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Rock music improvisation shows increased 
activity in Broca’s area and its right hemisphere 
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Nobuko Tokuda1 and Shuichi Ueda1,7 

Abstract 

Objective The neural correlates of creativity are not well understood. Using an improvised guitar task, we investi-
gated the role of Broca’s area during spontaneous creativity, regardless of individual skills, experience, or subjective 
feelings.

Results Twenty guitarists performed improvised and formulaic blues rock sequences while hemodynamic responses 
were recorded using functional near-infrared spectroscopy. We identified a new significant response in Broca’s area 
(Brodmann area [BA] 45L) and its right hemisphere homologue during improvised playing but not during formulaic 
playing. Our results indicate that bilateral BA45 activity is common during creative processes that involve improvisa-
tion across all participants, regardless of subjective feelings, skill, age, difficulty, history, or amount of practice. While 
our previous results demonstrated that the modulation of the neural network according to the subjectively expe-
rienced level of creativity relied on the degree of deactivation in BA46L, our current results independently show 
a common concurrent activity in BA45 in all participants. We suggest that this is related to the sustained execution 
of improvisation in “motor control,” analogous to motor planning in speech control.
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Introduction
Creativity, widely used in daily life, has been suggested to 
be associated with higher-order brain function [1–4], but 
as one of the most complex human behaviors, the neural 
mechanisms associated with the expression of creativity 
remain unclear.

During musical improvisation as an expression of crea-
tivity, language-related cortical areas, such as Broca’s area 
and its right hemisphere homologue, are bilaterally acti-
vated [5]. The authors Donnay et al. concluded that such 
neural mechanisms are activated by interactive musical 
improvisation of expert jazz musicians and that musical 
discourse engages language-related brain areas special-
ized in syntax processing not contingent upon semantic 
processing. They suggest that neural regions for syntactic 
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processing are not domain-specific for language and 
instead show domain-general activity correlated with 
multiple types of communication. As Donnay et al. stud-
ied only professional musicians, this activity in Broca’s 
area may reflect learned or trained behavior not present 
in beginners or amateurs [5].

In the present study, we aimed to determine whether 
Broca’s area shows increased activity during creative vs. 
formulaic rock guitar play across participants with widely 
varying skill sets, choosing guitarists with diverse musi-
cianship, guitar play history, amount of daily practice, 
and age. We hypothesized that neural responses in the 
inferior frontal gyrus, including Broca’s area, show com-
mon increased and sustained activity during improvi-
sation compared to formulaic scale play, independent 
of skill or background, as the common cortical regions 
are related to spontaneous creativity. It may be argued 
that activity differences between improvised vs. formu-
laic performance are similar to those between dynamic, 
dyadic conversations vs. overt monologues in which the 
speaker does not need to communicate with others [6]. 
As a clue to explore such differences, this research con-
tributes to our understanding of how language produc-
tion centers contribute to improvisation and creativity in 
a more general sense.

A previous study has linked specific patterns of neural 
activity in the prefrontal cortex (PFC) to creativity dur-
ing improvised jazz piano performances using functional 
magnetic resonance imaging but enrolled only profes-
sional and semi-professional musicians [7]. While these 
studies contributed to a fundamental theory regarding 
the relationship between the medial frontal lobe (MFL) 
and dorsolateral prefrontal cortex (DLPFC) during 
improvisation, they did not show that these neural activi-
ties are generalizable to a wider population. The results 
of our previous report [8] imply that when studying crea-
tivity, it is important to not only investigate professional 
and trained populations with years of expertise but also 
to explore these same circuits in non-experts using tasks 
constructed by simple popular musical theory, such as 
rock music, that can be performed by a wider audience. 
Using a more diverse sample can not only increase sam-
ple size and power but allow the investigation of aspects 
of learning related to creativity that may no longer be 
present in musicians who have played professionally for 
most of their lives. By studying beginners and amateurs 
as well as professionals, it may be possible to further 
understand a “generalizable process of creativity” and the 
neural circuits that underlie this process.

Using functional near-infrared spectroscopy (fNIRS), 
we assessed in this previous study the hemodynamic 
responses in the PFC during improvised and formulaic 
play on an electric guitar with a background music (BGM) 

track [8]. The results comparing formulaic with impro-
vised sequences support a framework previously pro-
posed by other researchers [7], documenting increased 
activity in the MFL with decreased activity in the DLPFC. 
In addition to these specific neural responses, we found 
a significant negative correlation between subjective feel-
ings of improvisational performance and modulation 
in Brodmann area (BA) 46 of the left DLPFC. In other 
words, participants who felt more subjective creativity 
while improvising tended to suppress BA46L activation. 
Importantly, this finding was present during improvisa-
tion by musicians across different skill sets. On the other 
hand, since all participants played the improvised per-
formance task differently, they all might use a common 
neural strategy that does not include BA46L. Of course, 
this strategy should differ from that used during formu-
laic performance.

