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Localizing Music’s “Language of Emotion” in the Human Brain:
A Functional MRI Study of Scale and Emotion Processing

Steven Brown, Matthew Berry, and Elizabeth Phillips

Department of Psychology, Neuroscience and Behaviour, McMaster University

Objective: The great mystery of music is the unique manner in which it is able to convey
emotion. Its most domain-specific mechanism for doing so is tonality, most notably scale
structure. Music’s tonal structure creates a “language of emotion” whereby different scale
types connote differences in emotional interpretation. In order to explore the neural basis
of music’s language of emotion, we carried out a functional magnetic resonance imaging
study. Method: Trained musicians (n = 31) were tasked with discriminating the musical
scale used in melodic samples, as well as the emotion conveyed by these samples, where
the samples differed in the scale used (either major, minor, or chromatic). This was
compared with a speech prosody condition in which participants had to discriminate
the emotion conveyed in spoken utterances. Results: This comparison revealed the
importance of regions that are little described in the neuromusic literature, namely, the
lateral frontopolar cortex (Brodmann area 10/46) and the dorsal anterior cingulate cortex
(area 32/8). Conclusions: The lateral frontopolar cortex and the dorsal anterior cingulate
cortex contribute to the perception of emotional meaning in music, as conveyed through

scale structure.

Public Significance Statement

The great mystery of music is the unique manner in which it is able to convey emotion.
Its most unique mechanism for doing so is tonality, most notably scale structure.
Music’s tonal structure creates a “language of emotion” whereby different scale types
connote differences in emotional interpretation. The results of our functional magnetic
resonance imaging study demonstrate that brain areas such as the frontopolar cortex and
anterior cingulate cortex contribute to the perception of emotional meaning in music.

Keywords: music, emotion, brain, tonality, musical scales

The topic of “music and emotion” covers two
distinct—but oftentimes conflated—cognitive
phenomena. One consists of the emotions that
are induced in people when they listen to or

perform music (Koelsch, 2018, 2020). The other
consists of the emotions that are conveyed by
music as acommunicative device, in other words
the emotions that are contained in the musical
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object itself (Davies, 1994, 2001; Hatten, 2018;
Kivy, 1980, 1990). Most of the neurocognitive
literature on music and emotion has focused on
the induction of emotions in response to music
listening, such as the elicitation of aesthetic
responses (Blood et al., 1999; Blood & Zatorre,
2001; Konecni, 2008) or the evocation of basic
emotions like happiness and fear (Koelsch,
2020; Koelsch et al., 2013; Mitterschiffthaler et
al.,2007). By contrast, the study of the emotions
conveyed by music itself has received far less
attention in the neuromusic literature, despite its
central importance to music as a communication
system. A primary function of music in human
cultures is to enhance the emotional meaning
of socially relevant information, most especially
in the context of group rituals. The targets of
such enhancement include verbal texts (Lomax,
1968; Sborgi Lawson, 2023), narrative scenarios
(Cohen, 2013, 2015; Gorbman, 1987; Tan et al.,
2017), and the ritual context itself (Arom & Khalfa,
1998; Merriam, 1964). In this regard, music
operates similar to a semantic system, although one
of affective semantics (Asano et al., 2022), rather
than object-based semantics. Composers have to
choose the musical-affective devices that are best
suited for conveying the intended emotional
meaning to an audience, whether that be in a
song, dance, film, or ceremony.

Music has two systems for conveying emo-
tion to listeners: prosody and tonality. Prosody
refers to the expressive modulations of pitch
height, melodic contour, tempo, and amplitude to
communicate information about the intensity of
the conveyed emotions (Clarke, 1988; Palmer &
Hutchins, 2006). For example, music that is
high-pitched, rising, fast, and loud is indicative of
higher emotional intensity than music that is
low-pitched, falling, slow, and soft. By all
accounts, prosody in music shares most or all of
its signaling features with prosody in speech.
Numerous studies have shown that listeners
attribute the same emotional interpretations to
prosodic profiles, regardless of whether they
are conveyed in music or speech (Juslin &
Laukka, 2003). This makes vocal prosody a
reasonable candidate for being an ancestral
form of emotional communication that contrib-
uted jointly to music and speech during human
evolution (S. Brown, 2000, 2017; Filippi, 2016;
Fitch, 2013; Mithen, 2005; Ravignani & De

Boer, 2021; Wallaschek, 1891), a coevolution-
ary hypothesis first proposed by Rousseau
(1781/1998) in the 18th century. Peretz et al.
(2015), in discussing the neural overlap between
speech and music, considered the evolutionary
possibility that “musicality recycles emotion
circuits that have evolved for emotional voca-
lizations” (p. 6), an idea consistent with the
coevolutionary account.

In contrast to this cross-modal—and most likely
ancestral—nature of prosody, tonality is music’s
most domain-specific and evolutionarily novel
feature. By tonality we mean the organization of
musical systems into scales, themselves comprised
of collections of relatively discrete pitch classes
and interval classes that are used recurrently in the
generation of musical melodies and harmonies.
A fundamental feature of tonality is that different
scale types have different emotional-valence
connotations. The best known example of this
in Western music is the association of the major
scale with positive emotional valence and the
minor scale with negative valence (Huron, 2008;
Parncutt, 2014). Such scale/emotion associations
create a “language of emotion” that comprises
music’s most domain-specific feature. This system
is independent not only of prosody but also of
other mechanisms of emotional communication,
such as facial expression and body gesturing
(Berry & Brown, 2022; Berry et al., 2022; de
Gelder et al., 2015; Ekman & Friesen, 1974). In
addition, scale/emotion associations are found
not only in Western music but in the musical
traditions of India, China, Japan, the Middle
East, Persia, and Indonesia, among others
(Malm, 1996). This is so despite the diversity
of scale types found across these regions. Such
associations make music into a powerful cultural
device for communicating emotion, especially
in ritual contexts. Music’s tonal mechanism
for conveying emotional meanings is, at once,
music’s defining cognitive feature and the
essence of its mysterious allure.

