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a b s t r a c t 

Musical improvisers are trained to categorize certain musical structures into functional classes, which is thought 
to facilitate improvisation. Using a novel auditory oddball paradigm (Goldman et al., 2020) which enables us to 
disassociate a deviant (i.e. musical chord inversion) from a consistent functional class, we recorded scalp EEG 

from a group of musicians who spanned a range of improvisational and classically trained experience. Using a 
spatiospectral based inter and intra network connectivity analysis, we found that improvisers showed a variety 
of differences in connectivity within and between large-scale cortical networks compared to classically trained 
musicians, as a function of deviant type. Inter-network connectivity in the alpha band, for a time window leading 
up to the behavioural response, was strongly linked to improvisation experience, with the default mode network 
acting as a hub. Spatiospectral networks post response were substantially different between improvisers and 
classically trained musicians, with greater inter-network connectivity (specific to the alpha and beta bands) seen 
in improvisers whereas those with more classical training had largely reduced inter-network activity (mostly 
in the gamma band). More generally, we interpret our findings in the context of network-level correlates of 
expectation violation as a function of subject expertise, and we discuss how these may generalize to other and 
more ecologically valid scenarios. 
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. Introduction 

Improvisation has received scholarly attention in recent years from
 variety of disciplinary perspectives. While often associated with musi-
al performance, improvisation is theorized to underlie a wide variety of
uman behaviors ranging from artistic practices to organizational man-
gement to the performance of gender ( Lewis and Piekut, 2016 ). Fol-
owing from definitions of creativity in the psychology literature, im-
rovisation can be characterized as the spontaneous formation of novel,
igh quality output, that is novel and useful ( Sternberg et al., 2004 ). Re-
ent work has begun to coalesce knowledge and models from electroen-
ephalography (EEG) studies ( Stevens Jr and Zabelina, 2019 ), the in-
olvement of the motor system ( Bashwiner and Bacon, 2019 ), the impor-
ance of expertise ( Braun, 2008; Pinho et al., 2014 ), perception-action
oupling ( Loui, 2018 ), top-down and bottom-up networks ( Faber and
cIntosh, 2020 ), and network neuroscience ( Beaty et al., 2019; Belden

t al., 2020 ). 
Western musical improvisation offers an important model for the

ore general study of improvisation. Western musical improvisers can
reate and play music spontaneously, guided only (if at all) by notation
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hat does not specify exact notes, but instead specifies functional classes
f harmonies and melodies with multiple possible realizations, or in-
tantiations as notes (e.g., jazz lead sheets, or figured bass notations). 

Improvisers are free to play any notes that fit these functional classes,
ubject to certain constraints, such as musical syntax, aesthetic consid-
rations, and style or appropriateness for the audience ( Berliner, 1994 ).
ntriguingly, Western classically trained musicians, following a mu-
ical aesthetics that reifies specific series of notes as musical works
 Goehr, 1992 ), are trained to perform these works strictly following the
usical score and rarely ever improvise harmonic or melodic aspects

f the music; to change those aspects would be to change the work of
usic, contradicting the aesthetics of the classical music tradition. Pre-

umably as a result of the specific nature of this training, a classically
rained musician who may have trained playing an instrument just as
any years as an improviser - just in a different way - may not be able

o improvise music. 
Previous work found that, relative to classically trained musicians,

azz improvisers showed more pronounced and larger early right ante-
ior negativity (ERAN) to rare and unexpected targets ( Przysinda et al.,
017 ). Magnitudes of these ERAN responses correlated with metrics for
mprovisation experience and P3b and ERAN correlated with fluency
021 
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nd originality in divergent thinking tasks. Aligned with these findings
 Zabelina and Ganis, 2018 ) reported that individuals with greater abil-
ty in divergent thinking showed shorter response times and a stronger
2 ERP deflection for rare target trials which the authors interpret
s higher attentional flexibility and stronger engagement of cognitive
ontrol processes in divergent thinkers. Musicians with higher impro-
isation experience were further found to show lower BOLD activa-
ion in the right motor area (inferior frontal gyrus or IFG, anterior in-
ula), regions associated with the default mode network or DMN (an-
ular gyrus), the dorsolateral prefrontal cortex or DLPFC ( Pinho et al.,
014 ) and higher upper-alpha power frontally during improvisation rel-
tive to control conditions ( Lopata et al., 2017 ). These findings are sup-
orted by studies which contrasted brain activity during musical impro-
isation relative to control tasks within individuals in fMRI ( Bengtsson
t al., 2007; Kouneiher et al., 2009; Limb and Braun, 2008; Liu et al.,
012; de Manzano and Ullén, 2012 ), and complemented by electro-
nd magnetoencephalography-based studies which, in slightly differ-
nt tasks, reported increased theta, alpha and beta power ( Sasaki et al.,
019 ), decreased theta, alpha and beta power ( Adhikari et al., 2016 ),
r increased alpha and theta, but decreased beta power ( Boasen et al.,
018 ). 

When studying improvisation experience in terms of differences
n brain connectivity, ( Pinho et al., 2014 ) reported that individuals
ith more improvisation experience showed greater connectivity be-

ween DLPFC and motor regions (dorsal premotor cortex or dPMC, pre-
upplementary motor area or pre-SMA) based on BOLD-based functional
onnectivity. Work by the same authors ( Pinho et al., 2015 ) supported
he original findings when brain connectivity was studied within-subject
uring improvisatory activity relative to control conditions. Work by
ther authors in fMRI ( Dhakal et al., 2019 ) and EEG ( Adhikari et al.,
016 ) on the other hand reported on evidence for decreased granger
ausality-based connectivity. 

Very recent work has focused on studying connectivity between
arge-scale cortical networks with ( Belden et al., 2020 ) showing that
usical improvisation experience can be predicted from resting state

MRI in that improvisers showed higher connectivity between primary
isual network and DMN/ECN (executive control network) as well as
igher connectivity between DMN and ECN while classically trained mu-
icians on the other hand showed higher connectivity between vDMN
nd frontal pole. Earlier studies on creativity in non-music related con-
exts support these findings, reporting that creative individuals may be
ble to simultaneously engage large-scale networks that normally work
n opposition, like default mode, salience and executive control net-
orks ( Beaty et al., 2018b ). Further support comes from studies that

howed that the interaction between large-scale networks predicted
penness ( Beaty et al., 2018a ), was associated with high figural cre-
tivity ( Liu et al., 2018 ) and may underlie the inhibition of prepotent
esponses ( Beaty et al., 2017 ). 

Goldman et al. (2020) theorized that the specific way western mu-
ical improvisers are trained to categorize notes into higher level struc-
ures like functional-harmonic classes of chords may facilitate their abil-
ty to improvise. In music theory, harmonies can be classified by their
unction; roughly, in a series of harmonies, various chords play the
ole of ”tonic ” harmonies, some can function as ”pre-dominant har-
onies ” and some as ”dominant harmonies, ” depending on their place-
ent within syntactically ordered series of harmonies. Different chords

an play these different functional roles: for example, in some musical
ontexts, an improviser can substitute a chord with the notes G-B-D for
ne with the notes Db-F-Ab; these two chords share no notes, but can
erve the same dominant function. Being able to substitute one harmony
or another within the same functional class constitutes an important
art of widely practiced forms of improvisation, and would underlie
ther important skills like recognizing a bandmate’s substitutions in or-
er to more fluently respond and interact with them. Thus, in the study,
he authors hypothesized that trained improvisers may perceive differ-
nt chords within a functional class as more similar than chords that
 G  

2 
elong to different functional classes, whereas musicians without impro-
isatory training would not show the influence of such categorizations
n their harmonic perception. 

The authors tested this hypothesis in an EEG study using an audi-
ory oddball paradigm where improvisers and classically trained musi-
ians listened to progressions of three chords where the middle chord
as either a deviant in terms of its musical inversion, but still picked

rom within the same functional class, referred to as ”exemplar deviant ”
7.5% probability), a deviant that also lay outside the functional class,
eferred to as ”function deviant ” (7.5% probability), or a standard (no
hange in inversion; same functional class; 85% probability). In support
f their hypotheses, Goldman et al. found that musicians with more im-
rovisation experience were slower and less accurate at detecting exem-
lar deviants relative to function deviants, i.e., deviant harmonic stimuli
utside of the functional class were more salient than deviants within the
unctional class. In addition, more experienced improvisers also showed
ess pronounced N2c and P3b event-related potential (ERP) responses
o exemplar deviants relative to function deviants, interpreted as a rel-
tively lower violation of expectancy. 

Here we build on the data collected by Goldman et al. (2020) to in-
estigate whether connectivity between cortical networks could help
xplain how musicians perceive and process musical structures, and
hether improvisatory training leads to characteristic differences in

uch processing. We use connectivity and band power to isolate and
easure spatiospectral brain networks and processes related to how
usicians perceive chords within and across functional-harmonic cat-

gorical boundaries. We focus on whether the amount of improvisatory
raining can predict differences between these measurements. Again,
s described by Goldman et al. (2020) , this difference helps explain
n important aspect of improvisatory training, perception, and per-
ormance. We focus on canonical cortical networks ( Williams, 2016 ),
ome of which have been implicated in improvisation by previous
tudies ( Belden et al., 2020 ), specifically networks related to at-
ention (including frontoparietal network and dorsal attention net-
ork; e.g. Marek and Dosenbach (2018) , Fornito et al. (2012) and
ossel et al. (2014) ), cognitive control (e.g. Niendam et al. (2012) ),
alience (also including cingulo opercular network; e.g. Seeley (2019) ,
eeley et al. (2007) and Dosenbach et al. (2006) ) and the default
ode network (e.g. Fornito et al. (2012) ). In an analysis inspired by
anada et al. (2019) we derived connectivity within and between these
etworks as follows: We first recovered neuroelectrical source activity
or every constituent region of given networks (e.g. ACC, DLPFC, etc.)
sing inverse methods (cortically constrained low resolution tomogra-
hy; Pascual-Marqui et al. (2002) ). We then computed directed connec-
ivity between regions within and between networks using a validated
ignal processing pipeline ( Mahjoory et al., 2017 ) that made use of a
onnectivity metric (phase slope index, PSI, Nolte et al. (2008) ) that
as theoretically and empirically shown ( Nolte et al., 2008 ) to be ro-
ust to volume conduction effects as they appear in EEG ( Haufe et al.,
013 ). These network metrics were then separately computed for ex-
mplar and function deviants and the difference between these scalar
alues was used to linearly predict self-reported weekly improvisation
ours, weekly hours spent training classical music and a behavioral met-
ic ( Goldman et al., 2020; Townsend and Ashby, 1978 ) that reflected the
ifference in task performance between exemplar and function deviants.
e analyzed the resulting spatiospectral networks for three time win-

ows: 1) between presentation of the second and third chord ( between

hords ), 2) prior to the response ( pre-response ) and 3) after the response
 post-response ) (see Fig. 1 ). 

