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Human Central Auditory Plasticity: A Review of Functional
Near-Infrared Spectroscopy (fNIRS) to Measure Cochlear Implant
Performance and Tinnitus Perception
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Ioulia Kovelman, PhD

Objective: Functional near-infrared spectroscopy (fNIRS) is an emerging noninvasive technology used to study cerebral
cortex activity. Being virtually silent and compatible with cochlear implants has helped establish fNIRS as an important tool
when investigating auditory cortex as well as cortices involved with hearing and language processing in adults and during child
development. With respect to this review article, more recently, fNIRS has also been used to investigate central auditory plas-
ticity following hearing loss and tinnitus or phantom sound perception.

Methods: Here, we review the currently available literature reporting the use of fNIRS in human studies with cochlear
implants and tinnitus to measure human central auditory cortical circuits. We also provide the reader with detailed reviews of
the technology and traditional recording paradigms/methods used in these auditory-based studies.

Results: The purpose of this review article is to summarize theoretical advancements in our understanding of the neuro-
cognitive mechanisms underlying auditory processes and their plasticity through fNIRS research of human auditory perfor-
mance with cochlear implantation and plasticity that may contribute to the central percepts of tinnitus.

Conclusion: fNIRS is an emerging noninvasive brain imaging technology that has wide reaching application that can be
applied to human studies involving cochlear implants and tinnitus.
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INTRODUCTION
Functional near-infrared spectroscopy (fNIRS) has

emerged as a noninvasive imaging modality used to mea-
sure cortical hemodynamic activity in many human
auditory and nonauditory studies.1,2 By measuring chang-
ing optical properties of activated brain tissue using near-
infrared light, this technology can quantify changes in
oxygenated and deoxygenated hemoglobin.1 This method
of measuring changes in localized hemoglobin serves as a
surrogate/correlate of neural activity. By relying on the
intrinsic optical properties of blood, fNIRS provides a
more direct metabolic marker relative to the widely used
blood-oxygen-level dependent imaging (BOLD) effect in
functional magnetic resonance imaging (fMRI), which

relies only on measured deoxyhemoglobin.3 The BOLD
effect in MRI measures short-lived changes in magnetic
susceptibility that are functions of the relative presence of
deoxyhemaglobin. Typically, when a brain region is acti-
vated, increased metabolic demand leads to increases in
cerebral blood flow/volume to deliver oxygenated blood to
active neurons. Deoxygenated blood is produced leading to
measurable increases in BOLD signal intensity; a surro-
gate measure of the neural activation. fNIRS provides the
added advantage of separately measuring oxygenated
hemoglobin (HbO), deoxygenated hemoglobin (HbR) and
total hemoglobin (HbT), and their relative contributions to
measures of activation.3

Major limitations of the technology lie in the
restricted depth of penetration (3 cm) and spatial resolu-
tion (1 cm) using scalp, “cap” configurations that limit
studies to outer cortex only. The ability of fNIRS to detect
cortical hemodynamic responses at various depths
depends on factors including optode source power, source-
detector distance, detector sensitivity, and skin/skull opti-
cal properties. Typical fNIRS depth sensitivity is limited
to 1.5 to 3 cm as extra-cerebral tissues like thick-dark hair
attenuates infrared (IR) light leading to compromised spa-
tial resolution. Exact spatial resolution of cortical hemody-
namic response is complicated by partial volume error
that relies on localized absorption change relative to
source/detector position and wavelength of light that is
affected by optical properties of the tissue. As a result,
changes in chromophore concentration alters wavelength
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efficacy which can influence the response amplitudes from
brain region to region within and across subjects. Concur-
rent optical tomographic imaging may enhance spatial
uniformity during experimental procedures to improve
data analysis.4 Despite these limitations, fNIRS is an
attractive neuroimaging modality for hearing research as
it is virtually silent and does not confound the recording
environment, and is noninvasive and safe for repeated
measurements with children and adults. These added
advantages of the technology have catalyzed major contri-
butions to the science of auditory processes and hearing
restoration.