A number of studies have made proposals for
brain areas exhibiting neural specificity for
music, highlighting regions such as the right
posterior superior temporal gyrus (STG; Zatorre
et al., 2002), the mid-STG bilaterally (Boebinger
et al., 2021; Norman-Haignere et al., 2015), and
the anterior STG bilaterally (Angulo-Perkins &
Concha, 2019; Angulo-Perkins et al., 2014).
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A recent meta-analysis attempted to look at the
localization of tonality in the human brain. Asano
et al. (2022) carried out an activation likelihood
estimation (ALE) meta-analysis of 20 neuroim-
aging studies of tonal processing in music, most
of them related to aspects of harmony processing
(e.g., chord progressions, cadences). The results
revealed a right-lateralized fronto-insular net-
work, highlighting concordant activations across
the 20 studies in (a) the right anterior insula and
adjacent inferior frontal gyrus (IFG) pars orbitalis
in Brodmann area (BA) 47, (b) the right BA 44
in the frontal operculum, and (c) the auditory
association cortex of the anterior STG (BA 22) in
the left hemisphere. A qualitative comparison of
these results with Belyk and Brown’s (2014) ALE
meta-analysis of affective speech prosody—that
is, the conveyance of emotion in spoken utterances
separate from their linguistic content per se—
revealed that virtually all of the peaks in the
tonality analysis overlapped with those in the
prosody analysis, bringing into question the music
specificity of Asano et al.’s (2022) results. The
prosody analysis demonstrated bilateral activa-
tions in these areas, whereas the tonality analysis
tended to show right hemisphere areas alone, most
especially in the anterior insula and IFG.

Neural overlap between musical tonality and
affective speech prosody is also seen in experi-
mental and lesion studies that have compared
them directly. Merrill et al. (2012) carried out a
comparative functional magnetic resonance
imaging (fMRI) analysis of the prosodic aspect
of speech and pitch processing in vocal music in a
passive listening study. They observed a differ-
ential lateralization effect such that left BA 47
was associated with prosodic pitch processing
in speech, whereas right BA 47 was associated
with tonal pitch processing in music. An area that
they found to be uniquely associated with music
was the cortex of the intraparietal sulcus (IPS)
bilaterally. Next, Sihvonen et al. (2022) carried
out a comparative analysis of affective prosody
and music processing in patients with either left
hemisphere or right hemisphere strokes, using
structural magnetic resonance imaging (MRI) to
detect lesion locations. Similar lesion patterns for
aprosodia and amusia were found in BA 47 in the
right hemisphere and in the right striatum. In
addition, an analysis of white matter tracts using
diffusion tractography revealed common damage
in the right inferior frontal occipital fasciculus,
indicative of impaired processing along the

ventral auditory pathway in both aprosodia and
amusia.

The current functional MRI study examines the
localization of scale/emotion processing in the
brain by analyzing tasks involving musical scales
and the emotions conveyed by them. Only a
handful of previous neuroimaging studies have
investigated scale or scale/emotion processing in
music. Khalfa et al. (2005) had participants listen
to Western classical musical samples (played
with a piano timbre) that were either in the major
or minor key. Their task was to judge the emotion
conveyed in the music, along a continuum from
sad to happy, as related to the scale used. The
minor versus major contrast revealed activity in
the left frontopolar (FP) cortex (BA 10), superior
frontal gyrus (BA 9), and posterior cingulate
cortex (BA 31). Green et al. (2008) had
nonmusician participants listen to monophonic
melodies in a major or minor key, or an ascending
chromatic scale. Their task was to rate how
much they liked each melody. Similar to the
results of Khalfa et al. (2005), the minor versus
major contrast in this study revealed activity in
the left frontopolar cortex, as well as in the left
parahippocampal gyrus and ventral anterior
cingulate cortex (ACC) bilaterally. Tabei (2015)
had music majors listen to musical melodies and
judge the perceived emotion as being happy,
neutral, or sad. A comparison of this to a passive
listening condition revealed activity in the right
IFG (BA 45) and left BA 47. Brattico et al. (2011)
had participants make happy/sad emotion ratings
on self-selected musical pieces that either con-
tained or lacked lyrics. In looking at the main
effect of emotion, they found that the sad versus
happy contrast led to activity in the thalamus
and caudate nucleus, whereas the happy versus
sad contrast led to activity in the auditory cortex
and amiddle part of the insula. Bogertetal. (2016)
had participants listen to musical samples from a
movie soundtrack database that were meant to
convey either happiness, sadness, or fear. In the
“explicit” condition, participants had to rate the
conveyed emotion of the sample, whereas in
the “implicit” condition, they had to determine
how many instruments they heard. The contrast of
explicit versus implicit revealed activity in Lobule
VI of the cerebellum bilaterally and the superior
frontal gyrus (BA 9) bilaterally. In a very different
approach to analyzing the neural basis of tonality,
Janata et al. (2002) used a design in which the key
of harmonic musical stimuli changed across the
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12 major and 12 minor keys over the course of
a scan. Brain areas that tracked changes in key
included parts of the frontopolar cortex both
ventral and dorsal to those described by Khalfa et
al. (2005) and Green et al. (2008) in their minor
Versus major contrasts.

In order to examine the neural basis of music’s
“language of emotion” and to explore potential
neural specificity for music in the human brain,
we carried out a functional MRI study of tonal
processing in music. Trained musicians listened
to a series of piano melodies composed expressly
for this study and had to perform two types of
discrimination tasks based on tonal features of
the sample: the scale used (major, minor, or
chromatic) and the emotion conveyed (happy,
calm, anxious, or sad). To the best of our
knowledge, this is the first time that an explicit
scale discrimination task has been carried outin a
neuroimaging study. The samples controlled for
prosodic features related to register, loudness,
and tempo so that any perceived differences in
emotional meaning were due to tonal features
alone. In order to examine potential music
specificity in the activation profile, not least in
light of the overlap shown between tonal
processing and speech prosody in the aforemen-
tioned studies, we also had participants listen to a
series of semantically neutral spoken utterances
and discriminate the affective prosody of the
speaker, using the same four emotion categories
as in the emotion task for music (happy, calm,
anxious, or sad). Finally, we examined a musical
task that exploits a prosodic parameter that is
common to music and speech, namely, the contour
of the melodies (rising, falling, or arched), which
should be achievable without any explicit consid-
eration of the sample’s scale (Dowling, 1978).
Based on the results of the tonality ALE meta-
analysis and the aforementioned music/speech
studies, we predicted that significant areas of
overlap between musical tonality and affective
speech prosody would occur in the anterior insula/
IFG pars orbitalis (BA 47), frontal operculum, and
anterior part of the superior temporal gyrus
(aSTG), with an emphasis on the right hemisphere
for the frontal areas. We also predicted that
potential areas of music specificity for perceiving
emotion in music might sit downstream of these
areas, perhaps in the frontopolar cortex, as reported
in previous studies of the perception of musical
emotion and key changes.