. Materials and methods 

.1. Study participants 

The data for this analysis has been collected by
oldman et al. (2020) : A total of 40 musicians with formal train-
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Fig. 1. Experimental Paradigm. (A) Subjects 
(all musicians) where instructed to listen to 
chord progressions, each consisting of three 
chords, and respond with a button press if they 
heard a deviant. There were two types of de- 
viants, one being ”exemplar ” and one ”func- 
tional ” (see main text for details). Each chord 
progression was considered a trial and EEG 

was recorded during the entire experiment. (B) 
Analysis of the data, with respect to differ- 
ences in network connectivity between exem- 
plar ( Ψ( Ex)) and functional ( Ψ( Fu)) deviants, 
was focused on three time windows, the 400 ms 
between the second and third chord ( between 

chords ), the 400 ms before the behavioral re- 
sponse ( pre-response ) and finally the 400 ms 
after the behavioral response ( post-response ). 
(C) The canonical brain networks investigated, 
both in terms of intra and inter-network con- 
nectivity, using phase-slope index measures 
(PSI). Networks include the left (FPN-L) and 
right (FPN-R) fronto-parietal network, the vi- 
sual network (VN), the dorsal attention net- 
work (DAN) the default mode network (DMN) 
the cognitive control network (CCN) the cin- 
gulo opercular network (CON) and the salience 
network (SN). Three compound networks were 
also considered: The compound DAN, the com- 
pound SN and the compound attention network 

(AN). Networks were fully connected. 
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ng and/or significant professional experience (mean age 25.3, s.d. 5.5;
4 male) completed the experiment, with 25 of the subjects reporting
 1 h/week improvisation training on average since age 18. The
usicians’ primary instruments were piano ( 𝑁 𝑝 = 14), wind ( 𝑁 𝑤 = 15)

nd string instruments ( 𝑁 𝑠 = 11). Eight musicians reported being able
o perfectly assess pitch of musical notes in absence of a reference tone
 ”absolute pitch ”, Ward (1999) ). All participants reported normal hear-
ng and no history of neurological disorders. The study was approved
y the institutional review board of Columbia University (NY, USA) and
ll subjects provided written informed consent prior to participation in
he experiments. 

.2. Auditory oddball task 

The musicians were instructed to listen to chord progressions, that
ach consisted of three chords. We refer to one instance of such a pro-
ression in the recording as a trial. Every one of the three chords in one
rial sounded in sequence, each for 400 ms in piano timbre, after which
ach trial ended with another 400 ms silence. This resulted in a fixed,
otal trial length of 1600 ms. The only progressions used in the experi-
ent were ii-IV-I, ii-V-I, ii-IV6-I and ii-V6-I (this notation reflects chord

onfigurations as shown in Fig. 1 .A). Each experimental block consisted
f 180 trials. For each such block one of the four aforementioned pro-
ressions were chosen as ”standard ”, resulting in four types of blocks
see Goldman et al. (2020) for details). These ”block types ” were used to
ounterbalance the effect of other features of the individual progressions
uch as intervallic content that may have been in themselves salient (re-
er to Goldman et al. (2020) for further explanation). An experimental
lock always started with at least eight ”standard ” trials for the purpose
f allowing participants to learn what type of progression would be the
tandard for the current block. There were two types of deviant trials
hat each occurred at a probability of 7.5% (in total 15%). Every deviant
rial was followed by at least three standard trials. Deviant trials only
iffered from standard trials in terms of the middle chord: (1) Exemplar
eviants, where the middle chord was replaced with a chord of identi-
al notes but different inversion. For example, if the middle chord for a
tandard trial in that experimental block was V then the middle chord
3 
or the exemplar deviant in that block would be V6. For (2) function de-
iants, the middle chord was replaced by a chord from a different func-
ional class. For example, if the middle chord for a standard was again
, then the middle chord for the corresponding function deviant in that
lock would be IV (again, see Fig. 1 .A). Importantly, the key for each
rial’s chord progression was picked at random. This meant that musi-
ians needed to examine the second chord of every trial relative to the
rst and/or third to identify whether the trial was a standard or deviant.
he order of standards and deviants within every one of the four types
f experimental blocks was generated once only, and was thus identical
cross subjects within these block types. For the experiment, every one
f the block types occurred twice, thus resulting in a total of eight blocks
er subject. The order of the eight blocks was shuffled for every subject.
n total, there were 1440 trials per subject of which 222 were functional
nd 218 were exemplar deviants. See Goldman et al. (2020) for further
etails. 

.3. Data collection 

While the musicians performed the oddball task, their EEG was
ecorded from 64 gel-based, active electrodes at standard scalp locations
10/20 system; Oostenveld and Praamstra (2001) ) at a sampling rate
f 2048 Hz using a biosignal amplifier (Biosemi ActiveTwo, Biosemi,
he Netherlands). Instead of using ground and reference electrodes, this
mplifier maintains a feedback loop between an active electrode called
MS (common mode sense; placed between PO3 and POz) and a passive
lectrode called DRL (driven right leg; placed between POz and PO4).
hen measured and recorded, the EEG is not referenced to any electrode

n the 10/20 system. Prior to processing, we referenced the EEG to com-
on average reference (CAR). The subjects were seated comfortably at
 desk inside a shielded room as the auditory oddball paradigm was
layed to them via noise-cancelling, in-ear headphones (Quiet Comfort
0, Bose Corp., MA, USA). Subjects were instructed to respond to deviant
hords as quickly and accurately as possible, by pressing the space-bar
n a computer keyboard on the desk in front of them using the index
nger of their right hand. This auditory stream was also recorded as a
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Fig. 2. Flowchart summarizing data process- 
ing and analysis used in the study. Each block 
includes a summary of steps for the data pro- 
cessing and analysis that was done: EEG Pre- 
processing, Source reconstruction, Outlier re- 
jection, Source connectivity estimation, Net- 
work connectivity and network level statis- 
tics and methodology for Summarizing re- 
sults. The lower right figure shows how the 
results are presented in terms of intra and 
inter-network interactions. This example net- 
work analysis is for the dependent variable cl. 
hours, so the number of reported weekly hours 
spent training classical performance. Results 
of the PSI analysis are shown with boxes (for 
intra-network connectivity) and edges (inter- 
network connectivity) with color indicating the 
direction of the effect. Pink indicates that musi- 
cians with greater reported weekly hours spent 
training classical performance (cl. hours) also 
showed greater connectivity for exemplar rela- 
tive to function deviants. Green on the other 
hand indicates lower connectivity for exem- 
plar relative to function deviants. Each connec- 
tivity measure for a network (either box/intra 
or edge/inter) is associated with one or more 
spectral bands, indicating the frequencies at 
which the connectivity is significant. Black 
greek letters indicate significant effects (i.e. 
𝑝 < 0 . 05 ) across all musicians. Colored aster- 
isks indicate which connectivity (box/intra or 
edge/inter) is additionally significant for im- 
provisers only (red ∗ ) or classical musicians 
only (blue ∗ ). One, two and three ∗ correspond 
to threshold levels for p-values of 0.05, 0.01 
and 0.001. Further details are provided in the 
main text. (For interpretation of the references 
to color in this figure legend, the reader is re- 
ferred to the web version of this article.) 
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eparate channel via the biosignal amplifier to assure highly accurate
ynchronization of paradigm timing, EEG and behavioral responses. 

.4. Preprocessing 

Fig. 2 shows an overview of the signal processing pipeline, where
very participant’s EEG was first filtered bi-directionally with the pass-
and configured from 0.5 to 45 Hz (finite-impulse response filter; order
144, tripling the raw sampling rate). The filtered signal was then down-
ampled from 2048 to 256 Hz. 

.5. Reconstruction of electrical activity at specific brain regions 

Neuroelectrical signals at specific cortical regions of interest (ROIs)
n the brain, from hereon referred to as cortical current source den-
ity (CSD) signals, were inferred from the observed EEG by applying
he inverse method anatomically constrained low resolution brain elec-
4 
romagnetic tomography (cLORETA, Pascual-Marqui et al. (2002) ) to a
oundary element method (BEM) based ”forward model ” of how cur-
ent propagates from a cortical neuronal source through neural tissue,
erebrospinal fluid, skull and out to the scalp. The first step in the
rocedure was automatic epoch-based outlier rejection based on the
atlab toolbox EEGLAB ( Delorme and Makeig, 2004 ), where the sub-

ect’s EEG was split into epochs of 0.5 s and epochs were rejected when
heir signal exceeded commonly used thresholds for amplitude (smaller
r greater 200 𝜇𝑉 ), kurtosis ( > 5 . 5 × 𝑆𝐷 for the subject) or probabil-
ty ( > 4 . 0 × 𝑆𝐷 for the subject). The procedure for estimating CSD was
dentical to García-Cordero et al. (2017) , where the BEM solution was
omputed using OpenMEEG ( Gramfort et al., 2010; Kybic et al., 2005 )
sing the MRI based brain anatomy model ”Colin27 ”′′( Holmes et al.,
998 ) that was non-linearly mapped into MNI305 space ( Evans et al.,
993 ) and associated with standard EEG electrode locations using Brain-
torm ( Tadel et al., 2011 ). Inverse modelling was accomplished through
LORETA, by which the 64 scalp EEG channels were first linearly
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Table 1 

Center frequencies for each band used in the PSI analysis. 

