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A B S T R A C T

Creativity has been defined as the ability to produce work that is novel, high in quality, and appropriate to an
audience. While the nature of the creative process is under debate, many believe that creativity relies on real-
time combinations of known neural and cognitive processes. One useful model of creativity comes from musical
improvisation, such as in jazz, in which musicians spontaneously create novel sound sequences. Here we use jazz
musicians to test the hypothesis that individuals with training in musical improvisation, which entails creative
generation of musical ideas, might process expectancy differently. We compare jazz improvisers, non-im-
provising musicians, and non-musicians in the domain-general task of divergent thinking, as well as the musical
task of preference ratings for chord progressions that vary in expectation while EEGs were recorded. Behavioral
results showed for the first time that jazz musicians preferred unexpected chord progressions. ERP results
showed that unexpected stimuli elicited larger early and mid-latency ERP responses (ERAN and P3b), followed
by smaller long-latency responses (Late Positivity Potential) in jazz musicians. The amplitudes of these ERP
components were significantly correlated with behavioral measures of fluency and originality on the divergent
thinking task. Together, results highlight the role of expectancy in creativity.

1. Introduction

One of the most striking features of the human brain is its ability to
be creative. Creativity has been defined as the ability to produce work
that is novel, high in quality, and appropriate to an audience
(Sternberg, Lubart, Kaufman, & Pretz, 2005). While the nature of the
creative process is under debate, many believe that creativity relies on
real-time combinations of known mental processes (Goldenberg,
Mazursky, & Solomon, 1999), with contributions from the society and
culture as well as from the person (Csikszentmihalyi, 1996). However,
how these neural and cognitive processes are combined is unknown, as
they vary across domains and between individuals.

One model of creativity in real time comes from musical im-
provisation, such as in jazz music, in which individuals spontaneously
create novel auditory-motor sequences that are aesthetically and emo-
tionally rewarding (Bengtsson, Csikszentmihalyi, & Ullen, 2007;
Berkowitz & Ansari, 2008; Limb & Braun, 2008; Liu et al., 2012). Jazz
improvisers show higher divergent thinking ability and openness to
experience, even when compared to musicians with other types of
training (Benedek, Borovnjak, Neubauer, & Kruse-Weber, 2014). Long-
itudinal studies have also shown that improvisation training induces
improvements in performance on divergent thinking tasks (Karakelle,
2009; Lewis & Lovatt, 2013). Due to its reliance on domain-general as
well as domain-specific processes, the study of improvisation is thought

to have implications not only for the study of artistic expertise, but also
for the neural underpinnings of domain-general processes such as motor
control and language production (Beaty, 2015).

While the mechanisms of creativity are unclear, recent work from
theoretical and modeling studies suggests that the processing of de-
viance, or of unexpected events, is key to creativity (Kleinmintz,
Goldstein, Mayseless, Abecasis, & Shamay-Tsoory, 2014;
Wiggins & Bhattacharya, 2014). If expectation processing is key to
creativity, one would expect that individuals with more training in
creativity might process expectancy differently. Here we aim specifi-
cally to inspect the role of expectation in creativity, using jazz im-
provisers as a model.

Across multiple modalities, expectation violations from novel sti-
muli elicit the P3, a positive ERP as measured using event-related po-
tentials as a peak around 300–600 ms after the onset of target events
(Arthur & Starr, 1984; Klein, Coles, & Donchin, 1984; Knight, Scabini,
Woods, & Clayworth, 1989; Yamaguchi & Knight, 1991). The P3 is eli-
cited across multiple sensory domains and has generally been linked to
engagement, arousal, and novelty detection (Friedman,
Cycowicz, & Gaeta, 2001; Murphy, Robertson, Balsters, & O'Connell R,
2011). It includes two subcomponents, P3a and P3b (Polich, 2007). P3a
(or Novelty P3) is thought to reflect more stimulus-based attention and
novelty detection in the frontal lobe, whereas P3b reflects attention-
and memory-dependent neuroinhibitory processes especially in the
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parietal lobe (P3b) (Murphy, Robertson, Balsters, & O'Connell, 2011;
Polich, 2007). The P3 can be followed by an additional parietally-
centered late positive potential (LPP), around 400–900 ms, which re-
flects evaluation and affective appraisal, especially for motivating and
task-relevant events (Cacioppo, Crites, Berntson, & Coles, 1993; Schupp
et al., 2000).

In addition to the P3 and the late positivity, expectation violations
for musical harmony, which has been linked to emotion and meaning in
music (Meyer, 1956), additionally elicits an Early Right Anterior Ne-
gativity (Koelsch, Gunter, Friederici, & Schroger, 2000; Loui, Wu,
Wessel, & Knight, 2009; Steinbeis, Koelsch, & Sloboda, 2006). This Early
Right Anterior Negativity (ERAN) bears some similarities to the Mis-
match Negativity (Naatanen, Simpson, & Loveless, 1982) in that both
are sensitive to unexpected acoustic events and may reflect auditory
prediction and comparison; however the ERAN is thought to be more
specific to the processing of musical syntax and is sensitive to learning
and experience (Koelsch, 2009; Loui et al., 2009).

