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activity within the auditory cortex of cochlear implant (CI) recipients has been challenging, primarily
because the use of traditional neuroimaging techniques is limited in people with CIs. Functional near-
infrared spectroscopy (fNIRS) is an emerging technology that offers benefits in this population
because it is non-invasive, compatible with CI devices, and not subject to electrical artifacts. However,
there are important considerations to be made when using fNIRS to maximize the signal to noise ratio
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fN{RS and to best identify meaningful cortical responses. This review considers these issues, the current data,
Cochlear implant and future directions for using fNIRS as a clinical application in individuals with CIs.
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1. Introduction

Cochlear implants (CI) have restored hearing to over 90,000
individuals in the United States in the past 30 years (FDA, 2015).
Significant advances in speech processor design, signal processing
and surgical techniques have resulted in progressively enhanced
performance (Rubinstein, 2004; Roland et al., 2006; Srinivasan
et al, 2013). As a result, cochlear implantation has become a
highly successful prosthetic solution to replace the function of a
sensory organ. Intervention with deaf children has been particu-
larly successful: many children who would otherwise have been
placed in schools for the deaf and taught sign language are now
learning alongside mainstream peers in a regular classroom envi-
ronment. The primary goal of cochlear implantation is now open-
set auditory-only speech understanding in everyday listening en-
vironments. However, while the majority of implant recipients
achieve this goal, many still perform poorly (Lazard et al., 2012;
Miyamoto et al., 1994).

The factors that contribute to the wide variations in individual
outcomes following cochlear implantation are diverse and not
completely understood (Lazard et al., 2014; Peterson et al., 2010).
Numerous reports have identified age of implantation as a strong
predictor of better CI outcome (e.g., the younger, the better) (Kirk
et al, 2002; Nikolopoulos et al., 1999; Robinshaw, 1995). In-
vestigators have also demonstrated that children who communi-
cate orally achieve better speech perception skills than children
who use visual sign communication (Osberger and Fisher, 2000;
Geers et al., 2003). Finally, family income predicted language out-
comes in pediatric Cl recipients (Holt and Svirsky, 2008). In order to
more fully understand how such neurobiological, cognitive, and
societal factors influence language outcomes post-implantation, it
may be beneficial to examine the neural processing during the
perception of auditory stimuli through a cochlear implant. Together
with behavioral measures, neurophysiological indicators have the
potential to guide post-implant programming in support of deaf
patients' speech and language outcomes and, eventually, even
predict results for an individual CI patient before implantation
occurs.

Functional near-infrared spectroscopy has already been shown
to be a reliable neuroimaging modality in both adult and pediatric
populations (Fava et al., 2014a,b; Giraud et al., 2001; Quaresima
et al,, 2012; Wilcox et al., 2005). Generally, reviews of this litera-
ture have focused on the use of fNIRS in research on language
development and language processing in healthy populations

Table 1

(Crosson et al., 2010; Elwell and C. E. Cooper, 2011; Gervain et al.,
2011; Lloyd-Fox et al., 2010; Quaresima et al., 2012; Fava et al,,
2011, 2014a,b; Wilcox et al., 2005). More recently, an emerging
body of reviews addresses the imaging instrumentation and
methodology, as well as approaches to statistical analysis of fNIRS
data (Bandettini, 2009; Piper et al., 2014; Scholkmann et al., 2014;
Tak and Ye, 2014). However, most relevant to CI research is the fact
that fNIRS is compatible with these devices. This review explores
applications and limitations of fNIRS in the CI population,
comparing it with traditional neuroimaging methods. We sum-
marize the existing literature on the use of fNIRS in adult and pe-
diatric CI recipients, and conclude by outlining possible directions
for future research and clinical applications using this promising
imaging technique in the CI population.

2. Neuroimaging options in cochlear implant users

Because auditory perception occurs within and beyond the
auditory cortex, neuroimaging has the potential to provide an
additional clinical measure for assessing whether the electrical
stimulation of the cochlea by the CI is reaching and stimulating
auditory-specific cortical regions of the brain similar to normal-
hearing subjects (Pasley et al., 2012; Steinschneider et al., 2014).
Such information can supplement behavioral tests, which are often
limited in young CI users (Choi and Oghalai, 2005; Katzenstein
et al., 2009; Lin et al., 2010; Oghalai et al., 2009; Santa Maria and
Oghalai, 2014; Williamson et al., 2009; Ying et al., 2013). Howev-
er, there are inherent limitations in the use of all of the currently
available neuroimaging modalities in CI recipients, as outlined
below and summarized in Table 1.

Functional neuroimaging attempts to identify the brain systems
responsible for different behaviors by comparing brain activity
during contrasting states (Aine, 1995; Crosson et al., 2010). The
logic is that neurons in different areas of the brain associated with
specific cognitive processing tasks generate electrical signals when
they are active. As a result of this activation, the metabolic needs of
neurons change: increased oxygen demand results in increased
cerebral blood flow and thus oxygen delivery to that area, with a
consequent decrease in deoxygenated hemoglobin (HbR) (Babiloni
et al., 2009). Certain neuroimaging modalities, such as EEG, mea-
sure this neural activation directly by recording the average electric
field potential at different regions of the scalp. In contrast, meta-
bolic neuroimaging methods, such as fMRI, PET, and fNIRS, are in-
direct, surrogate measures of neuronal activity (Castaneda-Villa

Characteristics of the functional neuroimaging techniques currently available for research involving cochlear implant users. See explanations in text, Sections 2.1-2.3.

