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ARTICLE INFO ABSTRACT

Keywords: Research investigating the neural processes related to music perception and production constitutes a well-

NIRS established field within the cognitive neurosciences. While most neuroimaging tools have limitations in study-

Mus%c " ing the complexity of musical experiences, functional Near-Infrared Spectroscopy (fNIRS) represents a promising,
xsj:)i;)f;il;?n relatively new tool for studying music processes in both laboratory and ecological settings, which is also suitable

for both typical and pathological populations across development. Here we systematically review fNIRS studies
on music cognition, highlighting prospects and potentialities. We also include an overview of fNIRS basic theory,
together with a brief comparison to characteristics of other neuroimaging tools. Fifty-nine studies meeting in-
clusion criteria (i.e., using fNIRS with music as the primary stimulus) are presented across five thematic sections.
Critical discussion of methodology leads us to propose guidelines of good practices aiming for robust signal
analyses and reproducibility. A continuously updated world map is proposed, including basic information from
studies meeting the inclusion criteria. It provides an organized, accessible, and updatable reference database,
which could serve as a catalyst for future collaborations within the community. In conclusion, fNIRS shows
potential for investigating cognitive processes in music, particularly in ecological contexts and with special
populations, aligning with current research priorities in music cognition.

Ecological setting

1. Introduction On a neural level, converging evidence has shown that music activ-

ities are related to the activation of a broad network of cortical and

Music is one of the most universal and enjoyable activities for humans.
Over the last 50 years, there has been an exponential increase in music
cognition studies aiming at revealing how the brain processes music as
well as the potential effects of music on the brain. The attention that
music has attracted from psychology and neuroscience research stems
from the potential of music to boost human cognitive functioning (e.g.,
Bigand & Tillmann, 2022) and well-being (e.g., Mas-Herrero et al., 2023)
with strong implications for neuroscience-informed musical interventions
in clinical domains (e.g., Sihvonen et al., 2017; Thaut et al., 2014).
Accordingly, techniques and experimental methods have been increas-
ingly developed to investigate the neural and cognitive mechanisms un-
derpinning music perception and production (e.g., Zatorre, 2005).

subcortical brain areas that are involved in numerous auditory, cogni-
tive, sensory-motor and emotional functions (Koelsch, 2011; Sarkamo
et al., 2013). The choice of an appropriate neuroimaging technique for
investigating the complexity of music-related mechanisms constitutes
therefore a challenge in music cognition research. Ideally, the chosen
technique for music paradigms would be silent, free of movement con-
strictions, portable, non-invasive and with good temporal and spatial
resolution (Tervaniemi, 2023; Vanzella et al., 2019). These features are
hard to find all at once in neuroimaging techniques. For instance,
functional Magnetic Resonance Imaging (fMRI) provides a good spatial
resolution and also allows for monitoring deep brain structures, for
example, involved in musical emotions (e.g., Koelsch, 2014). However,
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fMRI requires participants to be constrained, with very limited move-
ments allowed (such as finger tapping, or reduced movements of the
limbs), in a small and noisy environment, potentially interfering with
musical stimulation, and timing resolution is rather coarse. Methodo-
logical approaches with the aim to minimizing the noise-constraints, like
sparse sampling, are available. Nevertheless, they only reduce the fre-
quency of appearance of the noise, which still occurs with each image
acquisition (Hall et al., 1999). Electroencephalography (EEG) allows for
non-invasively monitoring of the temporal dynamics of music, such as in
rhythm perception (e.g., Nozaradan, 2014). However, EEG is very sen-
sitive to movements, leading to signal artefacts, or hindering in-
dividuals’ propensity to move in response to music. Within the vast
range of neuroimaging techniques, functional Near-Infrared Spectros-
copy (fNIRS) arises as a promising and reliable candidate for partially
overcoming these issues (Table 1). This technique allows quantifying
cortical oxygenation and hemodynamics by harnessing the interaction
of near infrared light with the absorption properties of human tissue
(Jobsis, 1977). Although relatively recent, it has experienced a rapid
growth in terms of technical development, allowing researchers to
monitor brain activity in a wide range of applications and populations
over the last years (Cutini & Brigadoi, 2014; Ferreri et al. 2014a; 2014b;
Pinti et al., 2020).

The present systematic review builds on the growing body of
research conducted over the past two decades that employed fNIRS to
investigate the neural underpinnings of music processing. This review
aims to provide an overview of the main applications of fNIRS in
studying cognitive processes of music perception, appreciation, and
various interactions with music, as well as to highlight the main ad-
vantages and prospects of its use in this research domain. We first
outline the fundamental principles and potentialities of fNIRS. We then
present the research studies included in the review organized into five
thematic sections: 1) musical activities and expertise, 2) music listening
and associated cognitive processes, 3) clinical implications of music and
fNIRS, 4) music and development, and 5) music and social cognition. We
conclude by providing advices and methodological guidelines for
employing fNIRS to investigate music processing in future research.

Brain and Cognition 180 (2024) 106200
2. Basic principles of fNIRS

fNIRS is an optical neuroimaging technique that allows for moni-
toring the neural activity in a noninvasive fashion. It uses light in the
near-infrared (NIR) spectrum (650-950 nm) to track the concentration
changes of oxygenated (HbO2) and deoxygenated (HbR) hemoglobin,
reflecting oxygen metabolism in the brain tissue. This is achieved by
exploiting the absorption properties of human tissue components, in
particular of hemoglobin, which is the most dominant and light-
absorbing chromophore within the brain tissue (Jobsis, 1977). The he-
moglobin’s absorbing properties change according to its oxygenation
state: HbO2 and HbR absorb light mainly at wavelengths > 805 and <
805 nm, respectively (where 805 represents the isosbestic point, in
which HbO; and HbR have identical absorption coefficients). fNIRS
functioning is based on the so-called neurovascular coupling (Villringer
et al., 1997), where increased neural activity results in increased de-
mand for oxygen metabolism (Scholkmann et al., 2014), translated in
increased cellular oxygen consumption. This triggers local changes in
cerebral hemodynamics, inducing an intensified blood flow to the acti-
vated brain regions (Izzetoglu et al., 2007; Scholkmann et al., 2014),
leading to an increased concentration of HbO, and a decreased con-
centration of HbR (Buxton, 2009). These processes induce regional
changes in light attenuation that can be detected by fNIRS and constitute
an indirect marker of regional brain activation. In particular, when NIR
light is projected by an emitter onto a given region of the head and
travels through the skull, it undergoes phenomena of absorption,
diffusion, and scattering, which contribute to the light attenuation
(Scholkmann et al., 2014). The different absorption properties of HbO4
and HbR, and the use of light with two or three specific wavelengths
(usually one above and one below the isosbestic point), allow for the
non-invasive quantification of their concentration change (via the
modified Beer-Lambert law; Baker et al., 2014; Delpy et al.,, 1988;
Izzetoglu et al., 2007). The non-absorbed components of the emitted
light are measured through a detector placed at approximately 3 cm
from an emitter along the surface of the skull. Emitters and detectors are
also generically called “optodes”, and the pairing between an emitter
and a detector constitutes a “channel”. It is noteworthy that the proba-
bilistic path of NIR light (i.e., the optical pathlength) is longer than the

Table 1
Comparison of fNIRS with other common neuroimaging techniques.
Technique fNIRS fMRI PET EEG MEG
Full Name Functional Near-Infrared ~ Functional Magnetic Positron Emission Electro-encephalography Magneto-encephalography
Spectroscopy Resonance Imaging Tomography
Measurement Indirect: Indirect: Direct: Direct: Direct:
HbO, HbR BOLD (HbR) CBF, glucose metabolism Electromagnetic Electromagnetic
Spatial Resolution Moderate High High Low High
(1-3 cm) (1-2 mm) (4-5 mm) (5-9 cm) (2-3 mm)
Temporal sampling High Moderate Low High High
rate (up to 100 Hz) (1-3 Hz) (<0.1 Hz) (>1000 Hz) (>1000 Hz)
Depth of Cerebral cortex Whole brain Whole brain Cortical surface Cortical surface
measurement (1.5—2 cm) (1-5 mm)
Material No compatibility Limited (no metals, Various; may require No compatibility problems are Compatible with non-
Compatibility problems are reported implants, and devices) shielding for radiation reported metallic materials

Tolerance to
movement
Portability

Sounds

Cost

Possible
participants

Characteristics for
Music Cognition
studies

Good
Yes, for portable systems

Silent
Low
Everyone

Non-invasiveness,
portability, suitable for
naturalistic musical
experiences

Limited
No

Very noisy

High

Limited

(challenging for infants,
children, elderly,
patients)

High spatial resolution,
whole-brain coverage,
complex brain network
investigation

protection
Limited

No

Silent
Very high
Limited

Quantitative measurement
of neurotransmitters in
musical processing

Limited
Yes, for portable systems

Silent

Low

Accessible (but difficult with
toddlers, people with cochlear
implants or hearing aids, and
patients)

High temporal resolution,
suitable for monitoring rapid
changes in brain activity

Limited

No, but portable systems are
in development

Silent

High

Everyone

(but difficult with infants
and patients)

High temporal resolution,
capturing fast oscillatory
responses; source
localization
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physical distance of a channel, as part of the light can penetrate through
the tissue forming the so-called “banana shape” profile (Ferrari &
Quaresima, 2012; see also Fig. 1). The longer a channel (with an opti-
mum length between 3-4 c¢m in adults and 2 — 2.5 cm in infants), the
deeper light can travel (to an approximate distance of half of the emitter-
detector distance; Patil et al., 2011). However, increasing the emitter-
detector distance increases the signal-to-noise ratio, leading to a pro-
gressive loss of signal (Calderon-Arnulphi et al., 2009).

The most common commercially available fNIRS systems, which are
used in research, are the so-called continuous-wave devices. A contin-
uous NIR light beam projected onto the brain allows assessing the light
attenuation (i.e., the difference between the emitted and detected light),
but does not allow determining absolute concentration changes, as these
devices cannot quantify the independent contribution of absorption and
scattering. Determining absolute concentration changes is possible with
the more advanced time-domain or frequency-domain fNIRS systems,
using respectively light sources firing pulses at a timescale of picosec-
onds (for further details see Torricelli et al., 2014), and intensity-
modulated light at very high frequencies signals (for further details
see Fantini & Sassaroli, 2020; Wolf et al., 2007). Other recent systems
enable enhanced spatial resolution thanks to the development of High-
Density Diffuse Optical Tomography (HD-DOT) systems, which incor-
porate high-density optode arrays (Eggebrecht et al., 2014). Specifically,
a quantitative voxel-wise comparison of HD-DOT and fMRI (using a 3 T
scanner with 3 mm isotropic voxels) showed an average localization
error of only 4.4 = 1 mm, indicating high spatial accuracy of HD-DOT
relative to the fMRI standard (Eggebrecht et al., 2012). Comparing the
spatial alignment of measures from continuous-wave devices with fMRI
measures revealed a strong correspondence at the group level, sug-
gesting their reliability for clinical use (Klein et al. 2022a; Toronov et al.
2007; Zinos et al., 2024). fNIRS systems are available as either full-head
or partial-head systems. Depending on the number of channels available
and their geometric organization, regions of the cerebral cortex of
different sizes and location can be measured (see section 6.2.1. Choice of
brain areas and optode placement for details and practical advice).