Our general hypothesis is that creativity depends on sensitivity to
unexpected events. Specifically, in the domain of music, we expect that
jazz improvisers will process unexpected musical stimuli with increased
sensitivity and engagement, as indexed by the ERAN and P3, compared
to their musician and non-musician counterparts. Furthermore, we
expect that neural indices of unexpectedness will be correlated with
measures of divergent thinking.

2. Materials and methods

2.1. Subjects

36 subjects (12 female) participated in the study. Subjects were
recruited from Wesleyan University and the Hartt School of Music in
exchange for compensation or course credit. Jazz improvising musi-
cians, non-improvising (Classical) musicians, and non-musicians were
recruited based on their reported musical experience. All three groups
(n = 12 each, sample size determined from previous studies (Loui,
Grent-'t-Jong, Torpey, &Woldorff, 2005; Loui et al., 2009)) were mat-
ched in age, general intellectual function as assessed using the Shipley
Institute of Living Scale (Shipley, 1940), and short term memory (digit
span task). Jazz and Classical musician groups were matched in age of
onset and number of years of musical training and pitch discrimination
thresholds, but the Jazz group had an average of five years of training
in musical improvisation, whereas the Classical group had only non-
improvisatory musical training. The Jazz group was identified by two
criteria: 1) 5+ years training in music that included improvisation. 2)
Active participation in improvisatory musical activities 1+ hour per
week. Non-improvising (“Classical”) musicians were identified using
the following criteria: 1) 5+ years of musical training that did not in-
clude improvisation. 2) Active participation in non-improvisatory mu-
sical activities 1+ hour per week. Participants were included in the
non-musician group if they had less than 5 years of previous musical
training. Subjects gave informed consent as approved by the Institu-
tional Review Boards of Wesleyan University and Hartford Hospital.

2.2. Procedures

After subjects gave consent to participate in the study, control tests
were done including a psychophysical pitch discrimination threshold-
finding test (Loui, Guenther, Mathys, & Schlaug, 2008) to rule out dif-
ferences due to pitch discrimination, the Shipley test of general in-
telligence (Shipley, 1940), and a digit span short term memory task
(Baddeley, 2003). These showed no significant differences among the
three groups as shown in Table 1. Subjects also completed a survey on
their musical background, indicating their age of onset and duration of
general musical training, the duration of jazz and improvisation
training, amount of time spent on musical activities, and their self-rated
ability to improvise. The control tests were followed by an EEG

experiment (Harmonic Expectation Task) and a behavioral experiment
(Torrance Test of Creative Thinking).

2.2.1. EEG: harmonic expectation task
Event-Related Potentials were used to examine musical expectancy

in the three groups, borrowing from an established paradigm in music
cognition to test for musical expectation (Koelsch et al., 2000;
Loui &Wessel, 2007). Stimuli consisted of chord progressions generated
from sine wave complexes with fundamental frequencies ranging from
174.61 Hz to 1318.51 Hz. Each sine wave complex was presented with
a fixed amplitude envelope with a rise time of 5 ms and a fall time of
105 ms. Sine wave complexes were presented in groups of five, with an
inter-onset time of 1000 ms between successive complexes within a
group. The fundamental frequencies of the tone complexes formed
musical chord progressions that were either of high, medium, or low
expectation as predicted by music theory, similar to stimuli used in a
previous study (Loui &Wessel, 2007). The high expectancy chord pro-
gressions were in accordance with Western music tradition (I-I-IV-V-I).
The medium expectancy chord progression replaced the third chord
with a slightly unexpected Neapolitan chord, but this chord still func-
tioned correctly according to Western tonal standards (I-I-N-V-I). The
low expectancy chord progression replaced the last chord with a Nea-
politan chord (I-I-IV-V- N), which is unacceptable in that context within
Western tonal standards. High, medium, and low expectation chord
progressions were presented with equal probability and played in all 12
keys. Each trial consisted of one such chord progression, followed by a
preference rating where subjects were instructed to rate their pre-
ference for the chord progression on a scale from 1 (dislike) to 4 (like).
Entering a preference rating triggered the next trial, with a new five-
chord chord progression. The trials were presented in blocks of 60, and
each subject completed at least 3 blocks (maximum 6 blocks) and the
keys of all the chord progressions were randomized for each block. In
contrast to previous experiments (Loui, Grent-'t-Jong,
Torpey, &Woldorff, 2005) which included a different type of deviant to
which subjects responded, the present study required subjects to attend
to the feature of musical harmony, as these were hypothesized to elicit
the ERAN and P3 complex, which were our main ERPs of interest. EEG
was recorded using PyCorder software from a 64-channel BrainVision
actiCHamp setup with electrodes corresponding to the international
10–20 EEG system. Impedance was kept below 10 kOhms. The re-
cording was continuous with a raw sampling rate of 1000 Hz. EEG re-
cording took place in a sound attenuated, electrically shielded chamber.

