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Abstract

Functional near-infrared spectroscopy (fNIRS) is an optical, non-invasive neuroimaging technique that investigates human brain activity by
calculating concentrations of oxy- and deoxyhemoglobin. The aim of this publication is to review the current state of the art as to how fNIRS
has been used to study auditory function. We address temporal and spatial characteristics of the hemodynamic response to auditory stimulation
as well as experimental factors that affect fNIRS data such as acoustic and stimulus-driven effects. The rising importance that fNIRS is generat-
ing in auditory neuroscience underlines the strong potential of the technology, and it seems likely that fNIRS will become a useful clinical tool.

Keywords: near-infrared spectroscopy (NIRS) « functional near-infrared spectroscopy (fNIRS) e brain activity « auditory cortex.

MEDICION DE LA ACTIVIDAD CORTICAL DURANTE EL PROCESAMIENTO
AUDITIVO CON ESPECTROSCOPIA FUNCIONAL INFRARROJA CERCANO

Resumen

La espectroscopia funcional de infrarrojo cercano (fNIRS) es una técnica 6ptica de neuroimagen no invasiva que investiga la actividad cere-
bral humana calculando las concentraciones de la oxihemoglobina y la desoxihemoglobina. El objetivo de esta publicacién es revisar el esta-
do actual de esta técnica y ver como la fNIRS se ha usado para estudiar la capacidad de la audicion. Abordamos las caracteristicas tempora-
les y espaciales de la respuesta hemodindmica a la estimulacion auditiva, asi como los factores experimentales que afectan los datos fNIRS,
como los efectos actsticos y los impulsados por estimulos. La creciente importancia que fNIRS estd adquiriendo en la neurociencia auditiva
subraya el gran potencial de la tecnologia, y parece probable que fNIRS se convierta en una herramienta clinica util.

Palabras clave: espectroscopia de infrarrojo cercano (NIRS) « espectroscopia de infrarrojo cercano funcional (fNIRS) « actividad cerebral, corteza auditiva.

M3MEPEHUE AKTUBHOCTHU KOPBI TOJIOBHOT'O MO3IA BO BPEM4
OBPABOTKMU 3BYKA IIPU VICIIO/Ib3OBAHUUM ®YHKIIMMIOHAJIBHOM
BJIVDKHEN MHO®PAKPACHOM CIIEKTPOCKOIINU

AHHOTaIMA

DynkumoHanbHas 6mpKHAA MHPpakpacHas criekrpockoruA (fNIRS) mpencrapiaeT co60it ONTIYECKY0, HSMHBA3MBHYIO METOMKY HElIPOBU3Ya-
JIM3ALVN, KOTOPAs VICCTIERYeT NesITeNIbHOCTD YelIOBEYeCKOro MO3Ta ITyTeM PacyéTa KOHLIEHTPALM OKCH- U JiesoKcureMornobuHa. Ienbro sToit my-
O/MKaLM AB/IACTCA aHA/IN3 aKTYa/IbHbIX 3HAHMI Ha TeMY TOTO, KaK/M CIIOCOOOM MCIIO/b30BaTh (PYHKIMOHAIbHYIO GTIVDKHIOK MH(PPAKPACHYIO
criekrpockormio (NIRS) st mpoBepky pyHKIMOHMPOBAHIA CITYXOBOI CHICTeMbI. MBI CChIIaEMCS HA BPEMEHHYIO 1 IIPOCTPAHCTBEHHYIO XapaK-
TepI/ICTI/IKy TeMOOVMHAMINYECKOro OTBETa Ha CTI/IMy)IﬂIU/IIO C)'[yxa, a TaK>Ke Ha 3KCIIEpYMEHTA/IbHbIE (I)a.KTOpI)I, KOTOpbI€ B/IVIAIOT HA TAaHHbIE beHK-
LMOHAIBHOMN G/mpKHelt MHppakpacHoit ciiekrpockorv (fNIRS), Takye Kak akycTidecKue u cruMmypyome s¢gdekrsl. Pacryiee sHaveHne
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ynximonanbHoIT 6mpkHet nadpakpacHoit criekrpockor (fNIRS) B crryxoBoit HeBpooruy IofuepKIBaeT CH/IbHbII IIOTEHIMAT STOM TeX-
HOJIOTMM, U BEPOATHO (pYHKIMOHa/IbHasA 6/vpKHsA MHPpakpacHas criekTpockoms (NIRS) craHeT 110/7Ie3HbIM KIMHITYIECKIM MHCTPYMEHTOM.