Thanks to a set of attractive features, fNIRS systems constitute a
reliable neuroimaging technique for the study of human cognition
(Cutini & Brigadoi, 2014; Ferreri et al., 2014a; 2014b; Yiicel et al.,
2017). To prove its reliability, the neural activity measured with fNIRS
has been compared to the blood-oxygenation-level-dependent (BOLD)
signal measured with fMRI by several studies, finding positive correla-
tions with HbO, as well as anti-correlations with HbR (Duan et al., 2012;
Eggebrecht et al., 2012; Huppert et al., 2006; Noah et al., 2015; Scar-
apicchia et al., 2017; Steinbrink et al., 2006; Q. Wang et al., 2020).
fNIRS is portable (and in some cases wireless; Pinti et al., 2018; Zhao &
Cooper, 2017), non-invasive, silent, resistant to motion artifacts, and
relatively inexpensive, thus presenting numerous advantages over other
neuroimaging techniques (Table 1). It is also compatible with other
neuroimaging or neurostimulation tools, thus enabling multimodal ac-
quisitions (Di Rosa et al., 2019; Qiu et al., 2022; Ru et al., 2022). In
particular, the coupling of fNIRS with EEG is increasingly employed. It
complements the strengths of both techniques and enables a more
detailed picture of brain activity by monitoring both cortical hemody-
namics and electrical activity, while maintaining portability and non-
invasiveness (R. Li et al., 2022). The combination of fNIRS and MEG is
also feasible and has been used to investigate the neurovascular
coupling process (Ou et al., 2009). The simultaneous acquisition of
fNIRS and fMRI (Gagnon et al., 2011) or PET (Rostrup et al., 2002) al-
lows for detailed study and quantification of the hemodynamic
response. Other complex combinations have also been reported, such as
simultaneous acquisitions of fNIRS, EEG and fMRI (Anwar et al., 2016),
or fNIRS, EEG, and MEG (Ru et al., 2022). Concerning the coupling with
neurostimulation tools, fNIRS can efficiently measure the cortical ac-
tivity after stimulation with transcranial direct or alternate current
stimulation (Di Rosa et al., 2019; Ghafoor et al., 2022) or transcranial
magnetic stimulation (Curtin et al., 2019). Numerous studies have
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shown that fNIRS is an optimal tool for investigating motor and auditory
tasks in typical and pathological populations across development (Ger-
vain et al., 2023; Gramigna et al., 2017; Perrey, 2008; Shatzer & Russo,
2023; Wang et al., 2020). Therefore, fNIRS emerges as particularly
suitable for music cognition studies in both laboratory and clinical set-
tings (Chen et al., 2020), including naturalistic and interactive envi-
ronments (Pinti et al., 2020; Yiicel et al., 2017).

3. Methods

Methods were registered on PROSPERO' (ID
CRD42022349998) before starting the search.

number:

3.1. Search strategy

Two of the authors independently collected data from a systematic
search on electronic databases, including PubMed, Scopus, Google
Scholar, APA PsycNet and Web of Science in October 2022. The search
aimed to identify all studies on music cognition conducted with fNIRS.
The search strategy involved a combination of the following keywords:
‘fNIRS & music’ and ‘functional near-infrared spectroscopy & music’. All
studies found in the databases were collected using Zotero for reference
management and then exported into a single Excel file.

3.2. Inclusion criteria

All experimental studies using fNIRS as the principal neuroimaging
technique and using musical stimuli in the procedure were included at
first. Studies written in non-English languages or not employing specific
musical stimuli (e.g., those using background noise or white noise
stimuli) were then excluded (see Fig. 2). Duplicate articles (i.e., those
found in multiple databases) were also removed.

3.3. Study selection

Two authors independently reviewed the titles and abstracts of
potentially eligible articles. Any selected article that was ambiguous for
inclusion in the first selection (see section 3.2. Inclusion criteria) was
discussed in the presence of the third author. In the next step, the au-
thors performed a full-text reading, and the third author was involved in
cases of ambiguity. The PRISMA flowchart was used for data synthesis
(see Fig. 2).

3.4. Data extraction

For each included article, the following information was extracted:
title, author, country and year of the study, number of participants and
their musical expertise, age and sex, diagnoses (for patient populations
only), type of fNIRS system used, manufacturer and number of channels,
regions of the brain that were investigated, study design, type and
duration of the stimulus, tasks performed, and main findings.

3.5. Risk of bias assessment

All studies eligible for inclusion were assessed for quality using a
checklist designed by the authors and declared in PROSPERO. The
quality assessment was performed independently by two authors and
conflicts were resolved in the presence of a third author when necessary.
4. Results

Fifty-nine articles were included in this review (see PRISMA chart,

Fig. 2): 14 concerned musical activities and expertise, 22 music listening

1 https://www.crd.york.ac.uk/prospero/.
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short-separation
channel (~ 0,8cm)

channel

(~ 3cm) detector

“banana shape” path of
the light through the tissue

N T e
—

=5

Fig. 1. Illustration of a simplified fNIRS montage. Emitters positioned above the scalp emit light perpendicular to the skull. Detectors measure the unabsorbed
components of light, after its passage in the assumed “banana-shape” path through the underlying tissues, undergoing phenomena of absorption, diffusion, and
scattering (depicted by the white arrows). Each emitter-detector pair constitutes a channel; the so-called short-separation channels (approximately 0.8 cm) measure
the light absorbed by extracortical tissues. Their signal can be then subtracted from the one measured by longer channels (approximately 3 cm), thus allowing the
isolation of the light absorbed specifically by cortical tissue. A demonstration video showing a portable fNIRS system, optode placement, signal acquisition, and
examples of both a solo and shared music listening task in hyperscanning is available here: https://osf.io/uqkfr/?view_only=64cd2976c14c4f199aa0e4188cff4489.

113 of records identified through
database searching:
Web of Science, PubMed,
Scopus, APA Psyclnfo, Scholar
(after removing duplicates)

A 4

113 records screened 47 records excluded with reason

A\ 4
Full text of 66 records assessed

(see sec.3.2. Inclusion Criteria)

7 records excluded with reason

for inclusion

A4
59 of records included in
systematic review

(see sec.3.3. Study selection)

Fig. 2. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist and flow diagram with details of the search, screening, and selection

processes for identifying relevant articles in this review.

and associated cognitive processes, 9 clinical implications of music and
fNIRS, 7 music and development, and 7 music and social cognition.
Information was extracted from the articles as described in section 3.4.
Data extraction, presented in Table 2, and discussed in section 5. fNIRS
and music cognition.

5. fNIRS and music cognition

Research in music cognition requires neuroimaging tools that need to
overcome limiting features, such as restrictive, still-holding postures as
well as constant background noise from instruments, which could
potentially interfere with musical stimuli. fNIRS offers a valid solution
for overcoming these challenges, allowing experiments to be run in
ecological settings (Balardin et al., 2017b) and with various populations,
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Table 2

Information extracted from the studies included in the present review and further described in sections 5.1 to 5.5. The order of studies’ appearance in the table reflects
that in the text. N.R. = not reported / unclear information in the original work, SS channels = short-separation channels, FC = frontal cortex, PFC = prefrontal cortex,
MPFC = medial prefrontal cortex, LPFC = lateral prefrontal cortex, rLPFC = right lateral prefrontal cortex, DPFC = dorsal prefrontal cortex, DLPFC = dorsolateral
prefrontal cortex, VLPFC = ventrolateral prefrontal cortex, FPC = frontopolar cortex, OFC = orbitofrontal cortex, AC = auditory cortex, STG = superior temporal
gyrus, TP = temporo-parietal, TPJ = temporo-parietal junction, ITPJ = left temporo-parietal junction, IFG = inferior frontal gyrus, MTG = middle temporal gyrus, OL
= occipital lobe, ROL = rolandic operculum, PreCG = precentral gyrus, SPL = superior parietal lobule, TL = temporal lobe, STG = superior temporal gyrus, SMG =
supramarginal gyrus, PoCG = postcentral gyrus, SMA = supplementary motor area, PCL = paracentral lobule, IIMC = left inferior motor cortex, PMC = premotor

cortex, MC = motor cortex.

Section Authors Country Sample Characteristics —  Type of {NIRS system: Regions of Study design (block  Task performed
Number of Participants model (manufacturer) — Interest or event related /
(n) / Mean Age in years Number of channels/ (ROIs) between or within
+ SD — Musical Number of SS channels; subjects) —
education or skills (mean  Eventual other neuro- Stimulus duration
years + SD) imaging/-stimulation
tools coupled
5.1) Musical Hashimoto Japan Healthy participants — CW-NIRS: SHIMADZU — FL Block design/N.R. Piano playing and
activities and et al., 2006 7 (7 females)/24.1 + 7.9 32/0 -N.R. bimanual performance of
expertise — Musicians (14.3 + 0.3) memorized musical scales
Yuksel et al., USA Healthy participants — CW-NIRS: Imagent (ISS, PFC Block design/ Playing musical pieces of
2016 16 (8 females)/21 + 2.4 Champaign, Illinois) - 8/ within subject - 30  varying difficulty on the
— Musicians (Information 0 s piano
on musical education
and skills N.R.)
Alves Heinze Brazil Healthy participants — CW-NIRS: NIRSport8x8 PFC Block design/ Participants learned to play
et al., 2019 15 (5 females)/21.5 + system, NIRx — 20/0 within subject - 30  a sequence of three chords
2.4 — None of them had H on a piano keyboard and
previous experience rated the felt difficulty at
playing keyboard each block
instruments
Curzel et al., Italy Healthy participants — CW-NIRS: Imagent (ISS, STG, MTG, Block design/ Rhythmic auditory cueing
2021 34 (23 females)/21.27 Champaign, Illinois) — ROL, within subject - 18  short-term training with an
+ 2.74 — Non musicians 44/2 PreCG, s electronic drum (e-drum)
0) SMG,
PoCG,
SMA, PCL
Ono et al., 2014 Japan Healthy participants — CW-NIRS: OMM-3000 FPC, MTG Block design/ Dance simulation video
(for comparison 26 (5 females)/26.1 + (Shimadzu Co., Kyoto, within subject — 30 game: task involved
with fMRI 1.7 — Various levels of Japan) - 22/0 H pressing arrow buttons
results see Noah experience playing a with the foot in response to
et al., 2015) specific dance video moving arrows
game
Tachibana et al., Japan Healthy participants — CW-NIRS: ETG-7100 SPL, STG Block design/ Dance simulation video
2011 7 (1 female)/23-32 + (Hitachi Medical Co., within subject - 30  game: task involved
(SD N.R.) - Various Kashiwa, Japan) — 48/0 s pressing arrow buttons
levels of experience with the foot in response to
playing a specific dance moving arrows
video game
Tachibana et al.,  Japan Healthy participants — CW-NIRS: ETG-7100 PFC Block design/ Blues rock improvisation
2019 20 (0 females)/ 34.5 + (Hitachi Medical Co., within subjects — on guitar
13.3 — Amateur or Kashiwa, Japan) — 48/0 40s
professional musicians
(3-43 years of practice)
Lo et al., 2009 Singapore Healthy participants — CW-NIRS: NIRO-200 1IMC Block design/ Reading and singing
31 (0 females)/25-36 + Niro Monitor within subjects —
(SD N.R.) — Information (Hamamatsu Photonics 120 s
on musical education KK, Japan) - 9/0;
and skills N.R. TMS: Magstim 8-shaped
magnetic coil (Magstim
Company, Whitland, UK)
Gibson et al., USA Healthy participants — CW-NIRS: ETG-100 PFC Block design/ Divergent thinking test
2009 8 (5 females)/19.7 + 1.2 (Hitachi Medical Co., within subjects —
— Musicians Kashiwa, Japan) — 22/0 30s/45s
7 (4 females)/19.1 + 1.3
— Non musicians
Wakita, 2014 Japan Healthy participants—20 ~ CW-NIRS: ETG-100 IFG Block design/ Observation of a silent

in total:

10 (10 females)/28.7
(SD N.R.) - Expert
musicians (11.4 years of
piano lessons)

10 (8 females)/29.9 +
(SD N.R.) — Novice
musicians (3.4 years of
piano lessons)