Method

Participants

A gender-balanced group of 31 participants (16
females, 15 males), with a mean age of 29.5 + 8.6
years, participated in the study after giving written
informed consent (Hamilton Integrated Research
Ethics Board, St. Joseph’s Hospital). This sample
size exceeds that of comparable fMRI studies of
music and emotion (e.g., Bogertetal., 2016; Green
etal., 2008; Khalfaetal., 2005; Seger et al., 2013).
Each individual was without neurological or
psychiatric illness. All participants except two
(one female and one male) were right handed. All
were either native English speakers or early
arrivals in Canada. They were recruited by means
of word of mouth, and were compensated
monetarily for their participation. All participants
were trained musicians, having begun musical
training at a mean age of 8.0 + 3.3 years old.

Stimuli

Two types of stimuli were generated for this
study: musical melodies and spoken sentences.
(a) Melodies. In order to generate 90 stimulus
melodies—30 each in the major, minor, and
chromatic scales—we used 10 base melodies in a
major key for each of the three contour types
(rising, falling, and arched), which were later
transposed into the minor and chromatic scales
(see below). Author E. P. composed all of the
melodies in a major key, producing them using a
piano timbre in MuseScore 3. The melodies
contained, on average, 13.2 notes (SD 1.8, range =
10-17 notes) and had a mean duration of 5.6 s
(8D 0.3 s, range = 5-6 s). All samples were within
a 2.5-octave register from D#3 to A5, and had a
mean melodic range of 16.4 semitones. Rhythms
were balanced between quadruple (4/4) and triple
(3/4) meters. Samples had no fewer than 2
durational values but no more than 3 (including
dotted notes), with the basic duration value being a
quarter note. The mean tempo was 120 bpm to the
quarter note (range = 95-145 bpm).

In order to make the tonal features of the stimuli
more apparent in the context of scanner noise, we
added a small amount of harmonization involving
2-note chords spanning no more than a major
7thin size. There were one or two such chords per
measure, resulting in three—six chords per sample
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(M = 4 chords). A typical example of this is
shown in Figure 1. In all cases, the harmoniza-
tions lacked the third degree of the scale so that
the major/minor discrimination would only be
discernable from the melodies and not from the
harmonizations. Cadence types were not con-
trolled for. In addition, interval categories were
not controlled for. The arched melodies contained
slightly larger melodic intervals than the ascend-
ing and descending melodies, although this
should not have any impact on scale discrimina-
tion or even contour discrimination.

To create the minor-key version of the stimuli,
the major-key versions were converted into the
harmonic minor, containing a raised seventh in
both ascent and descent. To create the chromatic
(atonal) version of the stimuli, we made
modifications to the major-key stimuli as follows.
Ninety random number sequences were gener-
ated, comprised of +2, +1, 0, —1, and —2. Each
melody was paired with one random sequence.
Every second note in the melody, starting from
the second pitch, was modified by the number of
semitones indicated by the random sequence. In
addition, one note of each chord, alternating
between the upper and lower note, was modified
by the number of semitones indicated. This
typically resulted in seven pitch modifications in
the melody and four pitch modifications in the
harmonization. In order to preserve the original

Figure 1
An Overview of the Four Tasks Performed in This Study

MUSIC TASKS
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SCALE Major, Minor, Chromatic
EMOTION  Happy, Calm, Anxious, Sad
CONTOUR  Rising, Falling, Arched

SPEECH TASKS
“His glasses are on the floor. I see a rug on the floor.”

PROSODY  Happy, Calm, Anxious, Sad

Note. The top part of the figure shows a typical musical
melody composed for the study (minor key with an arched
melodic contour). In different conditions, the participants had
to discriminate either the scale, the conveyed emotion, or the
melodic contour. The bottom part shows a typical semantically
neutral sentence used for the speech conditions. Participants
had to discriminate the affective prosody of the sample. Note
that the response options for the emotion and prosody
conditions are the same.

melodic contour during this process, we occa-
sionally switched the contour-altering modifica-
tion to the opposite polarity of the designated
change (e.g., changed +2 to —2) or, if necessary,
modified the size of the change by one semitone
(e.g.,+2to+1). As afinal step, we varied the keys
of the 90 samples in order to eliminate the
participants’ employment of absolute pitch in
making discriminations. Keys were assigned
randomly within a range of +2 semitones from
the base key of C (256 Hz), in other words Bb, B,
C, Db, or D. By means of validation testing (n =
43 participants not taking part in the fMRI study,
M, = 18.9 years old), we picked the most
unambiguously rated 60 stimuli from the 90
generated melodies. No musical stimulus was
repeated across runs. In other words, each of the
three music runs contained 20 unique melodic
stimuli, which were presented in a fixed random
order across participants.

(b) Sentences. Thirty semantically neutral base
sentences with a mean number of 11.7 words and
14.2 syllables were obtained from Ben-David et al.
(2011). In order for the stimuli to have a 5- to 6-s
duration, the 30 stimulus sentences were com-
bined into 15 two-sentence pairs. The syllable
number for the sentences was approximately
matched to the note number for the melodies (~14
in both cases). Author M. B. (who has worked as a
professional actor; male, 31 years old) spoke
each of the 15 sentence stimuli in four different
prosodies according to a simple circumplex
organization for emotion: happy (positive valence,
high intensity), calm (positive valence, low
intensity), anxious (negative valence, high inten-
sity), and sad (negative valence, low intensity).
This resulted in a total of 60 speech stimuli, of
which 20 were used in the fMRI experiment and
the rest for training and other behavioral
experiments not reported here. Recording was
done using a SteelSeries Arctis 7 headset with a
ClearCast bidirectional microphone (0.0-10
kHz). Each sentence was recorded as a.wav
file using Audacity. Light editing was done to
reduce background noise. If needed, a sound file
was either lengthened or compressed slightly
using Audacity to make the sample timing
approximately 6 s.