KiroueBble coBa: criekTpockomisi B OmpkHeit nagpakpacaoi obmacty (NIRS) « pyHKIoHanbHas 6/VDKHS MHPPAKpacHast CHEKTPOCKOIVS

(fNIRS) « aKTMBHOCTb MO3Ta * CTyXOBas KOpa.

POMIAR AKTYWNOSCI KOROWE] PODCZAS PRZETWARZANIA SLUCHOWEGO
PRZY UZYCIU FUNKCJONALNE] SPEKTROSKOPII W BLISKIE] PODCZERWIENI

Streszczenie

Funkcjonalna spektroskopia w bliskiej podczerwieni (fNIRS) jest optyczng, nieinwazyjng technika neuroobrazowania, ktéra bada aktywnoé¢
ludzkiego mézgu poprzez obliczanie stezen oksy- i dezoksyhemoglobiny. Celem tej publikacji jest dokonanie przegladu aktualnego stanu wie-
dzy na temat tego, w jaki sposéb zastosowano fNIRS do badania funkcjonowania uktadu stuchowego. Odnosimy si¢ do czasowej i przestrzen-
nej charakterystyki odpowiedzi hemodynamicznej na stymulacje stuchu, a takze do czynnikéw eksperymentalnych, ktore wplywaja na dane
fNIRS, takie jak efekty akustyczne i wzbudzone bodzcami. Rosngce znaczenie, jakie fNIRS zdobywa w neuronauce stuchowej, podkresla sil-
ny potencjal tej technologii i wydaje si¢ prawdopodobne, ze fNIRS stanie si¢ przydatnym narzedziem klinicznym.

Stowa kluczowe: spektroskopia w bliskiej podczerwieni (NIRS) o funkcjonalna spektroskopia w bliskiej podczerwieni (fNIRS) o aktywno$é

mozgu « kora stuchowa.

Background

Functional near-infrared spectroscopy (fNIRS) is an op-
tical neuroimaging technique that assesses cerebral ac-
tivity based on hemodynamics, which is associated with
changes in the transmission of low power near-infrared
light directed through the scalp and skull intothe brain
(1). A variety of alternative terms have been used for the
near-infrared spectroscopy (NIRS) technique, such as
diffuse optical topography or tomography (DOT), dif-
fuse optical imaging (DOI), and near infrared imaging
(NIRI), although the underlying concept and physiolog-
ical underpinnings remain similar (for detailed general
reviews see e.g. (2-4)).

Brain activity leads to an increase in oxygen consumption,
which is accompanied by an increase in cerebral blood flow
due to neurovascular coupling (5). This induces a change
in the local oxygenated (HbO,) and deoxygenated hemo-
globin (HbR) concentrations. Given the different absorp-
tion coefficients of specific wavelengths of near-infrared
light (600-900 nm) by HbO, and HbR, changes in the
concentration of each of these chromophores can be ex-
tracted by measuring changes in the amount of light trans-
mitted over time (6). Due to the relatively low absorbance
of near-infrared wavelengths by biological tissue, the cer-
ebral cortex can thus be imaged. Specific parameters of
the hemodynamic response observed with fNIRS hence
reflect the spatial and temporal characteristics of chang-
es in HbO, and HbR, which may be manipulated by ex-
perimental paradigms and sensory stimuli (see below).

FNIRS is perfectly suited to the study of auditory process-
ing in human subjects of all ages (7,8), since fNIRS is a
non-invasive and silent brain-imaging technique, as op-
posed to PET (9) and fMRI (10). Further, the technique
does not interfere with electromagnetic bionic devices such
as cochlear implants (8,11). Since the technique is silent (as
opposed to fMRI), subjects can be seated in a normal (lab-
oratory) environment, in which they can readily perform
real-world psychophysical tasks, and the technique can be
easily coupled with simultaneous EEG recordings. Because
of these advantages, an increasing number of researchers

10

are seeing the potential of fNIRS in auditory research for
both normal-hearing and hearing-impaired listeners (12).