Technique Spatial Temporal Cochlear implant Flexibility in auditory Potential for use Comments

resolution resolution compatibility stimuli paradigm in infants
fNIRS +++ +++ Yes Yes Yes
fMRI +++++ ++ No" No™ No * Structural imaging possible

" Loud background noise

PET ++++ + Yes No" No * Limited to block design paradigms
EEG + +++++  Yes No" Yes “Limited to sound bursts/clicks
MEG ++ +4++++ No No™ Yes " Requires use of magnet-less implant and simultaneous

radio frequency head shield
™ Limited to sound bursts/clicks

fNIRS: functional near-infrared spectroscopy, fMRI: functional magnetic resonance imaging, PET: position emission tomography, EEG: electroencephalography, MEG:

magnetoencephalography.
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et al., 2012; Girouard, 2006; Levitin and Menon, 2005; Mc Laughlin
et al,, 2013).

Although functional neuroimaging technologies have the po-
tential to provide insight into the cortical changes that take place in
patients with cochlear implants, obtaining meaningful measure-
ments of cortical responses in CI recipients has proven challenging.
This is primarily because the traditional imaging methods have
limitations when used in implanted patients, and so alternative
neuroimaging strategies have been sought. In this context, func-
tional near-infrared spectroscopy (fNIRS) has been a welcome
addition to a limited choice of neuroimaging modalities suitable for
use in CI recipients. Here we outline the primary techniques and
assess their appropriateness for use in combination with Cls.
Because it is important understand the benefits and downsides to
each technique when selecting an imaging modality, we briefly
review several commonly-used techniques including fMRI, PET,
EEG, and MEG, before moving on to an in depth explanation of
fNIRS.

2.1. Functional MRI

Functional MRI provides high spatial resolution and is often the
neuroimaging technology of choice in unimplanted subjects.
However, conventional ClIs are incompatible with fMRI for several
reasons. The primary reason is that Cls contain internal magnets
and ferromagnetic components, including a coil used to trans-
cutaneously relay data from the external processor to the surgically
implanted components (Doucet et al., 2006; Gilley et al., 2008;
Majdani et al.,, 2008). Such ferromagnetic implants exposed to
electromagnetic fields or radiofrequency energy may heat, induce a
current, or become dislocated (Azadarmaki et al., 2014; Portnoy and
Mattucci, 1991; Teissl et al., 1999). Thus, the most important
concern in using fMRI to study a subject with a CI is patient safety.
Furthermore, the magnet and coil interact with the electromag-
netic fields found in MRI scanners, producing interference that can
disturb data transfer, and malfunction of the implant can occur due
to demagnetization of the CI internal magnet via the imaging
magnet (Majdani et al., 2008; Ponton et al., 2000). Finally, CIs
produce considerable artifacts on the MR image, obscuring cortical
regions proximal to the internal magnet (Majdani et al., 2009).
Thus, these signal-void areas can compromise accurate diagnosis of
certain medical conditions when used for medical imaging and
make it nearly impossible to measure activity within the ipsilateral
temporal lobe when used for functional imaging.

In response to these limitations, certain manufacturers have
designed Cls with removable internal magnets. Unfortunately, large
artifacts often remain on the MRI even after the internal magnet is
removed (Risi et al, 2004). Other models of CI have MRI-
conditional internal magnets that do not need to be removed
prior to scanning. Regardless of the status of the internal magnet,
the external processors for all CI devices are MRI unsafe
(Azadarmaki et al., 2014) and the radiofrequency fields generated
by the MRI interfere with the transcutaneous radiofrequency link
between the external and internal coils (Lazeyras et al.,, 2002;
Seghier et al., 2005). Auditory stimulation by the implant during
imaging is therefore generally precluded, though anatomical im-
ages can be acquired for medical purposes (Baumgartner et al.,
2001; Crane et al., 2010; Gubbels and McMenomey, 2006).

The limitations of using fMRI with the CI population extend
beyond equipment incompatibility issues. MRI is subject to move-
ment artifacts (Quaresima et al., 2012), requiring subjects to remain
completely still and to avoid overt vocalizations while in the
scanner. In infants, this translates into the need for restraints and
even sedation and/or anesthesia. Sedatives and anesthetics, of
course, alter brain activity and therefore change cortical responses

to auditory stimuli (Marcar et al, 2006). Such circumstances
considerably restrict the use of fMRI in this age group.

It is also important to consider that fMRI is a noisy imaging
modality, which introduces a potential confounding effect as the
background noise cannot be matched between deaf and hearing
participants (Dewey and Hartley, 2015). Moreover, the acoustic
noise associated with fMRI creates an intrusive testing environ-
ment for younger children and disturbs the presentation of audi-
tory stimuli relevant to CI users (Gervain et al., 2011). Finally, the
BOLD (Blood Oxygenation Level Dependent) signals obtained using
fMRI relate to changes in HbR only and do not directly convey in-
formation about HbO.

2.2. PET scan

Nuclear functional imaging techniques such as PET scans have
more frequently been used in studies involving CI users. Previous
investigators employed PET scans to examine various auditory
cognitive processes in the CI population (Limb et al., 2010; Naito
et al.,, 2000; Wong et al., 1999), and several dedicated reports
have even been published for reviewing the use of PET scans in
language processing research on Cl recipients (Aggarwal and Green,
2012; Giraud et al., 2001). Several factors account for the popularity
of this neuroimaging modality for use with Cls among the scientific
community. First, PET is fully compatible with CIs. It also has good
spatial resolution and, as with MR, it can image activity in deep,
subcortical structures (Bandettini, 2009). Because PET is a relatively
quiet imaging modality, it is suitable for studies involving auditory
stimuli. Finally, it is tolerant to subtle subject movements thanks to
rapid image acquisition times, a significant advantage over fMRI
(Crosson et al., 2010).