𝛿 𝜃 𝛼1 𝛼2 𝛼3 𝛽1 𝛽2 𝛽3 𝛽4 𝛾1 𝛾2 𝛾3 

Center frequency (Hz) 3 6 8 10 12 16 20 24 28 32 36 40 
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apped to a 5003-vertex cortical mesh and from there to 202 regions
ccording to a sub parcellated version of the Desikan-Killiany atlas
 Desikan et al., 2006 ). 

.6. Trial based outlier rejection 

After outlier rejection was first performed prior to source reconstruc-
ion, the obtained source space projection matrix was then applied to
aw EEG signal. Prior to actual analysis of experimental trials, outlier
pochs were identified separately for the three conditions of standards,
unction and exemplar deviants. For each condition, epochs were ex-
racted from -400 to 1200 ms relative to the onset of the second chord
n a progression and epochs were rejected according to the previously
entioned criteria for amplitude, kurtosis, probability and additionally

s per a custom iterative band power based method ( Faller et al., 2012 ).
or the iterative method log-transformed band power was computed for
requency bands in delta, theta, alpha, beta and gamma up to 50 Hz.
rials were marked as outliers if average log-transformed power for the
rials in any of the bands fell outside the mean ± 4 standard deviations
f how all trials in that band and subject were distributed. If more than
 outlier trials were marked, then the procedure was repeated based on
 mean and standard deviation that did not take the outlier trials into
ccount. 

.7. Connectivity estimation between brain regions 

Conceptually, our analysis starts with four top-level brain networks
related to attention, cognitive control, default mode and salience; see
ig. 1 .C). Some of these top-level networks (e.g. the network we refer to
s the ”compound ” Attention Network), are composed of sub-networks,
nd ultimately of eight ”core ” networks (see Fig. 1 .C). When statistically
ignificant effects (post FDR) are observed in top-level networks, we con-
inue analysis in sub-networks in an effort to localize effects. Specifically
n terms of computation, the first step in our approach is to calculate the
irected connectivity metric PSI separately for every subject, every trial
ype (standards and both deviants), for every brain network (starting
ith the four top-level networks), for twelve EEG frequency bands, three

ime windows (0 to 400 ms, relative to the second chord, as well as -400
o 0 and 0 to 400 ms relative to the response) and for every edge within
he fully connected networks. CSD time series for the nodes in every
etwork were obtained by averaging across signals that corresponded
o subparcellations as per the mapping from reconstructed source sig-
als using the Desikan-Killiany atlas ( Desikan et al., 2006 ) as described
bove. A separate multivariate autoregressive model (order 10) was then
t to these CSD time series separately for every network, every time
indow and trial type using the Levinson-Wiggens-Robinson algorithm
 Morf et al., 1978 ) as implemented in the Biosig toolbox ( Vidaurre et al.,
011 ) used by Fieldtrip ( Oostenveld et al., 2011 ). Through Fourier trans-
orm, we obtained cross spectral densities for the pairs of source time se-
ies for which we wanted to study connectivity relationships (i.e. edges
n the network graphs; see Fig. 1 .C). The phase of these cross spectral
ensities was then analyzed to derive PSI (denoted as Ψ) for the corre-
ponding network edges according to Nolte et al. (2008) using default
arameters in Fieldtrip for EEG frequency bands ± 2 Hz relative to the
enter frequencies shown in Table 1 . 

PSI makes use of the fact that if a signal in a frequency band that
pans the adjacent frequencies 𝑓 1 to 𝑓 𝑛 in 𝑥 𝑎 ( 𝑡 ) is reproduced with a
ime delay 𝜏 later in another signal 𝑥 𝑏 ( 𝑡 ) , then the phase spectrum of
omplex coherency is linear over this contiguous range of frequencies 𝑓 
1 

5 
o 𝑓 𝑛 with a positive slope proportional to the time delay 𝜏. If signal 𝑥 𝑏 ( 𝑡 )
nstead would lead signal 𝑥 𝑎 ( 𝑡 ) in time, then a negative slope would be
bserved. A more formal definition for PSI as per Nolte et al. (2008) is 

𝑘,𝑚 = ℑ ( 
∑
𝑓∈𝐹 

𝐶 𝑘,𝑚 
∗ ( 𝑓 ) 𝐶 𝑘,𝑚 ( 𝑓 + 𝛿𝑓 )) (1) 

here 𝑘 and 𝑚 indicate the indices of the signals between which to cal-
ulate connectivity, 𝐶 𝑘,𝑚 = 𝑆 𝑘,𝑚 ( 𝑓 )∕ 

√
𝑆 𝑘,𝑘 ( 𝑓 ) 𝑆 𝑚,𝑚 ( 𝑓 ) represents complex

oherency, 𝑆 the cross-spectral density matrix, 𝑓 is one out of a set 𝐹 of
requencies in a small band for which to calculate PSI, 𝑓 the frequency
esolution, the asterisk denotes taking the conjugate transpose and ℑ ( ⋅)
enotes taking the imaginary part of a complex number. 

.8. Estimation of connectivity within brain networks 

To capture connectivity regardless of directionality across edges over
 whole cortical network in a robust manner we defined a simple metric

𝑁𝑊 

, for which the absolute value was taken for the PSI value for every
dge of a network before all these absolute values were simply averaged.
ore formally, and based on definitions by Nolte et al. (2008) this can

e represented as 

𝑁𝑊 

= ⟨ |Ψ𝑘,𝑚 | ⟩ (2) 

here Ψ, indexed by 𝑘 and 𝑚 represents the PSI between the brain sig-
als 𝑘 and 𝑚 that correspond to pairs of nodes within the network, | ⋅ |
enotes taking the absolute value and < ⋅ > denotes expected value. 

.9. Estimation of connectivity between brain networks 

Connectivity between networks was assessed by first computing PSI
etween the nodes of different networks. For example, connectivity was
omputed between one ROI (e.g. index k) in network 1 and every ROI
n network 2 (e.g. index m, etc.) and so forth. Then we again took the
bsolute value for all these PSI results, and finally averaged across all
he results. That way we obtained one scalar value reflective of overall
onnectivity between one pair of networks. 

𝑁 1 ⇔𝑁 2 = ⟨ |Ψ𝑁 1 𝑘 ,𝑁 2 𝑚 | ⟩ (3) 

.10. Estimation of band power within brain networks 

Average activity across a network as expressed in signal amplitude
as captured by computing logarithm transformed bandpower for every

egion of interest (node) in the network and then averaging across the
esults for these nodes. More formally, 

𝑜𝑔 .𝐵 𝑃 𝑁𝑊 

= ⟨ 𝑙𝑜𝑔 ( 𝑃 𝑘 ) ⟩ (4) 

here 𝑃 are the band power values, averaged across trials, for brain
ignals 𝑘 that correspond to network constituent nodes and < ⋅ > again
enotes the expected value. 

.11. Statistical prediction of experience and behavior from network 

onnectivity 

Statistical analysis (i.e. robust regression, ( Holland and
elsch, 1977 )) was performed in a hierarchical manner, leaning

n typical practices in the statistical testing of hypotheses. Specifically,
e required results to be statistically significant at higher levels of
bstraction (i.e. large networks and all musicians) to justify more de-
ailed/localized analyses (i.e. sub-networks down to core-networks and
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Fig. 3. Spatiospectral networks for between chords analysis. Bottom right 
shows the time window of the analysis (refer back to Fig. 1.B). (A) Musicians 
with greater improvisation experience showed lower inter-network connectivity 
between canonical brain networks in the alpha and beta band for the exemplar 
relative to the function deviant. Specifically these effects were found between 
cognitive control (CCN) and right frontoparietal (FPN-R) networks in the alpha 
band and between the cingulo opercular (CON) and dorsal attention (DAN) net- 
works in the beta band and between salience (SN) and visual (VN) networks in 
the alpha and beta bands. Intra-network connectivity was lower in the FPN-R. 
In addition both the FPN-R and default mode network (DMN) showed greater 
logarithmic gamma power. (B) Greater experience performing classical music 
was likewise associated with lower inter-network connectivity between CCN 

and FPN-R, though the effect was in the delta rather than alpha band. Greater 
inter-network connectivity was seen between DAN and CON and DAN and SN, 
both in the gamma band. Increased intra-network activity was seen in both the 
DMN and CCN, once again specifically for the gamma band. 

Fig. 4. Spatiospectral networks for pre-response analysis. Bottom right shows 
the time window of the analysis (refer back to Fig. 1.B). (A) Musicians with 
greater improvisation experience showed greater inter-network connectivity be- 
tween a number of canonical brain networks in the alpha band for the exemplar 
relative to the function deviant. In this case the default mode network (DMN) 
acted as a ”hub ”. (B) Greater experience performing classical music was like- 
wise associated with greater inter-network connectivity between a number of 
the canonical networks, though this effect was found in the beta and gamma 
bands. There were no significant intra-network connectivity changes seen for 
ub-groups of musicians). We consistently performed false-discovery
ate (FDR; Benjamini and Hochberg (1995) ) based correction for
ultiple comparisons on top and again on sub-levels of abstraction.
verall, we aimed to provide both, an easily comprehensible overview
f the results, but also a comprehensive and detailed account of all
tatistical results (see result section and supplementary material)
ncluding p-values, effect sizes and scatter plots, so that the reader can
nterpret strength and details of specific effects for themselves. 

Robust regression, based on a bisquare weight function (Matlab
020a, Statistics Toolbox, Mathworks, MA, USA; default parameters)
as used to separately predict improvisation experience, extent of train-

ng classical performance and behavioral performance in the oddball
ask from two independent variables that were based on overall NW con-
ectivity in large-scale canonical cortical networks for function and ex-
mplar deviants (see Equations (6) to (11)). All analyses were performed
n subject level. Thus, any analyses included a maximum of N = 39 data
oints since one subject was identified as outlier and excluded from all
nalyses. 

