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Performing an opera requires singers on stage to process mental imagery and theory
of mind tasks in conjunction with singing and action control. Although it is conceivable
that the precuneus, as a posterior hub of the default mode network, plays an important
role in opera performance, how the precuneus contributes to opera performance has
not been elucidated yet. In this study, we aimed to investigate the contribution of the
precuneus to singing in an opera. Since the precuneus processes mental scenes, which
are multimodal and integrative, we hypothesized that it is involved in opera performance
by integrating multimodal information required for performing a character in an opera.
We tested this hypothesis by analyzing the functional connectivity of the precuneus
during imagined singing and rest. This study included 42 opera singers who underwent
functional magnetic resonance imaging when performing “imagined operatic singing”
with their eyes closed. During imagined singing, the precuneus showed increased
functional connectivity with brain regions related to language, mirror neuron, socio-
cognitive/emotional, and reward processing. Our findings suggest that, with the aid
of its widespread connectivity, the precuneus and its network allow embodiment and
multimodal integration of mental scenes. This information processing is necessary for
imagined singing as well as performing an opera. We propose a novel role of the
precuneus in opera performance.

Keywords: cognition, embodiment, imagery, mirror neurons, perspective, social, working memory

INTRODUCTION

Since the discovery of the default mode network (DMN), which is composed of the medial
prefrontal cortex, precuneus, and angular gyrus (AG), it has been implicated in internal mentation,
including mind wandering, self-projection, episodic memory processing, future thinking, and
theory of mind (Buckner and Carroll, 2007; Szpunar et al., 2007; Fransson and Marrelec, 2008;
Schacter et al., 2012; Raichle, 2015). While the DMN increases its activity during internal mentation,
paying attention to external stimuli deactivates the DMN (Fox et al., 2005). This simplistic
perspective is currently being developed. A functional magnetic resonance imaging (fMRI) study
that used audio-visual movies reported pattern similarity in the DMN for movie viewing, listening,
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and recall (Zadbood et al., 2017). This suggests that the DMN
is involved in encoding, reinstatement (spoken recall), and
new construction of the same real-life episode. Furthermore,
this study reported similarity between speakers’ and listeners’
neural patterns during movie viewing and mental construction,
respectively, which was associated with increased comprehension
of the described events in the listeners. The DMN is involved in
naturalistic perception (Brandman et al., 2021). Therefore, the
DMN mediates active and passive processing of mental imagery
or scenery that can be shared with others.

There has been a recent increase in neuroimaging studies
on the precuneus as a region with metabolic activity among
the highest in the brain during the conscious resting state
(Cavanna and Trimble, 2006). The precuneus is associated with
various functions, including attention, spatial navigation, and
mental imagery (Cavanna and Trimble, 2006; Sestieri et al.,
2011; Freton et al., 2014). The precuneus is a relatively large
cortical area located in the medial wall of the posterior parietal
cortex (PPC; Cavanna and Trimble, 2006; Cauda et al., 2010). It
possesses functional connectivity with numerous brain regions
and is among the large network hubs in the brain (Margulies
et al., 2009). Given its vicinity to the visual cortex (cuneus),
the precuneus processes extensive visual information. However,
several reciprocal connections with other cortical and subcortical
areas indicate that mental imagery is multimodal and not limited
to the visual modality. In conjunction with other network
nodes, the precuneus can perform highly integrative processing.
Accordingly, the precuneus mediates scene construction, which
is defined as “the process of mentally generating and maintaining
a complex and coherent scene or event” (Hassabis and Maguire,
2007). The precuneus, in conjunction with the posterior cingulate
cortex, mediates complex scene processing; additionally, there
are intercorrelations in the activity and metabolite levels of these
regions during complex scene processing (Costigan et al., 2019).

The activation of the precuneus has also been observed in
music processing (Cavanna and Trimble, 2006), which relies on
mental imagery. It was previously reported that the functional
connectivity of the precuneus in the resting condition was more
extended and stronger in university students majoring in music
than in those majoring in other disciplines (Tanaka and Kirino,
2016). The functional connectivity analysis of resting-state fMRI
data revealed that compared with other students, music students
had significantly higher connectivity of the precuneus with the
opercular/insular regions, auditory areas in the superior temporal
gyrus, and the lateral occipital cortex. A subsequent study
reported enhanced multimodally associative connectivity in the
thalamocortical network (Tanaka and Kirino, 2017). Moreover, a
task-fMRI study that employed the imagined music performance
paradigm reported increased functional connectivity within the
DMN (e.g., connectivity between the precuneus and AG) as
well as between the DMN and the hippocampus and amygdala
during an imagined performance (Tanaka and Kirino, 2019).
These findings lead to the question as to whether the precuneus
is essentially involved in singing and performing an opera.

Opera usually involves onstage performance and comprises
singing and acting by singers. Singers play roles in a scene
as prescribed by the libretto, which refers to the text of the

opera (Greenwald, 2014). Performing an opera requires character
making, emotional expression, scene construction, and esthetic
singing. Accordingly, multimodal scene construction in opera
singers could be considered as a mental process involving the
integration of numerous performance-related factors. Singers’
performance is dependent on such scenes mentally conceived by
singers. Moreover, since the audience employs scene construction
while appreciating an opera, singers and audiences could share
mental scenes during an opera.

In a chapter of The Oxford Handbook of Music and Body, the
authors state (p. 303): “The living body of the singing actor on the
operatic stage both has and performs a body, and the body is more
than a biological entity. It is also an ideological construct. . .. The
performer’s body is assigned the task by the director of presenting a
role on stage in such a way as to ‘speak’ to the particular audience
listening and watching” (Hutcheon and Hutcheon, 2019). In
opera performance, acting, which is required of singers, refers to
bodily gestures that facilitate moving emotions in the audience
(Williams, 2014). Although music directly accesses the characters’
emotions, acting facilitates the embodied emotion expression.
Opera performance involves socio-emotional processing, where
the performing singer should have empathy for the characters
(Gallagher and Gallagher, 2020). Moreover, enacting a role
requires the theory of mind, which modifies both singing and
acting. Audiences do not read minds; rather, they infer minds
through the audio-visual perception of the singing and acting.
Performance imagery takes on embodiment, which influences the
performance quality. A textbook for acting in opera states (p. 34):
“Salome is only one of many opera characters whose passions drive
her to extreme measures. To perform her and her ilk effectively, you
have to expand your own empathetic abilities and your willingness
to explore and share the depths of the human souls” (Ostwald,
2005). This performance could effectively stimulate embodied
motor representation in the audience. The audience perceives
the vivid performance of the singers by watching the actions of
singers in an opera.

Scene construction could also activate the medial part of the
prefrontal cortex (Hassabis and Maguire, 2009). Interestingly,
a recent fMRI study showed that the ventromedial prefrontal
cortex (vmPFC) was activated during autobiographical memory
recall (McCormick et al., 2020). When performing a role
of a character (a third person), however, the precuneus is
activated and the activity of the vmPFC is rather suppressed, as
demonstrated by an fMRI study of acting (Brown et al., 2019).
Therefore, there seems to be a distinction between the vmPFC
and precuneus in their contribution to scene construction
including perspective-dependent information processing. In
opera performance, the singer plays a third person, so that the
precuneus is expected to play a central role in scene construction
in opera performance.