The significant drawback of using this imaging modality is the
exposure of the research subjects to radiation and the necessary
limitation in the number of scans that this implies. The radioactive
tracers or carrier substances need to be injected into the blood
stream, which many subjects find aversive. For these reasons, PET is
rarely used in research studies involving children. Though under-
standable, this is unfortunate because children are a demographi-
cally important age group within the CI population. The use of PET
to study neuroplasticity post-implantation is also ethically chal-
lenging, as measuring such changes would require sequential lon-
gitudinal testing in the same subject (Giraud et al., 2001). Limited
temporal resolution, or the accuracy on a temporal scale with
which a neural event can be characterized (Crosson et al., 2010), is
another shortcoming of PET. This is because PET's ability to resolve
neural events is on the order of tens of seconds compared to only a
few seconds for fMRI (Bandettini, 2009). Such limited temporal
resolution requires averaging over long blocks of events; higher
sampling rates are generally preferred in functional studies because
they allow the use of event-related paradigms, which offer greater
flexibility and more precision in experimental inquiry (Aine, 1995).

2.3. EEG and MEG

Unlike fMRI and PET, EEG and MEG directly measure the elec-
trophysiological response of neural activation. The resulting
advantage of this technique is an unrivaled temporal resolution in
the sub-millisecond range (Babiloni et al., 2009), however at the
expense of spatial resolution (Posner and Levitin, 1997). Studies
have shown that auditory evoked potentials recorded in EEG pro-
vide a useful objective metric of performance in CI patients
(Castaneda-Villa et al., 2012; Mc Laughlin et al., 2013). It is therefore
not surprising that the EEG literature in CI users is abundant and,
indeed, has greatly contributed to the understanding of auditory
processing in this population (Sandmann et al., 2010; Zhang et al.,
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2010). In addition, the combination of the high temporal resolution
and an excellent safety profile make EEG and MEG ideally suited for
follow-up studies requiring several successive assessments, such as
those investigating cortical plasticity following implantation
(Doucet et al., 2006; Gilley et al., 2008). Finally, EEG is tolerant to
subtle movements and can even be used with fully awake infants.

On the other hand, as mentioned, EEG and MEG offer relatively
poor spatial resolution due to the inverse Poisson problem: the
location of activity within a sphere is ambiguous when measuring
from the surface of that sphere (Posner and Levitin, 1997). While
the reconstruction of brain responses to specific cortical regions is
possible (Ferree et al., 2001; Song et al., 2015), the accuracy of this
localization remains inferior to other modalities such as fMRI or
PET (Ponton et al., 2000). Data corruption by the electrical com-
ponents of the implant is another major limiting factor for the use
of EEG in combination with CIs. To minimize the electrical artifacts
produced in EEG recordings, only short auditory stimuli such as
tone bursts or clicks can be employed in CI studies, which signifi-
cantly limits the flexibility of the experimental paradigm (Gilley
et al., 2008). Despite the various techniques that have been
described to filter this artifact, the interpretation of auditory
evoked potentials in EEG remains challenging (Mc Laughlin et al.,
2013; Sandmann et al., 2009). Additionally, MEG measures very
weak magnetic fields that can only be recorded in magnetically
shielded rooms equipped with detectors that are highly sensitive to
minute changes in magnetic signals (Crosson et al., 2010). Similar to
fMRI, MEG instrumentation interacts with the internal magnet of
most CI models, precluding any useful recording. To successfully
monitor neural activity in CI users using MEG, certain conditions
must be fulfilled. This unique experimental setup is described by
Pantev et al. (2006), who reported the only MEG study involving CI
users. The basis for the methodological success of this study is
twofold. First, the two participants enrolled were recipients of
Clarion (Advanced Bionics, Valencia, CA) magnet-less implants —
now withdrawn from the market. Second, a unique radio frequency
shield was applied between the head of the patients and the MEG
device, preventing interference from radio frequency signals
transmitted by the CI. Such setups, however, are very rare and
extremely costly.

3. fNIRS

Before fNIRS was adapted for use in people with Cls, PET was
reported to be the only technique suitable for measuring brain
responses in the CI population for all of the reasons outlined above
(Giraud et al., 2001; Truy, 1999). Because the concepts, features, and
instrumentation of fNIRS have been described in substantial detail
in previous reports (Elwell and C. E. Cooper, 2011; Gervain et al.,
2011; Lloyd-Fox et al., 2010; Quaresima et al., 2012), we will only
briefly address them in this review. Here we focus primarily on the
characteristics of fNIRS that are relevant to its use with the CI
population.

3.1. General principles

fNIRS is an optical imaging technique: it uses near-infrared (NIR)
light to detect changes in cerebral blood flow as a proxy for neural
activation. When a beam of light is directed onto tissue, three fac-
tors can interfere with its undisturbed propagation (i.e. trans-
mission) through it: reflection/refraction, absorption and scattering
(Niemz, 2002). The contribution of reflection/refraction can
essentially be ignored in opaque media such as the skull. The in-
tensity of the transmitted light therefore depends on the amount of
non-absorbed and non-scattered photons(Welch and van Gemert,
2011; Gervain et al.,, 2011). Biological tissues preferentially absorb

light in the visible spectrum, while being relatively transparent to
light in the NIR wavelengths (650—1000 nm) (Smith, 2011). As a
result, NIR light can penetrate through superficial biological layers,
enabling sampling of deeper tissue structures. For neuroimaging,
this means that fNIRS can effectively probe the surface of an adult
brain to a depth of up to 1.5 cm (Elwell and C. E. Cooper, 2011).

fNIRS is capable of measuring changes in cerebral blood flow
because hemoglobin is the main pigmented molecule in human
tissues that is present in clinically significant quantities to exhibit
oxygenation-dependent absorption of light in the NIR spectrum
(Delpy and Cope, 1997). In tissues, hemoglobin exists in an oxidized
(oxygenated hemoglobin, HbO) and reduced (HbR) form, each
characterized by a unique absorption spectrum. The aim of NIRS
neuroimaging is to quantify the concentrations of these two he-
moglobin chromophores in the tissues traversed by NIR light. This
is possible using the Beer—Lambert Law, an equation that describes
the light absorbance (A) at a given wavelength () in a medium
(Crosson et al., 2010):

A= —log<IL) =cC-¢g-l
(]

Shining light of an appropriate wavelength at a given intensity
(incident light, I) on the head, and measuring the intensity of the
light that leaves the tissues (transmitted light, I,) allows for the
calculation of the concentration of the medium, “c” (i.e. the con-
centration of HbR, HbO and total hemoglobin). This concept as-
sumes that the molar extinction coefficient of the medium at that
specific wavelenght (¢;) and the optical pathlength “I” in the tissues
(the path the light travels between the source and the detector) are
known.