Cochlear implantation (CI) is a commonly used
surgically placed hearing device within the cochlea to
stimulate the inner ear and restore hearing. This is a
brain-based treatment for hearing and speech restoration,
yet knowledge regarding the neural plasticity that
underlies the success of this approach is limited. A lack of
compatibility with fMRI,5 artifacts created by the device
during electroencephalography (EEG) and event-related
potential (ERP) imaging, and positron emission tomogra-
phy (PET-CT) that employs ionizing radiation and radio-
tracers that limit repeated measures6 have all placed a
premium on finding alternative imaging methods. fNIRS
is well-suited to measure central auditory changes with
CI7 as it is compatible with the electrical and magnetic
components of the device.4,7 Moreover, fNIRS has
improved temporal resolution over fMRI due to a sam-
pling rate of 10 Hz and above.8,9

Research and clinical practice find that language
acquisition outcomes vary to a much greater extent
among children with CI, regardless of age of implanta-
tion, than for normally hearing children.10 Interestingly,
even among postlingually deafened CI recipients who are
otherwise comparable in their hearing restoration, those
with better-specified neural response to language show
better language recovery.11 One of the key advantages of
fNIRS in CI studies is that it can be used safely and
repeatedly in young learners to map neurocognitive
characteristics of brain changes underlying language
acquisition in relation to children’s learning experiences,
hearing, CI performance, and learning abilities. The
study of CI therefore offers a unique tool for illuminating
theoretical perspectives on the sources of individual vari-
ability in language acquisition and processing, with the
potential to inform both theories as well as clinical and
educational practice for children with CI.12 In the review
section below we summarize the current, yet limited,
studies to date that have utilized fNIRS to investigate
the brain bases of language restoration with CI.

Another key potential contribution of fNIRS is to the
study of central auditory mechanisms in tinnitus. Tinni-
tus is the phantom perception of sound in the absence of
an extraneous sound source.13 Tinnitus is highly preva-
lent with an estimated 10% to 15% of US adults being
affected.14 Military personnel are particularly at risk and
tinnitus is one of the highest service-related disabilities,
with nearly 750,000 veterans receiving associated
compensation at a cost of over $2 billion in 2014.14 The
underlying etiology of tinnitus is not well defined, yet is
typically associated with peripheral ear disease that leads

to aberrant neural activity within central auditory
circuits.15 A poor understanding of the central etiology of
tinnitus has subsequently restricted effective therapies.

Neuroimaging strategies to study tinnitus, like hear-
ing loss and in some instances CI, have traditionally uti-
lized fMRI, PET with and without computer tomography
(PET-CT), EEG, and magnetoencephalography (MEG).
Meaningful data captured from these imaging modalities
have been limited by the potential confounding effects of
external noise (fMRI), use of high production-cost radio-
isotopes (PET), and limited spatial resolution (EEG and
MEG).7,16 Factors limiting EEG/MEG spatial resolution
have more profound effect on fNIRS. Specifically, source
localization (of cortical activity) represents the greatest
differences between EEG/MEG and fNIRS as it is difficult
to localize the source of a response within the volume of
the brain with EEG/MEG despite advancements in tech-
nology including beam-forming (etc.). Alternatively, with
fNIRS the detected response must be within approxi-
mately 3 cm of the brain surface, and thus provides
advantages over the other techniques.

Despite limitations to each modality, reported results
have identified changes in tinnitus brains that may reflect
correlates of anomalous neural activity (increased sponta-
neous neural firing rates and synchrony), described in ani-
mal models.17,18 Alternative imaging technologies with
minimal confounding effects on tinnitus perception are
needed to potentially translate these putative correlates
within human central auditory brain centers and circuits.
fNIRS is well-suited for this role as it measures changing
optical properties of brain to extrapolate and quantify
hemodynamic responses through neurovascular coupling,1

and has been utilized to measure resting functional states
and brain connectivity.19 Here we also summarize the
current, yet limited, studies to date that have utilized
fNIRS to investigate human brain changes in tinnitus.
Lastly, we provide the reader with a review of common
methods used with fNIRS and audiologic studies like CI
and tinnitus.

APPLICATION OF fNIRS AND HEARING LOSS

Cochlear Implantation: Children and Adults
Human brain organization for language arises as the

result of complex interaction between neurobiology and
language experiences.20 Children with CIs often vary in
the age of implantation as well as quality of language
therapy, thereby offering a unique window of opportunity
in understanding how early language experience influ-
ences language organization in the brain. fNIRS neuroim-
aging is well-suited for the study of language and hearing
in CI recipients of all ages, yet relatively few studies have
taken advantage of the technology to study language and
hearing with CI.21,22 In part, this has been due to the lim-
itations in signal localization and processing protocols for
the fNIRS method, many of which are being addressed in
this review on fNIRS neuroimaging.