Given our hypothesis, we explored these additional 
neural mechanisms using the methods of our previous 
report [8].

Methods
The study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki. The Dokkyo Medi-
cal University Institutional Review Board examined and 
authorized the research involving humans (approval 
number: 26002). All participants (20 men including three 
professional musicians, age 19–63 years) provided writ-
ten informed consent prior to enrollment.

Data from brain regions that had not been previ-
ously discussed [8] were analyzed. The fNIRS data 
were obtained from the same 20 participants using the 
methods of the previous report, and data analysis was 
performed under the same task conditions. The partici-
pants were required to perform the tasks without mak-
ing facial expressions, including mouth movements. 
As reported, the paired t-test revealed no significant 
behavioral differences in the total number of strings 
picked during improvised play (Improv) and play-
ing predetermined formulaic music scales (Formulaic) 
conditions [8]. To explore correlational relationships 
of Broca’s area and its right hemisphere homologue 
with improvised or formulaic guitar play behavior, each 
participant was asked to answer immediately after the 
fNIRS scan a questionnaire comprising two visual ana-
logue scales and three questions regarding experience/
historical information, as previously described [8]. The 
questionnaire included the following five items: Q1, F-I 
value (subjective degree of formulaic-improvised feel-
ing during the Improv task); Q2, difficulty (subjective 
feeling of task difficulty); Q3, age of the participant; 
Q4, history (number of years the participant had been 
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playing guitar); and Q5, practice (number of hours of 
daily practice). This methodology and the behavioral 
data are detailed elsewhere [8].

Results
Event‑triggered averages of hemodynamic signals for tasks 
vs. baseline
Within Broca’s area (BA45L) and its right hemi-
sphere homologue (BA45R), we compared oxyhemo-
globin (oxyHb) and deoxyhemoglobin (deoxyHb) 
responses between Improv and Formulaic conditions 
(Fig. 1A–D). Interestingly, the activities during Improv 
showed hemodynamic responses including signifi-
cantly increased oxyHb and decreased deoxyHb values 
(p < 0.05) compared to those during Formulaic (Fig. 1E).

Figure  2A demonstrates that, apart from oxyHb in 
BA45L, hemodynamic responses during Improv (open 
bars) were significantly larger than those during For-
mulaic (closed bars; p < 0.05, Holm’s test) conditions in 
the comparison of these two tasks. Two-way repeated-
measure ANOVAs indicated a significant interaction in 
all brain regions for both oxyHb and deoxyHb (p < 0.05, 
see Additional file  1). Moreover, significant activity 
compared to baseline was observed for both oxyHb and 
deoxyHb responses in the Improv, but not Formulaic, 
task (p < 0.05, Dunnett’s test).

Event‑triggered average contrast of Improv > Formulaic 
tasks
The traces in Fig. 2B indicate the event-triggered average 
plot (± SEM) of the results of the contrast Improv > For-
mulaic from BA45L/R. All averaged contrasted responses 
demonstrated that the task-related oxyHb and deoxyHb 
responses were significantly increased and decreased, 
respectively, compared to baseline (p < 0.05).

Correlation between questionnaire responses 
and hemodynamic signals
Variables of skill, history, age, and subjective feelings 
were also investigated regarding their influence on guitar 
tasks and neural activity. Correlations between the sub-
jective creative index (F-I value), difficulty, history, age, 
and practice in addition to hemodynamic contrasts were 
calculated (Figs.  1A–D and 2B). No correlations were 
found between oxyHb and deoxyHb signals in BA45L/R 
with respect to F-I value, difficulty, history, age, or prac-
tice (p < 0.05; see Additional file 2).

Discussion
This is only the second study to explore correlations 
between brain dynamics and creativity in the produc-
tion of rock music played on a guitar. Here, we hypoth-
esized that regions in the cortex may display larger 
responses during “improvised execution” compared to 

Fig. 1 A–D Plots of the averaged activation patterns (± SEM) for oxyHb (red) and deoxyHb (blue) in BA45L and BA45R during the Improv 
and Formulaic tasks. The gray areas and three vertical dashed lines indicate the task duration and each bin (#1–3) divided by 10 s in the respective 
graphs. E Result of the comparisons between Improv (open bar) and Formulaic (closed bar) tasks. *p < 0.05
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“formulaic execution” regardless of individual variabil-
ity in skill or behavior due to the increased spontaneity 
in the improvised compared to the formulaic task. The 
results indicated common bilateral activation of oxyHb 
and deactivation of deoxyHb signals in language areas, 
including Broca’s area (BA45L) and its right hemisphere 
homologue (BA45R) in all participants, in the impro-
vised task (Fig.  1). The improvised performance elicited 
a significant change in hemodynamic activity in BA45L/R 
compared to the formulaic performance. The magnitudes 
of activation in the analysis windows of each 10-s bin 

(#1–3) during Improv (open bar) and Formulaic (closed 
bar) tasks in BA45R and BA45L indicated a significant 
interaction in all brain regions and both oxyHb and deox-
yHb signals (Fig.  2). The hemodynamic responses dur-
ing the Improv task were significantly larger than those 
during the Formulaic task, except for oxyHb in BA45L. 
Furthermore, these hemodynamic responses showed no 
correlation with subjective feelings, difficulty, history, 
age, or amount of practice.