(Hitachi Medical Co.,
Tokio, Japan) — 12/0

within subjects —
16s

video showing a hand
playing a familiar vs
unfamiliar melody on the
piano

(continued on next page)
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Table 2 (continued)
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Section Authors Country Sample Characteristics —  Type of fNIRS system: Regions of Study design (block ~ Task performed
Number of Participants model (manufacturer) — Interest or event related /
(n) / Mean Age in years Number of channels/ (ROIs) between or within
+ SD — Musical Number of SS channels; subjects) —
education or skills (mean  Eventual other neuro- Stimulus duration
years £ SD) imaging/-stimulation
tools coupled
Falk et al., 2011 Canada Healthy participants — FD-NIRS: Imagent (ISS, PFC Block/Event- Music imagery tasks
10 (7 females)/31.5 + Champaign, Illinois) - 8/ related design/
10.8 - Information on 0 within subjects —
musical education and Music imagery
skills N.R. task: 20 s/Block
Power et al., Canada Healthy participants — FD-NIRS: Imagent (ISS, PFC Block design/ Music imagery (mental
2010 10 (6 females)/26.2 + Champaign, Illinois) — 9/ within subjects — singing) and mental
6.9 — Information on 0 20s arithmetic tasks
musical education and
skills N.R.
Power et al., Canada Healthy participants — FD-NIRS: Imagent (ISS, PFC Block design/ Music imagery (mental
2011 8 (6 females)/25.9 +£ 2.9  Champaign, Illinois) - 9/ within subjects — singing), multiple choice
— Information on musical 0 20s tasks, and mental
education and skills N.R. arithmetic tasks
Power et al., Canada Healthy participants — FD-NIRS: Imagent (ISS, PFC Block design/ Mental imagery (mental
2012 7 (2 females)/25.7 + 3.1 ~ Champaign, Illinois) - 9/ within subjects — singing) and mental
—Information on musical 0 20's arithmetic tasks
education and skills N.R.

5.2) Music Daikoku et al., Japan Healthy participants — CW-NIRS: ETG-4000 STG Block design/ Listening to consonant and
listening and 2012 10 (6 females)/20.7 + (Hitachi Medical Corp., within subjects — dissonant chords
associated 0.6 — Musicians (7.8 + Tokyo, Japan) — N.R. 32s progressions
cognitive 2.9 years of lessons)
processes

10 (4 females)/21.0 +
1.2 — Non musicians
Santosa et al., South Korea  Healthy participants — CW-NIRS: DYNOT (NIRx AC Block design/ Listening to music and
2014 14 (7 females)/28 + 5 — Medical Technologies, within subject - 15  noise separately or mixed
of which, 3 Musicians Brooklyn, NY) - 22/0 H
(16 + 2 years of musical
training)
Yoo et al., 2021 South Korea  Healthy participants — CW-NIRS: DYNOT (NIRx AC Block design/ Listening to different
18 (7 females)/ 26.9 + Medical Technologies, within subject - 10  auditory stimuli (music,
3.5 - Information on Brooklyn, NY) - 22/0 s speech, annoying sound,
musical education and nature sound, gunshot)
skills N.R.
Rossi et al., Austria Healthy participants — CW-NIRS: NIRScout PFC, TP Event-related Listening to semantically
2020 20 (10 female)/ 38.7 + (NIRx Medical design/within correct and incorrect
range 28-53 — No Technologies, LLC, USA) subject — 3 s spoken and sung sentences
professional musicians —14/0
included EEG: (Brain Products
GmbH, Gilching,
Germany); 13 electrodes
Jeong & Ryu, South Korea  Healthy participants — CW-NIRS: Spectratech FPC, LPFC Block design/ Listening to different
2016b 25 (7 females)/23.7 + OEG-16 (Shimadzu Co. within subjects — sounds (tones, timbres,
2.0 — Non musicians Ltd., Kyoto, Japan) - 16/ ~1s words, syllables) and
0 identification of their
presentation order
Jeong et al., South Korea  Healthy participants — CW-NIRS: Spectratech FPC, LPFC Block design/ Melodic contour
2018a 16 (6 females)/23.5 + OEG-16 (Shimadzu Co. within subject — N. identification task (CIT)
1.7 — Any professional Ltd., Kyoto, Japan) — 16/ R.
musician (less than 1 0
year of formal training)
Ferreri et al., France Healthy participants — CW-NIRS: Oxymon MKIII ~ DLPFC Block design/ Listening to music and
2013 22 (11 females)/ 23.5 + (Artinis Medical Systems within subject - 28  encoding list of words
4.3 — Non musicians B.V., The Netherlands) — s
8/0
Ferreri et al., France Healthy participants — CW-NIRS: Oxymon MKIII ~ DLPFC Block design/ Listening to music and
2014b 16 (10 females)/ 64.5 + (Artinis Medical Systems within subject - 28  encoding list of words
2.5 — Non musicians B.V., The Netherlands) — s
8/0
Ferreri et al., France Healthy participants — CW-NIRS: Oxymon MKIII ~ PFC Block design/ Listening to music,
2015 19 (13 females)/21.7 + (Artinis Medical Systems within subject — encoding list of words and
3.2 — Non musicians B.V., The Netherlands) — Encoding 45 s/ free recall of them
48/0 Retrieval 30 s
Bigliassi, 2015 Brazil Healthy participants — CW-NIRS: Biopac PFC Block design/ Listening to different
18 (8 females)/22.3 + Systems - 16/0 within subjects — musical genres
2.3 — Non musicians 90 s
Da Silva Ferreira  Brazil Healthy participants — CW-NIRS: NIRSport PFC Block design/ Listening to classical music

Barreto et al.,
2020

40 (16 females)/25.0 +
5.1 - Information on

(NIRx Medical
Technologies) — 20/0

within subjects —
62s

(continued on next page)
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Section Authors Country Sample Characteristics —  Type of fNIRS system: Regions of Study design (block ~ Task performed
Number of Participants model (manufacturer) — Interest or event related /
(n) / Mean Age in years Number of channels/ (ROIs) between or within
+ SD — Musical Number of SS channels; subjects) —
education or skills (mean  Eventual other neuro- Stimulus duration
years £ SD) imaging/-stimulation
tools coupled
musical education and
skills N.R.
Moghimi et al., Canada Healthy participants — CW-NIRS: Imagent (ISS, PFC Block design/ Listening to music of
2012a 9 (5 females)/25.0 + 2.7  Champaign, Illinois) — 9/ within subjects — different musical genres
— Information on musical 0 45s (experimenter- and
education and skills N.R. participant-selected
favorite music)
Moghimi et al., Canada Healthy participants — CW-NIRS: Imagent (ISS, PFC Block design/ Listening to music of
2012b 10 (5 females)/25.0 + Champaign, Illinois) - 9/ within subjects — different musical genres
2.7 — Musicians (5.5 0 45s (experimenter- and
years of training) participant-selected
favorite music)
Moghimi et al., Canada Healthy participants — CW-NIRS: Imagent (ISS, PFC Block design/ Listening to music of
2015 10 (5 females)/25.0 + Champaign, Illinois) — 9/ within subjects — different musical genres
2.7 — Musicians (5.5 0 45 s (experimenter- and
years of training) participant-selected
favorite music)
Qiu et al., 2022 China Healthy participants — CW-NIRS: NIRScout PFC, Block design/ Listening to music of
9 (4 females)/31.3 (SD system (NIRx PreCG, within subjects — different musical genres
N.R.) — Information on Medizintechnik GmbH, SMG 120 s (experimenter- and
musical education and Germany) — 44/0; participant-selected
skills N.R. EEG: BrainAmp DC favorite music)
(Brain Products GmbH,
Germany) — 32 electrodes
Bandara et al., USA Healthy participants — CW-NIRS: ETG-4000 PFC, SMA, Block design/ Listening/watching music
2018 20 (7 females)/ “college (Hitachi Medical Corp., STG, MC, within subjects — videoclips of various genres
age” (any other Tokyo, Japan) — N.R. MTG 60 s
information provided) —
Information on musical
education and skills N.R.
Yamada & Ono, Japan Healthy participants — CW-NIRS: OMM-3000 PFC, STG Block design/ Listening to music of
2019 15 (2 females)/21.7 + (Shimadzu Co., Kyoto, within subjects — different musical genres
0.7 — Information on Japan) - 38/0 40s (participant-selected
musical education and favorite and non-favorite
skills N.R. music)
Bigliassi et al., Brazil Healthy participants — CW-NIRS: fNIRS PFC Block design/ Listening to classical and
2015b 30 (15 females)/25.0 + (BIOPAC Systems, Inc., within subject — techno music
2.8 — Non musicians Goleta, CA) - 16/0 30 min/each music
genre
Bigliassi et al., Brazil Healthy participants — CW-NIRS: fNIRS PFC N.R. Listening to participant-
2015c¢ 15 (Information about (BIOPAC Systems, Inc., selected music
gender N.R.)/24.9 + 2.5 Goleta, CA) - 16/0
— Information on musical
education and skills N.R.
Fukuie et al., Japan Healthy participants — CW-NIRS: ETG-700 DLPFC, Block before and Listening to a groovy
2022 58 (28 females)/20.2 + (Hitachi Medical VLPFC, after stimulation/ rhythm
1.8 — Information on Corporation, Japan) — N. FPC within subject —
musical education and R. 6.5 min
skills N.R.
Suwabe et al., Japan Healthy participants — CW-NIRS: ETG-700 DLPFC, Long unique block/  Listening to participant-
2021 33 (12 females)/20.9 + (Hitachi Medical VLPFC, within subject - 10 selected favorite music and
2.4 — Information on Corporation, Japan) — N. FPC min pedaling
musical education and R.
skills N.R.
Bigliassi et al., Brazil Healthy participants — CW-NIRS: fNIRS PFC Block design/ Listening to a participant-
2015a 30 (15 females)/25.0 + (BIOPAC Systems, Inc., within subject — N. selected motivational song
2.8 — Non musicians Goleta, CA) - 16/0 R. and an experimenter-
selected calm song
5.3) Clinical Jeong & Ryu, South Korea  Healthy participants — CW-NIRS: Spectratech FPC, Block design/ Melodic contour
implications 2016a 13 young adults (3 OEG-16 (Shimadzu Co. DLPFC within subject — N. identification task (CIT;
of music and females)/23.5 + 1.7 — Ltd., Kyoto, Japan) — 16/ R. played by piano, flute or
fNIRS No professional 0 string)

musicians included

14 older adults (7
females)/56.1 + 6.4 — —
No professional
musicians included

(continued on next page)
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Section Authors Country Sample Characteristics —  Type of fNIRS system: Regions of Study design (block ~ Task performed
Number of Participants model (manufacturer) — Interest or event related /
(n) / Mean Age in years Number of channels/ (ROIs) between or within
+ SD — Musical Number of SS channels; subjects) —
education or skills (mean  Eventual other neuro- Stimulus duration
years £ SD) imaging/-stimulation
tools coupled

Jeong et al., South Korea 15 Patients with CW-NIRS: Spectratech FPC, Block design/ Melodic contour

2018b acquired brain injury OEG-16 (Shimadzu Co. DLPFC within subject — identification task (CIT;
(ABI; 2 females)/53.6 + Ltd., Kyoto, Japan) — 16/ 180 to 360 s played by piano, flute or
8.9 —and, 19.4 + 33.3 0 string)
months after the brain
injury — < 3 months of
musical training
22 Healthy adults
(Information about
gender N.R.)/55.8 + 6.0
— Not involved in
musical activities/
trainings

Da et al., 2021 Netherlands 15 patients with CW-NIRS: PortalLite rLPFC Block design/ Listening to classical music
traumatic brain injury (Artinis Medical Systems within subject — and verbal fluency task
(TBI; 7 females)/11.4 + B.V,, Elst, The 60/120 s
3.5 Netherlands) — 3/0
21 healthy participants
(13 females)/10.6 + 2.4
— Information on musical
education and skills N.R.