The objective of this article is to review the current state of
the art as to how fNIRS has been employed to evaluate audi-
tory function, such as in speech, non-speech processing, and
auditory attention in adults. In general, obtaining an optimal
and stable setup and design for adequate hypothesis testing
with fNIRS still remains a challenge. To test hypotheses of
auditory processing requires a thorough understanding of
the cortical hemodynamic response to acoustic stimuli, and
how this response may be modulated by stimulus presenta-
tion rate, duration, sound level, and attention. Identifying the
experimental factors that might affect the hemodynamic re-
sponse is paramount for acquiring reliable and valid data.

The specific objectives of this paper are as follows: (i) to
introduce the temporal and spatial characteristics of hemo-
dynamic changes to auditory stimulation in general; (ii)
to identify experimental factors that affect hemodynam-
ic changes measured with fNIRS; (iii) to obtain insights
into common experimental paradigms; and finally (iv) to
summarize the contributions f{NIRS has made so far to the
study of auditory functioning.

Temporal and spatial characteristics of the hemo-
dynamic response

Temporal characteristics of the hemodynamic response

ENIRS should be regarded as an indirect measure of neural
activity, as it only measures vascular changes. The hemo-
dynamic response to cortical neural activity relies on the
fact that neuronal firing and the associated vascular re-
sponse are strongly coupled (cf. neurovascular coupling;
for a review see (13)).

Although crucial to this neuroimaging method, the mech-
anisms of neurovascular coupling are still not fully under-
stood. It is clear that active neuronal tissue consumes en-
ergy for which the required inflow of oxygen and glucose
will be accompanied by a local increase of cerebral blood
flow, resulting in a local excess of oxygen in that particular
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1.4 Figure 1. Hemodynamic response to auditory stimulation in temporal

1.2

cortex. The blue line illustrates the increase of HbO, and the red line the
decrease HbR in response to the presentation of a speech stimulus (grey
patch, 20 s). The sources and detectors were positioned over the left tem-

0.8 poral hemisphere. Image adapted from Van de Rijt et al., 2016 (27).
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area. This local increase of cerebral blood flow is associat-
ed with an increase of HbO, and a decrease of HbR (see
Figure 1 for an example). This characteristic behaviour
is usually described as the hemodynamic response func-
tion (HRF), and is well characterized for adults (14,15).
The characteristic HRF is related to the blood oxygena-
tion level-dependent (BOLD) response that is also meas-
ured with fMRI (11,16), although the BOLD signal prop-
er is assumed to reflect changes in HbR only (for a review
on hemodynamic changes measured with fMRI see (17)).

In general, the onset of the hemodynamic response lags the
much faster electrical neural response to sensory stimula-
tion by about 2 s. The changes in HbO, and HbR start with
a steep increase, which rises to a plateau about 6-10 s after
stimulus onset. The recovery time for the HbO, and HbR
responses to return to baseline is only infrequently report-
ed (18), and is about 9-10 s (14). While both hemoglobin
species (HbO, and HbR) are well correlated regarding their
temporal characteristics and shape during the steady state
of the stimulus, sometimes an initial overshoot and a post-
stimulus undershoot may be observed for both chromo-
phores (19). These are assumed to be a specific character-
istic of neurovascular coupling (20).

Besides the general characteristics of the hemodynam-
ic response, an important question is to what degree it
is linearly related to the underlying neural activity, and
hence whether it scales with stimulus input strength and
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obeys the superposition principle to multiple stimuli (on
model linearity see e.g. (21)). For example, Soltysik et al.
(23) reported that the auditory response obeys linearity
for stimuli of a relatively long duration, but reveals non-
linear properties for short-duration stimuli (<10 s). It has
also been suggested that responses become non-linear at
higher stimulus presentation rates (22,24,25). Although,
general aspects of hemodynamics might be partly respon-
sible for non-linear response behaviour (e.g. saturation),
another contribution could be due to the underlying neu-
ronal responses, which can be enhanced by changes in the
acoustic input, but will be suppressed for ongoing, tonic in-
puts (e.g., due to neural adaptation; for a review see (26)).