In our previous study, we found decreased left DLPFC 
(BA46L) activity in response to improvised guitar play 

Fig. 2 A Averaged hemodynamic responses in BA45 in each 10-s bin during Improv and Formulaic task conditions. The activation magnitude 
in the analysis windows of each 10-s bin (Fig. 1A–D, #1–3) and their 1-SEM range are shown during Improv (open bar) and Formulaic (closed bar) 
tasks in BA45R and BA45L (red for oxyHb and blue for deoxyHb). (B) Averaged time-courses of hemodynamic responses by subtraction analysis 
from Improv to Formulaic of BA45 in the left and right hemispheres. Red and blue lines show oxyHb and deoxyHb responses, respectively. Thick 
and thin traces represent the mean response amplitude and its 1-SEM range, respectively. The gray areas and three vertical dashed lines indicate 
the task duration and each bin (#1–3) divided by 10 s, respectively
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representing a creative task, which was significantly cor-
related with subjective feelings of improvisational gui-
tar performance as reported by the musicians [8]. These 
results suggest that subjective feelings of improvisational 
performance and decreased deoxyHb signals in BA46L 
are highly correlated with evoked creativity regardless of 
skill level.

Recently, Donnay et al. reported that musical discourse 
engages syntax-processing areas of the brain, includ-
ing Broca’s area and its right hemisphere homologue, in 
a manner that is not contingent upon semantic process-
ing [5]. They concluded that the neural regions for syn-
tactic processing were not domain-specific for spoken 
language, but instead were domain-general across multi-
ple forms of communication. Despite the strong conclu-
sions, some limitations in their study must be addressed: 
all participants were highly proficient jazz pianists who 
possessed expert communication skills with other play-
ers in jam sessions, and the domain-general hypothesis 
was supported by an improvisation paradigm that fea-
tured only one session style (i.e., between two players 
with a background track). This style is different from 
solo improvised performances, where communication 
between individuals and the production of music are 
ongoing in real time. With multiple improvisational tasks 
complementing each other simultaneously, these pro-
cesses may produce confounding effects in the communi-
cation centers of the brain.

The results of this study provide additional support 
for the domain-general hypothesis regarding activity 
in Broca’s area and its right hemisphere homologue. 
While activity in these areas is present in both impro-
vised and formulaic tasks, we have shown that hemo-
dynamic responses in BA45L/R in the improvised task 
are greater than those in the formulaic task during solo 
performances with BGM regardless of musical skill. We 
previously reported that deoxyHb in BA46L in only the 
last 10-s bin (#3) indicated a high correlation with the 
F-I value [8]. In contrast, we demonstrated here that 
the hemodynamic responses in BA45L/R in the impro-
vised task were consistently greater than those in the 
formulaic task in each 10-s bin. In addition, hemody-
namic responses were not correlated with F-I value, 
difficulty, history, practice, or age in these partici-
pants. This suggests that BA45L/R are common cortical 
regions related to spontaneous improvised execution 
across all players, regardless of subjective feelings of 
creativity, and are not confounded with domain-general 
communication between performers. Although Dhakal 
et al. previously reported the mechanisms of spontane-
ous creativity by musical improvisation—one of which 
related to Broca’s area involvement in evaluation pro-
cesses and another one related to the translation of 
abstract information to motor commands—we addi-
tionally suggest that continuous hemodynamic activ-
ity in Broca’s area and its right hemisphere homologue 

Fig. 3 Schema of prefrontal relationships in relation to spontaneous creativity through musical improvisation. Prefrontal activation patterns 
are described as a function of subjective feeling. BA46L shows activation and deactivation, respectively, in conjunction with subjective feelings 
of improvisation vs. formulaic guitar play. BA10/11 is causally implicated in activation and deactivation, as shown by dashed arrows. BA45L/R 
represents commonly activated regions across participants regardless of skill, history, amount of daily practice, or age
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must be needed for spontaneous, improvised execution 
in any player throughout the entire task as a common 
mechanisms [9].