The application of this physical principle forms the basis of fNIRS
neuroimaging. Of course, other factors need to be considered. Light
scattering caused by skin, hair and skull, also contributes to light
attenuation in tissues, resulting in an unknown light loss that needs
to be accounted for (Delpy and Cope, 1997). Furthermore, light does
not travel through biological tissue in a straight line. The Beer-
—Lambert Law was therefore modified to take into account the
scatter and the non-linear trajectory of light in tissues, referred to
as the differential pathlength factor (Cope et al., 1988). These two
factors cannot be measured directly using continuous-wave NIRS
systems (see below), therefore only changes in HbO and HbR con-
centrations, as opposed to absolute values, can be obtained. A
detailed description of the mathematical model underlying light
absorption in scattering media can be found elsewhere (Gervain
et al., 2011; Hoshi, 2003; Sassaroli and Fantini, 2004).

Practically speaking, fNIRS is performed on human subjects by
placing a light source and a light detector adjacent to each other
above the brain area to be measured. This source-detector pair is
called a channel. A convex banana-shaped tissue region is sampled,
corresponding to the light path through the tissue between the
source and detector. The depth of penetration of the NIR light in
brain tissue is approximately half of the source-detector distance.
To reach a clinically relevant depth of cortical area, the source-
detector distance should be 2—3 cm in infants and 3—5 cm in
adults (Quaresima et al., 2012). The choice of the wavelength pair is
also important, as it affects the quality of the fNIRS signals. Ideally,
one wavelength should be sensitive to HbO; the other to HbR. This
is possible because HbO and HbR demonstrate differential ab-
sorption in the NIR spectral range (except at the isosbestic point,
where the extinction coefficients of these two chromophores are
equal). Generally, wavelengths below the isosbestic point are used
to measure HbR responses (below 760—770 nm), whereas longer
wavelengths are more sensitive to HbO (up to 920 nm) (Boas et al.,
2004). Theoretical models also revealed that the highest signal-to-
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noise ratios were obtained if one wavelength was below 720 nm,
and the other higher than 730 nm (Uludag et al., 2004). The 690 nm
and 830 nm pair is commonly reported in fNIRS literature, but a
variety of other systems capitalizing on different wavelength con-
trasts are commercially available (Lloyd-Fox et al., 2010).

Three different fNIRS instrumentation techniques are currently
available, and they vary in the type of illumination employed
(Ferrari and Quaresima, 2012). The first modality, continuous wave
(CW) light, is the most commonly used and the least costly. It is
based on constant tissue illumination and simply measures
changes in light attenuation as it passes through the head. This
technique does not allow calculation of light scattering or optical
path length in tissues and, as a result, can only determine relative
changes in HbO, HbR and total hemoglobin concentrations
(Scholkmann et al., 2014). However, relative values of hemody-
namic parameters are usually sufficient in functional brain studies.
The last two techniques, time-domain (TD) and frequency-domain
(FD), are equivalent in that they both measure the time needed by
light to travel through tissues (i.e. time of flight) to determine op-
tical path length (Wolf et al., 2007). They differ in their approach to
time of flight measurements, and in the resulting instrumentation
that this implies. TD systems emit extremely short pulses of light
into tissue, and directly measure the arrival times of the scattered
photons that emerge (Torricelli et al, 2014). Such recordings
require very sensitive photon-counting detectors. The time of flight
multiplied by the speed of light in the tissue provides optical path
length. In contrast, FD technique uses intensity-modulated light to
illuminate the brain at very high frequencies, and measures both
the attenuation and the phase delay of the emerging light (Wolf
et al., 2007). Time of flight is then obtained by Fourier analysis of
the phase delay, and can be used to calculate optical path length.
The resulting advantage of TD and FD imaging is that knowledge of
optical path length allows calculation of absolute values of HbO,
HDR and total hemoglobin concentrations. On the other hand, such
systems are associated with higher costs, bulky instrumentation,
and slower acquisition times. The characteristics of the different
fNIRS technique have been described in much greater detail in
recent reviews (Wolf et al., 2007; Scholkmann et al., 2014; Torricelli
et al,, 2014).

3.2. Advantages, limitations and considerations for using fNIRS with
Cils

Compared to other techniques, fNIRS has several clear advan-
tages that encourage its use in CI research. One of its most
appealing features is its full compatibility with CI devices. Owing to
the optical nature of the technology, fNIRS data are not corrupted
by the electronic or ferromagnetic components of the CI device
during acquisition. PET is the only other neuroimaging modality

that provides a matching level of compatibility. However, unlike
PET, fNIRS does not require injection of tracer substances in the
blood stream and does not expose individuals to radiation. The
number of examinations is therefore not restricted, and repeat
assessments through longitudinal studies can be performed. fNIRS
is also ideally suited for research involving young infants. Mea-
surements can be recorded without the need for sedation or re-
straints because it is robust to motion artifacts. In fact, recording
during overt speech in even possible (Hull et al., 2009; Quaresima
et al., 2012). This is of great significance for CI investigators, as a
large field of CI research involves the pediatric population.