2.2.2. Divergent thinking task
A domain-general creativity task was assessed to test whether the

Jazz group might be more creative even in non-musical contexts.
Subjects completed a short version of the Torrance Test of Creative
Thinking (Torrance, 1968), in which they were given six open-ended
verbal prompts (e.g. “List all the uses you can think of for a paper clip.”)
and had three minutes to respond to each prompt. Subjects were told
that the task was a measure of general creativity and that they should
try to give as many answers as they could.

2.3. Data analysis

2.3.1. EEG: harmonic expectation task
Behavioral ratings were exported from Max/MSP (Zicarelli, 1998)

to SPSS for analysis. EEG data were analyzed in BrainVision Analyzer.
Preprocessing included applying infinite impulse response filters with a
low-pass cutoff of 30 Hz and a high-pass cutoff of 0.5 Hz. Raw data
inspection was used to exclude data points with a higher gradient
(> 50 uV/msec), high mins and max (> 200 uV), and extreme ampli-
tudes (−200 to 200 uV), resulting in exclusion of 11.8% percent of the
segments, with this percentage being similar across groups and across
conditions (all p > 0.10). Ocular correction ICA was applied to remove
eye artifacts for each subject. The data were then segmented into chords
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and the trials were averaged and baseline corrected. We compared ERP
traces for high and low expectation chords (the last chord in each
progression), and for high and medium expectation chords (the third
chord in each progression). We also plotted difference waves for
medium minus high expectation conditions, and for low minus high
expectation conditions. Mean amplitudes for time windows of interest
(230–280 ms, 410–480 ms, 800–850 ms) for each subject were then
exported from BrainVision Analyzer and analyzed in SPSS. For the
medium vs. high expectation contrast, the FCz electrode was chosen to
test for the ERAN (Loui, Wu, Wessel, & Knight, 2009; Koelsch et al.,
2000). For the low vs. high expectation contrast, since a frontal posi-
tivity (P3a) was observed in midline electrodes whereas a frontal ne-
gativity (ERAN) was observed in the lateral frontal electrodes, the FCz
electrode was chosen to test for the P3a, while electrode F8 was chosen
for the ERAN (Polich, 2007; Koelsch, Schroger, & Gunter 2002). The P2
electrode was chosen to represent the P3b component and the late
positive potential (Polich, 2007). For each of these time windows and
electrodes, we performed a mixed factors ANOVA with a within-sub-
jects factor of expectancy (low vs. high or medium vs. high) and a
between-subjects factor of group (jazz, classical, nonmusician). Since
these were time windows and electrodes representing specific ERP
components that we hypothesized might be different between groups,
we also performed planned paired-samples t-tests comparing the two
expectancy conditions for each group, while applying Bonferroni cor-
rection to control the type I error rate across the three planned t-tests.

Tests of the three a priori hypotheses were conducted using Bonferroni-
adjusted alpha levels of 0.01667 per test (0.05/3).

2.3.2. Divergent thinking task
Subjects’ responses were coded for fluency and originality. Fluency

was calculated as the number of unique responses. Responses from 16
independent control subjects (recruited online from Mechanical Turk)
were used to create a baseline for originality. The subjects were then
scored for originality with unique responses receiving 3 points, re-
sponses that occurred once in the baseline receiving 2 points, and re-
sponses that occurred twice in the baseline receiving 1 point. Scoring of
subjects’ responses were done by raters who were blinded to the group
status of each subject. Outlier trials were excluded using the Tukey
method with a conservative multiplier of 2.2 (Tukey, 1977). This re-
sulted in the removal of 2 single question scores in different partici-
pants, one from the Classical musician group and one from the Jazz
group. Z-scores were calculated for each of the questions.

3. Results

3.1. Decreased preference for expected stimuli in Jazz musicians

Behavioral results from preference ratings for high expectation,
medium expectation, and low expectation chord progressions showed a
main effect of expectation (F(2,66) = 17, p < 0.001, η2 = 0.301), and

Table 1
Means and standard deviations for age, musical experience, and baseline test performance comparing Non-musicians, Classical musicians, and Jazz musician subjects.