This study aimed to investigate the contribution of the
precuneus to singing in an opera. Since mental imagery
processed in the precuneus is multimodal and highly integrative,
we hypothesized that the precuneus is involved in opera
performance by integrating multimodal information required for
character performance in an opera. We tested this hypothesis by
analyzing the functional connectivity of the precuneus during
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imagined singing and at rest. If the hypothesis is true, the
precuneus will change its connectivity with other brain regions.
Additionally, examining target brain regions of the reconfigured
network can cause inference to the contribution of the precuneus
to mental scene construction and intracerebral processing for
opera performance.

MATERIALS AND METHODS

Ethical Issues
All study procedures were approved by the ethics committees
of Sophia University and Juntendo University, Japan. This
study conformed to the tenets of the Declaration of Helsinki.
All participants provided written informed consent before
participating in the study.

Participants
All the participants were vocalists (n = 42, females 37,
age 19–44 years, and mean age: 27.0 years) who had
experience of performing opera on stage. The participants were
Japanese and healthy, without a history of neurological or
neuropsychiatric diseases.

Task
All participants completed two sessions, namely the imagined
music performance session and the resting-state session. During
the imagined music performance session, participants were asked
to vividly imagine the act of singing in an opera on stage, with
their eyes closed and without performing actual movements.
The “performed” music was freely chosen from their repertoires
(e.g., “Regnava nel silenzio” from Lucia di Lammermoor by G.
Donizetti and “Da, chas Nastal! Prostite Vy” from The Maid of
Orleans by P.I. Tchaikovsky). The performance was truncated
at the end of each session. In the resting-state session, the
participants were asked to close their eyes and not to think about
anything specific.

Image Acquisition
We acquired whole-brain images using a Philips Achieva 3.0-
T MRI scanner equipped with a 32-channel head coil array.
We collected high-resolution T1-weighted images for anatomical
reference, using a 3D magnetization-prepared rapid acquisition
gradient echo sequence: echo time (TE) = 3.3 ms, repetition time
(TR) = 15 ms, flip angle = 10◦, matrix size = 180 × 256 × 256, and
voxel size = 1 mm × 1 mm × 1 mm. The total image acquisition
time was 3 min and 31 s.

We collected blood oxygen level–dependent (BOLD) fMRI
data during imagined music performance and resting-state
sessions. A T2∗-weighted gradient-echo-planar imaging
sequence was used with the following parameters: TE = 30 ms,
TR = 2,000 ms, flip angle = 90◦, field of view = 240 mm × 240 mm,
matrix size = 64 × 64, number of axial slices = 33, and
voxel size = 3.75 mm × 3.75 mm × 4.00 mm. Slices were
acquired in the interleaved ascending order, starting with
odd-numbered slices and followed by the even-numbered slices.

Each session comprised 200 scans. The image acquisition time
was 6 min and 40 s.

Preprocessing
We preprocessed imaging data using the CONN toolbox v.20.b
(Whitfield-Gabrieli and Nieto-Castanon, 2012), in conjunction
with Statistical Parametric Mapping, version 12 (Wellcome
Department of Cognitive Neurology, London, United Kingdom;
http://www.fil.ion.ucl.ac.uk/spm), running on MATLAB version
R2021a (MathWorks, Inc.). Individual fMRI data were co-
registered with the T1 images. The fMRI data were realigned,
slice-timing corrected, and normalized to the standard Montreal
Neurological Institute template, as implemented in the Statistical
Parametric Mapping software platform. We processed image
artifacts originating from head movement using the ART-
based scrubbing procedure as an artifact removal tool (Nieto-
Castanon, 2020). Signal contributions from the white matter,
cerebrospinal fluid, and micro-head movements (six parameters)
were regressed out of the data. Finally, the fMRI data were
band-pass filtered (0.008–0.09 Hz) and functional images were
spatially smoothed using a Gaussian filter kernel (full width at
half-maximum = 8 mm) for subsequent seed-to-voxel analysis.

Analyses
The CONN toolbox was used for seed-to-voxel functional
connectivity analysis, with the precuneus as the seed. We
calculated Pearson’s correlation coefficients between the time
course of the precuneus and those of all other voxels in
the gray matter, which yielded a seed-to-voxel connectivity
matrix. Positive and negative correlation coefficients defined
positive and negative functional connectivity, respectively,
(Whitfield-Gabrieli and Nieto-Castanon, 2012). Subsequently,
the correlation coefficients were converted into normally
distributed scores using Fisher’s transformation and used in
the population-level analysis. Within the same sample, we
statistically analyzed between-condition differences in functional
connectivity (imagined music performance and resting). We
applied a height threshold of p < 0.001 (uncorrected)
to individual voxels for defining clusters. Subsequently, the
significance level for the extracted clusters was set to p < 0.05,
with family-wise error (FWE) correction.

For visualizing and analyzing the network reconfiguration of
the precuneus during the task, we also performed the region
of interest (ROI)-to-ROI analysis of functional connectivity
using the CONN toolbox. The ROI set implemented in
the CONN toolbox was based on the Harvard–Oxford atlas,
which contains 132 ROIs covering the whole brain. For
each participant, we calculated the mean BOLD time course
within each ROI; further, the correlation coefficients were
calculated from the time courses. The correlation coefficients
were converted into normally distributed scores using Fisher’s
transformation. Moreover, we calculated the connectivity matrix
of the precuneus with the remaining ROIs. Within the same
sample, we statistically tested between-condition differences in
functional connectivity. The threshold for between-condition
differences in the connectivity matrix was set at p < 0.05, with
false discovery rate (FDR) correction.
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RESULTS

We analyzed the functional connectivity of the precuneus during
imagined music performance and resting condition, yielding
seed-to-voxel functional connectivity maps with the precuneus
as a seed. In both conditions, the precuneus had positive
connections within the DMN (Figure 1). Furthermore, regions in
the temporal cortex were connected to the precuneus. Notably,
in the resting condition, large areas in the PFC (both lateral
and medial), as well as part of the parietal and posterior
temporal region, showed negative functional connectivity with
the precuneus. Figure 2 shows the between-condition differences
in connectivity. During the performance task, the precuneus
showed increased functional connectivity with the lateral middle
frontal gyrus (MFG), inferior frontal gyrus (IFG), medial
side of the superior frontal gyrus (SFG), and portions of
the parietal and temporal cortices at statistically significant
levels. Small parts of the anterior and medial posterior cortices
showed decreased connectivity during the task, which was also
statistically significant.

Further, we performed ROI-to-ROI functional connectivity
analysis. Generally, there were larger functional connectivity
changes of the precuneus in the left than in the right hemisphere.
Figure 3 shows functional connectivity changes between the
precuneus and left orbitofrontal cortex (OFC; A), left MFG (B),
left posterior supramarginal gyrus (SMG) (C), and left SFG (D).
Further, we performed between-condition comparisons; Figure 4
shows a visualization of the connectivity changes between the
two conditions. The precuneus showed increased connectivity
with ROI sets in the frontal, temporal, and parietal cortices as
well as decreased connectivity with ROIs in the cerebellum and
posterior-inferior temporal cortex during the performance task
than during the resting condition at statistically significant levels.
The functional connections with significant between-condition
differences were clustered, as seen in Figure 5. Marked increases
were observed in the fronto-parieto-temporal, AG, SFG/MFG,
and OFC clusters, while a marked decrease was observed in the
cerebellum cluster.