Here, we describe the concrete procedure for within-network analy-
is. Between-network analysis was conducted analogously: We started
y performing the regression analyses in equations (6) to (8) for all
 = 39 musicians and the networks on the highest hierarchical level, i.e.
ompound attention network (AN), default mode network (DMN), cog-
itive control network (CCN) and compound salience network (SN; see
ig. 1 .C). We then performed FDR based correction for multiple compar-
sons for three dependent variables (i.e. dIES, improvisation and classi-
al hours), these four networks, the three time windows (see Fig. 1 .B)
nd the twelve frequency bands (see Table 1 ). That way we obtained
he FDR-corrected results in supplementary Fig. S.1.A and S.1.C. Some
etworks, for example the compound AN consist of sub-networks (see
ig. 1 .C). For effects that we observed in larger networks (i.e. FDR-
orrected p-values < 0 . 05 ), we tried to see if we could spatially local-
ze them more precisely, by investigating sub-networks down to eight
core networks ” that we defined (see Fig. 1 .C). Given the primary fo-
us of this investigation on expertise, we conservatively accepted only
ignificant results in the dependent variables improvisation and classi-
al hours as justification to investigate results in sub-networks. Results
inked to the dependent variable dIES were used in the discussion to link
he brain-expertise results to brain-behavior relationships. We found sig-
ificant results in the compound AN (see supplementary Fig.S.1.C) and
hus followed up inspecting FDR-corrected regression results (Equations
 to 8; the analysis still included all N = 39 musicians) for the follow-
ng three networks: The left as well as the right frontoparietal attention
etwork (FPN-L/R) and the compound dorsal attention network (DAN).
DR-correction on this level was performed analogously to the top level,
lthough for the three sub-networks instead of four on the top level. See
upplementary Fig.S.1.B for results of this step, where we observe no sig-
ificant post-FDR effects for the dependent variables improvisation or
lassical hours. Thus we do not proceed to investigate the sub-networks
f the compound DAN, namely the visual and dorsal attention network
see Fig. 1 .C). Of all these analyses on N = 39 musicians, only expertise
elated results that were significant post FDR-based correction in core-
etworks (see Fig. 1 .C) were included in result Figs. 3 , 4 and 5 , where
hey were displayed as greek characters, corresponding to the EEG fre-
uency band where the effect was observed. So a greek character al-
ays indicated significance across all musicians (N = 39). Only where
e found such significant effects across all musicians, did we then also
rovide results for the two sub-groups, improvisers (red asterisks) and
lassically trained (blue asterisks) musicians. This is only to provide ad-
itional context and for the reader to interpret for themselves. Whenever
e were fitting data for improvisers alone, three specific improvisers
ere conservatively excluded since we found that they, on occasion,

epresented overly influential data points (we represent their data as
range instead of red circles in scatter plots in the supplemental mate-
ial). More details on results are provided on network level and down to
 either (A) or (B). 

6 
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Fig. 5. Spatiospectral networks for post-response analysis. Bottom right shows 
the time window of the analysis (refer back to Fig. 1.B). (A) Musicians with 
greater improvisation experience showed greater inter-network connectivity 
(for the exemplar relative to the function deviant) with the dorsal attention 
(DAN) and visual (VN) networks acting as hubs. This inter-network connectiv- 
ity was mainly in the beta and gamma band. The grey link between the cognitive 
control network (CCN) and VN indicates a rare case where two frequency bands 
( 𝛾1 and 𝛾3 ) within the gamma range show an effect in opposing directions. (B) 
We observed an opposite effect for musicians with greater experience perform- 
ing classical music, namely lower inter-network connectivity, with the CCN and 
VN acting as hubs. Furthermore, we observed lower intra-network connectivity 
in the CCN and reduced power in the CCN, both in the gamma band. 
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he level of scatter plots, p-values and effect sizes in the supplementary
aterial. 

As for the dependent variables, improvisation experience (imp.
ours) was represented by average weekly hours of practice in musi-
al improvisation since age 18 as reported by the musicians in a ques-
ionnaire prior to the experiment, and non-improvisatory experience (cl.
ours) was represented by average weekly hours of non-improvisatory
e.g., classical-style) practice ( Goldman et al., 2020 ). As shown by Gold-
an and colleagues, improvisers react more slowly and less accurately

o detecting exemplar relative to function deviants. Goldman et al. ar-
ue this may be because improvisers regularly train to substitute chords
ith other chords from the same functional class and standards and ex-

mplar deviants were from within the same functional class. This was
aptured in the behavioral metric dIES (difference in inverse efficiency
core; Townsend and Ashby (1978) ), which was defined as 

 𝐼𝐸 𝑆 = 𝑙 𝑜𝑔 

( 

𝑅𝑇 𝐸𝑥 

𝐴𝑐𝑐 𝐸𝑥 

) 

− 𝑙 𝑜𝑔 

( 

𝑅𝑇 𝐹𝑢 

𝐴𝑐𝑐 𝐹𝑢 

) 

(5) 

here 𝑅𝑇 and 𝐴𝑐 𝑐 represent average response time and accuracy for
he respective deviant conditions of exemplar and function deviants.
ccuracy was computed by dividing the total number of correctly de-

ected deviants by the total number of deviants (Fig.S.17 and S.18 in the
upplementary information show how accuracy and response time were
istributed by condition). A positive value of 𝑑 𝐼𝐸 𝑆 corresponds to func-
ion deviants being easier to detect, while a negative value corresponds
o exemplar deviants being easier to detect. The following regression
odels were thus evaluated across networks (starting with the four top-

evel networks; see Fig 1 .C), three time windows and twelve frequency
ands: 

𝑚𝑝.ℎ𝑜𝑢𝑟𝑠 ∼ [Ψ𝑁𝑊 

( 𝐸𝑥 ) − Ψ𝑁𝑊 

( 𝐹 𝑢 )] + [ 𝑙𝑜𝑔 .𝐵 𝑃 𝑁𝑊 

( 𝐸𝑥 ) − 𝑙𝑜𝑔 .𝐵 𝑃 𝑁𝑊 

( 𝐹 𝑢 )]
(6) 

𝑙.ℎ𝑜𝑢𝑟𝑠 ∼ [Ψ𝑁𝑊 

( 𝐸𝑥 ) − Ψ𝑁𝑊 

( 𝐹 𝑢 )] + [ 𝑙𝑜𝑔 .𝐵 𝑃 𝑁𝑊 

( 𝐸𝑥 ) − 𝑙𝑜𝑔 .𝐵 𝑃 𝑁𝑊 

( 𝐹 𝑢 )] 
(7) 
7 
 𝐼𝐸 𝑆 ∼ [Ψ𝑁𝑊 

( 𝐸𝑥 ) − Ψ𝑁𝑊 

( 𝐹 𝑢 )] + [ 𝑙𝑜𝑔 .𝐵 𝑃 𝑁𝑊 

( 𝐸𝑥 ) − 𝑙𝑜𝑔 .𝐵 𝑃 𝑁𝑊 

( 𝐹 𝑢 )] 
(8) 

here expressions in [ ⋅] represent one variable and the abbreviations 𝐹 𝑢
nd 𝐸𝑥 𝑆𝑡𝑎 represent the three stimulus conditions. 

𝑚𝑝.ℎ𝑜𝑢𝑟𝑠 ∼ [Ψ𝑁 1 ⇔𝑁 2 ( 𝐸𝑥 ) − Ψ𝑁 1 ⇔𝑁 2 ( 𝐹 𝑢 )] (9) 

𝑙.ℎ𝑜𝑢𝑟𝑠 ∼ [Ψ𝑁 1 ⇔𝑁 2 ( 𝐸𝑥 ) − Ψ𝑁 1 ⇔𝑁 2 ( 𝐹 𝑢 )] (10) 

 𝐼𝐸 𝑆 ∼ [Ψ𝑁 1 ⇔𝑁 2 ( 𝐸𝑥 ) − Ψ𝑁 1 ⇔𝑁 2 ( 𝐹 𝑢 )] (11) 

. Results 

We group the presentation of our results by the time windows of
nalysis, shown in Fig. 1 .B: between chords, pre-response, post-response . In
ine with the focus of this investigation, we put particular emphasis on
eporting evidence for brain-expertise relationships (expertise in impro-
isation and classical performance), but also tie these findings in with
rain-behavior relationships, i.e. how the same brain activity predicted
ehavioral performance on the task (specifically dIES). Based on the hy-
othesis, that improvisers would show lower performance at detecting
xemplar deviants (see Introduction), the brain-behavior relationships
e encountered, barring some exceptions that we point out, supported
nd thus increased our confidence in the reported findings on brain-
xpertise relationships. As we discuss and explain results in terms of
ow greater or lower connectivity/bandpower relates to our predicted
xpertise- and behavior-related variables, it’s important to note, that we
re referring to connectivity/bandpower for exemplar relative to func-
ion deviants (i.e. 𝜓( 𝐸𝑥 ) − 𝜓( 𝐹 𝑢 ) or 𝑙𝑜𝑔 .𝐵 𝑃 𝑁𝑊 

( 𝐸𝑥 ) − 𝑙𝑜𝑔 .𝐵 𝑃 𝑁𝑊 

( 𝐹 𝑢 ) ),
onsistent with Equations (6) to (11). 

High level summaries of brain-expertise relationships for the three
ime windows and thus the central findings of our investigation are
hown in the Figs. 3, 4 and 5 . For a greater level of detail, includ-
ng a graphical representation of findings of brain-behavior along with
he brain-expertise relationships we refer the reader to supplementary
ection 1 for Within- (especially Fig.S.2) and Section 2 for Between-
etwork (especially Figures S.5 and S.6) effects. Scatter plots and ta-
les with statistics results in supplementary Sections 1 and 2 allow the
eader to study specific findings at an even greater level of detail. Lastly,
upplementary Section 3 provides further details on accuracy (Fig.S.17)
nd response-time (Fig.S.18) at the task, as well as an overview of the
elationships between the most relevant variables in the experiment
Fig.S.19). 