Good research tools are safe, but also practical. To carry NIR
light, fNIRS uses optic fibers that are light, flexible, and therefore
suitable for a range of head positions and postures. Some centers
replaced the plastic optic fibers with glass optic fibers and have
reported reduced weight of the optic bundles on the headgear
(Lloyd-Fox et al., 2010). Furthermore, fNIRS requires only a compact
measurement system. The setup typically consists of a mobile cart
carrying a computer tower and monitor, an optical NIRS module
and the optical fibers connected to that module. This increases
portability and allows for measurements in non-intrusive envi-
ronments and even in clinical settings. PET scans, on the other
hand, can only be performed in a radiation-proof radiological suite
and require the presence of a radiochemist and a cyclotron for the
production of radioisotopes (Crosson et al., 2010). Advances in
optical technology have even allowed the production of a wireless,
completely wearable, multi-channel fNIRS system suitable for use
in unrestrained settings (Piper et al, 2014). Cost is another
important factor to consider when choosing a research instrument.
fNIRS is among the most affordable neuroimaging modalities, after
EEG. There are no disposables and minimal maintenance is
required. In comparison, the instrumentation and maintenance
fees associated with MRI, PET and MEG are on the order of millions
of dollars (Bandettini, 2009).

The temporal resolution of fNIRS is the highest among the he-
modynamic neuroimaging techniques, reaching up to 100 Hertz
(Hz) with CW systems (Huppert et al., 2006). Although inferior to
EEG and MEG by one order of magnitude, this fine temporal reso-
lution allows the use of event-related paradigms and allows for
nuanced examination of the temporal dynamics of cortical blood
flow. The spatial resolution of optical topography is typically esti-
mated at 1 cm (Ferrari and Quaresima, 2012), enabling the locali-
zation of brain responses to specific cortical regions with
reasonable precision. The spatial resolution is dependent on the
arrangement of source-detector fibers on the scalp. Increasing the
density of channels, among other things, achieves finer sampling of
the cortex (Minagawa-Kawai et al., 2008). At our institution, we
transitioned from a four channel system to a 140 channel system,
allowing us to generate topographic activation maps of the auditory

Fig. 1. NIRS headset placement over a cochlear implant device. A) The location of the cochlear implant's external magnet and coil interferes with headset placement over the
temporal area. B) The fNIRS headset is simply apposed over the magnet (shaded area). C) Diagrammatic representation depicting the quality of scalp contact of the optode array,
obtained from custom analytic software using real-time fNIRS recordings. The optodes obstructed by the magnet postero-superiorly lose their scalp contact (red), while the
remaining optodes are unaffected and can still be used (green). The status of scalp contact was indeterminate for certain optodes (yellow).
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cortex (Pollonini et al., 2014; Sevy et al., 2010). It is even possible to
generate three-dimensional images of the optical properties of the
brain given a sufficient number of sources and detectors placed
around the head (Minagawa-Kawai et al., 2008). This technique,
called optical tomography, is costly and is usually restricted to
young infants, as adults' larger heads usually result in too much
light attenuation (Gibson et al., 2005). Another advantage of fNIRS
is that it offers quantitative monitoring of HbO, HbR, and total he-
moglobin, generating a more complete evaluation of the cortical
hemodynamic response than the fMRI BOLD response which tracks
HDbR (Scholkmann et al., 2014). Lastly, the fNIRS hardware is silent,
which makes it ideal for the presentation of accurate auditory
stimuli in an acoustically-quiet environment, and artifact-free
response measurement.

The major spatial limitation of NIRS is that it only probes a thin
top layer of the cortex, up to 1.5 cm deep (Fukui et al., 2003). This is
a considerable drawback for cognitive studies that aim to investi-
gate deep regions such as the brainstem, basal ganglia, or amygdala
(Minagawa-Kawai et al., 2008). However, a substantial amount of
research can be done probing the upper layers of the auditory, vi-
sual, somatosensory or frontal cortices in CI research. Depth reso-
lution is also highly dependent on the age of the subjects and varies
somewhat from region to region even within a particular age group
(Beauchamp et al.,, 2011). In adults, thicker scalp soft tissues and

10%

Nasion

10%

Nasion

skulls significantly restrict NIR light penetration, impacting the
accuracy of the recording. Deeper neural activity can be probed by
increasing the source-detector distance, although at the cost of
lower signal-to-noise ratio due to a reduction in the number of
transmitted photons.

Good contact between the optodes and the skin of the scalp is
also critical for a high signal-to-noise ratio (SNR) and a good quality
recording. Hair is a nuisance in fNIRS recordings because (1) it in-
terferes with this contact and (2) hair pigments significantly scatter
and absorb NIR light and therefore attenuate the detected signal. In
subjects with thick, dark hair, a researcher can spend a considerable
amount of time trying to optimize the positions of the optodes to
maximize the SNR. The use of gel can help to keep hair pushed out
of the way. Nevertheless, the best recordings often come from
subjects who are bald or have thin, blond hair — this makes fNIRS
particularly suitable for work with infants.

Another drawback to fNIRS is the need to separate signals of
cerebral origin from those of extra-cerebral tissues. For instance,
blood volume changes in the scalp and within the muscles beneath
the optical probes create noise in the fNIRS recordings and must be
filtered during data analysis. Physiologic noise originating from
heart rate and changes in respiratory effort may also be a source of
confounding cerebral blood flow signals and must be accounted for
during analysis (Gagnon et al, 2012). To remove the noise

Nasion

O Source . Detector

Fig. 2. Comparison between fNIRS probe layouts previously reported for CI use. A, Sevy et al. (2010); B, Dewey and Hartley (2015); C, Pollonini et al. (2014); D, Our new
honeycomb-shaped headpiece. The optode arrangement in all headsets is based on the International 10/20 system: A is centered at the T3/T4 position; the optode located in the

middle of the bottom horizontal line in B, C and D is aligned with the T3/T4 position.
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component from the raw data, analytical strategies must be
adopted. While some institutions use their own custom software,
others turn to freely available software packages. However to date,
there is a lack of a standard method for data analysis in fNIRS (Tak
and Ye, 2014).

Similar to EEG, MEG and PET, the raw fNIRS data not provide an
anatomic image upon which neural activity can be superimposed.
Therefore, to localize brain activity to known anatomical locations,
the optodes must be carefully positioned according to a standard
for the recordings. The 10—20 (EEG) system is often used
(Minagawa-Kawai et al., 2008). Once this is done, the optode layout
is precisely aligned, and therefore the functional data obtained with
fNIRS can be overlaid onto structural MRI images or anatomical
atlases, if desired (Crosson et al., 2010).