Sevy et al.7 were the first to establish that fNIRS
could reliably detect hemodynamic responses to speech in
the auditory cortices (bilateral superior temporal gyrus
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[STG] and temporal lobe regions) of CI users. To establish
a connection between differential HbO/HbR levels and
spoken language input, participants listened to five
20-second vignettes from a children’s story, interspersed
with blocks of 25 to 55 seconds of silence. Participants
came from four populations: normal-hearing (NH) adults
(n = 11) and children under 19 (n = 12), and two groups
of CI-using children: those who had used their implant
for more than 4 months (n = 40), and those tested on the
day their implant was first activated (n = 13). The fNIRS
array used by Sevy et al.7 consisted of two detector probes
on each hemisphere, on either side of an emitter located
at the T3/T4 references points. Significant responses were
seen in the auditory cortices while listening to speech
compared to silence: in 100% and 82% of the NH adults
and children, respectively, and 76% of the CI children
with implant experience and 78% of CI children on the
day of implant activation. There was wide variation in
the laterality of the speech-evoked responses in all
groups, but bilateral response was the most common
across all groups. In summary, not only was the Sevy
et al.7 pioneering work successful in demonstrating the
feasibility of fNIRS neuroimaging with CI, it offered the
remarkable finding that hemodynamic response can be
detected in the auditory cortex, noninvasively, in first-
time CI users during their initial experiences with the
device. Since this seminal work, three additional studies
(thus far only with adults) have used Sevy et al.’s7 prom-
ising result to begin research on neurological organization
and potential re-organization, in the face of CI-filtered
language exposure.

Olds et al.23 investigated the neural correlates of
speech processing among 35 postlingual deafened CI
adults (ages 23–86), again with a wide range of implant
experience (1 day to 12 years), and sought to correlate
speech-specific cortical responses with speech perception
skills. In this study, CI users and NH adult controls lis-
tened to four types of auditory stimuli in 20-second
blocks: normal read speech, excerpted from a story;
vocoded (or “channelized”) speech, in which white noise at
a series of frequency bandwidths was modulated with the
average amplitude envelope across those frequencies in a
real speech sample; scrambled speech, in which those
amplitude envelopes were redistributed randomly across
the frequency bandwidths; and environmental sounds as
a nonspeech control. For NH adults, vocoded speech is
distinctly recognizable although degraded—in fact, it
approximates CI-filtered speech for NH listeners—while
scrambled speech is completely unintelligible. Both
groups also performed behavioral tasks to assess their
phoneme perception in consonant-vowel-consonant (CVC)
syllables and their open sentence recognition. The fNIRS
array included 8 emitters and 12 detectors on each hemi-
sphere, centered around the T7/T8 coordinates, and thus
aimed to capture activity in the lateral temporal lobe and
STG regions (for converging fMRI support for these locali-
zations see Pollonini et al.24). On the behavioral tasks, CI
listeners showed a wide range of abilities—20% to 94%
accuracy on syllables and 28% to 97% accuracy on
sentences—and these accuracy scores were used to define
two groups of good and poor speech perceivers within the

CI cohort. Comparisons with the brain imaging data
showed that good speech perceivers had similar cortical
activation to the NH adults, namely strong responses for
normal and vocoded speech, and much reduced responses
to both scrambled speech and non-speech controls—
whereas poor speech perceivers showed considerable acti-
vation for all four types of stimuli, speech and nonspeech
alike. The key finding here is that while CI participants’
cortical activation correlated with their language profi-
ciency, it did not correlate with their general auditory
abilities. However, this study did not disclose how the
general auditory abilities were measured (behavioral
tasks presented were speech identification tasks). The
findings highlight the promising nature of fNIRS research
with CI: this approach can be used to understand the
neurocognitive processes that contribute to successful lan-
guage abilities and their restoration. These findings are
also counter-intuitive when taken with almost the inverse
effect seen in good speech perceivers and NH adults. This
discrepancy may highlight potential data acquisition
variability within and between subjects using fNIRS. For-
tunately, several reports have examined the test-retest
reliability of fNIRS measurements in adults during
basic visual stimulation,25 verbal fluency tasks,26,27 and in
speech-evoked, temporal-lobe fNIRS responses in normal-
hearing adults.28 These studies have documented excellent
reproducibility of fNIRS measurements to temporal-lobe
responses to auditory speech (with or without visual speech
cues) and indicate that fNIRS is well-suited to assess
individual differences in responses to address plasticity
within and between human test subjects.