Spatial information obtained with NIRS

Figure 2 shows the probe template for two optical sourc-
es (S) and one photodetector (D) using source—detec-
tor distances of 25 and 35 mm, respectively (termed
reference or shallow, and deep channel, respectively)
(27). In this figure, the detector records the transmit-
ted light coming from two sources, and each source-de-
tector combination is defined as a channel. The sourc-
es transmit their light at unique frequencies in order
to distinguish, using a lock-in amplifier, which source
transmitted the light.

The first INIRS measurements were carried out at
only one or a few locations on the skull (11,28). Since

R
v 1 deep channel
1y

¢, shallow channel
Ad

Back

Figure 2. Positioning of the optodes. A) Layout of optical sources (open circles) and photodetectors (filled circles) on
the left hemisphere; B) schematic top view of probe layout. The estimated T7 and T8 positions of a 10/20 system are
also indicated, as these are the supposed superficial centers of the deep and shallow channels (red filled circles). Red
dotted lines denote the average path from source to detector, estimated to be part of an ellipsoid with a penetration
depth of approximately 2-3 cm. Image adapted from Van de Rijt et al., 2016 (27).
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stimulus-evoked brain activity occurs at restricted re-
gions in the brain, one might miss the activation of in-
terest when measuring just one brain area. Hence, a ma-
jor step was to utilize multi-channel fNIRS systems which
allow the possibility of measuring cortical hemodynam-
ics from several cortical locations and construct topo-
graphic activity maps (29-32). Recently, researchers have
developed a 140-channel fNIRS system to enhance lo-
cal sensitivity — measured with several source-detector
distances over overlapping regions to enable three-di-
mensional image reconstructions (33,34). The method
resembles the topographic mapping techniques familiar
with fMRI measurements.

b. Multi-channel measurements can certainly be regarded
as an important development towards establishing fNIRS
as a neuroimaging method that allows neuronal activi-
ty mapping over wide or distributed brain areas. Howev-
er, unlike MRI, NIRS does not allow structural imaging
of the brain, and so several refinements have to be made
to overcome this limitation and allow reliable measure-
ments and valid conclusions: 1) Positioning should be ac-
curate and reproducible to guarantee that recordings are
taken from the same location; 2) Valid inferences on tar-
geted brain areas recorded with different channels should
be possible. 3) One should remove systemic noise from
cortical brain activity.

Reliable positioning and valid inferences about un-
derlying sources

Most researchers align the fNIRS channels (area between
source and detector) with selected electrode positions of
the well-established international 10-20 system (35-37).
Although this procedure secures reliable positioning in
general, conclusions about underlying cortical regions can
only be drawn in a probabilistic manner (38). Obviously,
some variance of the data will be attributable to the var-
iability of defining the positions based on the 10-20 sys-
tem across subjects and sessions (39).

Another option to enhance reliability and validity, and
to avoid the variance induced by the 10-20 system, is to
align recorded optode locations with anatomical positions
of the channels by using magnetic resonance (MR) struc-
tural images. Investigators have used markers (e.g. alfacal-
cidol beads/ vitamin D or E) to determine which cortical
structures were measured by fNIRS in the studied partic-
ipant (40,41). This procedure ensures that the data were
obtained from the region of interest, and therefore ‘audi-
tory channels’ can be defined a priori (41,42).

A third way to improve reliability is by demonstrating
spatial similarity in functional data obtained with alterna-
tive neuroimaging methods. Some research groups have
used both fNIRS and fMRI to compare cortical meas-
urements of speech-evoked activity (11). Others have
used magneto-encephalography (MEG) and application
of a 1000 Hz tone to determine the active region of the
auditory cortex and so model the electric source of the
N1m response (28).