.1. Stimulus locked analysis between chords for exemplar relative to 

unction deviants 

.1.1. Improvisers show lower (classical performers greater) connectivity 

etween DAN and CON 

In a time window of 400 ms directly following the onset of the au-
io of deviant chords, musicians with greater improvisation experience
howed lower connectivity between canonical brain networks in the al-
ha and beta band for the exemplar relative to the function deviant
see Fig. 3 .A). Opposing effects between musical disciplines were ob-
erved for connectivity between cingulo opercular and dorsal attention
etwork, where greater improvisation experience, was associated with
ower connectivity in the beta band ( 𝑝 𝐹𝐷𝑅 = 0 . 036 , 𝑅 

2 = 17 . 8% ; Fig. 3 .A),
hile greater experience with classical music, in comparison, was asso-

iated with greater connectivity in the gamma band ( 𝑝 𝐹𝐷𝑅 = 0 . 046 , 𝑅 

2 =
5 . 5% ; Fig. 3 .B). In terms of other results in salience-related networks,
e found that musicians with more improvisation experience showed

ower connectivity between salience and visual network in the alpha
 𝑝 = 0 . 044 , 𝑅 

2 = 16 . 3% ) and beta band ( 𝑝 = 0 . 017 , 𝑅 

2 = 25 . 5% ;
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ig. 3 .A), while musicians with greater experience in classical perfor-
ance showed greater connectivity between salience and dorsal atten-

ion network in the gamma band ( 𝑝 𝐹𝐷𝑅 = 0 . 046 , 𝑅 

2 = 15 . 0% ; Fig. 3 .B). 

.1.2. Greater experience irrespective of discipline was associated with 

educed connectivity between CCN and FPN-R 

We found that lower connectivity between cognitive control and
ight frontoparietal network in the alpha band was significantly associ-
ted with greater improvisation experience ( 𝑝 𝐹𝐷𝑅 = 0 . 036 , 𝑅 

2 = 16 . 8% ).
ower connectivity between these networks was also significantly as-
ociated with greater experience performing classical music though
 𝑝 𝐹𝐷𝑅 = 0 . 049 , 𝑅 

2 = 15 . 2% ; Fig. 3 .B). However, for classical performance
he effect was found in the delta band whereas for improvisation the ef-
ect was found in the alpha band. In short, the higher the average weekly
ours of experience, irrespective of musical discipline, the lower the con-
ectivity between cognitive control and right frontoparietal network for
xemplar relative to function deviants (see Fig. 3 .A and B). 

.1.3. Improvisers show within-network effects in FPN-R, classical 

erformers in CCN and both in DMN 

We further found effects within the right frontoparietal network
 𝑝 𝐹𝐷𝑅 = 0 . 010 , 𝑅 

2 = 40 . 8 % ; see Fig. 3 .A). Specifically, greater improvi-
ation experience was associated with lower connectivity within the net-
ork in the gamma band ( 𝑝 = 0 . 013 , 𝑅 

2 = 16 . 7 % ) and greater logarith-
ic power also in the gamma band ( 𝑝 = 0 . 007 , 𝑅 

2 = 19 . 4 % ). Within the
efault mode network, greater improvisation experience was associated
ith a significant effect ( 𝑝 𝐹𝐷𝑅 = 0 . 013 , 𝑅 

2 = 40 . 8 % ), specifically greater
ogarithmic power in the gamma band ( 𝑝 = 0 . 006 , 𝑅 

2 = 24 . 6 % ). Greater
xperience in performing classical music was also associated with
reater connectivity within the cognitive control ( 𝑝 𝐹𝐷𝑅 = 0 . 049 , 𝑅 

2 =
3 . 5 % ) and within the default mode network ( 𝑝 𝐹𝐷𝑅 = 0 . 045 , 𝑅 

2 = 24 . 8 % ;
ig. 3 .B). 

.1.4. Brain-behavior effects support brain-expertise findings, especially 

etween networks 

In this time window directly following the onset of the deviant
hords, greater brain connectivity between networks for the exemplar
elative to the function deviant tended to be associated with greater
IES, meaning a slower and less accurate response to exemplar relative
o function deviants (see Figures S.5 and S.6). We found behavioral ef-
ects for most connections where we found effects related to experience
ith improvisation and classical music, except between the cognitive

ontrol and right frontoparietal network. Results were less consistent
or within-network effects in this time window. Specificially, it was only
or the default mode network that we found a behavioral effect that also
atched the finding related to self reported average weekly hours train-

ng classical music. 

.1.5. Summary on post-stimulus effects 

In summary, musicians who reported greater average weekly hours
f training irrespective of discipline showed lower connectivity between
ognitive control and right frontoparietal network in the 400 ms follow-
ng the onset of an exemplar deviant relative to the same time window
or a function deviant. Between cingulo opercular and dorsal attention
etwork, greater improvisation experience was associated with lower
onnectivity, while greater experience in classical music was associated
ith higher connectivity. Finally, improvisers exhibited lower connec-

ivity between salience and visual network, while musicians with greater
lassical experience showed greater connectivity between salience and
orsal attention network. 

.2. Pre-response analysis for exemplar relative to function deviants 

.2.1. Improvisers show distinctive inter-network connectivity in the alpha 

and with robust effects between DMN and VN 

In the 400 ms before the motor response to an exemplar deviant
hord - a chord that was experimentally manipulated to fall in the same
8 
unctional class as the standard, but was otherwise like the function
eviant chord - musicians with greater improvisation experience showed
reater connectivity between brain networks, all relative to when the
usicians responded to a function deviant and exclusively in the alpha

and (see Fig. 4 ). 
The default mode network acted as a hub with greater connectivity

o the left frontoparietal, cognitive control, dorsal attention and visual
etwork. The effect between default mode and visual network stood out
s it was not only significant for all musicians (10 Hz: 𝑝 𝐹𝐷𝑅 = 0 . 042 , 𝑅 

2 =
7 . 4% ; 12 Hz: 𝑝 𝐹𝐷𝑅 = 0 . 016 , 𝑅 

2 = 24 . 8% ; Fig 4 .A) but also for the smaller
ubset of ”improvisers ” alone (i.e. only musicians with self-reported av-
rage weekly hours spent improvising ≥ 1), where the effect was most
obust for a center frequency of 12 hz ( 𝑝 = 0 . 008 , 𝑅 

2 = 42 . 4 % ), followed
y a center frequency of 10 Hz ( 𝑝 = 0 . 050 , 𝑅 

2 = 25 . 8 % ). Notably, musi-
ians with more improvisation experience also showed greater connec-
ivity between the cognitive control and the right frontoparietal network
 𝑝 = 0 . 003 , 𝑅 

2 = 22 . 0 % ; Fig. 4 .A). 
Furthermore, in terms of associations with experience in classical

usic, we found no effect between default mode and visual network,
ut instead musicians with greater experience in classical music showed
reater connectivity between the cognitive control and visual network
n the beta ( 𝑝 𝐹𝐷𝑅 = 0 . 048 , 𝑅 

2 = 14 . 6% ; Fig. 4 .B) and particularly the
amma band ( 𝑝 𝐹𝐷𝑅 = 0 . 021 , 𝑅 

2 = 23 . 6% ; Fig. 4 .B). Interestingly, the lat-
er effect was particularly robust for the subgroup of improvisers alone
 𝑝 = 5 . 89 𝑒 −4 , 𝑅 

2 = 51 . 1 % ). 

.2.2. Musicians with greater experience, irrespective of discipline show 

reater connectivity between DMN, CCN and DAN 

We also identified a group of three fully interconnected networks
i.e. a ”clique ” or ”rich club ” from a graph-theoretical perspective;
riffa and Van den Heuvel (2018) ) that was composed of the default
ode, cognitive control and dorsal attention network. Interestingly,
hen studying how between network connectivity related to musicians’

xperience with classical music we observed the same sub structure
uch that musicians with greater self reported average weekly hours
f practice in classical music showed greater connectivity between de-
ault mode, cognitive control and dorsal attention network, so just like
or improvisation experience - except in the beta rather than alpha band
see Fig. 4 .A and B). 

.2.3. Brain-behavior effects found for improvisers match most 

rain-expertise findings in frequency band and direction 

Statistically significant associations between task performance
 𝑑 𝐼𝐸 𝑆) and inter-network connectivity were found broadly in the al-
ha, beta and gamma band as well as less often ( < five times) in the
elta and theta band (see supplementary Fig. S.8). In almost all cases
he association was such that greater connectivity between networks
as associated with greater 𝑑 𝐼𝐸 𝑆, meaning a slower and less accurate

esponse for exemplar relative to function deviants. Only less than five
ases showed an effect in the opposite direction. Importantly, for all
ffects found for improvisation experience (i.e. self-reported hours of
mprovisation experience), except between default mode and dorsal at-
ention network, we found effects for task performance that matched in
iming, frequency and direction of the effect (see Fig. S.8). This means
hat connectivity between these networks was not only directly propor-
ional to self reported improvisation experience, but also directly pro-
ortional to slower and less accurate responding to exemplar deviants,
hus supporting the hypothesized link between inter-network connec-
ivity, improvisation experience and modified behavior. 

.2.4. Summary on effects before motor response 

In summary, in the 400 ms before responding to a deviant chord that
as experimentally manipulated to fall in the same functional class as

he standard chord in an oddball task, musicians who reported greater
mprovisation experience showed greater connectivity between canoni-
al cortical brain networks in the alpha band with the default mode net-
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ork acting as a hub and particularly robust effects found between de-
ault mode and visual network. Greater experience in classical music was
ikewise associated with greater inter-network connectivity, however
onsistently in the beta and gamma as opposed to the alpha band. Inter-
etwork connectivity effects between three networks, default mode, cog-
itive control and dorsal attention network overlapped between musi-
al disciplines. Greater inter-network connectivity that was observed
ith greater improvisation experience, was consistently also associated
ith slower and less accurate responding to the manipulated exemplar
eviant relative to the function deviant supporting the hypothesized
ink between improvisation experience and slower and less accurate re-
ponding to audio of chords that improvisers are trained to categorize
ifferently ( Goldman et al., 2020 ). 