Non-musicians
(n = 12)

Classical musicians
(n = 12)

Jazz musicians
(n = 12)

Non-musicians vs.
classical musicians

Non-musicians vs. Jazz
musicians

Classical vs Jazz
musicians

Pitch discrimination (Hz) 10.6 (8.8) 5.6 (3.3) 4.6 (3.5) ns ns ns
Digit Span (digits) 7.5 (1.3) 7.2 (1.9) 8.1 (1.5) ns ns ns
Shipley (raw score) 17.8 (1.3) 17.1 (1.6) 17.0 (1.9) ns ns ns
Age (years) 19.3 (1.3) 21.1 (4.4) 20.3 (1.4) ns ns ns
Age of onset (years) 9.7 (2.4) 7.2 (1.9) 8.2 (3.2) ns ns ns
Duration of training (years) 1.6 (1.4) 10.3 (1.9) 9.3 (3.7) t(22) = 12.4 t(22) = 6.7 ns

p< 0.001 p < 0.001
Duration of improvisation

training (years)
0.0 1.1 (1.7) 5.8 (3.5) t(22) = 2.3 t(22) = 7.7 t(22) = 5.2

p = 0.03 p < 0.001 p<0.001

Fig. 1. (A) Examples of musical stimuli from high, medium, and low
expectation conditions. (B) Preference ratings of Jazz musician,
Classical musician, and Non-musician groups for high, medium, and
low expectation conditions, showing a significant interaction between
group and condition.
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an interaction between group and expectation (F(4,66) = 3.2,
p = 0.018, η2 = 0.113) (Fig. 1B). The non-musicians strongly preferred
the high expectation condition followed by the medium (t(23) = 2.3,
p = 0.03, d = 0.618) and low expectation conditions (high vs. low: t
(23) = 3.5, p = 0.0019, d = 1.841; medium vs. low: t(23) = 3.4,
p = 0.0023, d = 1.535). The musicians showed a strong preference for
both the high and medium expectation conditions compared to the low
expectation condition (high vs. low: t(23) = 2.7, p = 0.01, d = 1.262;
medium vs. low: t(23) = 4.1, p < 0.001, d = 1.457). In contrast, Jazz
musicians showed slightly higher ratings for the medium expectation
condition, and were undifferentiated between the high and low ex-
pectation conditions. Furthermore, ratings for the high expectation
condition were negatively correlated with duration of Jazz training: r
(34) =−0.36, p = 0.029, with duration of improvisation training: r
(34) =−0.49, p = 0.003, and with the number of Jazz hours played
per week: r(34) =−0.58, p < 0.001), thus supporting an inverse re-
lationship between training in Jazz improvisation and preference for
the expected.

3.2. ERPs show neural sensitivity for medium vs. high expectancy events

A repeated measures ANOVA on the dependent variable of mean
amplitude with a within-subjects factor of expectancy (medium versus
high expectancy conditions) and a between-subjects factor of group
(Jazz, Classical, Nonmusician) shows a main effect of expectation in the
frontal channel FCz at time 230–280 ms (F(1,33) = 14.12, p = 0.001,
η2 = 0.276) but no interaction or main effect of group, confirming that
the ERAN is elicited in the medium expectation condition (Fig. 2). The
ERAN in the medium expectation condition is visually larger in the Jazz
and Musician groups compared to the non-musician group, but this
interaction did not reach significance. However, planned comparisons

(paired-sample t-tests) between medium and high expectancy condi-
tions in each subject group showed a highly significant difference in the
Jazz group (t(11) = 4.3, p = 0.001, d = 1.02) that survived Bonferroni
correction for three groups, a marginal difference in the Classical group
(t(11) = 2.03, p = 0.067, d = 0.99), and no significant difference in
the non-musician group. The difference wave (medium minus high
expectancy) topography (Fig. 2a) showed left lateralization of the
ERAN, which was confirmed by a mixed ANOVA with mean amplitude
of the difference wave (medium vs. high) as the dependent variable,
and the between-subjects factor of group and the within-subjects factor
of electrode (FC3, FC1, FC2, FC4). There was a main effect of electrode
(F(3, 99) = 15.1, p < 0.0001, η2 = 0.675) but no main effect of group
or interaction. Follow-up paired-samples t-tests compared respective
electrodes on each side and confirmed that the ERAN was left later-
alized (FC1 vs. FC2

t(35) = 5.15, p < 0.001, d = 0.45, FC3 vs. FC4: t(35) = 3.2,
p = 0.001, d = 0.55) and survived Bonferroni correction at the
p = 0.025 level for two electrode comparisons. The two later time
windows of interest (410–480 ms, 800–850 ms) showed no significant
main effects of expectation or group, and no significant interaction.

3.3. ERPs show increased sensitivity and engagement to high vs. low
expectancy events in Jazz musicians

In general, ERP responses to high vs. low expectancy conditions
showed that the Jazz group had a larger early right anterior negativity
(ERAN: 230–280 ms), followed by a larger P3b (410–480 ms) compared
to both other groups. Additionally, all subjects showed a large P3a
(410–480 ms), and Classical musicians showed a larger late positive
potential (800–850 ms) compared to both other groups. Fig. 3 shows
findings for each group at each time window, and we present results

Fig. 2. (A) ERP responses to high and medium expectancy
chords for Non-musician, Classical musician, and Jazz mu-
sician groups over site FCz. Grey bars indicate significant
differences in the time window indicated (230–280 ms).
Topos plots of the difference waves are shown for each
group at the same time window. (B) Difference waves of
unexpected minus expected ERPs comparing Non-musician,
Musician, and Jazz musician groups over site FCz. Grey bars
indicate significant differences within the indicated time
window (230–280 ms).
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from each time window below.