Bicciato et al., Switzerland Healthy participants — CW-NIRS: OXYMON Mk FPC Block design/ Listening to participant-

2022 6 (2 females)/41.2 + 1II (Artinis Medical within subject — selected favourite music
12.6 — Information on Systems B. V., Elst, The 120 to 300 s
musical education and Netherlands) — 2/2
skills N.R.

Fengetal, 2019  China 15 patients with CW-NIRS: FOIRE3000 PFC Block design/ Verbal fluency task (VFT)
moderate major (Shimadzu, Kyoto, Japan) within subject - 30  before and after 10 days of
depressive disorder —45/0 s a continuous music therapy
(MDD; 8 females)/30.9 intervention
+ 13.5 — Information on
musical education and
skills N.R.

15 healthy participants

(9 females)/30.9 4 10.1
— Information on musical
education and skills N.R.

Saitou et al., Japan 44 patients with CW-NIRS: HEO-200 FPC Block design/ Listening to classical music,

2000 hemiplegia (13 (Omron Co, Ltd, Tokyo, within subject — N. among other common
females)/66 + 9.3 — Japan) - 1/0 R. rehabilitation tasks
Information on musical
education and skills N.R.

24 healthy participants

(22 females)/22.6 + 4.1
— Information on musical
education and skills N.R.

Wang et al., China Healthy participants — CW-NIRS: Nirsmart PFC, MC, Block design/ Drumming

2020 21 (10 females)/24.6 + (Danyang Huichuang OL, TL within subject — 80
1.9 - Information on Medical Equipment Co., s
musical education and Ltd, China) — 40/0
skills N.R.

Li et al., 2020 China Healthy participants — CW-NIRS: Nirsmart PFC, MC, Block design/ Multisensory training with
22 (11 females)/ 24.4 + (Danyang Huichuang OL, TL within subject - 30  the music rehabilitation
2.1 - Information on Medical Equipment Co., s glove (MRG)
musical education and Ltd, China) — 40/0
skills N.R.

Shimizu et al., Japan Adults with mild CW-NIRS: LABNIRS PFC, OFC Block design/ Group 1: Music-supported

2018 cognitive impairment — (Shimadzu Co., Kyoto, between movement therapy
45 (38 females)/74.6 + Japan) - 45/0 participants — 60 s Group 2 (control):

5.1 — Information on movement therapy without
musical education and music
skills N.R.
5.4) Music and ~ Sakatani et al., China Healthy participants CW-NIRS: NIRO-500 FPC Long block/within Listening to popular piano

development 1999 (newborns) — (Hamamatsu Photonics K. subject — 10 min music
28 (13 females, 6 born K)-1/0
preterm)/3.1 + 0.3 days

Favaetal, 2014  USA Healthy participants — CW-NIRS: Information TL Block design/ Listening to speech and

41 (22 females)/range 4
— 11 months + (SD N.R.)

about the model and
manufacturer N.R. — 4/0

within subject — 20
S

music

(continued on next page)
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Section Authors Country Sample Characteristics —  Type of fNIRS system: Regions of Study design (block ~ Task performed
Number of Participants model (manufacturer) — Interest or event related /
(n) / Mean Age in years Number of channels/ (ROIs) between or within
+ SD — Musical Number of SS channels; subjects) —
education or skills (mean  Eventual other neuro- Stimulus duration
years £ SD) imaging/-stimulation
tools coupled
Kotilahti et al., Finland Healthy participants FD-NIRS: NIRS system AC Block design/ Listening to speech and
2010 (newborns) — developed at Helsinki within subject—-5s  music
13 (4 females)/1.8 + 1.0  University of Technology
days -16/0
Homae et al., Japan Healthy participants — CW-NIRS: ETG-100 TL, TP Block design/ Listening to three types of
2012 22 (7 females)/115.5 (Hitachi Medical within subjects — auditory sequences with
days + (range 95-128; Corporation, Tokyo, 4.8s distinct temporal structures
SD N.R.) 3-month-old Japan) for 3-month-old of pitch changes
24 (15 females)/193.8 infants — 48/0
days + (range 182-209; ETG-7000 (Hitachi
SD N.R.) 6-month-old Medical Corporation,
Tokyo, Japan) for 6-
month-old infants — 64/0
Ren et al., 2021 China Preterm infants — CW-NIRS: NIRScout FC, TP, TC Block design/ Group 1: Standard cares +
40 (18 females)/ (NIRx Medical between subjects — Listening to classical music
gestational age = 34.2 +  Technologies, LLC., USA) 180 s Group 2 (control): Standard
1.1 weeks -19/0 cares
Meder et al., Hungary Preterm infants — CW-NIRS: SenSmart TC Long blocks/within ~ Maternal singing
2021 31 (16 female)/ Model X-100 (Nonin subject — 20 min accompanied by live guitar
gestational age = 30 Medical Inc., Plymouth, music; skin-to-skin contact
weeks + (range 33-36) MN, USA) - 2/0 with the mother
Kovelman et al., USA Healthy participants — CW-NIRS: ETG-4000 FC, TP Block design/ Rhythm perception task
2012 15 (4 females)/7.3 years (Hitachi Medical Corp., within subject — 20
+ 1.0 — Information on Tokyo, Japan) — 22/0 s
musical education and
skills N.R.

5.5) Music and ~ Osaka et al., Japan Healthy participants — CW-NIRS: LABNIRS FC, TC, TP Block design/ Singing group: Singing a
social 2015 Singing group: 30 (15 (Shimadzu Co., Kyoto, between subjects — song alone, listening to the
cognition dyads, of which 7 female  Japan) — 34/0 100 s partner’s singing or sing

dyads)/22 + (SDN.R.) — with the partner
Information on musical Humming group: identical,
education and skills N.R. with humming instead of
Humming group: 28 (14 singing
dyads, 5 female dyads)/
21+ (SDN.R.) -
Information on musical
education and skills N.R.
Pan et al., 2018 China Healthy participants—24 ~ CW-NIRS: ETG-7100 FC, TP Event-related Interactive learning of a
dyads in total: (Hitachi Medical design/between song through 2 methods: a)
24 learners (all females)/  Corporation, Japan) — participants — phrase by phrase
20.6 + 2.2 — Non 22/0 Learning block: 8 repetition; b) entire song
musicians (no formal min; Entire song: repetition
musical training) 24 s; One musical
1 instructor (female)/22 phrase: 6 s
— Musician (13 years of
music training);
Liu et al., 2021 China Healthy participants — CW-NIRS: MPFC, Block design/ Drumming under three
180 (75 females)/23.1 Combination of ETG- ITPJ within subject — conditions: 1) random
+ 1.9 - Information on 4000 (Hitachi Medical 250 s drumming (independent
musical education and Corp., Tokyo, Japan) and drumming without
skills N.R. LABNIRS (Shimadzu Co., considering others’
Kyoto, Japan) — 8/0/each drumming), 2) coordinated
participant drumming attempting to
synchronize with fellow
group members, and 3)
drumming in sync with
metronome
Rojiani et al., United Heathy participants — CW-NIRS: LABNIRS SMG, STG, Block design/ Drumming or talking to
2018 Kingdom 36 (18 dyads, 19 (Shimadzu Co., Kyoto, MTG, TPJ, within subject - 15 convey the content of a
females)/23.8 + 3.2 — Japan) - 42/0 SMA, PMC, s valenced image.
Musical expertise: 3.1 + AC Alternation between
1.2 onascalefrom1to5 “sending” (drumming or
(never played to play talking) and “receiving”
professionally) (listening) role
Vanzella et al., Brazil Healthy participants — CW-NIRS: NIRScout MC, TPJ, Block design/ Playing violin alone or
2019 10 (5 dyads, 5 females)/ (NIRx Medical SMA, within subject — 30 together
32.7 + 8.0 — Professional Technologies, LLC., USA) DPFC s

musicians (15 + 4 years
of training)

—-23/0

(continued on next page)
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Section Authors Country Sample Characteristics —  Type of fNIRS system: Regions of Study design (block ~ Task performed
Number of Participants model (manufacturer) — Interest or event related /
(n) / Mean Age in years Number of channels/ (ROIs) between or within
+ SD — Musical Number of SS channels; subjects) —
education or skills (mean  Eventual other neuro- Stimulus duration
years £ SD) imaging/-stimulation
tools coupled

Hou et al., 2020 China Healthy participants — 1 CW-NIRS: ETG-7100 DLPFC, TP Block design/ Violinist: played musical
violinist (male)/21 - (Hitachi Medical within subject — pieces and was recorded
Formal musical training Corporation, Japan) — 100 s Audience: watching and
16 years 22/0 listening the pre-recorded
Audience: 16 (all performance of the violinist
females)/20.3 4+ 1.9 —
Non musicians (no
formal musical training)

Sarinasadat Japan Healthy participants — CW-NIRS: HOT-1000 MPFC Long blocks/within  Alternative uses tasks with

et al., 2019 30 (15 dyads, 18 (Hitachi Medical subject — 6 min familiar objects, facilitated
females)/Students (Any Corporation, Japan) — 2/ by background music of
other demographic 0 varying valence and genre
information) —

Information on musical
education and skills N.R.

including children, adults, the elderly, and patients. The following sec-
tions present an overview of the articles included in our review,
following a categorization of their main thematic areas within the music
cognition research domain: 1) musical activities and expertise, 2) music
listening and associated cognitive processes, 3) clinical implications of
music and fNIRS, 4) music and development, and 5) music and social
cognition.

5.1. Musical activities and expertise

Neuroimaging studies investigating musical performance usually
require participants to play specially crafted instruments in non-natural
postures (e.g., playing the piano or the cello in miniature-adapted ver-
sions and lying down in fMRI and PET scanners; Olszewska et al., 202.3;
Parsons et al., 2005; Wollman et al., 2018). This is often due to the in-
compatibility of neuroimaging techniques with the physical character-
istics of a musical instrument, such as materials (i.e., metallic objects
cannot enter the fMRI scanner), shape, dimension, and the kind of
artistic gesture required for playing. fNIRS devices enable individuals to
potentially play all kinds of instruments without movement constraints
and without concerns about material compatibility (Pinti et al., 2018).

fNIRS investigation on music production appeared first with the
pioneer study by Hashimoto et al. (2006). Frontal lobe activation was
monitored while music students performed two piano pieces with
different levels of difficulty and the Keio version of the Wisconsin Card
Sorting Test as control task. Results revealed that performing a piano
piece with the level of difficulty adapted to the ability of each performer
was associated to wider activation of the frontal lobe than when per-
forming an easier piano piece or the control task. {NIRS thus emerges as
a potential tool for assessing objectively a maximum level of cognitive
workload, useful in defining incremental goals in learning processes or
rehabilitation settings (Fishburn et al., 2014). Converging evidence has
been reported by Yuksel et al. (2016), who developed an adaptive brain-
computer system, named Brain Automated Chorales (BACh). Monitoring
the prefrontal cortex (PFC) via fNIRS allowed defining a threshold that
corresponds to a maximal cognitive workload in a music learning task.
With the assumption that automaticity reduces the demand for cognitive
control, BACh integrated this information into the difficulty level of the
task: when the PFC activity was below the defined threshold, it auto-
matically increased the difficulty level of the task. Participants who
studied a piano piece with this system reported higher accuracy and
speed than controls and felt that they had learned better with the sup-
port of BACh, showcasing the potential of fNIRS to provide a real-time
signal that can be associated with cognitive workload.
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These applications reveal the use of fNIRS in the investigation of
learning and brain plasticity processes (see e.g. Herholz & Zatorre,
2012), which is particularly promising for the study of motor skill
acquisition (Herold et al., 2018; Perrey, 2008). Alves Heinze et al.
(2019) investigated the temporal changes in PFC hemodynamic
response during a single session of piano training (i.e., learning a chord
progression) in individuals without previous experience playing
keyboard instruments. fNIRS results revealed an inverted U-shape in the
HbO, concentration change over task execution, suggesting an initial
executive function engagement followed by facilitation of motor task
execution over time (but see section 6. Methodological considerations and
recommendations for a methodological discussion; Brigadoi et al., 2014;
Kirlilna et al., 2013).