The present study demonstrates that activity in 
BA45L/R is related to the neural circuitry of improvised 
content and the expression of creativity, rather than the 
results of Donnay et  al. showing connectivity between 
the left and right hemispheres for domain-general com-
munication with other performers [5]. This finding and 
those of our previous study suggest a neural model of 
spontaneous creativity [8]. The increased activity in the 
MFL and decreased activity in the DLPFC are related to 
the subjective feeling of improvised creativity. In addi-
tion, concurrent activities in Broca’s area and its right 
hemisphere homologue are related to and necessary for 
the sustained execution of improvised creative perfor-
mance in motor control analogous to motor planning 
and control for speech (Fig. 3).

Limitations
This study has some limitations regarding sample size 
and participant gender bias, the questionnaire catego-
ries for a superior correlation factor for spontaneous 
creativity, and the systemic artifact removal for the 
Hitachi 4000 fNIRS topography system. Details of these 
limitations were previously described [8].
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oxyHb  Oxyhemoglobin
PFC  Prefrontal cortex

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13104- 024- 06727-6.

Additional file 1. Repeated measures ANOVAs of oxy- and deoxyHb in all 
brain regions.

Additional file 2. Correlations between BA45 and scores from a post-
experimental questionnaire.

Acknowledgements
We thank “Osama” and “Mr. Izzy Yamaguchi” as professional musicians for their 
input as musical advisors for this study and the Light Music Club at Dokkyo 
Medical University with its alumni for their support as volunteers.

Author contributions
AT: conception and design, acquisition of data, analysis, and interpretation 
of data, writing and preparation of the manuscript, and review and critique 
of the manuscript; JAN: writing, review, and critique of the manuscript; YO: 

writing, review, and critique of the manuscript; SI: analysis and interpreta-
tion of data, writing, review, and critique of the manuscript; SU: conception 
and design. AT, JAN, YO, SI, MT, DT, NT, and SU have set up the research, read, 
discussed, and approved the manuscript.

Funding
This research was supported by JSPS Grant-in-Aid for Scientific Research 
‘KAKENHI’ (C) 16K01565 and (C) 20K11262. The funding body had no role in 
the design of the study; the collection, analysis, and interpretation of data; or 
the writing of the manuscript.

Availability of data and materials
The datasets generated and analyzed during the current study are available 
from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The study was conducted in accordance with the principles of the Declaration 
of Helsinki. The Dokkyo Medical University Institutional Review Board exam-
ined and authorized the research involving humans (approval number: 26002). 
All participants provided written informed consent prior to enrollment.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 26 May 2023   Accepted: 23 February 2024

References
 1. Beaty RE, Seli P, Schacter DL. Network neuroscience of creative cognition: 

mapping cognitive mechanisms and individual differences in the creative 
brain. Curr Opin Behav Sci. 2019;27:22–30.

 2. Beaty RE. The neuroscience of musical improvisation. Neurosci Biobehav 
Rev. 2015;51:108–17.

 3. Conn PM. Neuroscience in medicine. 2nd ed. Totowa: Humana Press; 
2003.

 4. Pressing J. Error correction processes in temporal pattern production. J 
Math Psychol. 1998;42:63–101.

 5. Donnay GF, Rankin SK, Lopez-Gonzalez M, Jiradejvong P, Limb CJ. Neural 
substrates of interactive musical improvisation: an FMRI study of “trading 
fours” in jazz. PLoS ONE. 2014;9:e88665.

 6. Ono Y, Zhang X, Noah JA, Dravida S, Hirsch J. Bidirectional connectivity 
between Broca’s Area and Wernicke’s area during interactive verbal com-
munication. Brain Connect. 2022;12:210–22.

 7. Limb CJ, Braun AR. Neural Substrates of Spontaneous Musical Perfor-
mance: An fMRI Study of Jazz Improvisation. PLoS One. 2008;3:61679.

 8. Tachibana A, Noah JA, Ono Y, Taguchi D, Ueda S. Prefrontal activation 
related to spontaneous creativity with rock music improvisation: a func-
tional near-infrared spectroscopy study. Sci Rep. 2019;9:16044.

 9. Dhakal K, Norgaard M, Adhikari BM, Yun KS, Dhamala M. Higher node 
activity with less functional connectivity during musical improvisation. 
Brain Connect. 2019;9:296–309.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/s13104-024-06727-6
https://doi.org/10.1186/s13104-024-06727-6

	Rock music improvisation shows increased activity in Broca’s area and its right hemisphere homologue related to spontaneous creativity
	Abstract 
	Objective 
	Results 

	Introduction
	Methods
	Results
	Event-triggered averages of hemodynamic signals for tasks vs. baseline
	Event-triggered average contrast of Improv > Formulaic tasks
	Correlation between questionnaire responses and hemodynamic signals

	Discussion
	Limitations
	Acknowledgements
	References