DISCUSSION

Our findings revealed increased functional connectivity of
the precuneus with several brain regions during imagined
singing compared with the resting condition at statistically
significant levels. These brain regions included the lateral
part of the prefrontal and parietal cortices, posterior temporal
cortex, and dorsomedial prefrontal cortex (dmPFC). These
regions overlap with several functional networks, including
the language, working memory, mirror neuron, and theory of
mind networks, indicating that imagined singing requires highly
integrated across-domain information processing. Our findings
are discussed in the subsequent sections.

Extended Language Network
We observed leftward asymmetry of regions showing increased
connectivity with the precuneus, including the IFG, SMG, and

inferior temporal gyrus, which are nodes of the perisylvian
language network (Catani et al., 2005; Powell et al., 2006;
Xiang et al., 2010; Friederici, 2011; Hagoort, 2013). The
increased functional connectivity with the IFG suggests that
imagined singing utilized the language production system.
Previous studies have shown that the language network
is connected with other brain regions related to general
cognitive functions (Hagoort, 2013, 2017; Hertrich et al., 2020).
Communication, which involves language processing as well
as speech production and comprehension, is accomplished
by extended networks, the language core and its beyond.
The extended language network is not restricted to the
left hemisphere. The right hemisphere is also activated in
subprocesses, such as metaphor comprehension (Ferstl et al.,
2008). Although not exclusive, increased connectivity with the
perisylvian regions in the right hemisphere suggests affective
prosody (Sammler et al., 2015; Hertrich et al., 2020), which is
important for singing. Note that there was also an increase in
the connectivity with the superior temporal gyrus, including
the planum temporale, in the right hemisphere. An fMRI
study showed that, comparing singing with speech, singing
activated the planum temporale in the right hemisphere more
than speech (Callan et al., 2006). This region and its anterior
adjacent region, the auditory cortex, process sound imagery,
as suggested by other fMRI studies (Bunzeck et al., 2005;
Regev et al., 2021).

The inferior parietal lobule (IPL), specifically the SMG,
is involved in several aspects of speech and language
control, including speech learning, sensorimotor adaptation,
phonological processing, and speech monitoring (Hickok and
Poeppel, 2007; Hartwigsen et al., 2010; Shum et al., 2011;
Kort et al., 2014; Simonyan and Fuertinger, 2015). Therefore,
our findings suggest that the SMG contributes to singing.
Furthermore, we found increased connectivity between the
precuneus and right SMG, which suggests that melody, similar
to prosody in speech, was integrated into speech processing.
In these processes, lyrics and emotions are integrated into the
mental scenes of singers. Taken together, our results lead to
the notion that an increase in functional connectivity between
the precuneus and extended language network contributes to
the generation of mental scenes by integrating language with
emotional expression for singing.

Frontoparietal Network
The inclusion of the frontal and parietal regions in our result
suggests the involvement of working memory in imagined singing.
The network for working memory extends over a wide brain
region, which not only includes the lateral prefrontal cortex
(LPFC) and PPC as core regions, but also sensory regions,
such as visual, auditory, and somatosensory cortices (Christophel
et al., 2017). This wide network distribution reflects the nature
of working memory, which represents sensory information and
behavioral plans at an abstract level. Our findings indicated that
regions exhibiting increased connectivity with the precuneus
included the frontal, parietal, temporal, and auditory regions.
The lack of involvement of the other sensory regions could be
attributed to the task of “imagined singing” involving keeping the
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FIGURE 1 | Voxel-level functional connectivity maps of the precuneus as the seed. (A) resting, (B) imagined singing. We applied a height threshold of p < 0.001
(uncorrected) to individual voxels for defining clusters. Subsequently, the significance level for the extracted clusters was set to p-FWE < 0.05.

FIGURE 2 | Voxel-level changes in the functional connectivity of the precuneus between the task condition and the resting condition. We applied a height threshold
of p < 0.001 (uncorrected) to individual voxels for defining clusters. Subsequently, the significance level for the extracted clusters was set to p-FWE < 0.05.

eyes closed and the body still. This result is consistent with the
feature that imagined singing is a memory-driven, rather than
sensory-dependent, task.

Mirror Neuron Network
Notably, we observed increased functional connectivity of the
precuneus with the mirror neuron network, which is composed
of the IFG, IPL, and pSTS/pMTG (Iacoboni and Dapretto,
2006). Since mirror neuron activity is related to actions,
imagined actions could evoke mirror neuron activity in the

participants. The increase of connectivity between the precuneus
and the mirror neuron network suggests that the mental scene
is embodied. A recent electroencephalography study detected
mirror neuron activity during audiovisual appreciation of an
opera (Tanaka, 2021). However, only listening to singing did not
induce mirror neuron activity. Therefore, it is rational to interpret
that mirror neuron activity was elicited by integration with the
visual perception of a singer’s action rather than the sounds
themselves. Embodiment is required in opera performance to
allow the audience to perceive vivid imagery of the opera.
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FIGURE 3 | Between-group comparison of the functional connectivity of the precuneus in the individual level. The results of all the 42 participants are depicted,
distinguished by different colors. (A) left OFC (t = 4.65, p = 0.000034), (B) left MFG (t = 3.97, p = 0.00028), (C) left pSMG (t = 4.39, p = 0.000077), and (D) left SFG
(t = 3.88, p = 0.00037). MFG, middle frontal gyrus; OFC, orbitofrontal cortex; pSMG, posterior supramarginal gyrus; and SFG, superior frontal gyrus.

The embodied cognition approach proposes a new perspective
regarding the format of mental imagery (Palmiero et al.,
2019), and our findings are compatible with this perspective.
The cooperation between the DMN and the mirror neuron
network could yield the appropriate processing required for
social-cognitive demands (Molnar-Szakacs and Uddin, 2013).
Therefore, embodied representation involving the mentalization
of the character’s mind is characterized by increased functional
connectivity between the precuneus and the mirror neuron
network. This notion is consistent with recent findings that the
precuneus was activated significantly higher when describing a
person and activity than when describing a place and object in
an autobiographical memory recall task (Gilmore et al., 2021).
Ostwald, who is a director of operas and plays, wrote the
following in his book (p. 12): “Imagine that you are so deeply
involved that your feelings cause you to utter sounds. When you
immerse yourself in your character’s circumstances so that what
he [the character] must sing and do seems not just logical but
inevitable, you can let your outward body movements spring from
your own internal impulses and feelings. Working this way, you
will choose evocative and believable actions unconsciously, but
intuition” (Ostwald, 2005).

A recent study demonstrated the involvement of the DMN
in imagined music performance (Tanaka and Kirino, 2019).
By embracing imagery in their minds, singers perform by
enacting their roles in the opera. In their brains, integration
of various information types is necessary for expression
in performance. This is due to the demands of singers
to make characters in a scene, which have numerous
parameters in the scene. Finding the parameters and
unifying gestures while incorporating one’s personality
ultimately shapes the character (Clark, 2002). Additionally,
singers are required to empathize with their characters
(termed as “empathic embodiment”), which is aided by
conceiving mental imagery of the characters’ emotional states
(Heisel, 2015).