Tasks

Participants underwent a 1-hr training session
on the day prior to the scanning session in order to
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learn how to perform the tasks in a highly
controlled manner in a supine position with a
minimum amount of head, face, and body
movement. The stimuli used for training were
different from those used in the fMRI experiment.
A recording of MRI scanner noise was played in
the background so as to give participants a sense
of the noise that would be present when listening
to the music and speech stimuli in the scanner.
During the actual fMRI scanning, participants
performed the tasks, each one according to a
blocked design of 16 s of cross-hair fixation
alternating with 20 s of a discrimination task
during a 6’ run.

During each 10-s trial, a stimulus was presented
for 6 s, followed by a 3-s response time in which
either three or four buttons (depending on the
task) of an MRI-compatible button box were used
to register responses. This was followed by a 1-s
“ready” screen to prepare the participant for the
next stimulus. During task blocks, two stimuli
were independently presented per 20 s block,
hence making this a blocked design, rather than an
event-related design. Because the stimuli were
presented in a random order, the second stimulus
of a task pair was completely independent of the
first. Participants wore MRI-compatible head-
phones throughout the experiment. We calibrated
the volume of the stimulus presentation before
scanning began in order to ensure that participants
could hear the stimuli well. Behavioral performance
on the discrimination tasks (see the Results section)
confirmed that stimulus presentation was effective.

Participants were instructed to focus their vision
on a cross-hair throughout each run. During
fixation blocks, the cross-hair was embedded in an
array of meaningless X’s in order to equate the
visual stimulation to the response screens used in
the task blocks. During the response periods of the
four tasks, the cross-hair was replaced by text
indicating the selection of possible responses and
the buttons associated with them. During the
fixation blocks of these scans, the participant was
instructed to press randomly assigned buttons on
two occasions so as to control for the motoric
activations during the task blocks.

Participants performed six tasks in the scanner,
one task per run. Only four are described here, as
the other two conditions were part of a separate
study. (a) Scale discrimination: Participants
listened to a series of musical stimuli and had
to determine if the scale type of each one was
either major, minor, or chromatic by pressing the

appropriate button on a button box. (b) Emotion
discrimination: Participants listened to a series of
musical stimuli and had to determine if the
conveyed emotion of each one (not their own felt
emotion) was either happy, calm, anxious, or sad
by pressing the appropriate button on a button box.
(¢) Contour discrimination: Participants listened
to a series of musical stimuli and had to determine
if the melodic contour of each one was either
rising, falling, or arched (i.e., rising then falling) by
pressing the appropriate button on a button box.
(d) Prosody discrimination: Participants listened
to a series of speech stimuli and had to determine if
the conveyed emotion of each one was happy,
calm, anxious, or sad by pressing the appropriate
button on a button box.

Image Acquisition and Data Analysis

MRI imaging was conducted on a 3T GE
scanner at the Imaging Research Centre at St.
Joseph’s Hospital. Functional images sensitive to
the blood-oxygen-level-dependent (BOLD) signal
were collected with a gradient-echo echo planar
imaging pulse sequence using standard parameters
(repetition time = 2000 ms, echo time =45 ms, flip
angle = 90 degrees, 39 slices per volume, 4 mm
slice thickness, no slice gap, matrix size = 64 X 64,
field of view = 24 cm, voxel size =3.75 mm X 3.75
mm X 4 mm), covering the whole brain. A total of
180 brain volumes were acquired over 6 min of
scan time, corresponding with 10 alternations
between 16 s epochs of fixation and 20 s epochs
of task. Anatomical T1-weighted images were
collected for each participant (3D-fast spoiled
gradient-echo, inversion recovery-prepped, inver-
sion time = 900 ms, echo time = 3.22 ms, flip
angle = 9 degrees, receiver bandwidth = 31.25
kHz, number of excitations = 1, 164 slices, 1 mm
slice thickness, no slice gap, matrix size = 512 X
512, field of view = 24 cm).

Functional image analysis was conducted
using Brain Voyager QX (Version 22.2 Brain
Innovation). Each functional scan was normalized
to the Talairach template (Talairach & Tournoux,
1988). During the preprocessing stage, the scan
series was realigned and motion corrected, 3D
spatial smoothing was performed using a Gaussian
filter with a full-width-at-half-maximum kernel
size of 4 mm, and a temporal high-pass filter was
applied at a frequency of 0.0078 Hz (or 1/128 s)
using the general linear model-Fourier algorithm.
The BOLD response for each task was modeled as
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the convolution of a 20 s boxcar with a synthetic
hemodynamic response function composed of
two gamma functions. The six head motion para-
meters were included as nuisance regressors in the
analysis. In a first-level fixed-effects analysis, beta
weights associated with the modeled hemody-
namic responses were computed to fit the observed
BOLD signal time course in each voxel for each
participant using the general linear model. In a
second-level group analysis, images for each task-
versus-fixation contrast were brought forward into
a random effects analysis. These analyses were
corrected for multiple comparisons using the false
discoveryrate (FDR) atg < 0.05 (k= 12). Talairach
coordinates for the activation peaks were extracted
using NeuroElf (https://neuroelf.net).

Subtractions, Conjunctions, and Regions of
Interests

The contrasts of interest used to evaluate music
specificity in this study were the subtractions
between the tonal tasks and speech prosody,
hence scale versus prosody and emotion versus
prosody. To look for shared activations between
music and speech, we ran conjunction analyses:
scale N prosody and emotion N prosody. In order
to look at how key brain regions from the
subtraction analyses responded to the three scale
types (major, minor, and chromatic), we created
2.5-mm radius spherical regions of interest
(ROIs) bilaterally. For the frontopolar cortex,
two ROIs were derived from the emotion versus
prosody subtraction (g < 0.05): =27, 50, 16 and
42, 50, 13. A third frontopolar ROI in the right
hemisphere alone was based on the scale versus
prosody subtraction (g < 0.05): 48,41, 22. For the
dorsal anterior cingulate cortex, bilateral ROIs
were derived from the emotion versus prosody
subtraction (g < 0.05): —6, 26, 40 and 3, 20, 40.
Pairwise two-tailed  tests were carried out with
Benjamini—-Hochberg correction for multiple
comparisons based on the three planned compar-
isons (major vs. minor vs. chromatic).