Finally, implementing a localizer task into the experimen-
tal protocol of the fNIRS recordings itself, besides the
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experimental contrast, can also be a valuable method to
determine regions of interest. For auditory experiments
this could be a standard auditory stimulus (tones or noise),
or the average response to all experimental stimuli used,
which is then compared to a silent baseline period. Chan-
nels that exhibit maximal hemodynamic changes may then
be followed up in further steps of the analysis (43). Alter-
natively, Kennan et al. [45] implemented a motor task (i.e.
finger-tapping) within an auditory oddball task to localize
the relative position of activation in primary motor cortex.
These different approaches may contribute to improved
inferences about target areas within and between studies.

Distinguishing physiological noise from cortical brain
signals

When looking at the raw fNIRS signals recorded from
NIRS channels, which are supposed to target certain brain
areas, systemic or physiological noise often pollutes the
hemodynamic responses of interest. These physiological
sources of noise, such as heart beat, respiration, or Mayer
waves (44) may hide experimental effects which are usu-
ally of much smaller amplitude, and it may require sophis-
ticated methods to identify the latter. Using a ‘reference
channel’ offers a possible way to increase the reliability of
estimating the hemodynamic response from fNIRS signals
(27,44,45). A reference channel is characterized by a short
source—detector distance (range of 1-2 cm, see Figure 2),
and makes use of the direct relation between source-de-
tector distance and depth reached by photons in tissues
underlying the scalp (46-48). Due to the short distance of
the reference channel, it is likely to reflect hemodynamic
activity that is taking place within superficial tissues rather
than stimulus-evoked brain activity. Signals derived from
the reference channel seem to be perfectly suited for sub-
traction of physiological noise from the measured NIRS
signal (i.e. reference channel subtraction (RCS)), and has
been demonstrated to facilitate the estimation of evoked
cortical hemodynamic responses (49-51) (Figure 2). In
Figure 3 an example is shown of how, at the single-sub-
ject level, RCS affects the average response during auditory
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Figure 3. Reference channel subtraction. The red lines
depict pre-reference-channel subtraction and the
blue lines depict post-reference-channel subtraction.
Grey patches indicate auditory stimulus presentation.
Stimulus presentation was 20 s. A) Averaged normal-
ized HbO, data for 12 auditory stimuli of a normal-
hearing subject (NH1); B) the same for a normal-hearing
cohort (n = 33). Image adapted from Van de Rijt et al.,
2016 (27).
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stimulation. In general, it improves the signal response
(Figure 3B; for further explanation see (27)).

Choosing the most appropriate experimental paradigm

Besides potential methodological difficulties in placing the
optodes and removing physiological noise, a further im-
portant consideration for optimising data quality is the ex-
perimental paradigm used in an fNIRS study. With a few
exceptions (37,52), the majority of NIRS studies employ a
block design. In this approach, the different experimental
conditions are presented separately within relatively long
blocks (4-30 s) of stimulation. Within each block, tokens
of the same stimulus type are presented repetitively, or in
an ongoing manner. Stimulation blocks are followed by a
control condition to allow for the HRF to return to base-
line. These periods are usually filled with silence or some
kind of unrelated stimulation during the rest period to re-
duce movement artefacts and keep participants attentive
to the experiment (11).

The general benefit of a block design is reflected in the
robustness of the obtained hemodynamic signal. Due to
repetitive presentation of a stimulus condition within a
block, the captured HRF of the entire block is acquired as
a superposition of the individual HRFs to each stimulus
presentation. However, this design also has its shortcom-
ings. The effects of individual stimuli within a block can-
not be obtained (e.g. different responses to different words
within sentences). Further, due to relatively long blocks of
stimulation, the obtained responses might be influenced
by effects of arousal, selective attention, or other cogni-
tive effects that may vary between blocks and hence con-
found the actual effect of interest.

As an alternative to the block design, an event-related de-
sign (37,52,53) can overcome these attention- or task-re-
lated effects. In this case, relatively short stimuli (1-4 s)
are presented in much faster succession than the differ-
ent blocks in a block paradigm. Faster stimulation reduc-
es data acquisition time and hence the total number of
epochs (events) can be increased compared to the block
design. For the design of the experiment, it is important to
consider that the time between two successive stimuli can
be short, but should be long enough to allow the HRF to
partially return to baseline in order to avoid saturation of
the hemodynamic signal. Jittering the inter-stimulus in-
terval may also contribute to reducing random physiolog-
ical noise in the data. However, due to overlapping HRFs,
statistical analysis of the data requires more sophisticat-
ed approaches than does a block paradigm (e.g. a gener-
al linear model (GLM), see (54); for a review, see (55)).