Temporoparietal Junction
In the right hemisphere, there was increased connectivity
between the temporoparietal junction (TPJ) and the precuneus
during imaging singing. The TPJ is the major site of social
cognition, including the theory of mind (Kubit and Jack,
2013; Schurz et al., 2014). The theory of mind refers to
the “ability to explain and predict other people’s behavior by
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FIGURE 4 | ROI-to-ROI functional connectivity analysis with the precuneus as the seed. Connectivity that was increased (decreased) during the performance
condition compared with the resting condition is indicated in red (blue) based on the criteria of p-FDR < 0.05.

attributing to them independent mental states, such as beliefs
and desires” (Gallagher and Frith, 2003). When singing in an
opera, the singer performs as the character being played, which
requires the inference of the mental state of the character in
a certain situation. In dramas, actors play a role. A recent
study reported that the precuneus is more strongly activated
when actors played other characters than when they were
themselves (Brown et al., 2019). Human animacy could activate
the precuneus and theory of mind network (Cross et al., 2016).
The right TPJ is associated with embodied processes relevant to
perspective taking (Gallese, 2007; Seymour et al., 2018; Martin
et al., 2020). Therefore, both the precuneus and TPJ could be
involved when acting a character in an opera. This study suggests
that scene construction in imagined singing involves theory
of mind.

Dorsomedial Prefrontal Cortex
During imagined singing, there was increased functional
connectivity between the precuneus and dmPFC, which is
associated with social interaction (Wagner et al., 2016) and
emotion regulation (Wager et al., 2008). To assess whether
the dmPFC is specialized for social information processing, a
previous fMRI study analyzed the response in this brain region
when natural viewing of a movie scene. It reported a strong
tuning of this region to the social features of this stimulus.
Notably, the dmPFC was the only region with a significant
correlation between its activity and the agreeableness trait during
a theory of mind task (Arbula et al., 2021). The agreeableness
trait is among the five personality dimensions (McCrae and
John, 1992), with participants having this personality trait being
empathetic. Another fMRI study reported that the dmPFC
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FIGURE 5 | Clustered ROI-to-ROI functional connections with significant between-condition differences based on the criteria of p-FDR < 0.05.

and other cortical midline structures, including the vmPFC,
precuneus, and PPC, were activated more strongly when viewing
others’ actions through affective social interactions than through
neutral cooperation (Arioli et al., 2018). Therefore, our findings
suggest that the mental scenes constructed in our participants
included the socio-emotional factors required for performance.

Orbitofrontal Cortex
Increased functional connectivity of the precuneus with OFC was
higher than that with any other region (left hemisphere: t = 4.65,
p = 0.000034; right hemisphere: t = 3.86, p = 0.00039). This
finding was unexpected as we did not suppose the involvement
of the OFC in scene construction. The OFC is associated with
reward processing and decision making, which is required for
complex and flexible emotional and social behavior (Elliott
et al., 2000; Kringelbach and Rolls, 2004; Suzuki et al., 2017;
Lopez-Persem et al., 2020). There is functional segregation in
the OFC. Specifically, the lateral and medial sections mediate
reward processing and decision making, respectively, (Noonan
et al., 2012). We infer that the reward system is involved in
the construction of mental scenes during imagined singing by
recollecting pleasure episodic memories previously experienced
by the participants on stage.

Network Interaction
Our findings revealed a novel pattern of network reconfiguration
or interaction with other networks during imagined music
performance, which is a naturalistic condition. The DMN was
originally characterized under resting conditions. Execution of
numerous experimental tasks has been shown to deactivate
the DMN, which was subsequently considered task-negative
(Fox et al., 2005). Functional connectivity analysis of resting-
state fMRI data revealed inhibitory functional connectivity of
the DMN with executive networks, including the frontoparietal

network (Murphy et al., 2009). Distinct network groups appeared
to be task-positive and task-negative (Jack et al., 2013). However,
this dichotomy was found to be more nuanced than previously
assumed (Piccoli et al., 2015). Social cognitive tasks activate brain
regions overlapping with the DMN (Schilbach et al., 2006; Mars
et al., 2012); moreover, goal-directed cognitive tasks co-activate
the DMN and executive networks (Spreng et al., 2010; Meyer
et al., 2012). A recent graph theoretical analysis suggested that
the DMN cooperates with, rather than inhibits, the frontoparietal
network and language network (Gordon et al., 2020). This inter-
network connectivity allows these networks to perform highly
integrated information processing. In complex situations, the
brain mediates multiple-domain processing through dynamic
network reconfiguration (Mineroff et al., 2018; Wen et al.,
2020). The DMN could be involved in cognitive task execution
(Vatansever et al., 2015a). Here, the DMN and working memory
network are not anti-correlated during all phases of working
memory processing (Piccoli et al., 2015). Moreover, the DMN
could be involved in socio-affective processing (Amft et al., 2015)
and global functional integration (Vatansever et al., 2015b). The
notion that the DMN is involved in imagined singing is consistent
with these findings. Our study demonstrated another situation
where the DMN, particularly the precuneus, cooperates with
executive networks.

Disinhibition
In our study, resting-state negative/inhibitory functional
connectivity of the precuneus tended to weaken or become
positive during task performance, with numerous studies
reporting this feature of connectivity changes. For example,
functional connectivity between the DMN and working memory
network changes in different phases of the working memory task
(Piccoli et al., 2015). Moreover, the negative connectivity between
the LPFC and posterior cingulate cortex/retrosplenial cortex in
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the maintenance phase is nullified in the encoding and retrieval
phases, whereas the connectivity between the left LPFC and IPL
became positive. Recently, we observed a similar phenomenon
of dynamic changes in functional connectivity in patients with
fibromyalgia (Usui et al., 2020). The patients listened to a piece of
classical music, “Duo for Violin and Viola in G Major, K.423” by
W. A. Mozart, with fMRI being performed before and after the
session. The pain measure was significantly reduced by listening
to the music. Simultaneously, reciprocal inhibition between the
precuneus and insula was significantly reduced. The insula has
been reported to mediate pain, sensory, motor, and emotional
processing (Cauda et al., 2011).

Limitations
Although there was increased functional connectivity of the
precuneus with many regions during the imagined singing
task, few regions showed decreased connectivity, including the
cerebellum, inferior temporal gyrus and portions of the anterior
prefrontal cortex. For example, the cerebellum has functional
connectivity with the DMN, attentional, executive, language, and
salience networks in the resting state (Habas, 2021). Therefore,
the decreased connectivity of the cerebellum might be involved
in performance processing. Alternatively, it may be indicative
of behavioral inhibition, which was required to the participants.
Further studies are needed to interpret or examine these results.

CONCLUSION

Our findings demonstrated that, during imagined singing,
there were statistically significant levels of increased functional
connectivity between the precuneus and brain regions related to
language, mirror neuron, socio-cognitive/emotional, and reward
processing. This suggests that, with the aid of its widespread
connectivity, the precuneus and its network can incorporate
embodied and socio-cognitive/emotional aspects into mentally
constructed opera scenes, required for singing. This process,
which involves more than scene construction or mental imagery

processing, is necessary for performing in an opera. As suggested
by the network reconfiguration during an imagined singing task,
we propose a novel role for the precuneus in opera performance.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material; further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committees of Sophia University and
Juntendo University, Japan. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

ST and EK planned and conducted all the experiments. ST
analyzed the data and wrote the manuscript. Both authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by JSPS KAKENHI Grant
Number 15K00380.

ACKNOWLEDGMENTS

The authors wish to thank Professor Aoki at Juntendo University
School of Medicine for his continuous support during the
execution of this study. All the participants in this study are
also appreciated.