Certain considerations must be taken into account when
acquiring fNIRS data from CI users. Depending on the probe layout
and the size of the headset, the external magnet of the Cl device can
interfere with headset placement over the temporal area. In such
circumstances, we simply place the headset over the magnet
(Fig. 1). While this obstructs the scalp contact of certain channels,
the remaining channels can still be used. In our experience, how-
ever, the external magnet is generally posterior and inferior enough
so as not to interfere with headset placement that permits the
measurement of responses within the regions of interest, such as
primary auditory cortex. Of course, care must be taken not to
displace the magnet, as the implant would turn off. Gentle
manipulation is also required when placing the headset in the
crease between the pinna and the temporal skin to avoid repeated
contact with the CI microphone and the resultant unpleasant noise
for the CI user.

In an attempt to facilitate recording in the CI population, we
designed a custom probe layout and headset at our institution. This
arrangement features six light sources clustered in the center of the
headpiece and an additional source anteriorly and posteriorly.
Detectors are positioned in between (Fig. 2D). The center-to-center
distance between adjacent optodes was 15 mm. Moving away from
the checkerboard pattern described in our previous work (Fig. 2C;
Pollonini et al., 2014), this new honeycomb-shaped design allows
for a denser configuration of probes, while maintaining an equal
number of channels. The result is a smaller and more convenient
headpiece suitable for both adult and pediatric subjects, without
compromising resolution. This dense multi-array headset allows
spatial oversampling of a defined cortical area through adjacent
channels that cross each other.

3.3. What region(s) of the central nervous system should be
studied?

To understand the neural substrates involved in auditory pro-
cessing through cochlear implants, it is necessary to observe ac-
tivity within the brain when a sound stimulus is presented (Hall
and Langers, 2014; Zhang et al., 2010). Ideally, one would track
activity all the way from the level of the auditory nerve, through the
ascending auditory pathways in the brainstem to the auditory and
auditory-associated cortical regions. However, given its depth
limitations, such whole-brain imaging is not possible with fNIRS.
Because fNIRS is not a whole-brain technique, choices must be
made about what portion of the cortex to record from in order to
get the information most relevant to understanding auditory pro-
cessing through a CI. A substantial body of fMRI data highlights the
lateral temporal lobe and superior temporal gyrus (LTL/STG) as
foundational to auditory processing at the cortical level.

Several studies have revealed preferential activity for the pro-
cessing of acoustic parameters such as pitch, noise and spatio-
temporal fluctuations in the LTL/STG (Hall and Plack, 20009;
Humphries et al., 2010). Selective responses to species-specific
vocalizations were demonstrated in the LTL/STG of humans and
other mammals (Belin et al., 2002). In addition, studies using fMRI
and implanted recording electrodes have shown localized re-
sponses within the left LTL/STG to phonemes, words, and phrases
(DeWitt and Rauschecker, 2012). Of particular relevance to under-
standing hearing through a CI, Smalt et al. (Smalt et al., 2013).
Demonstrated rapid neural adaptations in normal-hearing partic-
ipants exposed to degraded sound, similar to what a CI user
experiences.

While fNIRS does not provide whole-brain imaging, it can be
used to dissociate music and language processing within con-
strained cortical regions such as the left and right LTL/STG thanks to
stimulus specific processing differences across the cerebral hemi-
spheres. Neuroimaging studies in normal-hearing subjects using
PET and fMRI have previously shown that the left temporal lobe is
primarily involved in speech and language processing, while the
right temporal lobe preferentially responds to music (Hickok and
Poeppel, 2007; Price, 2000; Belin et al., 2006). Furthermore, re-
ports have demonstrated that secondary auditory areas in the right
STG (surrounding Heschl's gyrus) are key to the processing of pitch
information (Zatorre, 1998; Tramo et al., 2002). Temporal infor-
mation, on the other hand, is preferentially processed by left-
lateralized primary (core) auditory areas (Zatorre and Belin,
2001). Evidence also points toward a functional segregation be-
tween music and speech processing within the temporal lobes
(Abrams et al., 2011; Levitin and Menon, 2003). Armony and col-
leagues not only revealed the existence of a region in the anterior
STG (planum polare) that responds more strongly to music than
voice, but their results also provide strong support for the presence
of “music-preferring” neurons in this area (Armony et al.,, 2015).
Moreover, several fMRI studies have demonstrated that the anterior
portion of the STG is involved in higher-order music analyses such
as extraction of melodic information (Rogalsky et al., 2011). Lesion
studies have reinforced the idea that pitch and rhythm processing
recruit separate neural subsystems within the auditory cortex:
cortical damage can interfere with pitch discrimination without
affecting rhythm performance, and vice-versa (Di Pietro et al.,
2004; Ayotte et al., 2000). These and other findings indicate that
the LTL/STG are the most clinically relevant regions of the cortex to
focus on when imaging different classes of auditory perception in CI
recipients using fNIRS.

3.4. Data analysis techniques in multi-array fNIRS headsets

A comprehensive review of analysis techniques available for use
with fNIRS data is beyond the scope of this paper, and this topic has
been extensively reviewed recently (Tak and Ye, 2014). Rather, in
the following section we summarize current strategies to analyze
recordings from dense multi-array headsets, as they are the most
suitable for CI research. As with fMRI, signal pre-processing is
initially performed to remove motion artifacts and physiologic
noise. The first step requires identification of channels with good
scalp contact. At our institution, we filter channels with excessive
noise according to their scalp-coupling index (Pollonini et al., 2014).
In brief, this technique relies on the fact that adequate scalp contact
is characterized by a synchronous cardiac pulse signal recorded by
both wavelengths of light emitted from a single probe. While a
perfect correlation between each wavelength's cardiac signals is
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ideal (coefficient of 1), channels with an index threshold above 0.70
are reliable and can be retained.