Modulating the hemodynamic response by exper-
imental variations

Stimulus-specific and area-specific activations

While NIRS may be considered a reliable and valid tool
to study stimulus-driven, bottom-up visual processing
(56), clear evidence that NIRS reflects stimulus-specif-
ic and modality-specific activations to acoustic stimuli
still needs to be established. The lack of clear evidence
is partially due to the use of only a limited number of

Van de Rijt et al. — Measuring cortical activity...

optodes, and hence a priori areas of interest, but also to
a lack of systematic experimental designs that target mo-
dality and stimulus specificity. The first limitation is over-
come by using multi-channel fNIRS that allows spatial
brain mapping. It has been shown that maximal hemo-
dynamic changes are indeed measured when channels
are centered on the auditory cortex, whereas the optical
signal diminishes or disappears for locations away from
auditory cortex (30,43,57,58). This regional specificity
of activations is further supported by studies which have
demonstrated differential activations at the expected oc-
cipital (V1), auditory (A1), and sensorimotor cortical re-
gions for visual stimuli (e.g. checkerboard stimulation),
motor tasks (e.g. finger-tapping), and auditory stimu-
lation (tones), respectively (43,59). More specifically, a
recent study by Chen et al. (59), which measured audi-
tory and visual areas in response to stimuli of both mo-
dalities, appeared capable of dissociating auditory from
visual activations by showing maximal responses in the
associated modality-specific areas. Prior to this certain-
ly necessary systematic experiment, several prior stud-
ies had already demonstrated that the hemodynamic re-
sponse to auditory stimuli can be altered by varying basic,
as well as higher level, sound characteristics (bottom-up
effects), and also by including top-down task character-
istics within the same modality.

Acoustic stimulus driven effects on the hemodynam-
ic response

Loudness modulation. Most studies performed with fMRI
have demonstrated that the auditory hemodynamic re-
sponse is sensitive to variations in sound level (60,61).
Some authors have indicated a positive, nearly linear re-
lationship between the strength of the BOLD signal and
sound intensity (62). It appears that auditory cortical re-
sponses measured with fNIRS show such a linear relation-
ship for perceived loudness, rather than for the (physical)
intensity of the sound (59). This potential discrepancy
between intensity vs. loudness might suggest that fNIRS
does not primarily target primary auditory cortex, where
intensity effects seem more clear, but mainly relate to ac-
tivity generated in secondary auditory areas (see discus-
sion in (59); also on fMRI (63,64)).

Presentation and repetition rate modulation. A difference
between block and event-related designs is the interval
between consecutive stimuli, which is longer for a block
design (3-25 s) and relatively short in an event-related
design (1-4 s). When experiments discuss the interval be-
tween two stimuli, a clear distinction needs to be made
as to whether one is referring to the inter-stimulus inter-
val (ISI) between consecutive stimuli (usually referred to
as the presentation rate) or to the inter-stimulus inter-
val between identical stimuli (called the repetition rate).
Generally, most studies indicate a nonlinear, inverse rela-
tionship between the cortical response and the stimulus
presentation rate. As stimuli are presented in fast succes-
sion, the cortical response reaches a plateau and may even
decrease (evidence from fMRI, (24,65-68); see also sec-
tion on the temporal characteristics above). With fNIRS,
the effect of sound presentation rate on cortical activa-
tion has been investigated by Weiss et al. (69). These au-
thors systematically looked at presentation rates of trains
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2018 Vol. 8 - No. 4



Review papers ¢ 9-18

of noise bursts at 2, 10, and 35 Hz. The study confirmed
an inverse relationship between HbR concentration change
and presentation rate.