REFERENCES
Amft, M., Bzdok, D., Laird, A. R., Fox, P. T., Schilbach, L., and Eickhoff, S. B.

(2015). Definition and characterization of an extended social-affective default
network. Brain Struct. Funct. 220, 1031–1049. doi: 10.1007/s00429-013-0698-0

Arbula, S., Pisanu, E., and Rumiati, R. I. (2021). Representation of social content in
dorsomedial prefrontal cortex underlies individual differences in agreeableness
trait. NeuroImage 235:118049. doi: 10.1016/j.neuroimage.2021.118049

Arioli, M., Perani, D., Cappa, S., Proverbio, A. M., Zani, A., Falini, A., et al. (2018).
Affective and cooperative social interactions modulate effective connectivity
within and between the mirror and mentalizing systems. Hum. Brain Mapp.
39, 1412–1427. doi: 10.1002/hbm.23930

Brandman, T., Malach, R., and Simony, E. (2021). The surprising role of the default
mode network in naturalistic perception. Commun. Biol. 4:79. doi: 10.1038/
s42003-020-01602-z

Brown, S., Cockett, P., and Yuan, Y. (2019). The neuroscience of Romeo and Juliet:
an fMRI study of acting. R. Soc. Open Sci. 6:181908. doi: 10.1098/rsos.181908

Buckner, R. L., and Carroll, D. C. (2007). Self-projection and the brain. Trends
Cogn. Sci. 11, 49–57. doi: 10.1016/j.tics.2006.11.004

Bunzeck, N., Wuestenberg, T., Lutz, K., Heinze, H. J., and Jancke, L. (2005).
Scanning silence: mental imagery of complex sounds. NeuroImage 26, 1119–
1127. doi: 10.1016/j.neuroimage.2005.03.013

Callan, D. E., Tsytsarev, V., Hanakawa, T., Callan, A. M., Katsuhara, M., Fukuyama,
H., et al. (2006). Song and speech: brain regions involved with perception and
covert production. NeuroImage 31, 1327–1342. doi: 10.1016/j.neuroimage.2006.
01.036

Catani, M., Jones, D. K., and Ffytche, D. H. (2005). Perisylvian
language networks of the human brain. Ann. Neurol. 57, 8–16.
doi: 10.1002/ana.20319

Cauda, F., D’Agata, F., Sacco, K., Duca, S., Geminiani, G., and Vercelli, A. (2011).
Functional connectivity of the insula in the resting brain. NeuroImage 55, 8–23.
doi: 10.1016/j.neuroimage.2010.11.049

Cauda, F., Geminiani, G., D’Agata, F., Sacco, K., Duca, S., Bagshaw, A. P.,
et al. (2010). Functional connectivity of the posteromedial cortex. PLoS One
5:e13107. doi: 10.1371/journal.pone.0013107

Cavanna, A. E., and Trimble, M. R. (2006). The precuneus: a review of its functional
anatomy and behavioural correlates. Brain 129, 564–583. doi: 10.1093/brain/
awl004

Frontiers in Human Neuroscience | www.frontiersin.org 9 October 2021 | Volume 15 | Article 737742

https://doi.org/10.1007/s00429-013-0698-0
https://doi.org/10.1016/j.neuroimage.2021.118049
https://doi.org/10.1002/hbm.23930
https://doi.org/10.1038/s42003-020-01602-z
https://doi.org/10.1038/s42003-020-01602-z
https://doi.org/10.1098/rsos.181908
https://doi.org/10.1016/j.tics.2006.11.004
https://doi.org/10.1016/j.neuroimage.2005.03.013
https://doi.org/10.1016/j.neuroimage.2006.01.036
https://doi.org/10.1016/j.neuroimage.2006.01.036
https://doi.org/10.1002/ana.20319
https://doi.org/10.1016/j.neuroimage.2010.11.049
https://doi.org/10.1371/journal.pone.0013107
https://doi.org/10.1093/brain/awl004
https://doi.org/10.1093/brain/awl004
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-737742 October 11, 2021 Time: 15:59 # 10

Tanaka and Kirino Embedded Scene Construction in Operas

Christophel, T. B., Klink, P. C., Spitzer, B., Roelfsema, P. R., and Haynes, J. D.
(2017). The Distributed Nature of Working Memory. Trends Cogn. Sci. 21,
111–124. doi: 10.1016/j.tics.2016.12.007

Clark, M. R. (2002). Singing, Acting, And Movement In Opera: A Guide To Singer-
Getics. Bloomington: Indiana University Press, 87–93. doi: 10.5860/choice.40-
3914

Costigan, A. G., Umla-Runge, K., Evans, C. J., Hodgetts, C. J., Lawrence, A. D.,
and Graham, K. S. (2019). Neurochemical correlates of scene processing in the
precuneus/posterior cingulate cortex: a multimodal fMRI and 1H-MRS study.
Hum. Brain Mapp. 40, 2884–2898. doi: 10.1002/hbm.24566

Cross, E. S., Ramsey, R., Liepelt, R., Prinz, W., and de Hamilton, A. F. C. (2016).
The shaping of social perception by stimulus and knowledge cues to human
animacy. Philos. Trans. R. Soc. B Biol. Sci. 371:20150075. doi: 10.1098/rstb.2015.
0075

Elliott, R., Dolan, R. J., and Frith, C. D. (2000). Dissociable functions in the medial
and lateral orbitofrontal cortex: evidence from human neuroimaging studies.
Cereb. Cortex 10, 308–317. doi: 10.1093/cercor/10.3.308

Ferstl, E. C., Neumann, J., Bogler, C., and Von Cramon, D. Y. (2008). The
extended language network: a meta-analysis of neuroimaging studies on text
comprehension. Hum. Brain Mapp. 29, 581–593. doi: 10.1002/hbm.20422

Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Van Essen, D. C., and
Raichle, M. E. (2005). The human brain is intrinsically organized into dynamic,
anticorrelated functional networks. Proc. Natl. Acad. Sci. U. S. A. 102, 9673–
9678. doi: 10.1073/pnas.0504136102

Fransson, P., and Marrelec, G. (2008). The precuneus/posterior cingulate cortex
plays a pivotal role in the default mode network: evidence from a partial
correlation network analysis. NeuroImage 42, 1178–1184. doi: 10.1016/j.
neuroimage.2008.05.059

Freton, M., Lemogne, C., Bergouignan, L., Delaveau, P., Lehéricy, S., and Fossati,
P. (2014). The eye of the self: precuneus volume and visual perspective during
autobiographical memory retrieval. Brain Struct. Funct. 219, 959–968. doi: 10.
1007/s00429-013-0546-2

Friederici, A. D. (2011). The Brain Basis of Language Processing: from Structure to
Function. Physiol. Rev. 91, 1357–1392. doi: 10.1152/physrev.00006.2011

Gallagher, H. L., and Frith, C. D. (2003). Functional imaging of ‘theory of mind.’.
Trends Cogn. Sci. 7, 77–83. doi: 10.1016/S1364-6613(02)00025-6

Gallagher, S., and Gallagher, J. (2020). Acting Oneself as Another: an Actor’s
Empathy for her Character. Topoi 39, 779–790. doi: 10.1007/s11245-018-9624-
7

Gallese, V. (2007). Before and below “theory of mind”: embodied simulation and
the neural correlates of social cognition. Philos. Trans. R. Soc. B Biol. Sci. 362,
659–669. doi: 10.1098/rstb.2006.2002

Gilmore, A. W., Quach, A., Kalinowski, S. E., Gotts, S. J., Schacter, D. L.,
and Martin, A. (2021). Dynamic content reactivation supports naturalistic
autobiographical recall in humans. J. Neurosci. 41, 153–166. doi: 10.1523/
JNEUROSCI.1490-20.2020

Gordon, E. M., Laumann, T. O., Marek, S., Raut, R. V., Gratton, C., Newbold,
D. J., et al. (2020). Default-mode network streams for coupling to language
and control systems. Proc. Natl. Acad. Sci. U. S. A. 117, 17308–17319. doi:
10.1073/pnas.2005238117

Greenwald, H. M. (2014). The Oxford Handbook of Opera. Oxford: Oxford
University Press.