Bisconti et al.12 provided an initial attempt to under-
stand how degraded speech input to an otherwise-typical
brain, in the case of postlingual deafened adults with CI,
might cause changes in neural wiring for aspects of lan-
guage processing. This study reported fNIRS data from
ten adult CI users with a wide range of ages and implant
experience (ages 21–74; 1–24 years post-implant) and
10 NH adult controls. The study’s arrays of emitters and
detectors were arranged bilaterally across the inferior
and middle frontal regions, the superior and middle tem-
poral regions, and the parietal cortex, all between the
T3/T4 and F7/F8 coordinates. While wearing the fNIRS
system, participants judged whether word pairs rhymed
(eg, wall � ball vs. fork � spoon) to tap one aspect of their
phonological awareness also listened passively to pas-
sages from the CELF-4 standardized test followed by
comprehension questions. Three types of trial blocks were
used, each 20 to 25 seconds long: blocks with the target
rhyme or passage tasks, blocks with silence, and control
blocks akin to the rhyme task in which participants
judged whether two pure tones matched. On the behav-
ioral tasks, the CI users were significantly less accurate
but still highly successful (between 89–100% accuracy
across all groups) as compared to NH controls, and the
overall imaging results demonstrated no significant
differences between the NH and CI listeners. The authors
concluded that postlingual deafened adults whose audi-
tory language processing developed typically as children,
and for whom CI was effective for language restoration,
can reactivate the typical auditory cortical regions after
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implantation, and need not show neurological reorganiza-
tion or other compensatory processing.

Chen et al.29 addressed the issue of neural plasticity
due to hearing loss and how CI treatment interacts with
this plasticity. They asked 20 postlingual deafened CI
users and 20 NH controls to complete a visual and an
auditory task. During the visual task participants saw
reversing displays of circular checkerboard patterns that
created the perception of movement. During the phono-
logical task the participants listened to normally spoken
words and acoustically reversed words. During the visual
condition, CI participants showed significantly greater
activation in the right auditory cortex than NH controls,
suggesting that implantation does not completely reverse
the effects of hearing loss during which visual functions
can begin to take over the auditory cortex. Similarly,
during the auditory task, the CI participants showed
stronger activation in visual cortex than the NH adults,
suggesting that there is also neural reorganization of
visual cortex to support language following hearing loss
and its restoration.

Dewey and Hartley30 reported increased activation
to visual stimulation in right auditory cortex in deafness
as compared to controls using fNIRS that in CI users had
lower visual cortex activation indicating that that CI
users process visual stimuli more efficiently than NH con-
trols.31 Finally, brain-behavior correlations revealed that
individuals with lesser auditory cortex activation and
greater visual cortex activation during language tasks
had the best language outcomes. Taken together the find-
ings suggest that the variability in language restoration
outcomes in CI participants might depend on the degree
of cross-modal plasticity in the auditory and visual corti-
ces to support the restoration of language function. van
de Rijt and colleagues32 showed increased activation to
auditory, visual, and audiovisual stimulation in temporal
cortex of NH subjects and postlingual deafened CI users
using fNIRS. These data exhibited the potential and reli-
ability28 of fNIRS for studying neural mechanisms of
audiovisual integration, both in NH and following CI.

In summary, fNIRS research with CI has effectively
demonstrated both the feasibility of fNIRS neuroimaging
with this population as well as the breadth of theoretical
questions that can be asked using this research approach
(Table I). One exciting frontier of fNIRS research might
focus on the nature of sensitive periods in language
acquisition. For instance, the above-mentioned research
suggests that even in those who lose hearing later in life,
sensorimotor and/or auditory capabilities might begin to
“take over” the auditory-temporal cortex. Is it then possi-
ble that children with older age of implantation find it
more difficult to learn language33 because at a more
advanced age newly available language input must now
face greater neural competition within the temporal
regions that have already become committed to other
physiological or cognitive processes. To better answer
these and other important questions about language and
hearing with CI, we highlight below research directions
to improve the fNIRS methodology for the study of lan-
guage and hearing deficits and rehabilitation.