fNIRS was also used for monitoring the activation of temporal lobes
and motor areas during a short-term drum training in non-musicians,
notably the execution of a rhythmic auditory cueing task (Curzel
et al., 2021). A facilitatory effect of training was reflected in better
behavioral performance (measured as beat regularity) and decreased
brain activity primarily in premotor areas. Drumming performance (on
both acoustic and electronic drums) was monitored with fNIRS for
various purposes, in particular for (a) testing rehabilitation protocols,
for example for post-stroke patients (Wang et al., 2020), and (b)
unveiling the activity of the temporoparietal junction (TPJ) and PFC in
dyads or groups playing simple rhythmic movements (Rojiani et al.,
2018; Liu et al., 2021; see sections 5.3. Clinical implications of music and
fNIRS and 5.5. Music and social cognition for more details). Further
studies monitored brain activity with fNIRS for more complex move-
ments, such as a dance simulation gameplay (Ono et al., 2014; Tachi-
bana et al., 2011). Cortical sensory-motor centres were monitored to
investigate the processing of sensory inputs (such as visual and rhythmic
auditory cues) during coordinated complex movements. Interestingly,
an fMRI adaptation of the same procedure confirmed the observed
activation pattern in the superior and middle temporal gyri (Noah et al.,
2015).

The reduced methodological restrictions of fNIRS also allow for the
investigation of real music performance in its complexity, revealing for
example decreased left dorsolateral prefrontal cortex (DLPFC) during a
guitar playing task including improvisation/creative processes (Tachi-
bana et al., 2019). More recent applications allowed the monitoring of
the brain activity of both the player and the audience during a non-
simultaneous video-recorded performance (Hou et al., 2020, see sec-
tion 5.5 Music and social cognition for more details).

Some fNIRS studies have investigated cortical activity during
singing. Lo et al. (2009) monitored haemodynamic changes of the left
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inferior motor cortex during word singing versus reading. They addi-
tionally coupled fNIRS with transcranial magnetic stimulation (TMS) to
study cortical excitability, but only with a small number of participants
(n = 5), serving as a potential pilot for future investigations. Further
research involved not only singing of a single performer, but also singing
with a partner, notably with the communicative and cooperative di-
mensions of joint singing (Osaka et al., 2015) as well as the interactive
learning process of singing a song in dyads composed of a learner and an
instructor (Pan et al., 2018a; see section 5.5. Music and social cognition
for additional details).

As musical training can induce plastic changes in the brain in terms
of both grey and white matter (Herholz and Zatorre, 2012; Olszewska
et al.,, 2021; Wan and Schlaug, 2010), music cognition research is
interested in the comparison of cognitive performance between non-
musicians and musicians (also including participants having acquired
some musical expertise in a longitudinal training study), testing differ-
ences in neural activations and possible transfer effects of musical
training on cognitive functions (see, e.g., Bigand & Tillmann, 2022;
Cooper, 2020; Roman-Caballero et al., 2022). Daikoku et al. (2012)
tracked cortical activation in auditory areas while musicians and non-
musicians were listening to consonant and dissonant chord pro-
gressions. In musicians, HbO, concentration in left auditory areas was
higher during the dissonant chord progression compared to the conso-
nant one. No difference was observed in the non-musicians’ group,
showing again a possible effect of a cortical plasticity derived from
musical training. fNIRS was further used to examine the activation of
trained musicians’ prefrontal cortex in a divergent thinking task (Gibson
et al., 2009). Musicians exhibited heightened bilateral frontal activation
and enhanced creativity in comparison to non-musicians. Well-trained
musicians, compared to a less-trained group, exhibited increased acti-
vation of Broca’s area in response to the vision of a silent-video showing
a hand playing a familiar vs unfamiliar melody on the piano (Wakita,
2014).

Musical imagery, or mentally “playing or replaying or hearing”
music, can happen in daily life when recalling a familiar tune, imagining
a musical performance or creating new musical ideas in one’s mind
(Halpern, 2001; Liikkanen and Jakubowski, 2020). This phenomenon
has been investigated with different neuroimaging techniques (Herholz
et al., 2008), including fNIRS. In particular, musical imagery has been
employed in studies aiming at developing a brain-computer interface
(BCD). Indeed, some of the fNIRS characteristics, in particular its
portability, ease of installation, low cost and silent functioning, make it
suitable for its employment as a BCI (Naseer and Hong, 2015).
Accordingly, Power et al. (2010) measured and classified prefrontal
fNIRS signals evoked by two different cognitive tasks, namely mental
arithmetic and music imagery in which participants were instructed to
try to feel the emotion elicited by the imagined piece. Based on the fNIRS
signal, the two activities were classified with an accuracy of 77.2 % +
7.0 across participants (Falk et al., 2011; Power et al., 2011, 2012).

Overall, the studies reviewed in this section promote fNIRS as a tool
for monitoring cortical activity during musical activities, providing new
insights into neural mechanisms involved in music learning, perfor-
mance, improvisation, interaction, and imagery, including in complex
activities, or even involving social interactions (as further developed in
section 5.5. Music and social cognition).

5.2. Music listening and associated cognitive processes

The investigation of brain activation during music listening tasks
with fNIRS is particularly advantageous because it operates silently, thus
avoiding any potential sound interference. The following sections pre-
sent a summary of research using fNIRS to monitor cognitive processes
related to music listening, ranging from the investigation of perception
and affective responses to music to potential implications in other
cognitive functions (e.g., memory).
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5.2.1. Music perception and cognitive effects of musical background

Music represents a complex auditory stimulus, engaging multiple
sensory and cognitive processes required for processing key features
such as melody, harmony, rhythm, beat, and timbre.

Several studies have investigated cortical responses to the perception
of music (with noise or a combination of noise and music as comparison
conditions), focusing mainly on the auditory cortex. Santosa et al.
(2014) found a progressive effect of lateralization toward the right
hemisphere when music was mixed with an increased level of noise,
rather than pure noise or pure music. The effect was maximum when the
music level was 10-15 % and the noise level 10 % (referring to the audio
amplitude scale; the higher level of noise reached 20 %), and it reduced
when the noise was higher or lower, probably reflecting participants’
efforts in distinguishing the musical content from noise. Subsequent
research has demonstrated the possibility of decoding various sound
categories (i.e., speech, music, annoying sounds, nature sound, gunshot)
using auditory cortex activity assessed via fNIRS (Hong and Santosa,
2016; Yoo et al., 2021). Similarly, a multi-methodological approach
combining fNIRS, EEG and behavioural measurements explored how the
semantic meaning of spoken or sung sentences was extracted (Rossi
et al., 2020). Cortical activation recorded with fNIRS revealed pre-
dominant differences in left-hemispheric areas (PFC and temporo-
parietal regions) between spoken and sung sentences. Additionally,
increased activation was observed for correct sentences compared to
incorrect ones (for both spoken and sung modalities) over prefrontal and
temporo-parietal regions.

Musical features, such as pitch and timbre, as well as language ma-
terials, such as syllables and words, were employed in working memory
tests, performed by young non-musicians (Jeong & Ryu, 2016Db).
Monitoring the PFC during the working memory test execution revealed
a significant decrease in neural activity for pitch and timbre musical
stimuli compared to syllables and words, and an asymmetry in the
nonverbal stimuli (pitch stimuli led to stronger decrease at left PFC, and
timbre at right PFC). fNIRS also allowed measuring the cognitive load
involved when performing a melodic contour identification task (Jeong
et al., 2018a): participants had to identify the direction of a melodic
contour (ascending, descending, or stationary) played by different in-
struments, against auditory distractors presented simultaneously
(environmental noises or concurrent melodies). Activity in the fronto-
polar cortex progressively increased with the increased difficulty of the
task, that is when participants had to focus on target melody and sup-
press the concurrent melodic contour of the distractor, but this increase
was not observed when the distractor was noise.

A set of research focused on memory and investigated the influence
of music presented in the background during the encoding phase of
verbal material on cortical activity and subsequent recall performance.
In a study by Ferreri et al. (2013), healthy young adults showed better
memory performance for lists of words previously encoded with musical
background than in silence. Compared to the silent background, the
music condition showed activation during encoding in the left (vs right)
hemisphere and sustained, bilateral decrease of activity on the DLPFC,
suggesting that music may facilitate episodic memory through the
modulation of DLPFC involvement. These findings were replicated in an
older adult population (Ferreri et al., 2014b) and when monitoring a
larger brain area (i.e., the entire lateral PFC) during both the encoding
and the retrieval of verbal material (Ferreri et al., 2015). Taken together,
these findings suggested that music-related memory processes are
associated with specific cortical prefrontal mechanisms that can be
traced through fNIRS.

5.2.2. Musical affect and its implications in cognitive functions

The perception and organization of musical features generates ex-
pectations and predictions, which are related with pleasure and emo-
tions (Huron, 2006; Salimpoor et al., 2015; Tillmann et al., 2014).
Indeed, music listening is often targeted as a means to modulate the
perceiver’s emotional state (Juslin and Vastfjall, 2008). Neuroscience
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studies using fMRI and PET allowed revealing neural responses to
musical affect not only in deep brain regions, such as the amygdala or
the dopaminergic reward circuitry (Koelsch, 2014; Mas-Herrero et al.,
2021), but also in other cortical regions, such as the prefrontal, auditory
and motor cortices (Koelsch, 2014; Matthews et al., 2020; Putkinen
et al., 2021; Salimpoor et al., 2013). This suggests that fNIRS could be a
viable tool to investigate neural responses related to perceptual and
affective processes associated with music listening in ecological settings,
even though it mainly allows investigating the brain with a depth
sensitivity of approximately 1.5-2 cm from the surface (Minematsu
et al., 2018; Plichta et al., 2011).

Numerous fNIRS studies have monitored the PFC with the aim of
characterizing its activation in relation to the emotions felt by partici-
pants while listening to either self- or experimenter-selected music
(Bigliassi, 2015; Da Silva Ferreira Barreto et al., 2020; Moghimi et al.,
2012a). The findings revealed that preferred and motivational music
could increase blood flow in the PFC. In a multi-modal investigation
combining fNIRS and EEG, Qiu et al. (2022) monitored activity in PFC
and temporal lobes induced by listening to one’s favorite music. Some
studies share the goal of developing a predictive model able to auto-
matically detect participants’ feelings and preferences by analyzing the
hemodynamic PFC response (Bandara et al., 2018; Moghimi et al.,
2012b; Qiu et al., 2022; Yamada & Ono, 2019). Some efforts have been
also made to study the potential difference in cortical activation induced
by different music styles (Bigliassi et al., 2015a; 2015b; 2015c), also
considering gender as a potentially modulating factor (Bigliassi, 2015).
Although with some methodological limitations (see section 6. Meth-
odological considerations and recommendations), these studies suggest
fNIRS as a promising tool for investigating music-driven emotional
processes, which also allows potential clinical applications (see section
5.3 Clinical implications of music and fNIRS).