3.3.1. 230–280 ms
A repeated measures ANOVA on the dependent variable of mean

amplitude during the ERAN time window (230–280 ms) showed an
interaction between group and expectancy (F(2,33) = 4.2, p = 0.02,
η2 = 0.184), indicating that the ERAN effect differed between groups.
Only the Jazz group showed an ERAN, as indicated by a difference in
planned comparisons between low and high expectancy conditions (t
(11) = 2.8, p = 0.01, d = 0.873) that survived Bonferroni correction
for three groups, whereas the Classical musicians and non-musicians
did not differ between the high and low expectancy conditions.

3.3.2. 410–480 ms
The frontal electrode FCz was chosen to test for the frontal P3a

effect. A repeated measures ANOVA showed a highly significant main
effect of expectancy (F(1,33) = 82.65, p < 0.001, η2 = 0.860) and a
marginally significant interaction between group and expectancy (F
(2,33) = 2.99, p = 0.064, η2 = 0.0492). Planned paired-samples t-tests
for each group confirmed that the P3a component was significant in
Jazz (t(11) = 5.51, p < 0.001, d = 1.371), Classical (t(11) = 7.10,
p < 0.001, d = 1.427), and non-musician groups (t(11) = 3.28,
p = 0.007, d = 0.814), which all survived Bonferroni correction for
three groups.

The parietal electrode P2 was chosen to test for the parietal P3b
effect. A repeated measures ANOVA on the dependent variable of mean
amplitude during the time window of the P3b component (410–480 ms)
showed a significant main effect of expectancy (F(2,33) = 30,
p < 0.001, η2 = 0.410) and a significant interaction between group
and expectancy (F(2,33) = 5.0, p = 0.01, η2 = 0.139). Planned paired-
samples t-tests show a large P3b component in the Jazz (high vs. low t
(11) = 4.9, p < 0.001, d = 1.189) and the Classical musician groups
(high vs. low: t(11) = 3.3, p = 0.007, d = 0.725), both surviving
Bonferroni correction for three groups, whereas the non-musician group
showed no P3b (no significant difference between high and low ex-
pectancy conditions).

3.3.3. 800–850 ms
A main effect of expectancy (F(2,33) = 12, p = 0.002, η2 = 0.230)

is observed at the time window of the late positive potential
(800–850 ms). Planned comparisons showed that only the Classical
musician group had a significant difference between the high and low
expectancy conditions (t(11) = 2.7, p = 0.02, 1.107), but this did not
survive Bonferroni correction for 3 groups. The Jazz and Non-musician
groups showed no difference between the two conditions, indicating
that the late positivity is only seen in the Classical musician group.

3.4. ERP-behavioral correlations

ERP components were correlated with different measures of musical
experience. The ERAN component for the low minus high expectation
condition (mean amplitude of the difference wave at the 230–280 ms
time window) was correlated with the duration of general musical
training (r(34) = −0.35, p = 0.034), duration of private lessons (r
(34) = −0.46, p = 0.005), the duration of Jazz training (r(34)
= −0.51, p = 0.002), the duration of improvisation training (r(34)
= −0.34, p = 0.041), and self-ratings of improvisation abilities (r(34)
= −0.53, p = 0.001) among the jazz musicians. The P3b component
(mean amplitude from parietal site P2 at the 410–480 ms time window)
was correlated with duration of general musical training (r(34) = 0.44,
p = 0.007) but not with the jazz experience measures, suggesting that
the P3b is enhanced by general musical training, rather than jazz im-
provisation training specifically.

3.5. Superior divergent thinking skills in musicians

As a domain-general creativity task, subjects completed questions in
a divergent thinking task from the Torrance Test of Creative Thinking
(Torrance, 1968). Subjects’ responses were scored for Fluency and
Originality, as described in the Data analysis section. Fig. 4 shows re-
sults from the divergent thinking task across three groups. One-way
ANOVAs looking at differences between the groups showed only a
marginal effect of group on Fluency (F(2,33) = 3.0, p = 0.063,
η2 = 0.154), but a statistically significant main effect of group on
Originality (F(2,33) = 3.6, p = 0.038, η2 = 0.179), with both groups

Low vs. High Expectation

(A)