.3. Post-response analysis for exemplar relative to function deviants 

.3.1. For improvisers DAN and VN acted as network hubs whereas for 

lassically trained musicians, CCN acted as a hub 

In the 400 ms after responding to an exemplar as compared to a func-
ion deviant, improvisers with greater improvisation experience tended
o exhibit greater connectivity between networks, with the dorsal atten-
ion and visual network acting as hubs ( Fig. 5 .A), all mainly in the beta
nd gamma band, while they showed lower connectivity between the de-
ault mode and visual network ( 𝑝 𝐹𝐷𝑅 = 0 . 034 , 𝑅 

2 = 18 . 6% ). Meanwhile,
he effects observed for musicians with greater experience in classical
usic tended to point in the opposite direction such that greater expe-

ience was associated with lower connectivity between networks where
he cognitive control and visual network acted as hubs ( Fig. 5 .B). Mu-
icians with greater experience in classical music also exhibited greater
onnectivity between default mode and visual network, so again the op-
osite of what was found for improvisation experience. 

While connectivity from the cognitive control network to other
etworks was lower for greater self-reported experience with classi-
al music ( Fig. 5 .B), we also found significant effects within the cog-
itive control network ( 𝑝 𝐹𝐷𝑅 = 0 . 035 , 𝑅 

2 = 26 . 8 % ), specifically lower
ithin-network connectivity ( 𝑝 = 0 . 032 , 𝑅 

2 = 23 . 2 % ) and lower logarith-
ic bandpower ( 𝑝 = 0 . 024 , 𝑅 

2 = 13 . 0 % ) in the gamma band. 

.3.2. Greater connectivity between SN and VN with greater expertise, 

rrespective of discipline 

For this time window directly following the motor response, we fur-
her found that greater musical expertise was associated with greater
onnectivity between the salience and visual network both for impro-
isation (beta: 𝑝 𝐹𝐷𝑅 = 0 . 034 , 𝑅 

2 = 18 . 4% ; gamma: 𝑝 𝐹𝐷𝑅 = 0 . 016 , 𝑅 

2 =
6 . 9% ; Fig. 5 .A) and classical performance ( 𝑝 𝐹𝐷𝑅 = 0 . 050 , 𝑅 

2 = 14 . 5% ;
ig. 5 .B). 

.3.3. Brain-behavior effects broadly agree with brain-expertise findings, 

xcept between DMN and VN 

Behavioral effects in this time window between default mode and
isual network as well as between the salience and visual network and
ore broadly, were such that greater connectivity for exemplar relative

o function deviants was associated with slower and less accurate re-
ponses to exemplar relative to function deviants. Hypothetically, slower
nd less accurate responses to exemplar relative to function deviants
re linked to the specific training improvisers receive, so that we as-
umed a musician who responds slower and less accurately to an ex-
mplar deviant may have received more training in improvisation. For
he connection between default mode and visual network we observe
hat lower connectivity for exemplar relative to function deviants was
ssociated with greater improvisation experience, which constitutes a
isagreement ( Fig. 5 .A). For the connection between salience and visual
etwork as well as more broadly for other effects related to improvisa-
ion experience in this time window we tended to find agreement. 
9 
.3.4. Summary on effects post motor response 

In summary, for the 400 ms following motor response to the ex-
erimentally manipulated exemplar deviant as compared to a function
eviant, we found that improvisers showed lower connectivity between
efault mode and visual network, greater connectivity between salience
nd visual network as well as an overall increased connectivity between
etworks, where the dorsal attention, the visual network and to a lesser
egree the cognitive control network acted as hubs. Greater experience
n classical performance training was likewise associated with greater
onnectivity between salience and visual network, but also with greater
onnectivity between default mode and visual network as well as lower
onnectivity widely between networks where the cognitive control net-
ork acted as a hub. Within the cognitive control network, both con-
ectivity and logarithmic power in the gamma band were lower for mu-
icians with greater experience in training classical performance. 

. Discussion 

Leveraging the high temporal resolution of EEG ( Marek and Dosen-
ach, 2018; Rosen et al., 2020; Zabelina and Ganis, 2018 ), and through
ur focus on network connectivity guided by fMRI findings, ( Beaty et al.,
018b; Belden et al., 2020; Pinho et al., 2014 ), we asked what net-
orked neural processes, if any, may underlie how improvisers perceive
nd process chords differently, given their training to think about har-
ony categorically ( Goldman et al., 2020 ). We took into account activ-

ty that manifests as average EEG band power across a network as well as
onnectivity within or between large-scale cortical networks ( Cohen and
’Esposito, 2016 ). 

The exemplar deviant chord in the oddball task in this experiment
as designed to be part of the same functional class as the frequent
nd expected standard chord, while the function deviant was equiva-
ent to the exemplar deviant, except that the function deviant belonged
o a functional class other than the standard. Improvisers are trained
o substitute chords within a functional class, and thus we hypothe-
ized that improvisers would categorize the exemplar deviant as being
ore similar to the standard, which we assumed should cause impro-

isers to respond slower and less accurately to exemplar relative to the
unction deviants. This idea is supported empirically also by findings
y Goldman et al. (2020) , who reported a statistically significant rela-
ionship such that greater 𝑑 𝐼𝐸 𝑆 corresponded to greater self-reported
eekly hours of improvisation training since age 18. 

In our auditory task, musicians responded with their right hand to
hords that were deviants, but musicians were successfully kept blind
as verified by post-experiment interviews) to the fact that there were
wo types of deviants and that one of these types, referred to as exemplar
eviant, was modified such that it fell within the same functional class
s the standard chord ( Goldman et al., 2020 ). Improvisers are trained to
ategorize chords within the same functional class separately, as being
sable interchangeably in improvisatory performance. We studied neu-
al responses surrounding exemplar deviants but specifically after sub-
racting the response for function deviants, such that we could expect
hat any effects we observe should be specifically tied to our experimen-
al manipulation related to categorization of musical structures. Fig. 6
rovides an overview over the most relevant findings and references the
orresponding section in the discussion. 

.1. Prominent pre-response connectivity in the alpha band: Is 

mprovisation-specific categorizing of musical structures enabled through 

ong-range inter-network integration? 

One finding that stood out was that connectivity related effects be-
ween networks before improvisers responded to an exemplar relative
o a deviant chord were consistently and exclusively found in the alpha
and. In contrast, connectivity related effects associated with experience
n classical performance before the response were only found in the beta
nd gamma band. It’s noteworthy that significant findings in the alpha
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Fig. 6. Overview of our findings, locked to 
stimulus in orange, pre-response in blue and 
post-response in green. The arrows indicate po- 
tential interpretations and for every finding we 
reference the corresponding section in the dis- 
cussion. (For interpretation of the references to 
color in this figure legend, the reader is referred 
to the web version of this article.) 
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and were otherwise rare (i.e. in other time windows and especially for
lassical expertise) and most findings were either in the beta or gamma
and. 

To our knowledge this is the first report indicating that improvisers
ay exhibit greater between network connectivity specifically in the

lpha band even by just responding to a rare chord that was manipu-
ated to fall in the same functional class as the standard chord in an
ddball task. In fact we are not aware of any report on connectivity
etween networks in improvisers in any brain-state occurring primar-
ly in the alpha band. Finding an alpha related effect for improvisers in
he connectivity between networks is not implausible though, given that
here is ample evidence implicating the alpha oscillation in musical im-
rovisation with reports of both increased ( Boasen et al., 2018; Sasaki
t al., 2019 ) or decreased ( Adhikari et al., 2016 ) alpha power while
usicians improvise in slightly different experiments. Beyond musical

mprovisation, amplitude changes in the alpha oscillation have been ro-
ustly linked to domain general creativity as measured for example by
ivergent thinking tasks ( Fink et al., 2007; Jauk et al., 2012; Schwab
t al., 2014; Zabelina and Ganis, 2018 ) or compound remote associates
asks ( Rothmaler et al., 2017 ), with a relatively high heterogeneity in
he direction of effects ( Arden et al., 2010; Dietrich and Kanso, 2010 )
scribed to the diversity in tasks and methods ( Fink et al., 2014 ), but
ith findings overall leaning toward increased frontal and parietal al-
ha power for greater creativity ( Dietrich and Kanso, 2010 ), where one
nterpretation pointed toward a hypothetical function of alpha in at-
enuating top-down control ( Lustenberger et al., 2015 ). Given however,
hat our results are based on connectivity between brain regions rather
han amplitude at certain regions, we think what we observe may be
ost consistent with changes in network organization and/or function

hat may be caused by intense training in musical improvisation. Re-
ults from graph-analyses based on fMRI ( Belden et al., 2020 ) and EEG
N = 4; Wan et al. (2014) ) point to greater global network integration for
mprovisers as opposed to a more densely connected local organization
or musicians with greater training in classical music. These findings in
urn are consistent with the idea that improvisers may, through train-
ng, become very efficient at flexibly engaging and balancing a variety
f mental processes with substrates in distributed brain regions ( de Man-
ano and Ullén, 2012 ) related to executive control and accessing long-
erm/working memory in real-time ( Belden et al., 2020; Lopata et al.,
 p  

10 
017 ) without the necessity of conscious mediation ( Limb and Braun,
008; Liu et al., 2012 ). Our findings of effects of inter-network con-
ectivity in the alpha band for improvisers in contrast with effects in
igher frequency bands for classically trained musicians, support the
dea that long range oscillatory communication may be an important
actor in creative cognition ( Stevens Jr and Zabelina, 2019 ). Accord-
ng to this idea, also referenced by Boasen et al. (2018) , different EEG
requency bands are thought to be linked to different scales of cortical
ntegration ( Von Stein and Sarnthein, 2000 ) such that high frequency
scillations represent local communication while theta and alpha oscil-
ations are linked to long-range/inter-areal integration ( Clayton et al.,
015; Haegens et al., 2010; Klimesch et al., 2007 ). In summary, we in-
erpret these effects in the alpha band for improvisers to indicate that
ven when improvisers merely respond to an ”in-class ” chord (a chord
n the same functional class as the standard) they co-engage cortical
esources more broadly than classically trained musicians or musicians
ith less extensive training in improvisation. This supports the idea that
usic genre specific training may be accompanied by significant genre-

pecific changes in neurophysiology ( Bianco et al., 2018; 2017; Loui,
018 ) and the outcome of our experiment indicates that this may ex-
end to how improvisers categorize musical structures. 