Music-driven emotional modulations can play a role in boosting
cognitive, social, and motor functions (Chanda & Levitin, 2013; Ferreri
& Rodriguez-Fornells, 2022; Fiveash et al., 2023; Fukui & Toyoshima,
2014; Ripollés et al., 2016). A recent study found that listening to groovy
(i.e., related to the pleasure and urge to move) music (featuring low-to-
medium syncopation levels) boosted activity in the left DLPFC, and
enhanced executive functions (i.e., response times in a Stroop task), in
particular for participants who felt positively affected and groovy
(Fukuie et al., 2022). fNIRS was used to monitor PFC activity related to
executive functions (i.e., Stroop task) before and after a pedaling activity
with music, notably via its induced positive mood (vs with a metronome;
Suwabe et al., 2021). The induction of a positive mood by the music
during pedaling led to increased activation in the left DLPFC and
improved executive performance (i.e., better results in the Stroop task).
Bigliassi et al. (2015c) applied fNIRS to study the effect of music
(calming vs motivating with fast tempo and slow tempo vs no music) on
brain activity and physiological recovery and combined those mea-
surements with running performance. Pleasurable and motivating music
(both with fast and slow tempo) promoted increased activation in the
PFC, reduced performance time in a 5 km-run and accelerated physio-
logical recovery in participants. However, this study recorded neural
activity only before the physical activity, not during/after it. More evi-
dence and a more reproducible study design would be therefore needed
to confirm these neural findings.

Overall, fNIRS has been employed in different paradigms involving
music perception, music-induced affective responses, and cognitive
performance without experimental constraints. The ability to discrimi-
nate sound features and affective responses from cortical signals,
together with new advancements in the field of BCI (Naseer et al., 2015),
offer promising perspectives for clinical applications.

5.3. Clinical implications of music and fNIRS

The rising number of studies conducted in recent years with fNIRS
and music, together with the increasingly evolving neuroscience-
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informed music interventions in clinical populations, (Altenmiiller and
Schlaug, 2013; Bower et al., 2021; Thaut et al., 2016), are leading to the
growing interest for fNIRS and music applications in clinical settings.
The main features of fNIRS (summarized in Table 1) place it as an
excellent neuroimaging tool for working with special populations, often
excluded by limitations or incompatibilities with other neuroimaging
tools (Chen et al., 2020; Irani et al., 2007; Rahman et al., 2020). These
special populations include patients presenting severe neurologic or
psychiatric disorders, preterm babies, newborns, patients with hearing
aids or cochlear implants, as well as children and the elderly (Blasi et al.,
2011; Li et al.,, 2023; Saliba et al., 2016; Shatzer & Russo, 2023).
Moreover, its non-invasiveness and portability also allow for an easier
access to detection, diagnosis, and monitoring of neurological disorders
(Ayaz et al., 2022).

The combination of fNIRS and music perception in the clinical
domain has been explored for diagnostic purposes. Jeong & Ryu (2016a)
monitored the PFC of young and old populations while performing
melodic contour identification tasks. Results showed decreased activity
in the right dorsolateral PFC in old (versus young) adults, highlighting a
possible marker of age-related cognitive decline. The same task has been
successfully used to identify a biomarker of auditory attention deficit in
patients with acquired brain injury (Jeong et al., 2018b). fNIRS feasi-
bility for diagnostic purposes was also tested in pediatric traumatic brain
injury patients, including the monitoring of cognitive task performance,
with music listening employed in a resting phase, while patients were in
supine position (Da et al., 2021). fNIRS was also used as a potential
detector of covert consciousness in clinically unresponsive patients by
individuating distinct cortical responses to preferred music listening (in
comparison to silence) using a frequency domain approach (Bicciato
et al., 2022). The possibility of isolating specific markers of brain ac-
tivity promotes the use of fNIRS not only for diagnosis and prognosis,
but also for BCI clinical applications (see Naseer & Hong, 2015 for a
review).

In the clinical domain, fNIRS has been further employed for inves-
tigating the potential benefits of music interventions on psychological
and psychiatric disorders (such as major depression, Feng et al., 2019)
and monitoring their effectiveness in rehabilitation protocols. For
example, fNIRS was used to measure hemodynamic changes in pre-
frontal and motor cortex of stroke patients following different rehabil-
itation tasks, including music listening (Saitou et al., 2000), rhythmic
games (Q. Wang et al., 2020), and the use of musical rehabilitation
objects (i.e., a music rehabilitation glove; Li et al., 2020). For adults with
mild cognitive impairment, fNIRS was used to measure PFC activation
together with cognitive task performance to reveal potential benefits of
a 3-month long, weekly multitask movement therapy combined with
music (i.e., simultaneously using a percussive instrument, singing, and
following instructor’s movements) or not (counting aloud and following
instructor’s movements; Shimizu et al., 2018). After the intervention
including music, activation of the medial PFC was increased, functional
connectivity in the PFC enhanced, and performance was better in the
frontal assessment battery (i.e., a series of 6 tasks used for assessing
cognitive performances) compared to the control group.

Musical interventions, and in particular those involving active
musical playing, have shown great potential in alleviating symptoms of
neurodegenerative pathologies, such as Parkinson’s and Alzheimer’s
diseases (Dalla Bella et al., 2015; Pereira et al., 2019; Raglio et al., 2015;
Samson et al., 2009). With its resistance to movement artefacts, fNIRS
represents an ideal neuroimaging tool for monitoring rehabilitation
protocols that incorporate motor tasks (see section 5.1. Musical activities
and expertise). However, this potential remains largely unexplored, and
possibly constitutes one of the promising future directions in the ap-
plications of fNIRS in music cognition and clinical research.

In sum, these studies suggest that fNIRS application in the clinical
domain offers a unique opportunity for gaining more knowledge about
music-driven effects, in turn opening new perspectives and applications
for music-based interventions and neuroscience-informed therapies
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(Agres et al., 2021; Chen et al., 2022; Tervaniemi, 2023).
5.4. Music and development

The human fetus develops the capacity to perceive and process
sounds prior to birth, typically around 25 weeks of gestational age
(Eggermont and Moore, 2012), and the human brain shows the ability to
specifically respond to musical stimuli starting the first hours of life
(Perani et al., 2010). However, it is not fully understood yet how the
newborn brain processes musical features and how they influence
cognitive development. This is partly due to the methodological chal-
lenges encountered in the study of this special population (i.e., difficulty
to control infants’ movement, invasiveness, and non-portability of other
neuroimaging techniques). Thanks to its features, fNIRS appears as an
optimal tool for monitoring premature babies and toddlers (see Table 1;
see Gervain et al., 2023 for a review; Wang et al., 2020). Moreover, thin
skull and tissues allow light to penetrate deeper in the cortical surface of
infants’ brains than in the cortical surface of older individuals’ brains.
While the first attempt to investigate babies’ musical brain through
fNIRS concerned the frontal activation during music listening (i.e.,
popular piano music, Sakatani et al., 1999), the main interest then
focused on newborn brains’ activation comparing music (i.e., popular
piano music and chromatic scales played with the piano) and speech
(Fava et al., 2014b; Homae et al., 2012; Kotilahti et al., 2010; but see
also section 6. Methodological considerations and recommendations for
possible limitations), highlighting the infant brain’s sensitivity to pitch
changes in auditory sequences (Homae et al., 2012).

A promising body of research is exploiting fNIRS to study the bene-
ficial effect of music on the preterm brain. In fact, although more
research is required to elucidate the mechanisms and customize poten-
tial interventions, some studies showed that music interventions in
neonatal intensive care units can lead to a reduction of stress and to a
closer to at-term newborns neurodevelopment (Lordier et al., 2019; see
Anderson & Patel, 2018; Pineda et al., 2017 for reviews). Ren et al.
(2021) studied the effects of a short-term music therapy on preterm
infants based on classical music listening sessions in the incubators, each
containing 12 min of music stimulation, conducted for three consecutive
days. Their findings revealed that the preterm brain can perceive
different musical features by activating specific brain areas, particularly
observing left lateralization in the superior temporal gyrus for timbral,
dynamic, and rhythmic musical components. However, a connectivity
analysis suggested that the short-term music intervention did not pro-
mote a significant change in functional connectivity. Meder et al. (2021)
tested the effects of music therapy sessions that included maternal
singing accompanied by the guitar of a music therapist and ended with a
skin-to-skin care by the mother. Results showed a modest increase of
brain activity in temporal regions and a reduced variability in cerebral
oxygenation and peripheral oxygen saturation during the musical
intervention. Further studies are needed to understand and explore
short- and long-term clinical effects of such interventions, and consid-
erations for clinical practice in music therapy should be taken into ac-
count (see Bower et al., 2021 for a review). While less developed, there
are also interesting findings in the realm of fNIRS and music applications
in children populations. Kovelman et al. (2012) used fNIRS to explore
the neural mechanisms behind language and reading acquisition in
children, focusing on the role of language rhythmic modulations. In
particular, children underwent a phonological rhyme awareness task (i.
e., listening to pairs of words and detecting the eventual rhyme), a word-
match task (i.e., listening to pairs of words and detecting if they were
identical), and a rhythm perception task with music-like materials (i.e.,
listening to a brief beep played at three frequencies: 0.5 Hz, 1.5 Hz and
3.0 Hz). Their findings suggest that the right hemisphere was overall
more activated in language and rhythm perception tasks, and that the
left hemisphere’s activation is more specific to a preferred range of slow
frequencies (1.5 Hz).

Overall, the application of fNIRS to study infants and children
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represents a great opportunity for investigating the early developing
brain in ecological contexts with minimal constraints. More specifically,
it could open new perspective for investigating the impact of music as a
supportive tool for typical cognitive development and provide new in-
sights for understanding the origins and potential role of music in
human’s life.

5.5. Music and social cognition

Cognitive neuroscience increasingly turns to the study of neural
mechanisms within interacting brains. Instead of recording single
brains, the “second-person neuroscience” (or “two-body neuroscience™)
approach aims at recording two or multiple brains during social inter-
action and emotional engagement with others (Dumas, 2011; Redcay
and Schilbach, 2019). The development of this new approach has been,
in part, possible thanks to the technological advancements in brain
imaging methods, enabling the simultaneous recording of hemodynamic
and neuroelectric activity of multiple brains (Babiloni and Astolfi,
2014), also known as ‘“hyperscanning” (Montague et al., 2002).
Although still a relatively recent research domain, much effort has been
put in the development of the investigation of how human brains tend to
align in social situations (Gvirts and Perlmutter, 2020). As a portable
and silent tool that allows participants to move, fNIRS is an ideal method
for studying close-to-real interactions between individuals (see Table 1;
Pinti et al., 2020).

Music is an intrinsically social stimulus able to promote social bonds
and synchronization across large groups of individuals (Koelsch, 2013;
Nummenmaa et al., 2021; Savage et al., 2021; Tarr et al., 2014). Music
represents one of the earliest and most accessible forms of interpersonal
interaction, universally used for engaging infants through songs and
rhythmic movements (Nguyen et al., 2023; Trehub, 2019). Music pro-
duction involving multiple musicians, which inherently requires syn-
chronization, represents an ideal way to investigate human interactions
and cooperation in an ecological setting (Acquadro et al., 2016). fNIRS
hyperscanning allows the investigation of neural mechanisms underly-
ing cooperative singing, revealing increased neural synchronization in
the left inferior frontal cortex compared to singing alone, regardless of
whether participants were facing each other or not (Osaka et al., 2015).
fNIRS also allows monitoring Inter-personal Neural Synchrony (INS)
during the interactive social learning of a song, revealing the synchro-
nization between learner and instructor in the bilateral inferior frontal
cortex, in particular for active interactions. Interestingly, the recorded
synchronization predicted also the learner’s behavioral performance
(Pan et al., 2018). In a study involving groups of nine participants, INS
was assessed during drumming activity under three conditions: random
drumming (i.e., independent drumming without considering others’
drumming), coordinated drumming in an attempt to synchronize with
fellow group members, and drumming in synchrony with a metronome
(Liu et al., 2021). The monitoring of fronto-temporal brain regions
revealed that when participants endeavored to synchronize their beats
with others (i.e., coordinated drumming), the highest level of neural
synchrony was observed in their left TPJ and medial PFC. Drumming
was also studied as a means of emotional communication in dyads
(Rojiani et al., 2018) where participants facing each other had to convey
the emotional content of valenced and arousing images through either
drumming or verbal communication. Results showed that the drumming
condition elicited greater activation in the right temporo-parietal junc-
tion than did the talking condition in the listener (in each participant in
turn).

fNIRS reliability in a naturalistic environment has been further
shown in studies investigating violinists’ performance. Measuring two
violinists playing together revealed that the roles of leader and follower
engaged distinct patterns of functional brain activation, with greater
involvement of temporo-parietal and somatomotor regions for the fol-
lower of the duo than for the leader (Vanzella et al., 2019). The INS
between a violinist (with pre-recorded video and neural activity) and the
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audience was explored while assessing the audience ratings of their
liking for the performance (Hou et al., 2020). The popularity of the
performance correlated positively with the INS in the left temporal
cortex between violinist and participants watching the video perfor-
mance, suggesting a potential role of INS in this area in music
appreciation.