Results

The behavioral data revealed that participant
accuracy on the four discrimination tasks in the
scanner was 88.0% for scale, 92.3% for emotion,
90.5% for contour, and 94.4% for prosody across
the 95% of responses for which button presses
could be registered (the other 5% being missed

responses). For the scale task, errors mainly
resulted from a confusion between minor and
major, and between chromatic and minor. For the
emotion task, errors mainly resulted from a
confusion of minor with the positive-valenced
emotions. For the contour task, errors mainly
resulted from a confusion between ascending and
arched.

Figure 2 presents the group imaging results for
the emotion versus fixation contrast registered
onto the inflated brain of a single participant in
order to demonstrate the basic brain network
involved in performing the discrimination task.
As mentioned in the Method section, button press
was controlled for in the fixation epochs. The
results of this contrast demonstrated a profile of
bilateral brain areas collectively associated with
the audiovocal network for music and speech
processing (Belyk et al., 2016; S. Brown &
Martinez, 2007). This included areas involved in
low-level auditory perception (pSTG), high-level
auditory processing (aSTG), and audiovocal
interfacing (the anterior insula/BA 47, dorsal
BA 44 [dBA44], presupplementary motor area
[pre-SMA], premotor cortex, and the premotor
part of the larynx motor cortex). It also included
relatively domain-general areas involved in
attentional/executive processing (dorsolateral pre-
frontal cortex, BA 46) that may underlie discrimi-
nation processing more generally.

In order to examine how much of this music
network is shared with affective speech prosody,
we ran conjunction analyses (Bonferroni p < .05)
for both scale N prosody and emotion N prosody
(Figure 3, with Talairach coordinates in Table 1).
These analyses revealed that all of the general
components of the network for emotion versus
fixation were present in affective speech prosody
as well, confirming the overlap between music
and speech that has been reported in previous
studies (see the Introduction).

The next step was to look for potential tonality-
specific responses in light of this extensive
overlap between music and prosody. To do so,
we examined the subtractions of scale versus
prosody and emotion versus prosody (FDR g <
0.05), as shown in Figure 4 and Table 2. Two
areas were common across both subtractions: the
lateral frontopolar cortex (BA 10 at the junction of
ventral BA 46) and the dorsal part of the ACC
(BA 32/8, just ventral to the pre-SMA). The
emotion subtraction showed these areas bilater-
ally, while the scale subtraction emphasized the
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Figure 2
Brain Areas for the Emotion Discrimination Task for Music

Note. Group results (n = 31) for emotion versus fixation are shown in both lateral (top) and
medial (bottom) views in the right hemisphere (RH) and left hemisphere (LH), with Bonferroni
(p < .05) correction (k = 12). Ant. Ins. = anterior insula; aSTG = anterior part of the superior
temporal gyrus; BA = Brodmann area; dACC = dorsal part of the anterior cingulate cortex;
dBA44 = dorsal part of BA 44; DLPFC = dorsolateral prefrontal cortex; LMC = larynx motor
cortex (premotor part); pSTG = posterior part of the superior temporal gyrus; pre-SMA =
presupplementary motor area; VBA46 = ventral part of BA 46.

right hemisphere alone for both areas. In addition,
the scale location was directly dorsal to the main
emotion peak (z = 22 compared to z = 16). In the
right hemisphere, we thus distinguish “frontopolar
(E)” from the emotion versus prosody subtraction
and “frontopolar (S)” from the scale versus
prosody subtraction. Next, the IPS was seen
bilaterally in the scale versus prosody contrast, but
not in the emotion versus prosody contrast.
Surprisingly, neither the scale versus contour
contrast nor the emotion versus contour contrast
yielded significant peaks at corrected thresholds
(not shown).

Finally, in order to examine how the frontopolar
cortex and dorsal part of the anterior cingulate
(dACC) responded to scale type in both the scale
and emotion conditions, we obtained their peak
coordinates from the emotion versus prosody
subtraction (FDR ¢ < 0.05)—as well as the right
frontopolar peak from the scale versus emotion
subtraction—and created ROIs in both hemi-
spheres. The results are shown in Figure 5. For the

scale condition (Panels A and B), the most reliable
finding was that the major scale gave the lowest
signal across the board. Major was significantly
lower than both minor and chromatic (which did
not differ between themselves) in the dACC, with
a nonsignificant trend in the frontopolar cortex.
The emotion condition (Panels C and D) presented
a very different picture. The major scale now gave
the highest signal across the board. It was
significantly higher than chromatic and/or minor
in three of the five ROISs, and trended in the same
direction in the other two ROIs.

Discussion

In the neuroscientific study of music and
emotion, conveyed emotion has received far less
attention than felt emotion, despite the fact that
music often functions to enhance the emotional
meaning of socially relevant information. We used
fMRI to identify brain areas that contribute to the
domain-specific, and potentially human-specific,
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Figure 3

Conjunction Analyses for Music and Affective Speech Prosody

Scale N Prosody

Pre-SMA

Premotor/LMC Dorsal BA 44

BA 45/46

A. Insula/BA 47

Posterior STG Anterior STG

Note. The results are shown with Bonferroni correction (p < .05). Below each row of slices is the Talairach z
level. The left (L) side of the slice is the left side of the brain. A. Insula = anterior insula; BA = Brodmann area;
LMC = larynx motor cortex (premotor part); pre-SMA = presupplementary motor area; STG = superior

temporal gyrus.

communication of emotion via musical scales and
the emotions connotatively associated with them,
in other words to music’s “language of emotion.”
In doing so, we carried out the first neuroimaging
study of explicit scale discrimination, taking
advantage of trained musicians as participants.
The tonal tasks in this study were contrasted with
the perception of emotion in spoken utterances via
affective speech prosody. As predicted, there was
extensive overlap between the neural systems for
perceiving emotion in music and in speech,
respectively. To the best of our knowledge, this
is the first time that a conjunction analysis has been
applied to active discrimination tasks for music
and speech prosody, although Merrill et al.’s
(2012) conjunction analysis of passive listening
tasks observed overlap in the pSTG bilaterally.
Our overlap included audiovocal areas typically
associated with tonality (Asano et al., 2022), such
as the anterior insula/BA 47, inferior frontal gyrus
(BA 44), and auditory regions in the pSTG