Habas, C. (2021). Functional Connectivity of the Cognitive Cerebellum. Front. Syst.
Neurosci. 15:642225. doi: 10.3389/fnsys.2021.642225

Hagoort, P. (2013). MUC (Memory, Unification, Control) and beyond. Front.
Psychol. 4:416. doi: 10.3389/fpsyg.2013.00416

Hagoort, P. (2017). The core and beyond in the language-ready brain. Neurosci.
Biobehav. Rev. 81, 194–204. doi: 10.1016/j.neubiorev.2017.01.048

Hartwigsen, G., Baumgaertner, A., Price, C. J., Koehnke, M., Ulmer, S., and
Siebner, H. R. (2010). Phonological decisions require both the left and right
supramarginal gyri. Proc. Natl. Acad. Sci. U. S. A. 107, 16494–16499. doi: 10.
1073/pnas.1008121107

Hassabis, D., and Maguire, E. A. (2007). Deconstructing episodic memory with
construction. Trends Cogn. Sci. 11, 299–306. doi: 10.1016/j.tics.2007.05.001

Hassabis, D., and Maguire, E. A. (2009). The construction system of the brain.
Philos. Trans. R. Soc. B Biol. Sci. 364, 1263–1271. doi: 10.1098/rstb.2008.0296

Heisel, E. (2015). Empathy as a Tool for Embodiment Processes in Vocal
Performance. Empir. Musicol. Rev. 10:104. doi: 10.18061/emr.v10i1-2.4601

Hertrich, I., Dietrich, S., and Ackermann, H. (2020). The Margins of the Language
Network in the Brain. Front. Commun. 5:519955. doi: 10.3389/fcomm.2020.
519955

Hickok, G., and Poeppel, D. (2007). The cortical organization of speech processing.
Nat. Rev. Neurosci. 8, 393–402. doi: 10.1038/nrn2113

Hutcheon, L., and Hutcheon, M. (2019). Enbodied representation in staged opera.
The Oxford Handbook of Music and The Body. Oxford: Oxford University Press,
295–305.

Iacoboni, M., and Dapretto, M. (2006). The mirror neuron system and the
consequences of its dysfunction. Nat. Rev. Neurosci. 7, 942–951. doi: 10.1038/
nrn2024

Jack, A. I., Dawson, A. J., Begany, K. L., Leckie, R. L., Barry, K. P., Ciccia, A. H.,
et al. (2013). FMRI reveals reciprocal inhibition between social and physical
cognitive domains. NeuroImage 66, 385–401. doi: 10.1016/j.neuroimage.2012.
10.061

Kort, N. S., Nagarajan, S. S., and Houde, J. F. (2014). A bilateral cortical network
responds to pitch perturbations in speech feedback. NeuroImage 86, 525–535.
doi: 10.1016/j.neuroimage.2013.09.042

Kringelbach, M. L., and Rolls, E. T. (2004). The functional neuroanatomy
of the human orbitofrontal cortex: evidence from neuroimaging and
neuropsychology. Prog. Neurobiol. 72, 341–372. doi: 10.1016/j.pneurobio.2004.
03.006

Kubit, B., and Jack, A. I. (2013). Rethinking the role of the rTPJ in attention and
social cognition in light of the opposing domains hypothesis: findings from
an ALE-based meta-analysis and resting-state functional connectivity. Front.
Hum. Neurosci. 7:323. doi: 10.3389/fnhum.2013.00323

Lopez-Persem, A., Roumazeilles, L., Folloni, D., Marche, K., Fouragnan, E. F.,
Khalighinejad, N., et al. (2020). Differential functional connectivity underlying
asymmetric reward-related activity in human and nonhuman primates. Proc.
Natl. Acad. Sci. U. S. A. 117, 28452–28462. doi: 10.1073/pnas.2000759117

Margulies, D. S., Vincent, J. L., Kelly, C., Lohmann, G., Uddin, L. Q., Biswal, B. B.,
et al. (2009). Precuneus shares intrinsic functional architecture in humans and
monkeys. Proc. Natl. Acad. Sci. U. S. A. 106, 20069–20074. doi: 10.1073/pnas.
0905314106

Mars, R. B., Neubert, F. X., Noonan, M. A. P., Sallet, J., Toni, I., and Rushworth,
M. F. S. (2012). On the relationship between the “default mode network” and
the “social brain. Front. Hum. Neurosci. 6:189. doi: 10.3389/fnhum.2012.00189

Martin, A. K., Kessler, K., Cooke, S., Huang, J., and Meinzer, M. (2020).
The Right Temporoparietal Junction Is Causally Associated with Embodied
Perspective-taking. J. Neurosci. 40, 3089–3095. doi: 10.1523/JNEUROSCI.2637-
19.2020

McCormick, C., Barry, D. N., Jafarian, A., Barnes, G. R., and Maguire, E. A. (2020).
VmPFC Drives Hippocampal Processing during Autobiographical Memory
Recall Regardless of Remoteness. Cereb. Cortex 30, 5972–5987. doi: 10.1093/
cercor/bhaa172

McCrae, R. R., and John, O. P. (1992). An Introduction to the Five-Factor
Model and Its Applications. J. Pers. 60, 175–215. doi: 10.1111/j.1467-6494.1992.
tb00970.x

Meyer, M. L., Spunt, R. P., Berkman, E. T., Taylor, S. E., and Lieberman, M. D.
(2012). Evidence for social working memory from a parametric functional
MRI study. Proc. Natl. Acad. Sci. U. S. A. 109, 1883–1888. doi: 10.1073/pnas.
1121077109

Mineroff, Z., Blank, I. A., Mahowald, K., and Fedorenko, E. (2018). A robust
dissociation among the language, multiple demand, and default mode networks:
evidence from inter-region correlations in effect size. Neuropsychologia 119,
501–511. doi: 10.1016/j.neuropsychologia.2018.09.011

Molnar-Szakacs, I., and Uddin, L. Q. (2013). Self-processing and the default mode
network: interactions with the mirror neuron system. Front. Hum. Neurosci.
7:571. doi: 10.3389/fnhum.2013.00571

Murphy, K., Birn, R. M., Handwerker, D. A., Jones, T. B., and Bandettini, P. A.
(2009). The impact of global signal regression on resting state correlations: are
anti-correlated networks introduced? NeuroImage 44, 893–905. doi: 10.1016/j.
neuroimage.2008.09.036

Nieto-Castanon, A. (2020). Handbook of functional connectivity Magnetic
Resonance Imaging methods in CONN. Boston: Hilbert Press.