Fig. 3. (A) Topography of difference waves (Low minus High expectation) at each time window (230–280 ms, 410–480 ms, 800–850 ms) for each group. Traces show significant
differences at the tested electrodes. Grey bars over the ERPs indicate significant differences between ERPs for high and low expectation at the indicated time window. (B) Difference waves
for low minus high expectancy chords from specific sites in Fig. 3, overlaying the three groups, showing ERAN at site F8, P3a at site FCz, and P3b and LPP at site P2.
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of musicians scoring higher on originality than the non-musicians
(Fig. 4). Fluency scores were higher in Classical musicians compared to
non-musicians (t(22) = 2.5, p = 0.02, d = 1.031), whereas Originality
scores were higher in Jazz musicians compared to non-musicians (t(22)
= 2.3, p = 0.030, d = 1.017) and also higher in Classical musicians
compared to non-musicians (t(22) = 2.8, p = 0.010, d = 1.157). These
results are further supported by correlations between measures of
Originality and Fluency scores with measures of general musical
training: duration of general training (Originality: r(34) = 0.44,
p = 0.007, Fluency: r(34) = 0.45, p = 0.006) and duration of private
lessons (Originality: r(34) = 0.60, p < 0.001 Fluency: r(34) = 0.59,
p < 0.001).

3.6. ERP associations with divergent thinking

We further assessed relationships between domain-general tests of
creativity and our ERP measures for expectancy. We tested for corre-
lations between amplitude of the ERAN and P3b from the low minus
high expectation conditions, as these were the components that showed
significant group by condition interactions, and Fluency and Originality
from the divergent thinking test (Fig. 4). The amplitude of the ERAN
was significantly correlated with Originality (r(34) = −0.40,
p = 0.017) and Fluency (r(34) = −0.36, p = 0.030). The amplitude of
the P3b component was also significantly correlated with Originality (r
(34) = 0.40, p = 0.016) and Fluency (r(34) = 0.35, p = 0.038).

Fig. 4. (A-B) Divergent thinking test performance (z-scores) for the three groups in fluency (A) and originality (B). (C-F) Correlations between fluency and originality z-scores and
amplitudes of the ERAN (C-D) and P3 (E-F).

(B)

Fig. 3. (continued)
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Separately correlating these measures for each group showed that while
non-musicians and Classical musicians had no significant relationship
between behavioral and ERP measures, Jazz musicians had large cor-
relations (ERAN vs. Fluency: r(11) = −0.69, p = 0.012; ERAN vs.
Originality: r(11) = −0.72, p = 0.008; P3b vs. Fluency: r(11) = 0.66,
p = 0.021; P3b vs. Originality: r(11) = 0.73, p = 0.008).

4. Discussion

Using Jazz improvisation training as a model, we show for the first
time that jazz improvising musicians have higher preference and
markedly different neural sensitivity to unexpected musical stimuli.
These neural measures of expectations in a musical context are corre-
lated with measures of domain-general creativity. Based on these re-
sults, we posit that creative perception and cognition depends on sen-
sitivity and engagement to unexpected events within the relevant
domain.

Expectations are manipulated using an established set of stimuli that
follow musical-syntactic rules to elicit high, medium, and low ex-
pectation conditions. These stimuli are known to elicit the ERAN, a
component that reflects perceptual sensitivity and is thought to be
specific to musical syntax, as well as the P3 when the unexpected events
are task relevant (Koelsch et al., 2002; Loui et al., 2005). Here we see
the ERAN for the medium and low expectation conditions, as well as the
P3a, P3b, and LPP for the low expectation condition only. All subjects
were sensitive to the manipulation of expectancy, as indicated by a
highly significant frontal P3a for low expectation events in all groups.
Additionally, Jazz musicians had a significantly larger ERAN and P3b,
followed by an earlier return to baseline (smaller late positive potential)
in response to unexpected events. These findings suggest that people
with training in creativity, when confronted with unexpected events,
have increased perceptual sensitivity (as indexed by the ERAN), fol-
lowed by higher engagement (as indexed by the P3b), followed by a
faster return to baseline after the occurrence of unexpected events. In
contrast, Classical musicians had a large frontal P3a and parietal P3b
followed by a significant late positive potential, suggesting novelty
detection and engagement, as well as subsequent further cognitive or
motivated analysis of unexpected events. Compared to both musician
groups, non-musicians only showed a frontal P3a, suggesting only
frontal attention-dependent mechanisms in detecting unexpected mu-
sical events. These ERP effects are not explained by differences in fa-
miliarity, as the low expectation condition is equally unfamiliar in
Classical and Jazz music. The effects are also not explained by differ-
ences in short term memory, IQ, or low-level perceptual differences
such as pitch discrimination ability, as these are matched among the
three groups. Since our two musician groups were reasonably well-
matched but only the jazz group had significant improvisation training,
we believe that these situations most likely result as part of their im-
provisation training (however we acknowledge there may have been
pre-existing differences not captured by our screening, as would be true
of any between-subjects study).