In addition, there is the phenomenon of stimulus-specif-
ic neural adaptation (for a review see (70)), which holds
that responses to an immediately following stimulus (i.e.,
at short ISI) can be influenced by the response to an im-
mediately preceding stimulus. The size of the response will
be reduced if specific stimulus characteristics are repeated.
That is why it is useful to distinguish the presentation rate
(which concerns different stimuli) and the repetition rate
(which refers to identical stimuli). If sufficient time has
elapsed before the same stimulus is repeated, suppression
of the hemodynamic response to the latter may be absent.

A nice illustration of this phenomenon is the ‘oddball par-
adigm’ (see e.g. (52). In a standard oddball paradigm, the
subject is presented with a series of repetitive or ‘stand-
ard’ stimuli that are randomly and infrequently replaced
with a distinctly different or ‘deviant’ stimulus. When an
identical stimulus (usually called the standard stimulus)
is presented several times, the neural system will adapt,
leading to reduced neuronal activity for the consecutive
stimuli. As a result, the hemodynamic response may sat-
urate (71). This has been shown by Kennan et al. (52),
who used a classical auditory oddball design. In the same
way, continuous tones do not produce an ongoing hemo-
dynamic response. However, their study also showed that
even if the presentation rate is quite high and hence the
ISIis short (1.5 s), a low repetition rate of the rare stimuli
(which deviate from the repeated standard stimulus) can
result in clear responses to these stimuli, even when pre-
sented within generally fast sequences of other stimuli. By
observing these responses, it makes the technique suitable
for experiments which do not last long (e.g. for children).

Stimulus complexity and impact of higher order stimulus
categories. Based on fMRI, PET, and animal studies, it
can be hypothesized that acoustic complexity can modu-
late hemodynamic responses. Simple acoustic stimuli (e.g.,
pure tones) primarily activate the core of the primary au-
ditory cortex, whereas spectrally more complex sounds
(e.g., complex noise, vocalizations, music, speech) also ac-
tivate the surrounding higher order areas (e.g. (72,73); for
a review see (74)). So far, only one study used both sim-
ple tones and more complex frequency-modulated sounds
within the same fNIRS study (59).

Besides acoustically driven effects, some research groups
have also investigated whether fNIRS shows sensitivity
to higher order stimulus features. For example, Polloni-
ni et al. [34] varied intelligibility of auditory stimuli us-
ing sounds with otherwise comparable acoustic features
(frequency content, spectro-temporal modulations, in-
tensity). They showed that meaningful and intelligible
auditory inputs led to a broader area of activation within
temporal cortices. The activation decreased for distorted
sounds or for non-speech environmental sounds. Bem-
bich et al. reported fNIRS activation only for meaningful
words, when compared to meaningless vowel-consonant-
vowel syllables (36). Further, several studies by Minaga-
wa-Kwai et al. (30,57,58) suggested that fNIRS is sensitive
to language-specific speech contrasts. They demonstrated
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that there were left hemispheric hemoglobin changes to
phoneme contrasts within the listener’s native language
that was not present for phoneme contrasts measured in
non-native listeners. This left side functional lateraliza-
tion seems to be driven by the phonemic contrast of the
speech, since Sato and colleagues (42) demonstrated that
a prosodic contrast led to right-sided dominance.

That the emotional valence of non-speech sounds can also
yield differences in hemoglobin changes has been shown
by Plichta et al. (43), who reported that both pleasant and
unpleasant sounds led to significantly enhanced hemo-
globin changes in auditory cortex when compared to neu-
tral sounds. Another group looked into the effects of fear
and disgust (75), and showed that sounds that were associ-
ated with fear elicited increased hemoglobin changes within
temporal-parietal regions, while disgusting sounds elicited
smaller changes. Taken together, these findings underscore
that internal representations such as language-specific expe-
riences, and emotional or motivational relevance, can lead
to hemoglobin changes that are measurable with fNIRS.