Noonan, M. P., Kolling, N., Walton, M. E., and Rushworth, M. F. S. (2012). Re-
evaluating the role of the orbitofrontal cortex in reward and reinforcement. Eur.
J. Neurosci. 35, 997–1010. doi: 10.1111/j.1460-9568.2012.08023.x

Frontiers in Human Neuroscience | www.frontiersin.org 10 October 2021 | Volume 15 | Article 737742

https://doi.org/10.1016/j.tics.2016.12.007
https://doi.org/10.5860/choice.40-3914
https://doi.org/10.5860/choice.40-3914
https://doi.org/10.1002/hbm.24566
https://doi.org/10.1098/rstb.2015.0075
https://doi.org/10.1098/rstb.2015.0075
https://doi.org/10.1093/cercor/10.3.308
https://doi.org/10.1002/hbm.20422
https://doi.org/10.1073/pnas.0504136102
https://doi.org/10.1016/j.neuroimage.2008.05.059
https://doi.org/10.1016/j.neuroimage.2008.05.059
https://doi.org/10.1007/s00429-013-0546-2
https://doi.org/10.1007/s00429-013-0546-2
https://doi.org/10.1152/physrev.00006.2011
https://doi.org/10.1016/S1364-6613(02)00025-6
https://doi.org/10.1007/s11245-018-9624-7
https://doi.org/10.1007/s11245-018-9624-7
https://doi.org/10.1098/rstb.2006.2002
https://doi.org/10.1523/JNEUROSCI.1490-20.2020
https://doi.org/10.1523/JNEUROSCI.1490-20.2020
https://doi.org/10.1073/pnas.2005238117
https://doi.org/10.1073/pnas.2005238117
https://doi.org/10.3389/fnsys.2021.642225
https://doi.org/10.3389/fpsyg.2013.00416
https://doi.org/10.1016/j.neubiorev.2017.01.048
https://doi.org/10.1073/pnas.1008121107
https://doi.org/10.1073/pnas.1008121107
https://doi.org/10.1016/j.tics.2007.05.001
https://doi.org/10.1098/rstb.2008.0296
https://doi.org/10.18061/emr.v10i1-2.4601
https://doi.org/10.3389/fcomm.2020.519955
https://doi.org/10.3389/fcomm.2020.519955
https://doi.org/10.1038/nrn2113
https://doi.org/10.1038/nrn2024
https://doi.org/10.1038/nrn2024
https://doi.org/10.1016/j.neuroimage.2012.10.061
https://doi.org/10.1016/j.neuroimage.2012.10.061
https://doi.org/10.1016/j.neuroimage.2013.09.042
https://doi.org/10.1016/j.pneurobio.2004.03.006
https://doi.org/10.1016/j.pneurobio.2004.03.006
https://doi.org/10.3389/fnhum.2013.00323
https://doi.org/10.1073/pnas.2000759117
https://doi.org/10.1073/pnas.0905314106
https://doi.org/10.1073/pnas.0905314106
https://doi.org/10.3389/fnhum.2012.00189
https://doi.org/10.1523/JNEUROSCI.2637-19.2020
https://doi.org/10.1523/JNEUROSCI.2637-19.2020
https://doi.org/10.1093/cercor/bhaa172
https://doi.org/10.1093/cercor/bhaa172
https://doi.org/10.1111/j.1467-6494.1992.tb00970.x
https://doi.org/10.1111/j.1467-6494.1992.tb00970.x
https://doi.org/10.1073/pnas.1121077109
https://doi.org/10.1073/pnas.1121077109
https://doi.org/10.1016/j.neuropsychologia.2018.09.011
https://doi.org/10.3389/fnhum.2013.00571
https://doi.org/10.1016/j.neuroimage.2008.09.036
https://doi.org/10.1016/j.neuroimage.2008.09.036
https://doi.org/10.1111/j.1460-9568.2012.08023.x
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-737742 October 11, 2021 Time: 15:59 # 11

Tanaka and Kirino Embedded Scene Construction in Operas

Ostwald, D. F. (2005). Acting for singers: creating believable singing characters.
Oxford: Oxford University Press. doi: 10.5860/choice.43-6435

Palmiero, M., Piccardi, L., Giancola, M., Nori, R., D’Amico, S., and Olivetti
Belardinelli, M. (2019). The format of mental imagery: from a critical review to
an integrated embodied representation approach. Cogn. Process. 20, 277–289.
doi: 10.1007/s10339-019-00908-z

Piccoli, T., Valente, G., Linden, D. E. J., Re, M., Esposito, F., and Sack, A. T. (2015).
The default mode network and the working memory network are not anti-
correlated during all phases of a working memory task. PLoS One 10:e0123354.
doi: 10.1371/journal.pone.0123354

Powell, H. W. R., Parker, G. J. M., Alexander, D. C., Symms, M. R., Boulby,
P. A., Wheeler-Kingshott, C. A. M., et al. (2006). Hemispheric asymmetries in
language-related pathways: a combined functional MRI and tractography study.
NeuroImage 32, 388–399. doi: 10.1016/j.neuroimage.2006.03.011

Raichle, M. E. (2015). The Brain’s Default Mode Network. Annu. Rev. Neurosci. 38,
433–447. doi: 10.1146/annurev-neuro-071013-014030

Regev, M., Halpern, A. R., Owen, A. M., Patel, A. D., and Zatorre, R. J. (2021).
Mapping Specific Mental Content during Musical Imagery. Cereb. Cortex 31,
3622–3640. doi: 10.1093/cercor/bhab036

Sammler, D., Grosbras, M. H., Anwander, A., Bestelmeyer, P. E. G., and Belin, P.
(2015). Dorsal and ventral pathways for prosody. Curr. Biol. 25, 3079–3085.
doi: 10.1016/j.cub.2015.10.009

Schacter, D. L., Addis, D. R., Hassabis, D., Martin, V. C., Spreng, R. N., and Szpunar,
K. K. (2012). The Future of Memory: remembering, Imagining, and the Brain.
Neuron 76, 677–694. doi: 10.1016/j.neuron.2012.11.001

Schilbach, L., Wohlschlaeger, A. M., Kraemer, N. C., Newen, A., Shah, N. J.,
Fink, G. R., et al. (2006). Being with virtual others: neural correlates of social
interaction. Neuropsychologia 44, 718–730. doi: 10.1016/j.neuropsychologia.
2005.07.017

Schurz, M., Radua, J., Aichhorn, M., Richlan, F., and Perner, J. (2014).
Fractionating theory of mind: a meta-analysis of functional brain imaging
studies. Neurosci. Biobehav. Rev. 42, 9–34. doi: 10.1016/j.neubiorev.2014.01.009

Sestieri, C., Corbetta, M., Romani, G. L., and Shulman, G. L. (2011). Episodic
memory retrieval, parietal cortex, and the default mode network: functional and
topographic analyses. J. Neurosci. 31, 4407–4420. doi: 10.1523/JNEUROSCI.
3335-10.2011

Seymour, R. A., Wang, H., Rippon, G., and Kessler, K. (2018). Oscillatory networks
of high-level mental alignment: a perspective-taking MEG study. NeuroImage
177, 98–107. doi: 10.1016/j.neuroimage.2018.05.016

Shum, M., Shiller, D. M., Baum, S. R., and Gracco, V. L. (2011). Sensorimotor
integration for speech motor learning involves the inferior parietal cortex. Eur.
J. Neurosci. 34, 1817–1822. doi: 10.1111/j.1460-9568.2011.07889.x