(BA 22) and aSTG (BA 22/38). Interestingly, the
overlap in the anterior insula/BA 47 was found to
be bilateral, despite expectations from the litera-
ture that it would mainly occur in the right
hemisphere (Asano et al., 2022; Merrill et al.,
2012; Sihvonen et al., 2022). The observation that
the anterior insula/BA 47 is a point of strong
overlap between music and speech prosody
suggests that this area functions as a prosodic
hub for music and speech, having little concern for
either scaling or linguistic content. Itis thus a good
candidate for being a neural locus of the joint
prosodic precursor of music and spoken language
that several evolutionary models have proposed
since the 18th century (S. Brown, 2000, 2017;
Filippi, 2016; Fitch, 2013; Mithen, 2005;
Ravignani & De Boer, 2021; Rousseau, 1781/
1998; Wallaschek, 1891).

Beyond this overlap, the subtraction analyses
between the music tasks and affective speech
prosody revealed areas jointly important for scale
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Figure 4
Subtractions Between Music and Affective Speech
Prosody

Lateral Frontopolar

(BA 10/46) (BA 32/8)

Scale vs.
Prosody

Emotion vs.
Prosody

Note. The results are shown in the frontopolar cortex and
dorsal ACC, with FDR correction (¢ < 0.05). The intraparietal
sulcus (IPS) is only present in the scale versus prosody
subtraction. Below each row of slices is the Talairach z level.
The left (L) side of the slice is the left side of the brain. BA =
Brodmann area; ACC = anterior cingulate cortex; FDR = false
discovery rate.

discrimination and scale/emotion associations,
namely, the lateral frontopolar cortex (BA 10/46)
and the dorsal ACC (BA 32/8) bilaterally. The
fact that these areas were seen comparably for
the scale and emotion conditions suggests that
the brain networks for scale discrimination and
emotion discrimination are very similar. In fact, it
is quite probable that when our musician
participants performed the emotion task, they first
engaged in a process of scale discrimination—
either implicitly or explicitly—before selecting
their choice of the emotion for a given sample. If
this is indeed the case, then the emotion condition
can be thought of as subsuming the scale
condition, especially for this group of partici-
pants. The converse need not be the case, since
nonmusicians demonstrate scale/emotion asso-
ciations without possessing theoretical knowl-
edge of scale categories (Castro & Lima, 2014;
Dalla Bella et al., 2001; Hevner, 1935; Khalfa
et al., 2005; Vieillard et al., 2008). Reciprocal
subtraction between the scale and emotion
conditions gave no signal at corrected thresholds
(not shown). Despite the cognitive difference for
musicians between using theory-driven knowl-
edge to identify a musical scale and using more

nontechnical knowledge to identify the emotion
that is implicitly associated with the scale, the
brain activations were very similar at the group
level and even at the single-subject level. It is
important to point out that we did not create the
musical stimuli based on emotion categories but
instead based on scale types. The discrimination
of emotion was derived from connotative
associations with the scale type.

The present study aimed at examining the
neural encoding of the emotions conveyed
by music. We can compare our results with
Koelsch’s (2020) ALE meta-analysis of the brain
areas activated when people experience felt
emotions in response to music listening. The
networks between these two analyses are almost
completely nonoverlapping, where the experi-
ence of felt emotions activates limbic areas such
as the amygdala, hippocampus, striatum, orbito-
frontal cortex, midcingulate cortex, ventral ACC,
medial (but not lateral) frontopolar cortex, and
various parts of the auditory cortex bilaterally.
Hence, a comparison between conveyed emotion
in the current fMRI study and felt emotion in
Koelsch’s meta-analysis demonstrates almost no
similarity outside of auditory areas. This contrasts
with the near-complete overlap between tonality
and affective speech prosody seen in the present
study (Figure 2), where both processes focus on
perceived emotion. This is especially pertinent for
the conjunction between emotion and prosody,
where the response selections were identical.

The Frontopolar Cortex: Subdivisions,
Functionality, and Phylogeny

Neither the lateral frontopolar cortex nor the
dorsal ACC is well described in the neuromusic
literature. In order to provide some context for
these areas, we first consider Moayedi et al.’s
(2015) resting-state functional connectivity anal-
ysis of the FP cortex. The FP cortex is divided into
two functional subregions. The medial FP cortex
(called FP2) is a component of the default
mode network and shows connectivity with the
posterior cingulate cortex. The lateral FP cortex
(FP1) is associated with executive functioning
and emotion. Importantly, its resting-state con-
nectivity pattern shows a striking resemblance to
the areas of activation seen in our subtraction
analyses, namely, the anterior insula/BA 47 and
the dorsal ACC. The only other area beyond these
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Figure 5

Region-of-Interest Analysis for the Three Scale Types
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Note. The scale condition is shown in Panels A-B, and the emotion condition is shown in Panels C-D. For the
frontopolar ROIs, “Frontopolar (E)” refers to the left and right coordinates coming from the emotion versus
prosody subtraction, whereas “Frontopolar (S)” refers to the right hemisphere coordinate coming from the scale
versus prosody subtraction. Major gives the lowest signal in the scale condition, but the highest signal in the
emotion condition. M+ = major scale; M— = minor scale; Ch = chromatic scale; ACC = anterior cingulate

cortex; ROIs = regions of interest.
*p<.05. *p<.0l. **p<.001.

two is the region of the intraparietal sulcus, which
was seen in the scales versus prosody subtraction
(see Figure 4) and which has been reported in a
number of studies of active structural processing
for music (R. M. Brown et al., 2013; Foster et al.,
2013; Klein & Zatorre, 2011; Merrill et al., 2012),
perhaps reflecting contour processing in our
melodic tasks. Thus, all of the principal areas
associated with tonal-emotional processing for
music in the present study appear to be functionally
interconnected. Gilbert et al. (2010), using a meta-
analytic approach to connectivity, demonstrated
that the rostral prefrontal cortex has connectivity
with the anterior insula, dorsal ACC, and IPS, a
profile similar to Moayedi et al. (2015). Whether
these areas comprise adomain-general network for
executive control or instead something more

specific to emotion processing is in need of further
analysis.