APPLICATION OF fNIRS AND TINNITUS
Despite its high prevalence, touted neural correlates

of tinnitus (phantom perception of sound in the absence of
a sound stimulus) found in animal models, such as
increased spontaneous neural firing, enhanced neural
synchrony in auditory cortex, and tonotopic map
reorganization,34 have not been translated effectively in
humans. Functional brain imaging studies of human tinni-
tus demonstrated that it is related to central auditory path-
way neural changes associated with non-auditory brain
areas. This suggests that nonauditory neural networks
play a role in tinnitus pathogenesis, including: 1) fronto-
parietal area for awareness/attention; 2) stress/emotion
neural networks, like the anterior cingulate cortex, insula,
and amygdala; and 3) hippocampus and para-hippocampal
regions involved in memory/cognition for symptom percep-
tion, anxiety and associated distress.35 Other neuroimaging
modalities have provided significant contributions to the
field, but drawbacks of those technologies—such as loud
recording environments—limit their use. fNIRS could help
bypass these limitations since it provides a noninvasive
and silent recording environment.

Schecklman et al.36 were the first to describe the fea-
sibility of studying tinnitus with fNIRS technology. They
divided participants with tinnitus into a verum group to
receive repetitive trans-magnetic stimulation (rTMS)
treatment and a sham group. The authors used binaural
stimulation with noise using both a block (see methods
section below for explanation of this paradigm) and an
event-related paradigm. Recordings were performed two
weeks before treatment to establish a baseline for all par-
ticipants, and on the day of the last treatment for tinnitus
participants. At baseline, tinnitus participants exhibited
higher activation in the right auditory cortex using the
block design and frontal cortex showed decreased activa-
tion using the event-related design. The trait-related
increased activity in the right auditory cortex was consid-
ered to represent at least one aspect of the tinnitus
percept. Additionally, the sham group had higher oxygen-
ation than the verum group in a channel in the left hemi-
sphere at baseline during the block design, but this
reversed following treatment. In the event-related design,
the opposite was observed: the sham group had lower
oxygenation than the verum group in the left hemisphere
at baseline, and no differences following the treatment.
The authors attributed the differences in results pro-
duced by the two types of designs to the difference in the
length of the auditory stimuli presented. The authors also
stated that these findings suggest that oxygenation of the
left auditory cortex may reflect state-like or baseline
effects, whereby baseline level (block design: sham >
verum; event-related design: verum > sham) and even-
tual intervention led to a decrease in the group with
increased baseline activity and vice versa (block design:
verum > sham; event-related design: sham > verum).
They admit that interpretation of these findings is chal-
lenging due baseline differences between the two groups
and the inverse changes during treatment depend on the
stimulation procedure (verum versus sham) or on the
difference in baseline measurements. These data do not
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likely reflect lack of reproducibility in fNIRS as a technol-
ogy as several reports have examined the test-retest reli-
ability of fNIRS measurements in adults during verbal
fluency tasks,26,27 and in speech-evoked, temporal-lobe
fNIRS responses in NH adults.28

Overall, these data suggested that fNIRS could be
used to detect brain changes between normal controls
and those with subjective tinnitus. While unable to objec-
tify what exactly the plasticity is that may underlie tinni-
tus perception, this proof of concept study provided a
foundation for the only two other fNIRs studies that have
investigated human tinnitus to date.

Issa et al.37 investigated hemodynamic responses
within the region of interest (ROI; auditory cortex) and
non-ROI (adjacent nonauditory cortex) of NH participants
with and without bilateral subjective tinnitus. They per-
formed a block design paradigm of alternating sound (pure
tones at 750 Hz and 8000 Hz and broadband noise) and
silence (inter-stimulus rest; ISR). Control participants
demonstrated deactivation in both ROI and non-ROI dur-
ing ISR periods, while tinnitus participants demonstrated
maintenance of activation. This spontaneous activation in
the ROI in the absence of stimulation was thought to rep-
resent a human parallel of increased spontaneous and
tone-evoked neural firing rates in auditory cortex found in
animal models.38 The increased activity seen in non-ROI
in tinnitus is congruent with previous findings of
maladaptive changes in areas outside of auditory cortex in
tinnitus brains.16,39 Furthermore, tinnitus participants
exhibited deactivation in the ROI during blocks of

exposure to broadband noise, contrasting the activation
seen in controls under the same conditions. These results
are likely indicative of forward masking, or a form of tem-
poral inhibition in which a loud sound suppresses the
response to subsequent sounds and residual inhibition of
external sound suppressing phantom perception. This
diverges from studies of animal models that have shown
increased tone-evoked activation38 highlighting the impor-
tance of performing studies using human participants.