Simonyan, K., and Fuertinger, S. (2015). Speech networks at rest and in action:
interactions between functional brain networks controlling speech production.
J. Neurophysiol. 113, 2967–2978. doi: 10.1152/jn.00964.2014

Spreng, R. N., Stevens, W. D., Chamberlain, J. P., Gilmore, A. W., and Schacter,
D. L. (2010). Default network activity, coupled with the frontoparietal control
network, supports goal-directed cognition. NeuroImage 53, 303–317. doi: 10.
1016/j.neuroimage.2010.06.016

Suzuki, S., Cross, L., and O’Doherty, J. P. (2017). Elucidating the underlying
components of food valuation in the human orbitofrontal cortex. Nat. Neurosci.
20, 1780–1786. doi: 10.1038/s41593-017-0008-x

Szpunar, K. K., Watson, J. M., and McDermott, K. B. (2007). Neural substrates
of envisioning the future. Proc. Natl. Acad. Sci. U. S. A. 104, 642–647. doi:
10.1073/pnas.0610082104

Tanaka, S. (2021). Mirror neuron activity during audiovisual appreciation of opera
performance. Front. Psychol. 11:3877. doi: 10.3389/fpsyg.2020.563031

Tanaka, S., and Kirino, E. (2016). Functional Connectivity of the Precuneus in
Female University Students with Long-Term Musical Training. Front. Hum.
Neurosci. 10:328. doi: 10.3389/fnhum.2016.00328

Tanaka, S., and Kirino, E. (2017). Reorganization of the thalamocortical network in
musicians. Brain Res. 1664, 48–54. doi: 10.1016/j.brainres.2017.03.027

Tanaka, S., and Kirino, E. (2019). Increased functional connectivity of the angular
gyrus during imagined music performance. Front. Hum. Neurosci. 13:92. doi:
10.3389/fnhum.2019.00092

Usui, C., Kirino, E., Tanaka, S., Inami, R., Nishioka, K., Hatta, K., et al. (2020).
Music intervention reduces persistent fibromyalgia pain and alters functional
connectivity between the insula and default mode network. Pain Med. 21,
1546–1552. doi: 10.1093/PM/PNAA071

Vatansever, D., Menon, D. K., Manktelow, A. E., Sahakian, B. J., and Stamatakis,
E. A. (2015a). Default mode dynamics for global functional integration.
J. Neurosci. 35, 15254–15262. doi: 10.1523/JNEUROSCI.2135-15.2015

Vatansever, D., Menon, D. K., Manktelow, A. E., Sahakian, B. J., and Stamatakis,
E. A. (2015b). Default mode network connectivity during task execution.
NeuroImage 122, 96–104. doi: 10.1016/j.neuroimage.2015.07.053

Wager, T. D., Davidson, M. L., Hughes, B. L., Lindquist, M. A., and Ochsner,
K. N. (2008). Prefrontal-Subcortical Pathways Mediating Successful Emotion
Regulation. Neuron 59, 1037–1050. doi: 10.1016/j.neuron.2008.09.006

Wagner, D. D., Kelley, W. M., Haxby, J. V., and Heatherton, T. F. (2016). The dorsal
medial prefrontal cortex responds preferentially to social interactions during
natural viewing. J. Neurosci. 36, 6917–6925. doi: 10.1523/JNEUROSCI.4220-15.
2016

Wen, T., Duncan, J., and Mitchell, D. J. (2020). Hierarchical representation of
multistep tasks in multiple-demand and default mode networks. J. Neurosci.
40, 7724–7738. doi: 10.1523/JNEUROSCI.0594-20.2020

Whitfield-Gabrieli, S., and Nieto-Castanon, A. (2012). Conn: a functional
connectivity toolbox for correlated and anticorrelated brain networks. Brain
Connect. 2, 125–141. doi: 10.1089/brain.2012.0073

Williams, S. (2014). “Acting,” in The Oxford Handbook of Opera, ed. H. M.
Greenwald (Oxford: Oxford University Press), 442–459.

Xiang, H. D., Fonteijn, H. M., Norris, D. G., and Hagoort, P. (2010). Topographical
functional connectivity pattern in the perisylvian language networks. Cereb.
Cortex 20, 549–560. doi: 10.1093/cercor/bhp119

Zadbood, A., Chen, J., Leong, Y. C., Norman, K. A., and Hasson, U. (2017).
How We Transmit Memories to Other Brains: constructing Shared Neural
Representations Via Communication. Cereb. Cortex 27, 4988–5000. doi: 10.
1093/cercor/bhx202

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Tanaka and Kirino. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 11 October 2021 | Volume 15 | Article 737742

https://doi.org/10.5860/choice.43-6435
https://doi.org/10.1007/s10339-019-00908-z
https://doi.org/10.1371/journal.pone.0123354
https://doi.org/10.1016/j.neuroimage.2006.03.011
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1093/cercor/bhab036
https://doi.org/10.1016/j.cub.2015.10.009
https://doi.org/10.1016/j.neuron.2012.11.001
https://doi.org/10.1016/j.neuropsychologia.2005.07.017
https://doi.org/10.1016/j.neuropsychologia.2005.07.017
https://doi.org/10.1016/j.neubiorev.2014.01.009
https://doi.org/10.1523/JNEUROSCI.3335-10.2011
https://doi.org/10.1523/JNEUROSCI.3335-10.2011
https://doi.org/10.1016/j.neuroimage.2018.05.016
https://doi.org/10.1111/j.1460-9568.2011.07889.x
https://doi.org/10.1152/jn.00964.2014
https://doi.org/10.1016/j.neuroimage.2010.06.016
https://doi.org/10.1016/j.neuroimage.2010.06.016
https://doi.org/10.1038/s41593-017-0008-x
https://doi.org/10.1073/pnas.0610082104
https://doi.org/10.1073/pnas.0610082104
https://doi.org/10.3389/fpsyg.2020.563031
https://doi.org/10.3389/fnhum.2016.00328
https://doi.org/10.1016/j.brainres.2017.03.027
https://doi.org/10.3389/fnhum.2019.00092
https://doi.org/10.3389/fnhum.2019.00092
https://doi.org/10.1093/PM/PNAA071
https://doi.org/10.1523/JNEUROSCI.2135-15.2015
https://doi.org/10.1016/j.neuroimage.2015.07.053
https://doi.org/10.1016/j.neuron.2008.09.006
https://doi.org/10.1523/JNEUROSCI.4220-15.2016
https://doi.org/10.1523/JNEUROSCI.4220-15.2016
https://doi.org/10.1523/JNEUROSCI.0594-20.2020
https://doi.org/10.1089/brain.2012.0073
https://doi.org/10.1093/cercor/bhp119
https://doi.org/10.1093/cercor/bhx202
https://doi.org/10.1093/cercor/bhx202
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	The Precuneus Contributes to Embodied Scene Construction for Singing in an Opera
	Introduction
	Materials and Methods
	Ethical Issues
	Participants
	Task
	Image Acquisition
	Preprocessing
	Analyses

	Results
	Discussion
	Extended Language Network
	Frontoparietal Network
	Mirror Neuron Network
	Temporoparietal Junction
	Dorsomedial Prefrontal Cortex
	Orbitofrontal Cortex
	Network Interaction
	Disinhibition
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