Interestingly, evolutionary neuroscientists have
proposed that FP1 (the lateral FP cortex), but not
FP2, might be a human-specific part of the brain.
Neubert et al. (2014) carried out a comparative
functional parcellation analysis of the brains of
macaques and humans in the region of the ventral
frontal cortex. They did this using diffusion-
weighted tractography and an analysis of the
connectivity fingerprint of each region with the
rest of the brain. The functional connectivity
pattern of FP2 was similar between humans and
macaques, but that of FP1 was not. The authors
argued that human FP1 “lacks simple correspon-
dence with any [area] in macaque prefrontal
cortex” (p. 708). These results were corroborated
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by Mars et al. (2016). The results suggest that FP1
may be a uniquely human brain area (Koch et al.,
2018). According to Mansouri et al. (2017), the
lateral FP subserves functions in humans that
monkeys are less capable of performing. While itis
too early to make strong associations between FP1
and tonality, it is important to point out that the
use of musical scales and most especially the
communication of emotion via scale/emotion
associations appear to be human-specific func-
tions. Therefore, it is not unreasonable to posit that
their evolution might be subserved by new parts of
the human brain, in connection with phylogeneti-
cally older areas like the anterior insula and IFG
pars orbitalis.

Further insight into the role of the lateral FP
cortex in emotion perception comes from an fMRI
study of perceived emotion by Peelen etal. (2010).
Participants observed actor-based portrayals of
five basic emotions and had to rate the perceived
emotional intensity of each one. In different
blocks, they had to do this for stimuli presenting
expression in either the voice, face, or body. The
authors identified modality-independent neural
representations of emotional state in the right FP
cortex, although in a medial location to our right
FP peaks for scale and emotion. A second cluster
was found in the left posterior superior temporal
sulcus. Peelen et al.’s (2010) task, by focusing on
ratings of emotional intensity, is a bit closer to an
emotional “prosody” task, whereas scale/emotion
associations are more related to valence proces-
sing. However, their study shows that the lateral
FP cortex has functions beyond its well-known
associations with executive functioning, including
the perception of emotion across the three
principal modalities of expression.

Looking more specifically to music studies, the
introduction mentioned the analyses of Khalfa et
al. (2005) and Green et al. (2008) that observed
activity in the left FP cortex in alocation ventral to
our area in their contrasts of minor versus major.
In Green et al.’s (2008) study, the participants
rated how much they liked the melodies they
heard, and so any scale or emotion processing
was implicit. By contrast, the study of Khalfa
et al. (2005) had participants explicitly rate the
perceived emotion in music samples. The results
of these two studies suggest that the FP cortex is
activated by both implicit and explicit tasks of
perceived musical emotion, just as in our scale
(implicit) and emotion (explicit) tasks. Bogert et
al. (2016) found a peak in the left FP cortex lateral

to the locations in the two previous studies for a
task involving perceived musical emotion. What
we observe is that all three of these studies show
left hemisphere lateralization in the FP cortex.
Might there be a lateralization effect here? In
our own study, the scale recognition task only
activated the right FP cortex, whereas the emotion
discrimination task activated the FP cortex
bilaterally. While it is far too early to claim that
the right FP cortex is involved in scale processing
and the left in scale/emotion associations—where
the latter task would subsume the former in our
cohort of trained musicians—this is an idea
that can be explored in future studies of tonal
processing.

Looking at other music studies not directly
related to emotion or scales, Seger et al. (2013)
observed activity in the left FP cortex when
nonmusician participants listened to the cadences
of musical pieces, compared to the initial segment
of each piece. The results included other areas
seen in our study, such as the anterior insula/IFG
bilaterally, the IPS bilaterally, and an area directly
anterior to our dACC. Lotze et al. (2003) found
that the lateral FP cortex was more active
bilaterally in amateur musicians than in profes-
sional musicians in tasks that involved both motor
execution and musical imagery. In the execution
task, the participants were supposed to perform
the left-hand fingering of a Mozart violin
concerto, whereas in the imagery condition,
they were supposed to imagine doing so. Our own
participant cohort was much closer to Lotze et
al.’s (2003) amateur musicians than to their
professional orchestra musicians. However, the
results of their study demonstrate that activity in
the FP cortex can be modulated by expertise.
Finally, S. Brown and Martinez (2007) observed
activity in the right lateral FP cortex during both
melody discrimination for monophonic samples
and harmony discrimination for harmonized
melodies in a cohort of trained musicians similar
to that of the present study.

The Dorsal Anterior Cingulate Cortex

The subtraction analyses revealed an effect of
music at the intersection of the anterior cingulate
cortex and dorsomedial prefrontal cortex at the
junction of BA 32 and 8. Because the conjunction
analysis demonstrated shared activity between
music and speech prosody directly dorsal to the
dACC in the pre-SMA region (see Figure 2), only
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the dACC showed a preference for music over
speech prosody, whereas the region directly
dorsal to this showed no such preference. As with
the FP cortex, this region was not reported in
Koelsch’s (2020) ALE meta-analysis of brain
areas associated with felt emotion.

Several neuromusic studies have reported
activity in the dACC/dorsomedial prefrontal
cortex across diverse tasks and participant cohorts,
both musicians and nonmusicians. Bogert et al.
(2016) reported activity in this area for a task
involving musical emotion processing. However,
they found it to be more active for implicit
processing of emotion than explicit processing.
Wallmark et al. (2018) reported a peak in this
region during passive listening tasks when
contrasting familiar and nonfamiliar music, but
only when this contrast was regressed against
trait empathy (“empathic concern”). Berns et al.
(2010), in a study of adolescents (whose
musicianship status was not reported), found
that activation in the dACC correlated with
participants’ likability ratings for pop song
samples. R. M. Brown et al. (2013), in a study
using a repetition suppression paradigm in highly
trained pianists, observed linear decreases in the
dACC (what they called the pre-SMA) during a
repetition condition for pitch sequences, but not
one for timing sequences, when pianists had to
engage in playback of heard melodies on a
keyboard. As can be seen, there is little that unites
these findings about the dACC across studies of
music processing in both nonmusicians and
trained musicians. At the present time, there is
little to suggest that the dACC responds specifi-
cally to tonal aspects of music, compared to
prosodic aspects, like melodic contour or other
aspects of the structural processing of pitch
in music.

