 2003)
supporting the view that musical structure is processed in a
neural network in which prefrontal areas couple with auditory
cortices.

As rapid discrimination learning has been shown previ-
ously with ERPs, specifically the MMN (Néitdnen et al., 1993),
one question arises regarding whether the EAN is same or
different from MMN. The ERAN or EAN is thought to be a
special case of the MMN (Koelsch, 2009) which reflects the
processing of memory traces and rules specific to musical syn-
tax (Miranda and Ullman, 2007). In this case we employ the
nomenclature EAN, rather than ERAN, to reflect the observa-
tion that the waveform observed here is not right-lateralized,
but appears to be bilateral across multiple studies (Loui et al.,
2005).

Another question regarding the present data concerns why
the LN does not change to reflect learning over time or indi-
vidual differences in grammar learning. Several possibilities
might account for this observation: one is that the task does
not require grammar learning, but rather the efficient moni-
toring of sound volume, a feature unrelated to grammatical
structure or musical syntax. If the LN is sensitive to task ef-
fects, neural generators of LN may not be differentially taxed
by standard and deviant sound types as the experiment
progresses. Another, less interesting explanation is that the LN
is more sensitive to experimental noise compared with the
EAN, and therefore more power is required to detect ampli-
tude changes as a function of individual differences in gram-
mar learning.

Together, our results show that the perception of pitch
patterns engages a generalized neural mechanism which rap-
idly develops expectations and integrate sounds into new con-
texts. Such neural mechanisms of learning are dictated by the
probabilities of sounds and may also subserve speech percep-
tion (Hickok and Poeppel, 2000), language acquisition (Fried-
erici et al., 2002), and more general identification of patterns
and contexts (Barcelo and Knight, 2007) in the development
of sensitivity toward probable events in an ever-changing
environment.
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