In recently published data, our group analyzed dif-
ferences in resting state functional connectivity (RSFC)
between control and tinnitus participants prior to and
following auditory stimulation.40 RSFC measures the spa-
tiotemporal relationship between two brain regions and
is thought to represent contextual influences that affect
local processing and perception.41,42 The signal arises
from low frequency (<0.1 Hz) spontaneous fluctuations in
electrical activity, and thereby, hemodynamic activity as
measured by fNIRS. To capture the signal, participants
need to be in a fully resting state without stimulation. As
such, the silent nature of the fNIRS equipment is of great
benefit. RSFC has been proposed to represent a record of
brain regions that have been modulated together in the
past, and may predict which brain regions are likely to
work together when processing information in the future,
and/or represent networks that affect local processing or
serve to coordinate neural activity.43 The authors found
that following sound stimulation, RSFC of auditory cortex
and nonauditory cortices increased in tinnitus partici-
pants but decreased in controls. These results point to

TABLE I.
Summary Table of Manuscripts Reviewed

Manuscript Topic Study population Control Main Finding

Sevy et al. (7) CI CI (>4 months) children (n = 40); CI
(day of implantation) children
(n = 13)

NH adults (n = 11),
NH children
(n = 12)

First to demonstrate hemodynamic response to speech
in CI users; demonstrated hemodynamic response to
speech on day of implantation

Olds et al. (23) CI Postlingually deafened CI adults
(n = 35); implant experience:
1 day to 12 years

NH adults (n = 35) fNIRS cortical activation correlates with speech
proficiency; good speech perceivers in CI group had
similar cortical responses to NH adults: strong
responses to normal and vocoided speech, but
reduced response to scrambled speech and
environmental sound. Poor speech perceivers had
strong responses to all 4 conditions.

Bisconti et al. (12) CI Postlingually deaf CI adults (n = 10);
implant experience:1–24 years

NH adults (n = 10) Postlingually deaf adults whose auditory language
processing developed typically as children, and for
whom CI was effective for language restoration, can
reactivate the typical auditory cortical regions

Chen et al. (2015) CI Postlingually deaf CI adults (n = 20);
implant experience: 6 months to
16 years

NH adults (n = 20) Variability in language restoration outcomes in the CI
subjects might depend on the degree of cross-modal
plasticity in the auditory and visual cortices to support
the restoration of language function

Schecklmann
et al. (36)

Tinnitus Chronic tinnitus adults, received
rTMS (n = 12)

Chronic tinnitus
adults,
sham rTMS
(n = 11)

Proof-of-concept of noninvasive brain stimulation and
neuroimaging with fNIRS; block-design and
event-design resulted in different patterns of activation
in auditory and temporoparietal cortices

Issa et al. (37) Tinnitus Chronic tinnitus adults (n = 10) NH adults (n = 8) Control participants demonstrated deactivation in both
auditory and nonauditory regions during inter-stimulus
silent periods, while tinnitus participants demonstrated
maintenance of activation

San Juan et al. (40) Tinnitus Chronic tinnitus adults (n = 10) NH adults (n = 8) Following sound stimulation, resting state functional
connectivity of auditory cortex and non-auditory
cortices increased in tinnitus participants but
decreased in controls.

CI = cochlear implant; NH = normal-hearing.
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the importance of plasticity of neural circuits in the path-
ogenesis of tinnitus and implicate cross-modal plasticity
as a significant contributor to the pathophysiology.

Taken together, the above three published studies
(Table I) are the only ones currently available that have
used fNIRS technology to investigate the effects of tinni-
tus on central auditory cortices in humans. These studies
have shown the efficacy of fNIRS as an effective tool in
the study of tinnitus to measure not only stimulated
activity through changes in hemodynamic responses, but,
also to measure RSFC in both auditory and nonauditory
cortices.

VIABILITY OF fNIRS
Functional NIRS has been verified to detect signifi-

cant hemodynamic responses (concentration level changes
in oxy- and deoxy-hemoglobin), that can be conceptually
compared to the BOLD signal detected by fMRI.44,45 Spe-
cific to the auditory processing domain, Sevy et al.7 com-
pared the cortical responses evoked by speech stimuli
(digital recordings of an animated female voice reading
children’s stories) collected with both fNIRS and fMRI, at
the same time, from three normal-hearing participants.7

Both fNIRS and fMRI captured similar significant
responses from the bilateral superior temporal gyrus.
Other studies have found a similar tight correlation
between the fNIRS and fMRI signals in motor tasks46–50

and language tasks.51

METHODS
Because fNIRS measures hemodynamic responses,

correlates of neural activity rather than the original neu-
rochemical response, studies must be carefully designed
to capture changes in underlying neuronal activity.
Hemodynamic response includes several physiological
artifacts, such as blood pressure fluctuation (0.1 Hz), res-
piration (0.2�0.3 Hz), and heart-beat (1.2�1.3 Hz).
Therefore, the designed task frequency needs to avoid
these frequency bands.