The Effect of Scale Type

Using an ROI approach, we found that the major
scale gave the lowest signal in the scale condition.
Instead, the minor scale showed greater brain
activity than the major scale (Figure 5), in support
of the prior findings of Khalfa et al. (2005) and
Green et al. (2008). In particular, we showed that
the lateral FP cortex in both hemispheres responded
more strongly to minor-key than major-key
melodies in an explicit scale discrimination task,
adding to this the observation that the chromatic
scale showed intermediate responsiveness between

minor and major. Whereas Green et al. (2008)
found the chromatic scale to respond even more
strongly than the minor in the FP cortex, we found
the chromatic scale to be intermediate between
major and minor. However, in three of the other
ROIs that they analyzed, the chromatic scale was
intermediate between major and minor. Our study
revealed a similar scale effect in the dACC, which
showed significantly higher activity for the minor
and chromatic scales bilaterally.

Given that no ROl in the scale analysis showed
significantly higher activity for the chromatic
scale than the minor scale, we can most likely rule
out the possibility that these brain areas respond
more strongly to scales with greater numbers of
scale tones than to those with fewer tones, in other
words to scale complexity per se. In addition,
since activity was higher for the chromatic scale
than the major scale, these brain areas do not seem
to have a preference for tonal music over atonal
music, at least not in Western musician partici-
pants. However, it is not possible with the current
data set to know if these brain areas respond more
strongly to all nonmajor scales or just to the minor
and chromatic scales. Further analyses using
different scale types will be needed to address this
issue. At the present time, we cannot rule out the
possibility that the greater responsiveness to
the minor and chromatic scales represents an
“oddball” effect, compared to a default response
to the major scale. The minor could simply be
more difficult to detect. Behavioral analysis of
response accuracy on the scale task in the scanner
showed the following results: 96% major, 78%
minor, and 88% chromatic. This might suggest
that difficulty in discrimination could be one
factor driving the activation level.

The ROI results for the emotion task painted a
very different picture than those for the scale task,
leading to a different cognitive interpretation. The
major scale, instead of being the weakest scale,
was now the strongest scale. The chromatic scale
was significantly lower than the major or minor
(or both) scales in all of the ROIs except for the
right frontopolar ROIs. Given the fact that
the participants consisted of trained musicians,
it is very likely that they initially engaged in
an implicit process of scale recognition when
performing the emotion task—as was done
explicitly in the scale task—and then made an
emotion interpretation based on the recognized
scale. Along these lines, the major and minor
scales have equivalently strong associations with
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emotional-valence categories in Western culture,
whereas the chromatic scale lacks such an
association for most people, even in trained
musicians. Hence, the comparable activity for the
major and minor scales for the emotion task in
three out of the five ROIs might stem from the
similar degree of associability of these two scales
to particular basic-emotion categories in Western
musicians.

Limitations

Perhaps the biggest limitation of the present
study is that we used trained musicians as the
participants. This was done because nonmusi-
cians would not be able to perform an explicit
scale recognition task in a competent manner,
although they should be able to perform the
emotion task, since scale/emotion associations
are learned implicitly through cultural exposure.
The emotion task could thus be carried out in
future studies with nonmusicians to see if the
effects observed in the FP cortex and dACC are
replicated in people with no explicit knowledge
about scale categories. Note that the study of
Khalfa et al. (2005) does not mention anything
about the musicianship status of its participants
and so may have already carried out such a study
in nonmusicians.

Another limitation of the study is that we
placed the emphasis on monophonic melodies,
introducing only a small amount of harmoniza-
tion. Because the previous studies on scales have
used chordal samples, we have been able to
replicate their findings without employing strong
harmonization by simply using 2-note chords that
lacked the third degree of the scale, thus forcing
participants to rely on the melodic sequence to
identify the scale type, especially for the major/
minor distinction. However, we would like to
know more about how harmony (or musical
texture more generally) affects activity in areas
like the FP cortex and dACC, especially given the
fact that these areas respond differentially to
scale types.

Given the divergent results between the scale
and emotion tasks with regard to scale type (see
Figure 5), it will be important to carry out studies
with many more types of scales, most especially
using participants from different cultures. For
example, India is perhaps the most scale-rich
country in the world, where theoretical analyses
provide strong associations between the “raga”

scales of the music and particular emotions
(among other types of associations with the scales;
Massey & Massey, 1993). Hence, not only would
we want to know whether Indian participants
respond the same way as our North American
participants to the major and minor scales, buthow
they respond to the ragas that they have great
exposure to, but which North American people
have little to no exposure to. Hence, there is a great
need for a cultural neuroscience approach (Chiao,
2009) to the study of musical scales, although there
has been very little neuroimaging work on the
perception of musical scales even in Western
individuals.

Conclusions

The present study explored the neural corre-
lates of music’s language of emotion as conveyed
through scale structure, seeking to identify brain
areas distinct from the prosodic mechanisms
shared with speech, as well as from nonacoustic
mechanisms of emotion perception, such as
via facial expression and body gesturing. Areas
showing relatively stronger activity for both scale
discrimination and the emotional interpretation of
scales than for affective speech prosody included
the lateral frontopolar cortex and the dorsal ACC
bilaterally. These areas are separate from those
that process the induction of felt emotions when
people listen to music. These areas are not well
described in the neuromusic literature. However,
they are interconnected with one another in
previous resting-state connectivity and meta-
analytic connectivity studies and may thus
comprise a functional network for perceiving
conveyed emotions. The phylogenetic observa-
tion that the lateral frontopolar cortex (FP1) is
potentially a human-specific area might provide
some insight into the evolutionary novelty and
domain specificity of musical scales and scale/
emotion associations in the context of both
human cognition and human evolution. Given the
centrality of conveyed emotion to the social
functions of music, it is surprising that musical
scales have been so understudied in the neuro-
music literature. In addition, scale structure is one
of the most diverse features of musical systems
cross-culturally. More attention needs to be
directed at understanding music’s language of
emotion and how this novel communicative
function is represented in the human brain and
across human populations.
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