.2. Stronger integration between DMN, DAN and CCN with greater 

xpertise, irrespective of discipline 

Also leading up to the right handed response, we observed that
reater reported weekly hours, irrespective of type of training were as-
ociated with greater connectivity between a group of three fully con-
ected networks (a ”clique ” or ”rich-club ” in terms of graph theory;
riffa and Van den Heuvel (2018) ) consisting of default mode, cogni-

ive control and dorsal attention network was found for both disciplines,
hich we interpret to mean that connectivity between these networks

s task related and linked to training in musical performance in general
 Bianco et al., 2017; Loui, 2018 ), irrespective of discipline. We consider
he existence of such an effect plausible and potentially scientifically
nteresting by itself. Given how improvisers and classically trained mu-
icians are different groups with relatively little overlap in this sample
f musicians, this finding might also be interpretable as evidence in sup-
ort of the fidelity of this method. Given that our focus lies on neuro-
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hysiological findings specific to improvisation we direct our attention
o effects outside this clique of networks. 

.3. Categorization-related effects between DMN and VN pre and post 

otor response 

Improvisers showed greater connectivity between default mode and
isual network leading up to the response, but less connectivity between
hese two networks after the response. Classically trained musicians also
howed greater connectivity between default mode and visual network,
owever only after the response. 

Activity in the default mode and other large-scale cortical networks
ncluding the dorsal attention network has typically been found to be
nti-correlated in fMRI studies ( Fornito et al., 2012 ). Finding increased
onnectivity between these networks here is consistent with the idea
hat creativity may depend on the flexible engagement of generative
nd evaluative processes ( Sowden et al., 2015; Zabelina and Robinson,
010 ) and aligns with reports in fMRI literature, where positively cor-
elated engagement of large-scale cortical networks was linked to expe-
ience in musical improvisation ( Belden et al., 2020 ), greater creativity
 Beaty et al., 2018b; 2019 ) and openness to experience ( Beaty et al.,
017 ). 

The default mode network specifically, has been associated with
elf-referential processing ( Kim and Johnson, 2014 ), but as outlined
y Belden et al. (2020) also with musical behaviors like tracking of
usical tonality ( Janata et al., 2002 ), associating music with autobi-

graphical memories ( Janata, 2009 ) or aesthetic response to episodic
emory retrieval ( Schacter and Addis, 2007 ). Specifically, the DMN’s

ole in memory retrieval as part of a greater role in creative cognition
 Benedek et al., 2014 ) may be of particular interest for this investiga-
ion. Overall, a number of studies have linked default mode network
ctivity ( Beaty et al., 2015; Rosen et al., 2017 ) and interaction between
efault mode and other networks such as the frontoparietal network
 Beaty et al., 2018b; 2019; Belden et al., 2020 ) to creativity and musi-
al improvisation. 

Occipital areas that overlap what we defined here as visual
etwork have also been implicated in creativity, as reviewed by
elden et al. (2020) , where greater white ( Takeuchi et al., 2017 ) or
rey ( Fink et al., 2014 ) matter density in the occipital lobe, as well as
reater white matter connectivity in the inferior occipitofrontal fascicu-
us ( Zamm et al., 2013 ) were found to be associated with greater cre-
tivity. Belden et al. (2020) also found greater connectivity between
he visual network and the default mode as well as a network similar to
hat we here defined as the frontoparietal network (Belden referred to

t as executive control network), in resting-state recordings of musicians
ith improvisation experience. Belden et al. contrasted their findings to
eaty et al. (2018b) who had found no evidence for involvement of oc-
ipital regions in a network linked to creativity in resting-state fMRI. 

Given the findings of Belden et al. (2020) , we assume that a base-
ine effect may exist between default mode and visual network at rest
or improvisers. However, since that should be present for function de-
iants as well, for which we correct by subtracting the signal acquired
or function deviants, we assume that the observed effect is in fact tied
o our experimental manipulation related to categorization of musical
tructures. One explanation for the effects we observe could be that con-
ectivity between default mode and visual network reflects an access to
ong-term memory that is engaged only or stronger for ”in-class ” chords
nd supports how improvisers categorize musical structures according
o functional classes, maybe here concretely by supporting the compar-
son of categories between the standard chord in working memory and
ategorization related information about the just perceived exemplar
eviant from long-term memory. 

The fact that classically trained musicians or less extensively trained
mprovisers show greater connectivity between default mode and vi-
ual network as well, but post-response, supports the idea that this phe-
omenon may be related rather to categorization and may not necessar-
11 
ly subserve creative demands. One plausible explanation could be that
trongly trained improvisers adapt, through training, to prioritize this
ategorization-related process to a degree where it is executed before
he manual response since an improviser’s next motor action in an eco-
ogically valid setting may have to strongly depend on the outcome of
his process based on the previous musical input. In other words, as per
his theory, as a musician performs extemporaneously, they may check
hat the chord they just heard (or played) is a constituent of the currently
ppropriate functional class so that they can assure that the chord they
re playing next is likewise appropriate in terms of functional class. 

Somebody who is not a strongly trained improviser may not or less
trongly engage this process before a response to an ”in-class ” chord. In
act, it’s plausible to assume that in the classical domain, musicians usu-
lly know exactly and in advance what instance of a musical structure
o play at each step through a musical piece. There may be no signif-
cant utility to a categorization-related process, before motor action as
escribed for improvisers above. In fact, one could argue that the train-
ng of classical performers reinforces the use of post-action evaluative
rocesses (potentially also related to categorization of musical struc-
ures), i.e. “did I just play that correctly/exactly as in the sheet music? ”

e also followed up with an expert pianist, who was part of the study
nd who has very little improvisation experience. Asked how they ap-
roached the task in this study, they responded that over all the years
f their training, the responses in such situations have become almost
automatic ” and that their motor response seems to at times precede the
ime at which the brain consciously reaches a verdict. They mentioned
hat for them, it would not be unusual to consciously “reprocess ” the
ecision post-action “just to be sure ” it was correct. 

One potential alternative explanation for the observed effects be-
ween default mode and visual network pre- and post-response could
e that improvisers or highly trained classical musicians may have no-
iced the substitutions but deliberately did not or were undecided on
hether to respond to them as musicians may have been thinking that
xemplar deviants were not meant to be deviants, as per the instruc-
ions? This could hypothetically, also explain the heightened connectiv-
ty between the cognitive control and the right frontoparietal network
eading up to the response. However, we did conduct exit interviews,
hrough which we intended to learn whether musicians became con-
ciously aware of the existence of two rather than one deviant type. The
utcome of these interviews supports the idea that musicians did not
ecome consciously aware of the existence of more than one deviant
ype. Our working hypothesis with respect to the observed increase in
onnectivity between default mode and left frontoparietal network in
mprovisers is that it is related to creative processes and the absence of
uch effects in classically trained performers would be compatible with
hat idea (see Section 4.4 below for more details). 

.4. Stronger pre-response integration between CCN and right FPN in 

mprovisers 

In the time window leading up to the right handed response, impro-
isers showed greater connectivity between the cognitive control and
he right frontoparietal network. 

The cognitive control network is thought to be a superordinate net-
ork that supports executive control functions ( Cole and Schneider,
007; Niendam et al., 2012 ). As Cole and Schneider explain, this may in-
lude vigilance or sustained attention ( Pennington and Ozonoff, 1996;
mith and Jonides, 1999 ), initiation of complex goal-directed behav-
ors ( Lezak, 1995 ), inhibition of prepotent but incorrect responses ( Luna
t al., 2010; Smith and Jonides, 1999 ), flexibility to shift easily be-
ween goal states ( Ravizza and Carter, 2008 ), planning necessary steps
o achieve a goal ( Smith and Jonides, 1999 ) and the ability to hold infor-
ation in working memory and to manipulate the information to guide

esponse selection ( Goldman-Rakic, 1996 ). 
Since at this point in the trial, improvisers have not yet performed

 motor action, it does not seem plausible that this phenomenon is re-
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d  
ated to an evaluative process in accordance with the dual-process model
f creative cognition, even though cognitive control structures are in-
olved. Thus it seems more likely that this phenomenon, which seems
pecific to improvisation is related to how improvisers categorize musi-
al structures in functional classes or subserves creative demands. 

.5. Stronger pre-response integration between DMN and left FPN in 

mprovisers 

For improvisers we observed greater connectivity between default
ode and left frontoparietal network leading up to the motor response,
hich aligns with previous accounts that implicated these networks
 Bashwiner et al., 2016; Mok, 2014; Shi et al., 2018 ) and in particular
ncreases in connectivity between them ( Kenett et al., 2018 ) in support-
ng creative cognition ( Belden et al., 2020 ) and high creative ability
 Zabelina and Robinson, 2010 ). One idea is that these networks may
epresent cortical hubs that underlie the dual-process model of creative
ognition ( Evans, 2008; 2009; Sowden et al., 2015; Stanovich, 1999 )
ith the default mode network supporting creative processes and the

rontoparietal network, which includes lateral prefrontal brain areas
ike the dorsolateral prefrontal cortex, dorsal premotor cortex and infe-
ior frontal gyrus, supporting evaluative processes ( Belden et al., 2020 ).
iven that this time window leads up to a right handed response, we

hink that this effect could be related also to motor planning, which
ould imply that when improvisers are merely asked to respond to an

in-class ” chord, they co-engage the default mode network pointing to a
ontext of this motor response that is biased toward creativity. Thinking
bout a more ecologically valid setting, this tight integration with the
efault mode network could enable a more direct and flexible access
o musical structures and motor patterns which would seem conducive
o greater mastery in musical improvisation. Post response, improvisers
xhibited greater connectivity between the cognitive control and the left
rontoparietal network which may be reflective of evaluative processes.
he fact that we found no effects for the left frontoparietal network in
ssociation with classical training, supports the idea that the left fron-
oparietal network plays a particular role for improvisers here in this
xperiment and potentially more generally in more ecologically valid
ettings. 