The pitfalls faced during fNIRS imaging are some-
what like fMRI, and therefore, the experimental approach
to maximally capture brain activity is often similar. Since
fNIRS is silent, it allows for continuous measurements
throughout the experiment, circumventing the need for
sparse or silent designs often used by auditory fMRI stud-
ies. These designs omit data collection during stimulus
presentation due to the noise generated by data acquisi-
tion sequences.52 As with fMRI, fNIRS investigators also
often implement two types of experimental designs: the
block design and the event-related design. Block designs
are well-suited to accumulate the task power for a poten-
tially limited dataset (Fig. 1) and thus localize functional
areas and investigate steady state processes (eg, A, and B
types of hearing tasks). This makes fNIRS (vs. ERP) espe-
cially advantageous for the study of young infants or chil-
dren who have a short attention span. Event-related
design consists of several types of tasks (conditions) with
varied inter-stimulus intervals (ISI) ranging from a few
to 20 seconds. Such designs attempt to measure transient

changes in brain activity. Unlike block designs, stimuli
are presented in a random order rather than an alternat-
ing pattern offering a higher flexibility in experimental
conditions. One potential advantage of fNIRS and event-
related design is that the high sampling frequency per-
mits for shorter ISI distances than otherwise possible
with fMRI. fNIRS has improved temporal resolution over
fMRI due to a sampling rate of 10 Hz and above, thus one
can identify more accurate onset and better filtering of
physiological interference of brain activation of interest.
This makes fNIRS more analytically and ecologically
advantageous for such experiments as acoustic or phono-
logical odd-ball designs where target stimuli are only
about 200 ms short and the efficacy of the experimental
design benefits from having a 1000 ms or even shorter
ISI.53 The optimal characteristics of rapid event-related
designs for fNIRS imaging have not been fully explored
and present a promising frontier for improving experi-
mental designs.

NEUROANATOMICAL LOCALIZATION
The regions of interest (ROI) selected for hearing

research are usually primary and associative auditory cor-
tices (Brodmann areas 41 and 42), middle/superior tempo-
ral gyrus (Brodmann areas 21 and 22), dorsolateral/
anterior prefrontal cortex (Brodmann areas 8, 9, and 10),
and temporo-parietal area (Brodmann area 38). Because
all these regions are on the side of the brain, the cap
design is usually band-like (Fig. 2). The importance of neu-
roanatomic mapping is that fNIRS is unable to provide
precise localization of the specific brain regions that gener-
ate the hemodynamic response. To spatially assess fNIRS
data, one must find the association between the scalp loca-
tions where fNIRS measurements are performed and the
underlying anatomical information. Researchers have pro-
posed three registration methods for fNIRS probe
localization.54–56 The first and most popular method is to
use the 10 to 20 reference system, which is standard for
EEG scalp electrode positioning.57 The 10 to 20 system
assumes there is a consistent association between scalp
locations and their underlying anatomical structures.
Such association has been verified on cadavers57 and by
using multiple structural imaging techniques, including
X-ray-radiation,58 computed tomography,59 and MRI.60

These associated reference points and predesigned fNIRS
probes yield an estimation of the underlying structural
brain region that generates the detected hemodynamic
responses.55 However, data analysis and interpretation by
this localization method can be imprecise by neglecting
the individual- and group-level registration results. The
within- and between-subject errors are defined as devia-
tions from multiple measurements on the same individual
and the individual participant’s brain image subsequently
undergoes spatial transformation onto a brain template;
usually a brain image averaged across a group with simi-
lar demographics (eg, age).

If an investigator has access to an MRI scanner, the
second method is to co-register a participants fNIRS
data to their structural MRI. This registration method
allows fNIRS data obtained in a real-world space to be
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merged onto the structural MRI obtained in another
real-world space. Given the higher spatial resolution of
MRI scanning compared to fNIRS, as well as the consid-
eration of within- and between-participant variability,
the registration results are much more reliable than the
10 to 20 system-based registration method. However,
access to an MRI scanner is not guaranteed in typical
fNIRS experiments due to the additional cost and effort,
which reduce the economical merits and convenience of
fNIRS.55 In addition, in special cases such as with CI,
MRI scanning is not possible due to the ferromagnetic
incompatibility.