Sarinasadat et al. (2019) explored the impact of music valence and
genre on creativity tasks and inter-personal synchrony (i.e., inter-neural
and head-movement synchrony) within dyads of participants. Music, in
contrast to silence, led to higher head-movements synchrony but did not
modulate INS (in two channels placed over the PFC) between partici-
pants. Behavioural findings revealed that the exposition to upbeat and
positively valenced music promoted increased dyads creativity and
heightened mutual engagement.

In sum, the various application of fNIRS confirms it as an ideal
method for musical paradigms studying social interactions in ecological
situations. In particular, fNIRS allows the investigation of cortical ac-
tivity during music playing, singing, communication, affective experi-
ences, music learning, and cooperative tasks in social situations,
emphasizing a social, inter-brain perspective rather than solely an in-
dividual brain-focused approach. Even though still in its early stages,
this approach constitutes a fundamental step towards the understanding
of the neural basis of social phenomena in real-world scenarios.

6. Methodological considerations and recommendations

The here-reviewed research suggests fNIRS as an efficient and reliable
tool suitable for diverse environments, various populations, and relatively
easy to use, which is spreading worldwide (“fNIRS and music word map”’h
ttps://gxhorp—federicocurzel.shinyapps.io/musicﬂ\HRSmap/Z:; Ayaz
et al., 2022; Cutini & Brigadoi, 2014; Gervain et al., 2023; Piper et al.,
2014). Considering the rising number of studies in this area, and the fact
that fNIRS is a relatively recent neuroimaging tool, it is fundamental to
acknowledge potential methodological criticisms and follow solid and
reproducible experimental procedures. Recent works comparing different
approaches outline the best practices in fNIRS use (Brigadoi et al., 2014;
Di Lorenzo et al., 2019; Tak & Ye, 2014; Yiicel et al., 2021) aiming to
reduce methodological weaknesses (see e.g. Herold et al., 2018). The next
section will (1) highlight intrinsic technical limitations of fNIRS, along
with the most recent solutions to overcome them, and (2) propose some
methodological guidelines for fNIRS studies investigating music pro-
cessing, notably concerning design, paradigm, data collection and
analyses.

6.1. fNIRS intrinsic limitations and how to deal with them

Although fNIRS overcomes several limitations of other neuroimaging
techniques (see Table 1), it also presents some intrinsic limitations that
should be borne in mind when conducting fNIRS research and when
interpreting the results (including the studies presented here).

(1) Due to a limited penetration depth of light, fNIRS enables
monitoring only the cortical surface of the brain (Pinti et al., 2020;
Scarapicchia et al., 2017). fNIRS measurements exhibit high sensitivity
to scalp and skull tissues and to the associated blood vessels activity.
Light might also be attenuated by dark and curly hair and by high
concentrations of melatonin, thus avoiding preferentially the inclusion
of participants with dark skin (Kwasa et al., 2023). Even though efforts
must still be made towards the diversification of the studied populations
(Doherty et al., 2023), new generation fNIRS devices allow overcoming,

2 A continually updated map, featuring both past and upcoming work
involving fNIRS and music, is provided alongside with this review. Authors
reading this work who may be interested in including their studies meeting the
inclusion criteria outlined in section 3.2 are invited to submit key information
by following the instructions provided on this webpage.
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at least partially, participant exclusion due to skin or hair color, thus
suggesting solid technological solutions for signal optimization in the
near future (Lloyd-Fox et al., 2017; Perdue et al., 2019; Wijeakumar
et al.,, 2019). To isolate extracortical-related hemodynamics, optode
arrays should include ‘short-separation’ channels (Gagnon et al., 2011).
These channels are shorter, approximately 1 cm in length, with light
penetrating only the external tissues (see Basic Principles of fNIRS sec-
tion; Fig. 1). Consequently, regressing the signal recorded by short-
separation channels from the signal recorded by standard channels
(~3 cm), allows removing extracortical physiological noise. The accu-
racy of the cortical signal, therefore, is improved with the inclusion of
more short-separation channels across the monitored brain area (Brig-
adoi & Cooper, 2015).

(2) In comparison to other neuroimaging techniques, such as fMRI,
another limitation of fNIRS concerns its relatively poor spatial resolution
(Cui et al., 2011). This limitation can be at least partially overcome by
recent procedures, such as the spatial registration of optodes following
standardized procedures, the use of digitizers (Singh et al., 2005; Tsu-
zuki et al., 2007), participants’ MRI structural model (Aasted et al.,
2015; Tsuzuki and Dan, 2014), and more recently through smartphone-
based photogrammetry (Mazzonetto et al., 2022). Nevertheless, the
spatial resolution of continuous-wave devices is restricted from 1 to 3 cm
(i.e., length of a measurement channel). Specific, relatively recent,
fNIRS systems allow obtaining higher spatial resolution, but they are
more expensive and less portable than fNIRS continuous-wave devices.
For example, High-Density Diffuse Optical Tomography are fNIRS sys-
tems with a higher density of optodes positioned on the scalp creating a
thick network of channels with various lengths, overcoming intrinsic
limitations due to channel lengths (Eggebrecht et al., 2014). Further-
more, tomographic algorithms applied to the signal collected by these
systems allow reconstructing a precise 3D image of brain activation,
close to fMRI data reconstruction (Ferradal et al., 2014).

(3) The relative newness of fNIRS technology might explain the
current lack of standardized procedures for signal processing and data
analysis that decrease the comparability and reproducibility of the re-
sults (Di Lorenzo et al., 2019; Herold et al., 2018; Yiicel et al., 2021).
This becomes particularly relevant in music cognition research, where
the flexibility of the instrument together with its ecological validity have
led to multiple investigations across a wide variety of experimental
settings in different populations (see Table 2).

6.2. fNIRS and music: Methodological caveats

Several studies included in this review are subject to important
methodological criticisms, such as small sample sizes (21.7 % of studies
included less than 10 participants), missing information regarding par-
ticipants (e.g., not specifying the level of musical expertise), insuffi-
ciently detailed or missing technical specifications (e.g., concerning the
precise optode location information or the presence/absence of short-
separation channels), weak paradigm designs (e.g., not including suffi-
ciently long resting periods), and inaccuracies or omissions of infor-
mation related to the pre-processing of the fNIRS signal (e.g., signal
quality assessment, motion correction techniques). Another important
aspect to report is the absence of short-separation channels in nearly all
the works included in this review (except for two; see Table 2 for further
details). This could have an impact on the quality of the measured sig-
nals and reported results, as they could embed traces of physiological
noise (for the employment of short-separation channels see the section
6.2.3. Processing and analyzing fNIRS data; Gagnon et al., 2011).

In the following sections, we will present general caveats and advice
for fNIRS studies, along with specific examples for music cognition ap-
plications, offering guidelines of good practices for future research.

6.2.1. Choice of brain areas and optode placement
As numerous fNIRS devices are not covering the entire scalp (i.e.,
they are not full-head systems), specific brain regions need to be
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selected. As reviewed in sections 5.1 to 5.5, numerous brain areas are
relevant for the study of music cognition, as also shown in Fig. 3 (see also
Table 2 for specific information about each study).

For fNIRS recording, it is necessary to follow standardized proced-
ures for optode placement as the technique itself does not provide in-
formation about anatomical locations. Various toolboxes are available
to support the creation of the best optodes’ configuration covering the
region of interest, such as “Array Designer” (Brigadoi et al., 2018),
“Optodes Location Decider (fOLD)” (Zimeo Morais et al., 2018), and
“devfOLD” (Fu and Richards, 2021). These toolboxes ensure the best
anatomical specificity and sensitivity, which can be further tested
through the “AtlasViewer” toolbox (Aasted et al., 2015). The distance
between an emitter and a detector should be between 3 — 4 cm for adults
and 2 - 2.5 cm in infants, allowing for optimizing light penetration depth
and limit attenuation (Patil et al., 2011; Pinti et al., 2020). Given that
numerous fNIRS studies investigating music processing monitor hemo-
dynamic responses in the PFC, it is important to also consider that the
prefrontal blood vessels oxygenation can hinder observing the actual
cortical hemodynamic signals (Kirlilna et al., 2013). Accordingly,
optode placements should try to avoid the overlap of channels with big
blood vessel positions, and the sensitivity of their placement should be
tested on virtual brain models (Aasted et al., 2015). The use of short-
separation channels is highly recommended: the more numerous and
the better distributed they are, the better the neural signal can be iso-
lated from the physiological noise (Yiicel et al., 2015). It should also be
taken into account that optodes positioned in the lower frontal area
could embed significant motion artefacts due to eyebrow movements,
particularly when monitoring social interactions (Balardin et al., 2017a;
2017b). A primary factor contributing to artifact generation is often
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related to the fitting of the cap. This procedure must be conducted
attentively by ensuring proper hairs placement (i.e., not obstructing the
passage of light through the optodes), stabilizing optodes and cables,
and checking the signal before recording. Accordingly, it has been
shown that minor head movements such as nodding have minimal
impact on signal quality with a properly fitted cap (Balardin et al.,
2017a; 2017b).

6.2.2. Paradigm design

In fNIRS studies, including those investigating music cognition,
block designs stand out as the most common paradigms, followed by
event-related designs (Yiicel et al., 2021; see Table 2).

When designing an fNIRS experiment, numerous methodological
issues need to be considered; some being similar to constraints in fMRI.
Repeating the stimulus multiple times allows for reducing the proba-
bility to embed physiological confounds in the recorded signal (Klein
et al., 2022b) and increases the probability to effectively isolate the
neural response to a stimulus (Amaro and Barker, 2006). To avoid a
confounding effect that may be caused by the aligning with physiolog-
ical pattern frequencies (e.g., respiration, heart rate, “Meyer waves”
originating from blood pressure; Kirlilna et al., 2013), it is necessary to
introduce pseudo-random, jittered intervals between successively pre-
sented stimuli. In addition, adequate baseline durations between stimuli
(i.e., resting periods with a similar length to the stimulation period) are
needed to contrast activation periods (Amaro and Barker, 2006; Herold
et al., 2018).

Designing experimental paradigms involving music is challenging
due to the inherent complexity of the musical stimulus, characterized by
diverse sound features, attributes, and temporal dynamics likely to
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modulate both hemodynamic and physiological parameters (e.g., heart
beat influenced by music tempo; Kulinski et al., 2022). Furthermore,
when implementing fNIRS block designs, presenting the same musical
stimulus over time may not always be a viable option. For example, in
studies investigating musical emotion or memory, the repetition of the
same excerpts might hinder or interfere with the behavioral and
emotional responses (e.g., influencing memory performance or the
pleasure felt by participants; Ferreri et al., 2019; Mas-Herrero et al.,
2018). In such cases, achieving a balanced selection of different music
excerpts becomes a delicate endeavor and requires the extraction and
consideration of various musical attributes (e.g. valence, arousal, fa-
miliarity, etc.).