The ERAN for the low expectation condition showed significant
correlations with improvisation training, whereas the P3b correlated
with general musical training. Although these correlations only reflect
associations and cannot be interpreted as causal, the pattern of results
suggests that general musical training may increase task-relevant cog-
nitive processing in the relevant domain of music, whereas jazz im-
provisation training may also enhance perceptual sensitivity to un-
expected stimuli.

Although we label our early component as an ERAN (early right
anterior negativity), the effect is surprisingly left-lateralized. We keep
the label ERAN consistent with previous literature (Koelsch, 2009)
stating that although the neural correlates of the ERAN, ELAN, mis-
match-negativity and right anterior temporal negativity share similar
neural correlates, the ERP generated by the unexpected Neapolitan
chord is labeled as the ERAN in keeping with its functional significance

of reflecting music-syntactic processing, rather than a rightward later-
ality per se. This nomenclature parallels the ELAN (early left anterior
negativity) component, which is related to linguistic local phrase
structure (Friederici, 1996). While the left lateralization in the medium
vs low expectancy component is surprising, it may reflect that the
medium expectancy chord is embedded in the middle of the phrase and
thus recruits similar neural resources that process local phrase structure
in language, as opposed to the final resolution in the low expectancy
chord. Taking all of this evidence together, the early frontal negative
component likely reflects sensitivity to unexpected musical events, re-
gardless of the lateralization.

In contrast with previous studies (Koelsch et al., 2000; Loui et al.,
2005) in which the ERAN was observed even in non-musicians, here we
see the P3a in non-musicians for low expectation stimuli. This could be
a result of the use of a different task in this experiment. Instead of
passive listening or detection of a second deviant, which have been
shown to elicit an ERAN and late negativity (N5) in musicians and non-
musicians (Koelsch et al., 2000), in this experiment we ask subjects to
make preference ratings, which forces the subjects to attend to the
different expectation conditions within the stimuli. This elicits the
frontal P3a and parietal P3b, together known as the P3 complex, which
is elicited by task-relevant target detection (Arthur & Starr, 1984;
Polich, 2007). While the P3a is observed in all subjects, the P3b is
shown here to be sensitive to differences between groups. As the P3a is
thought to index frontal attention and novelty-detection mechanisms
(Polich, 2007; Friedman et al., 2001) and the P3b is effective as a
predictor of engagement and arousal (Murphy, Robertson,
Balsters, & O'Connell, 2011), we interpret the findings as showing that
all subjects detect the unexpected chord as being novel (i.e. less ex-
pected). However, the Jazz musicians are more engaged by this un-
expectedness, which would facilitate a quicker reaction in real time
improvisation, whereas this may not be as necessary when performing
pre-determined harmonies in classical music.

Behavioral differences in preference ratings show that Jazz musi-
cians prefer the unexpected chord progressions, relative to Classical
musicians and non-musicians who prefer the expected. The negative
correlation between ratings on the high expectancy chord and jazz
training might mean that jazz training discourages sounds that are too
expected or ordinary, and encourages a higher tolerance, or relative
preference, for more unexpected or complex stimuli. This could be
because Jazz musicians acquire a larger musical-harmonic vocabulary
as a result of improvisation training. This is in accordance with
Berlyne’s (1971) theory on the relationship between preference and
increasing complexity, where the optimal complexity shifts towards
more complex for individuals with more domain-specific knowledge in
the field (Berlyne, 1971). The different preferences between the Clas-
sical and Jazz musician groups, despite both having knowledge of
music, suggests that there are key differences between jazz and classical
music training. One of these could be the experimental nature of jazz
training that calls for jazz musicians to use their knowledge of the
domain to create novel music in real time. Through training in im-
provisation, jazz musicians may be more exposed to novel, unexpected,
or complex harmonies that might result in an increased preference or
tolerance for unexpected musical harmonies (Biasutti, 2015). Alter-
natively, jazz musicians could have chosen to participate in jazz im-
provisation training because of their higher preference for novelty and
unexpectedness in the first place. As the current results are cross-sec-
tional only, they cannot tease apart the direction of causality between
jazz improvisation and preference for the unexpected. Nevertheless, the
current results provide empirical evidence for an interaction between
expectation and training, where people with jazz improvisation
training, people with non-improvisatory musical training, and people
without formal musical training were perceiving and engaging with the
unexpected chords differently as seen in behavioral and neural mea-
sures. These differences may stem from the different body of musical
expertise that jazz musicians have acquired compared to classical
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musicians.
Furthermore, the persistence of the late positivity in the non-im-