The next step is motion artifact correction. Relative to
hemodynamic-related changes, head movements will cause rapid
changes, sharp spikes, and increases in the magnitude of the
recorded signals (Tak and Ye, 2014). Previous reports have
described the use of external accelerometers to estimate and cor-
rect baseline motion artifacts, but this requires additional instru-
mentation with its related cost and complexity (Virtanen et al.,
2011). Many approaches to remove these artifacts without the
need for motion sensors have also been described (Cui et al., 2010;
Scholkmann et al,, 2010). Our preferred technique consists of
identifying start and stop times of motion artifacts by bandpass
filtering each channel between 0.1 and 3.0 Hz to remove slow signal
drift and by normalizing the intensity of the highest peak of the
entire time course. We define peaks in the signal exceeding 20% of
the maximum peak intensity as motion artifacts. These are then
removed from the raw data by performing linear interpolation
between the start and stop time points. Once motion artifacts are
corrected, physiologic noise can be removed from the hemody-
namic signal. This is usually accomplished by bandpass filtering
between 0.016 and 0.25 Hz. The modified Beer—Lambert law is then
used to calculate the relative concentrations of HbO and HbR for
each channel and time point (see Section 3.1).

Once signal processing is complete, brain activation can be
detected by performing inferential statistics on the fNIRS data. For
each channel, all the trials of each stimulus first need to be aver-
aged, a process called block-averaging (Scholkmann et al., 2014).
The resulting block-averaged hemodynamic response is then
compared to a predicted hemodynamic response. Predicted fNIRS
responses can be modeled in a manner similar to the analysis of
fMRI data (Cox, 1996). In such models, the HbO concentration
rapidly rises after stimulus exposure, reaching a peak in a few
seconds. The response then plateaus pending stimulus discontin-
uation, following which it slopes down until baseline HbO con-
centration is reached. Physiologically, this corresponds to an
augmented blood supply required by the neuronal activation.
Conversely, HbR concentration changes in a similar but opposite
direction, decreasing during stimulus presentation. The quality of
fit is determined by linear regression analysis of the measured and
predicted responses, resulting in a T-statistic for each channel.
Thus, each source-detector pair (channel) in the headset can be
represented by a single number that describes the goodness of the
fit. These T-statistics are then arranged in a spatial grid represent-
ing the position of the channel they derive from within the source-
detector array. Multi-array fNIRS headsets provide spatial over-
sampling in the cortex since many channels cross each other at a
given location. The resulting benefit is a reduction of noise in
overlapping channels. A topographic (2 dimensional) activation
map for each stimulus condition can then be generated by color-
coding the T-statistic spatial grid. Alternatively, it is possible to
project this colored T-statistic distribution map onto a standard
brain image to create cortical activation maps that are easier to
visualize and interpret.

4. Review of fNIRS neuroimaging studies in CI recipients

In 2013, fNIRS celebrated its 20th anniversary as a human
neuroimaging modality. Jobsis (1977) was the first to demonstrate
the possibility of detecting changes of cortical oxygenation by
transilluminating the cranium of anesthetized cats with NIR light
(Jobsis, 1977). However, it was not until 1993 that this emerging
technology was first applied to human brains. That year, four
research groups independently published the first single-site fNIRS
human adult studies (Chance et al., 1993; Hoshi and Tamura, 1993;

Kato et al., 1993; Villringer et al., 1993). fNIRS has since rapidly
gained popularity among the neuroscience and clinical commu-
nities. If the number of annual publications reflects scientific
enthusiasm, fNIRS has definitely emerged as one of the most pop-
ular research fields in the past 20 years: its publications have
doubled every 3.5 years and have now reached over 200 per year
(Boas et al., 2014). Despite this growing interest, the literature
reporting the use of fNIRS in the CI population remains sparse. A
comprehensive review across multiple databases of published ar-
ticles mentioning fNIRS and cochlear implantation yielded five
papers (Sevy et al., 2010; Pollonini et al., 2014; Dewey and Hartley,
2015; Lawler et al., 2015; Olds et al., 2015).

Sevy and colleagues report the first research application of fNIRS
in CI users (Sevy et al., 2010). The authors used fNIRS to measure
speech-evoked cortical responses within four subject cohorts:
normal-hearing adults, normal-hearing children, deaf children who
had over 4 months experience hearing through a cochlear implant,
and deaf children who were tested on the day of initial CI activation.
The speech stimuli consisted of digital recordings from children's
stories in English. A four channel NIRS 2CE system (TechEn, Inc.,
Milford, MA) with 2 emitters mounted on a custom headframe was
used to sample bilateral auditory cortices (Fig. 2A). The authors
report successfully recording auditory cortical activity using this
fNIRS setup in 100% of normal-hearing adults, 82% of normal-
hearing children, 78% of deaf children who have used a CI for at
least four months and 78% of deaf children on the day of CI initial
activation. Interestingly, Sevy et al. had validated their NIRS
experimental paradigm with fMRI in 3 normal-hearing adults. They
showed that similar speech-evoked superior temporal gyrus re-
sponses were obtained with both fNIRS and fMRI. Such results were
encouraging as they demonstrated that fNIRS was a feasible neu-
roimaging technique in CI users and that reliable hemodynamic
cortical responses to speech could be recorded in these patients.