Top-down effects on the hemodynamic response

As described above, auditory cortical responses measured
with fNIRS depend on many stimulus-driven factors such
as presentation rate, loudness, complexity, intelligibility, ex-
perience, and emotional valence. Only a few studies have
systematically looked into the effects and response depend-
encies of attention and task-demands, although it has been
suggested by other recording methods that the attention-
al focus can influence auditory cortical responses (for a
meta-analysis on fMRI data see e.g. (76); for a general re-
view see (77)). Often, fNIRS studies do not really control
for attentional effects and simply require the subject to lis-
ten without giving a certain response (11,28,75,78). A no-
table exception is the NIRS study of Kojima and Suzuki
(79), which utilized visual stimuli to show that hemody-
namic responses in visual cortex are enhanced when par-
ticipants are asked to perform a visual search task (com-
pared to the inattentional condition).

For auditory stimulation the fNIRS study of Remijn and
Kojima (80) assessed auditory-cortical responses within a
streaming paradigm. Their results showed that perform-
ing a task of actively judging a perceived acoustic rhythm
caused significantly larger HbO, responses compared to
the passive listening condition. In summary, several stud-
ies suggest that hemodynamic responses driven by audi-
tory stimulation can be enhanced through auditory atten-
tional engagement.

Reproducibility of fNIRS measurements

A potential advantage of the NIRS technique, compared
to other neuroimaging methods, is that the brain activi-
ty of patients wearing hearing aids or implants, and also
of children, may be measured in a clinical setting. How-
ever, a prerequisite for using the technique is to assess its
general reproducibility or retest reliability. To our knowl-
edge, no study has formally evaluated the reproducibili-
ty of different aspects (size, location, amplitude, temporal
behaviour) of hemodynamic responses elicited by audito-
ry stimulation. For other modalities, some multichannel
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fNIRS studies have been carried out to evaluate retest re-
liability (in the motor cortex, see (39,81); in the occipital
cortex to visual stimulation, see (53)) and they suggest
that reliability at the group level exists.

So far, two studies have looked at the reliability of cor-
tical activation in an event-related design (53,81), while
Sato et al. (39) has looked into data reproducibility using
a block design. The authors demonstrated that absolute
signal amplitudes may vary between sessions, but that the
time courses of the signal are highly correlated between
sessions (r > 0.8). To address the level of reproducibility
of fNIRS in occipital cortex, Plichta et al. (53) presented
periodic checkerboard stimuli and measured them at a
retest interval of 3 weeks, focusing on three different as-
pects. First, the reproducibility of a number of activated
channels over the two sessions was moderate. Second, in
a single channel comparison the reproducibility was gen-
erally low, but this improved when channels were clus-
tered (significant activations at first and second session).
As a last step, they looked at topographic map activation
(t-values) within their pre-defined region of interest, and
this showed that the fNIRS group activation maps were
highly reproducible.

These outcomes show that, on a group level, {NIRS is re-
liable and trustworthy for fundamental research looking
into effects on subjects. However, at this point, reproduc-
ibility in single subjects seems to be lacking (53,81-83).
Different causes may underlie this problem. As mentioned
before, often only a very limited set of fNIRS optodes is
measured, and even if the researcher increases their num-
ber, makes exact and reliable positioning, uses data-driven
channel selection, and analyses signals over broader are-
as of interest, these refinements do not always reduce be-
tween- and within-subject variance. Some authors suggest
implementing MRI-guided techniques (84) to improve
within-subject reliability. However, since fNIRS is intend-
ed to be used on subjects for whom fMRI scans are to be
avoided (children, auditory research, participants with bi-
onic devices), the alignment of fNIRS outcomes with struc-
tural and/or functional MRI scans is not an ideal solution.

Conclusions

This review has aimed to summarize the state of the art
of how fNIRS can be used to study auditory central pro-
cessing. This review indicates that increasing numbers of
auditory neuroscience researchers are now readily using
fNIRS to measure hemodynamic responses to a range of
experimental stimuli and response conditions. Yet, de-
spite the promising results of {NIRS, developing an ide-
al and stable setup and experimental design for adequate
hypothesis testing still remains a challenge. By incorpo-
rating some of the aspects reviewed here - for example,
details of how the cortical hemodynamic response to
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ing number of publications on multimodal imaging sys-
tems (28,37,52,87,88).

FNIRS is becoming increasingly recognised as a power-
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aging method is silent and non-invasive, as opposed to
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