.6. A role of the DAN as hub in improvisers post-response, interpreted as 

ncreased deployment of endogenous attention 

After the manual response, improvisers showed greater connectivity
etween networks, with the dorsal attention and visual network acting
s hubs and with consistent effects also being observed between salience
nd dorsal attention related networks. 

The function of the dorsal attention network has been described as
ediating top-down guided voluntary allocation of (primarily visual)

ttention to locations or features ( Vossel et al., 2014 ) or the endoge-
ous deployment of attention ( Corbetta and Shulman, 2002 ), while
arek and Dosenbach (2018) suggest it may play a more general role in

daptive task control. The dorsal attention network has been found to
e activated during voluntary attention shifts during search for salient
isual stimuli ( Shulman et al., 2003 ) and more recent findings indi-
ate that the dorsal attention network may also play a role in external
ttention, either independently or in task-dependent interaction with
he ventral attention network ( Ahrens et al., 2019 ). The ventral atten-
ion network has been associated with (exogenous) re-orienting towards
ask-relevant events that appear at unexpected locations ( Ahrens et al.,
019; Corbetta and Shulman, 2002 ). In experimental design, predictive
symbolic) cues are usually used to engage endogenous attention, as
pposed to transient/non-predictive events to test exogenous attention
 Ahrens et al., 2019 ). 

One potential explanation of the observed effects around the dorsal
ttention network could be that for improvisers, a situation where the
12 
usician merely responds to an ”in-class ” chord triggers increased de-
loyment of endogenous attention. To an improviser an ”in-class ” chord,
articularly in the context of this experiment (where such chords are
are) but maybe more generally even during performance could rep-
esent something akin to a predictive cue. The increased engagement
f endogenous attention could be linked to processes that are vital for
uccessful improvisation. For example, ”what is the harmony or func-
ional class of this chord I just heard and what is a suitable, adaptive
esponse right now ” (i.e. for pressing the button in the experiment or
laying the next tone or chord during performance). Major parts of
he dorsal attention network also overlap the right parietal areas where
osen et al. (2020) found greater power to be associated with greater

mprovisation experience. As potential explanations these authors refer-
nced processes related to multimodal sensory processing and integra-
ion ( Mihaly, 1996 ), long-term memory access ( Wagner et al., 2005 ) or
patial coding, sensory-motor transformation and attention ( Kaas and
tepniewska, 2016 ). 

.7. Improvisers with less classical training showed stronger engagement 

nd integration of the CCN which may point to interaction effects between 

he disciplines 

Post response, musicians with greater experience in classical perfor-
ance, but particularly those who were also improvisers consistently

howed effects indicating decreased engagement and integration of the
ognitive control network, specifically, lower connectivity and logarith-
ic power within the cognitive control network as well as lower con-
ectivity between the cognitive control network and other networks like
efault mode, right frontoparietal, dorsal attention and visual network.
his means, that improvisers with particularly little experience in clas-
ical performance showed particularly high reliance on and integration
f the cognitive control network after the manual response. This is for
he most part consistent with what we find in terms of significant effects
elated to improvisation experience. 

What we observe here may be an interaction effect between training
n improvisation and classical music, such that improvisers with par-
icularly little experience in training classical music require greater en-
agement of the cognitive control network to determine whether the
esponse was accurate. One possible explanation for why this could be
he case, could be that improvisers more so than classically trained mu-
icians engage cognitive control resources after the response as an eval-
ative behavior consistent with the dual-process theory of cognition
oward creative behavior ( Belden et al., 2020; Sowden et al., 2015 ).
ccording to this idea creative behaviors may be implemented by al-

ernating between generative and evaluative behaviors ( Belden et al.,
020 ). These generative behaviors are thought to be spontaneous and
ntuitive ( Belden et al., 2020 ) and referred to more formally as system
 ( Stanovich, 1999 ) or type 1 ( Evans, 2008; 2009 ) processes. Evalua-
ive behaviors on the other hand are thought to be related to deliberate
nd analytical processing and referred to more formally as system 2
 Stanovich, 1999 ) or type 2 processes ( Evans, 2008; 2009 ). Improvisers
ay be strongly conditioned to engage evaluative processes after ac-

ions, as this may be critical for them to determine subsequent actions.
or classically trained musicians on the other hand, this may be less
ritical as they usually know exactly what they are going to play next. 

.8. Early stimulus-locked effects in DMN, potentially linked to thickness of

ortex or local efficiency 

Among the earliest effects, directly following the onset of the ex-
mplar deviant chord, improvisers showed greater power in the default
ode network, while classically trained musicians showed greater con-
ectivity within the default mode network. This could be indicative of
rocesses related to early memory retrieval, that are engaged more in-
ensively the more training the musicians have received irrespective of
iscipline. Greater connectivity within network for classically trained
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usicians aligns with previous findings of greater local efficiency for
lassically trained musicians ( Belden et al., 2020 ), while greater gamma
ower for improvisers could be a result of greater cortical thickness in
reas of the default mode network which has been found for musical
mprovisers ( Kühn et al., 2014 ). 

.9. Stimulus-locked effects involving CCN and right FPN, interpreted as 

tronger local-efficiency in classical performers versus stronger global 

ortical organization in improvisers 

Musicians who had received more extensive training, irrespective
f musical domain showed lower connectivity between cognitive con-
rol and right frontoparietal network, with improvisers also showing
ower connectivity but greater power in gamma within the right fron-
oparietal network and classically trained musicians showing greater
onnectivity within the cognitive control network (see Fig. 3 , panels A
nd B). Taken together these findings point to a difference in executive
ontrol processes between the types of musical disciplines when faced
ith an exemplar deviant. While classically trained musicians seem

o more strongly engage cognitive control resources, again exhibiting
tronger within-network connectivity suggestive of high local efficiency
 Belden et al., 2020 ), improvisers in contrast, showed lower connec-
ivity and again greater power within the right frontoparietal network,
hich could point to a more globally connected cortical organization in

mprovisers ( Belden et al., 2020 ). 

.10. Stimulus-locked effects between salience- and dorsal-attention-related

etworks, interpreted as discipline-specific differences in how salience 

etworks engage endogenous attention 

Another difference between the two types of training directly af-
er perceiving an exemplar deviant, may lie in how salience related
etworks configure dorsal attention related networks, with improvis-
rs showing less connectivity between the cingulo opercular and dorsal
ttention network as well as between the salience and visual network.
lassically trained musicians on the other hand showed greater connec-
ivity between dorsal attention and both cingulo opercular and salience
etwork. In accordance with our hypothesis ( Goldman et al., 2020 ), this
ould be interpreted as improvisers perceiving the exemplar deviant as
ore similar to the standard since both chords are constituents of the

ame functional class. For more extensively trained classical musicians
n the other hand, their training may make them more sensitive to the
ubtle difference between exemplar and function deviant, which in turn
eads salience related networks to more strongly engage processes re-
ated to endogenous attention. 

.11. Observed brain-behavior effects support brain-expertise related 

ndings, consistent with our hypothesis, especially for improvisation 

Behavioral effects were mostly found in the alpha, beta and gamma
and and were more numerous than effects related to either of the two
ypes of musical expertise. Apart from very few exceptions the nature of
ssociations was such that greater connectivity between or within the
etworks was associated with slower and less accurate responding to
xemplar relative to function deviants. Overall this is in line with pre-
ious work that also observed links between behavioral performance
nd connectivity within and between brain networks as reviewed by
ohen (2018) . One hypothesis for this experiment was that improvis-
rs would respond slower and less accurately for exemplar relative to
unction deviants. This holds, in that we found effects in behavior that
atched - in time, frequency and direction - those effects that were most

onvincingly tied to improvisation expertise. However, we also found
ehavioral effects that matched effects related to expertise in classical
usic, supporting the idea that more intense training in the classical
omain, may as well decrease task performance for exemplar deviants,
ikely for reasons different from those found in improvisers. In addition
13 
e found behavioral effects for which we found no corresponding ef-
ects for training in improvisation or classical music, which could mean
hat these behavioral effects capture phenomena unrelated to musical
xpertise, or that there is a matching effect related to musical exper-
ise, but that self-reporting is too noisy to yield a significant effect. Any
ther mismatch between effects found for behavior and self-reported
xperience could be a result of behavioral effects being strongly tied to
otor-related brain activity, while effects for self-reported experience
ay be more strongly related to cognitive aspects. 

.12. Limitations 

Interpreting the involvement of the visual network should take into
ccount that musicians in this experiment were performing a target de-
ection task, for which Mantini et al. (2009) showed, based on simul-
aneously recorded EEG and BOLD data, that activity in the dorsal and
entral attention network correlated significantly with the P300 refer-
nce time course and thus was interpreted to best account for sustained
nd transient activity in a visual oddball task. Thus one could consider as
n alternative explanation that improvisers may have been merely more
urprised for the exemplar, relative to the function deviant for an un-
nown reason other than our manipulation related to categorization of
usical structures. But this would not explain the increased connectivity

etween default mode and visual network. On the contrary, connectivity
etween cortical networks, particularly also including the default mode
etwork has been robustly linked to improvisation, particularly at rest
 Belden et al., 2020 ). Future studies should furthermore, strongly con-
ider collecting data related to other, potentially confounding, subject-
evel characteristics such as race or years of school education. 

. Conclusion 

Given that our experimental manipulation strongly narrows result-
ng effects for exemplar relative to function deviants to categorization
f musical structures, and that we find behavioral effects that match the
ffects that were most strongly tied to self-reported improvisation ex-
ertise, we think we found robust evidence in support of the idea that
ategorization of musical structures is tied to how large-scale cortical
rain networks are engaged and interact, and that improvisers imple-
ent these processes differently compared to classically trained musi-

ians. While we found these effects here in a target detection task, we
rgue, supported by literature, that these or similar mechanisms may be
mployed when musicians actually improvise on their instrument, may
acilitate improvisation as a skill and may be a result of improvisers’
ntense and specific training regimen. 
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