provising musicians shows that jazz musicians recover more quickly
from unexpected musical events than non-improvising musicians. This
difference may arise because jazz and classical musical training require
different types of listening skills, causing jazz musicians to be more
inclined to switch to a different cognitive strategy immediately after the
unexpected chord. As jazz improvisation occurs in real time, it is not
practical to dwell on an event that seems out of place, but the non-
improvising musicians may see the out-of-place event as an error that
requires further cognitive analysis. In addition, the improvisatory and
experimental nature of jazz training can encourage musicians to take
notes and chords that are out of place and use them as a pivot to
transition to new tonal or musical ideas. This could lead to the in-
creased cognitive flexibility in jazz musicians that allows them to re-
cover from unexpected events more quickly. Learning to identify chord
progressions by ear is an important element of jazz training because it is
necessary to understand the harmonic structure in order to generate
chords in real-time in response both to the underlying chord progres-
sions and to other members of the group. However for classical musi-
cians, responses to harmonic structure and to other players in a per-
formance are manifested in other components of musical performance,
such as dynamics, phrasing, and intonation, rather than by the gen-
eration of new chord progressions as these are predetermined in com-
posed (non-improvisatory) music (Biasutti, 2015). Therefore, jazz mu-
sicians might be more inclined to attend to unexpected harmonies and
then rapidly reorient back to the task at hand. Conversely, the non-
improvising musicians hear the unexpected harmony as being incon-
gruous with the context, and continue to devote cognitive resources to
resolve this incongruity, giving rise to the persistence of the late posi-
tivity in non-improvising musicians. This further cognitive processing
may reflect a judgment of the unexpected chord as a mistake, which
could be beneficial for classical musicians, as they often need to re-
cognize errors so they can avoid the same mistake in subsequent per-
formances. Thus, our results suggest that differences in musical training
result in different neural responses to unexpected events that may dif-
ferentially benefit the task demands imposed by the two different types
of musical performance.

Questions from the Torrance Test of Creative Thinking are used here
as a domain-general measure of creativity. In contrast to most cognitive
tests, which have a one-to-one mapping between question and target
response, the TTCT requires divergent thinking, or the generation of
multiple responses from a single prompt. Although this assessment tool
is relatively domain-general (i.e. it does not require specialized
knowledge or experience, unlike in musical performance), we see some
evidence of more creative performance in people with musical training,
with classical musicians outperforming non-musicians in fluency, and
classical and jazz musicians both outperforming non-musicians in ori-
ginality. Consistent with previous results (Benedek et al., 2014;
Kleinmintz et al., 2014), our results provide evidence for higher do-
main-general creative abilities in musically trained subjects. Further-
more, here we observe correlations between TTCT scores and ERP
components elicited by violations of musical expectancy. The P3b
component, which is correlated with general musical training, is also
correlated with the divergent thinking test measures, suggesting that
musical training may be associated with creative tasks as moderated by
the neural processing of target events. The finding that the ERAN
component, which is associated with jazz improvisation training in this
study, is also correlated with TTCT scores suggests that improvisation
training does influence domain-general creative thinking abilities. As
seen in Fig. 4 and indicated by the correlations for single groups, the
jazz group seems to drive these associations between the TTCT and ERP
components. This suggests that for the non-musician and classical
musician groups, these two tasks are inherently dissimilar, but jazz
training may bridge the gap by forming an association between these
seemingly unrelated domains. This connection between domains may

arise from jazz training methods that are more likely to incorporate
non-musical aspects when developing improvisational skills, e.g. jazz
improvisation training may involve experimenting with sounds to
match different extra-musical ideas, such as verbal prompts, visual
imagery, and/or emotions to be communicated (Biasutti, 2015).
Therefore, the connection between domain-general creativity tasks and
music-specific perceptual processes may be clearer in jazz musicians
than in non-jazz musicians and non-musicians.

The effects of domain-general creativity and musical-specific crea-
tivity that arise from jazz improvisation are difficult to tease apart. This
is because through their training jazz musicians are exposed to un-
expected events that are musical, and thus the processing of unexpected
events is highly embedded in the musically specific training. The TTCT
could be considered a domain-general measure of ability to respond to
unexpected events, as it asks participants to respond to questions that
they wouldn’t think of answering every day. With this interpretation,
responding to unexpected events would be considered a component of
domain-general creativity. The correlations that we found between the
ERAN and P3b ERP components and TTCT suggest that the neural
underpinnings of both music-specific and domain-general expectations
are related to domain-general creativity. Taken together we believe our
results indicate the dual role of domain general and specific creativity
in improvisation. Future longitudinal studies, as well as studies on other
groups such as actors receiving non-musical improvisational training,
could help to tease apart the specific contributions of these domains to
the processing of musical expectancy.

Together, results from behavioral and EEG data show higher per-
formance in creativity in musicians. The underlying cognitive me-
chanism likely entails increased sensitivity to expectations, and in-
creased engagement to unexpected events. This sensitivity to
expectation is indexed by higher preference ratings for unexpected
chord progressions in jazz musicians, coupled with increased amplitude
in the ERAN and P3b, two ERP waveforms that index perceptual sen-
sitivity and cognitive engagement respectively. Results suggest that
creativity entails being sensitive and engaged with unexpected events
within a well-learned context, and that training sharpens our expecta-
tions and can have general implications for how humans learn to be
creative.
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