Beyond these most often used paradigm structures that are based on
multiple items or repetitions of short stimuli, other more complex de-
signs with longer stimuli are also employed (e.g., resting-state, without
simulation, Bulgarelli et al., 2019; hyperscanning, Nguyen et al., 2021;
naturalistic scenarios, without triggers, Da Silva Ferreira Barreto et al.,
2020).

6.2.3. Processing and analyzing fNIRS data

Only a limited number of the studies included in this review sys-
tematically report the procedure applied to raw signal processing. This
may be attributed to inconsistencies about fNIRS processing protocols
within the past literature. Nowadays, an increasing number of guide-
lines have been proposed aiming to converge on most robust and
appropriate methodologies (Di Lorenzo et al., 2019; Gemignani et al.,
2023; Hocke et al., 2018; Nguyen et al., 2021; Orihuela-Espina et al.,
2010; Pinti et al., 2019; Tachtsidis and Scholkmann, 2016; Yiicel et al.,
2021). In this context, dissemination and promotion of good research
practices have been proposed by the Society for Functional Near-
Infrared Spectroscopy (https:// fnirs.org”), an active and dynamic com-
munity of researchers dedicated to advancing the field of fNIRS.

Several open-source toolboxes with implemented functions for the
processing and analysis of the signal are available, such as “Homer3”
(Huppert et al., 2009) and “MNE-NIRS” (Gramfort, 2013; Luke et al.,
2021), among others (see also Fekete et al., 2011; Hou et al., 2021;
Montero-Hernandez & Pollonini, 2023; Muccigrosso et al., 2018; San-
tosa et al., 2018; Sutoko et al., 2016; Tadel et al., 2011; Xu et al., 2015;
Ye et al., 2009). In the following we provide an overview of the most
relevant analyses steps, combined from various sources, along with our
suggestions for their practical implementation.

Preprocessing. Regardless of the employed toolbox, signal processing
must contain some elementary steps that should be reported (Pinti et al.,
2019; Yiicel et al., 2021).

1) The quality of the signal is assessed, notably by checking the signal-
to-noise ratio, by obtaining cardiac power at each channel through
spectral analysis, or by using a toolbox that provides a composite
quality value (“QT-NIRS”, Montero-Hernandez & Pollonini, 2023;
Pinti et al., 2019; Pollonini et al., 2016). Channels with recorded
signals that are characterized by low quality and excessive noise are
rejected. This can be assessed through visual inspection of the signal
(i.e., the ability to detect the heart rate in the signal), and by applying
specific thresholds (e.g., as defined in studies like Bonilauri et al.,
2021, and depending on the specific toolbox or parameters used;
Montero-Hernandez & Pollonini, 2023; Yiicel et al., 2021).

The signal is then converted through a logarithmic transformation
from intensity (i.e., the ratio of transmitted to incident light in-
tensity) to optical density. Optical density is a derived measure that
characterizes the attenuation of light through the tissue.

2

—

% The website of the Society for Functional Near-Infrared Spectroscopy rep-
resents an important reference for learning, news in the domain, and resources
(e.g., a list of software for data analysis: https://fnirs.org/resources/data-
analysis/software/).
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3) Subsequently, motion-related artifacts are corrected using specific
techniques (Yiicel et al., 2021). This is particularly relevant in music
cognition design when musical activities (e.g., playing music,
dancing) are intrinsically related to motor processes (Janata et al.,
2012; Thompson and Luck, 2012). Various methods are available (e.
g., Temporal Derivative Distribution Repair, Fishburn et al., 2019),
and the choice depends on the nature of the signal artifacts (Brigadoi
et al., 2014; Di Lorenzo et al., 2019).

4) The extracerebral and physiological noise (e.g., cardiac pulsation,
respiration frequency) should then be removed via the regression of
the signal recorded with short-separation channels (Brigadoi and
Cooper, 2015; Klein et al., 2022b) and digital filtering of the signal,
respectively.

5) Changes in optical density are then converted into changes in the
concentration of HbO, and HbR (Baker et al., 2014; Delpy et al.,
1988, 1997).

6) As the last step of the signal processing, the hemodynamic response
function (HRF) is estimated using block averaging, convolution, or
linear estimation models.

Analysis. The general linear model (GLM) is one of the most common
approaches used in the fNIRS community, similar to fMRI data analyses
(Poline and Brett, 2012). GLM can take advantage of the high temporal
resolution of fNIRS and employ various regressors to improve the
inference accuracy (Gagnon et al., 2011; Huppert, 2016; Pinti et al.,
2019; Tachtsidis & Scholkmann, 2016; Tak & Ye, 2014). To enhance the
robustness of the signal and analysis, it is advisable to aggregate chan-
nels in regions of interest (Bulgarelli et al., 2019). The choice of the
subsequent statistical tests depend on the design of the study and the
hypothesis, but tests should be corrected for multiple comparisons
(Plichta et al., 2006; Singh & Dan, 2006). As a general consideration in
processing fNIRS signals, it is crucial to strike a balance between pre-
serving authentic neural activity and minimizing noise. It is recom-
mended to report the results in terms of variations in the concentrations
of HbO, and HbR, as both can provide information about the hemody-
namic response and help detect any residual systemic confounding ef-
fects after preprocessing (Tachtsidis & Scholkmann, 2016). However,
various practices for reporting results can be found in the literature,
including combinations of the two chromophores (either the total con-
centration or the difference in concentration between HbO, and HbR) or
only one of the two (Kinder et al., 2022). The most common practice is to
report HbO» only, as HbOs is positively correlated with the fMRI BOLD
response and shows larger signal-to-noise ratio and amplitude as
compared to HbR (Kinder et al., 2022). The results of the preprocessing
and analysis of the fNIRS signal can also be projected virtually onto
digital models of the brain, that could be the MRI reconstructed struc-
ture of a single participant or brain atlases (Aasted et al., 2015; Luke
et al., 2021; Muccigrosso et al., 2018; Tadel et al., 2011; Ye et al., 2009).

Subsequently, more sophisticated analysis can also be performed, in
particular in hyperscanning settings where signals are recorded from
more than one NIRS system at the same time. In this case, the aim of the
analysis is to determine the degree of synchrony between two or more
brain signals (Montague et al., 2002). As reported in section 5.5. Music
and social cognition, hyperscanning is one of the most interesting and
potentially impactful applications of fNIRS in the music cognition
domain. Some guidelines and toolboxes have been recently developed
for conducting this kind of analysis (Ayrolles et al., 2021; Gvirts Pro-
blovski et al., 2023; Lee et al., 2023; Nguyen et al., 2021). Up to now,
Wavelet Transform Coherence seems the mostly used method to obtain

4 Note that in continuous-wave fNIRS systems, the mean pathlength of light
from the emitter to the detector (or differential pathlength factor, DPF) is not
known. Therefore, in absence of time-domain or frequency-domain fNIRS sys-
tems which are capable of measuring it, it must be sourced from standard values
in the literature and reported in the publication (Delpy et al., 1988).
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INS values, more specifically by the cross-correlation of two time series
as a function of frequency and time (Czeszumski et al., 2020; Zhang
et al., 2020). New developments, accompanied by joint efforts to
document and standardize signal processing steps (e.g., Yiicel et al.,
2021, among others), as well as the increased adherence to open science
protocols and the sharing of toolboxes, will likely result in more easily
implementable pipelines soon.

A similar analytical approach to the one used for hyperscanning
could be employed to evaluate neural interactions among distinct brain
regions, also referred to as functional and effective connectivity (Bul-
garellietal., 2019; Duan et al., 2012; Lu et al., 2010; toolboxes: Xu et al.,
2015; Ye et al., 2009). Functional connectivity refers to the statistical
association between different signal time series (single channels or,
more strongly recommended, regions of interest) and measures their
correlation or coherence (Tak & Ye, 2014). It could be implemented as a
seed-based approach in which a “seed” channel or region is selected as a
reference point for all correlations. Alternatively, in a network approach
(also known as graph analysis) various properties of the nodes (channels
or regions) and edges (functional connections) composing the brain
network are quantified, providing a more holistic view of the brain’s
functional organization (Novi et al., 2016; Tak & Ye, 2014). Effective
connectivity refers to inferring a causal influence or directionality of the
connections between channels or brain regions, and is usually assessed
with dynamic causal modelling (Bulgarelli et al., 2018; Tak et al., 2015).
In the music cognition domain, functional and effective connectivity
analyses are particularly relevant for monitoring potential changes in
the networking of the brain regions involved in musical activities, which
could serve as an indicator of learning as well as developmental and
pathological processes.

Future extensions could come from the application of machine-
learning to fNIRS data (Eastmond et al., 2022), which could serve to
classify specific neural activation patterns (Emberson et al., 2017; Fer-
nandez Rojas et al., 2019; see possible applications in section 5.3.
Clinical implications of music and fNIRS) or to optimize some steps in the
processing of the signal (e.g., artifacts detection and correction).

7. Conclusion and future directions

Over the last years, the interest in fNIRS and music research has been
rapidly growing all over the world (https://gxhorp-federicocurzel.sh
inyapps.io/musicfNIRSmap/). In this review article, the main studies
employing fNIRS in the domain of music cognition are presented,
highlighting their strengths and limitations, as well as potential solu-
tions and guidelines to reach rigorous applications. The relatively recent
entrance of fNIRS in cognitive neuroscience research poses certain
challenges when studying the variety of cognitive processes related to
music perception and production, but also fuels the drive for new dis-
coveries and technological advancements in fundamental, develop-
mental, and clinical research. Future applications of fNIRS in the field of
music cognition are promising, overcoming technical limitations of
other neuroimaging tools. The fact that it is silent and it can be coupled
with other neuroimaging methods (e.g., EEG or neurostimulation tools)
will further allow testing central questions of music cognition, such as
those related to music perception (e.g., Koelsch, 2011; Sarkamo et al.,
2013; Vuust et al., 2022; Zatorre et al., 2007, 2013), music memory (e.
g., Peretz et al., 2009; Platel et al., 2003) or investigate parallels with
language cognition (e.g., Albouy et al., 2019; Gordon et al., 2011; Heard
& Lee, 2020). Furthermore, it could allow testing under more ecological
conditions and extending the investigation to participants difficult to
test with other neuroimaging techniques because of their technical de-
mands (e.g., toddlers, patients with behavioral, neurological, and psy-
chiatric disorders, individuals with hearing aids or cochlear implants).
Given its rapid technical advances and accessibility, fNIRS should soon
be a reliable tool to be used also in clinical settings (Eggebrecht et al.,
2012; Zinos et al., 2024), providing the possibility of monitoring the
neural correlates of music processing as a therapeutic, preventive, or
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diagnostic means. The affordability of the tool will also facilitate
widespread use in different countries (as suggested by the music and
fNIRS world map included in this review) and encourage cross-cultural
studies. Advancements in portable and wireless f{NIRS technology will
increasingly enable the investigation of music cognition in real-world
settings. This includes exploring the social nature of music and eluci-
dating its role in social interaction and communication (Izen et al.,
2023). Simultaneously measuring brain activity in multiple individuals
engaged in musical activities will provide a deeper understanding of
how music facilitates social bonding and interpersonal synchrony (e.g.,
Fiveash et al., 2023; Nguyen et al., 2023; Savage et al., 2021). In sum,
future research directions using fNIRS align with current priorities of
investigations in the music cognition domain: the need to review and
update models of music perception and production in ecological con-
ditions with more inclusive and cross-cultural studies, and to study how
music shapes social interactions and shared meanings (Tervaniemi,
2023; Vuust et al., 2022).
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