An alternative and convenient third method is to use
a three-dimensional (3D) digitizer. fNIRS probe or chan-
nel positions are recorded by a 3D digitizer (typically
magnetic) together with the positions of at least three
scalp landmarks (typically nasion and two pre-auricular
points). The positions of recorded fNIRS probes can then
be projected onto an age-specific standard brain template
through a spatial transformation based on the scalp land-
marks. Although this method does not adopt individual-
ized anatomical information, it considers the within- and
between-subject variance that should improve fNIRS
registration.61

Fig. 1. Example of block design and signal averaging. The top panel contains an example of block design paradigm composed of alternating
sound stimuli (gray boxes) and silence (white boxes), with each stimulus lasting 18 seconds. The resulting hemodynamic response of the right
auditory cortex is superimposed on the block design schematic. The vertical dashed lines mark 4 seconds after the start of each block, the
time required for the hemodynamic response to return to baseline. The bottom panel shows the mean hemodynamic response during the
sound blocks (left plot) and silent blocks (right plot) with first 4 seconds of each block excluded from analysis. Note the increased mean activa-
tion during the blocks of sound stimulation.

Fig. 2. Example of cap configuration for auditory research based on the 10-20 EEG system. T3 and T4 are used as anatomic references when
placing the cap. For this design, channels 13 and 15 and channels 23 and 29 record from primary auditory cortex and surrounding belt regions
of the right and left hemisphere, respectively. The top panel shows the cap/band used when a subject’s head circumference measures 60 cen-
timeters. The bottom panel is a schematic of the cortical regions associated with each optode and associated brain region.
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DATA PROCESSING

Task-Evoked Hemodynamic Responses
To analyze block-design paradigms, block average

(Fig. 1) is used for data analysis accompanied by t-test or
analysis of variance (ANOVA) as statistical examination.
The statistical analysis of task-evoked hemodynamic
response detected by fNIRS is still not standardized,
however.

General linear model approach offers several analyt-
ical advantages to the analyses of fNIRS data. It avoids
subjective selection of periods of peak activity, takes the
full time-course information and takes advantage of all
the available data, and provides efficient evaluation of
data collected in experiments with short ISI. This method
assumes that data can be represented as a linear combi-
nation of several sources (regressor); each regressor rep-
resents one modeled task-evoked response or artifact
related response. Instead of direct analysis of the hemo-
dynamic response curve, investigators can summarize the
difference between modeled and detected hemodynamic

responses in a set of parameters. Such parametrized
method facilitates multi-level statistical analysis.62

RESTING-STATE FUNCTIONAL
CONNECTIVITY

Resting-state functional connectivity (RSFC)
approach investigates the spatiotemporal relation of vari-
ous brain regions (Fig. 3). The signal arises from low fre-
quency (<0.1 Hz) spontaneous fluctuations in electrical
activity, and thereby, hemodynamic activity as measured
by fNIRS. For the study of hearing loss, this approach
helps reveal the mechanisms underlying audio produc-
tion, transmission, integration and processing, and is
especially helpful for studying patients with difficulty
participating in tasks. In recent years, fNIRS has been
intensively used to study RSFC of multidisciplinary areas
including hearing research. The prevalent method for
studying RSFC is seed-based correlation analysis. In
hearing research, auditory cortex is usually selected as a

Fig. 3. (a) Demonstration of resting state connectivity differences among various channels. From top to bottom, a channel with high connectiv-
ity to the seed region, a channel with negative connectivity to the seed region, and one with low connectivity to the seed region. (b) Heat map
of connectivity to the right auditory cortex (channels left blank in the figure). Warmer colors indicate high connectivity to the seed region and
cooler colors indicate negative connectivity to the seed region.
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seed region, while the correlations between all other
brain regions and the seed region are calculated (Fig. 3b).
To assess group-level functional connectivity, t-tests are
performed after correlation coefficients have undergone
Fisher transformations.63

CONCLUSIONS
fNIRS technology continues to evolve and the nature

of the approach provides distinct advantages when study-
ing human hearing loss and rehabilitation with CI as well
as the subjective nature of tinnitus. Despite the current
limitations that are largely isolated to limited depth of
penetration and spatial orientation, fNIRS has the dis-
tinct advantages of virtually silent recordings that are
noninvasive and compatible with CI in both adults and
children. Going forward, the wide application of fNIRS as
a modality to study central human auditory circuits will
continue to advance our understanding of normal and
aberrant circuits that exist following hearing loss and
tinnitus.
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