The same group later evaluated whether fNIRS was sensitive
enough to detect differences in cortical activation evoked by
different quality levels of speech in normal-hearing individuals
(Pollonini et al., 2014). The investigators used a 140 channel fNIRS
system (NIRScout, NIRx Medical Technologies LLC, Glen Head, NY)
in a tight array to provide spatial oversampling, and permit aver-
aging between channels to improve the SNR (Fig. 2C). By increasing
the number of channels, the authors were able to generate topo-
graphic maps and measure the area of activation and center of
mass. They also designed their own custom analytic software and
developed novel data analysis techniques to filter channels with
poor scalp contact or high SNR. The experimental paradigm con-
sisted of four different stimuli: normal speech, channelized (voco-
ded) speech, scrambled speech and environmental noise (for
previous use of these stimuli as cross-controls see, for example,
Abrams et al., 2011; Humphries et al., 2001; Levitin et al., 2003).
Their results revealed that speech intelligibility correlated with the
pattern of auditory cortical activation measured with fNIRS: normal
speech evoked the strongest responses, distorted speech produced
less region-specific activation and environmental sounds evoked
the least response. Again, the investigators validated their stimulus
paradigm with fMRI on a single participant. Such results demon-
strated that in normal-hearing individuals, fNIRS can detect dif-
ferences in the response of the auditory cortex to variations in
speech intelligibility. The conclusions of this study raise implica-
tions for the CI population. If fNIRS can provide an objective mea-
sure of whether a normal-hearing subject is hearing normal or
distorted speech, then it has the potential to be used to assess how
well speech information activates the brain in subjects hearing
through a CL

While Pollonini's study did not involve CI subjects, subjects
hearing through a CI were studied with a similar technique (Olds
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et al,, 2015). Olds' study used an experimental paradigm and fNIRS
instrumentation comparable to that of Pollonini, but expanded the
approach to participants with CI. Specifically, the authors aimed to
better understand the variability in speech perception outcomes in
CI using fNIRS. A NIRScout 1624 instrument (NIRx Medical Tech-
nologies, LLC, Glen Head, NY) with 140 channels was used to record
the auditory cortical response of 32 post-lingually deaf adults
hearing through a CI and 35 normal-hearing adults. Again, four
auditory stimuli with varying degrees of speech intelligibility were
employed: normal speech, channelized speech, scrambled speech
and environmental noise. Speech reception thresholds (SRT),
monosyllabic consonant-nucleus-consonant word (CNC Words)
scores and AzBio sentence recognition scores were used as
behavioral measures of speech perception. Results from this study
demonstrated that the cortical activation pattern in implanted
adults with good speech perception was similar to that of controls.
In those two groups, less cortical activation was noted as the speech
stimuli became less intelligible. In contrast, CI users with poor
speech perception displayed large, indistinguishable cortical acti-
vations across all four stimuli. As the authors had hypothesized, the
findings of this study demonstrated that activation patterns in the
auditory cortex of CI recipients correlate with the quality of speech
perception. Importantly, when the fNIRS measurements were
repeated with the implant turned off, reduced cortical activations
in all CI recipients were noted. This suggests that sound informa-
tion is conveyed to the auditory cortex of CI users with poor speech
perception, but that these subjects are unable to discriminate
speech from the information that gets to the cortex.

To our knowledge, Lawler and colleagues are the only other
research group actively using fNIRS neuroimaging in auditory
processing studies in deaf individuals and CI recipients; to date,
they have published two articles on that topic (Dewey and Hartley,
2015; Lawler et al., 2015). While this group's long-term aim is to
examine cortical reorganization associated with deafness and
cochlear implantation using fNIRS, none of these articles enrolled
Cl users thus far. The first report discusses maladaptive cross-modal
plasticity in CI subjects and its role as a potential factor underlying
poor performance following implantation (Lawler et al., 2015).
Through this article, the authors describe their long-term research
goals and introduce their plans for future fNIRS studies with deaf
individuals and CI recipients. Later that year, Dewey and Hartley
published a study on the use of fNIRS to detect visual and vibro-
tactile cross-modal plasticity changes in profoundly deaf but non-
implanted individuals (Dewey and Hartley, 2015). Their setup
consisted of a Hitachi ETG4000 (Hitachi Medical Corporation,
Tokyo, Japan) optical topography system with 12 recording chan-
nels over each hemisphere (Fig. 2B). The authors reported that
auditory deprivation is associated with cross-modal plasticity of
visual inputs to auditory cortex. Practically speaking, such results
highlight the ability of fNIRS to accurately record cortical changes
associated with neural plasticity in profoundly deaf individuals. The
application of these findings to the CI population is very promising,
as they demonstrate the potential of fNIRS as an objective neuro-
imaging tool to detect and monitor cross-modal plasticity both
prior to and following cochlear implantation.

5. Directions for future fNIRS application in CI users
5.1. Clinical applications

A promising future for fNIRS clinical applications includes the
implementation of NIRS as a neuroimaging tool to guide post-
implant programming in the service of improving deaf patients'
speech and language outcomes. CIs need to be reprogrammed
frequently to ensure they are accurately conveying the sound

information within speech to the auditory nerve and, ultimately, to
the auditory cortex. If the language areas of the brain are appro-
priately activated, then the child has the best chance of learning
normal speech and language. Early identification of patients who
do poorly is therefore critical, as prompt intervention can prevent
delay in linguistic and psychosocial development (Robinshaw,
1995). Current cochlear implant assessment tools are limited and
hard to administer in young infants, whose behavioral responses
are difficult to elicit and are often not interpretable. An objective
measure of how well speech information is processed within the
cortex would provide an ideal tool for monitoring (and possibly
predicting) language development in young CI users. Given that the
number of imaging sessions is not restricted for fNIRS, repeat as-
sessments through longitudinal studies can be performed to
monitor rapid cortical modifications resulting from poor implant
programming. In doing so, fNIRS studies may allow early identifi-
cation of children on poor language development trajectories. If this
can be achieved while the child is still within the critical time
period when significant language development occurs (i.e. age 14
years), prompt intervention can be started. Ultimately, this type of
early intervention could prevent delays in a child's psychosocial
development, a process highly dependent on hearing (Yoshinaga-
[tano et al., 1998). Using fNIRS to supplement our current clinical
practice of CI programming and speech and language therapy is an
exciting possibility.

5.2. Research applications

The opportunity for safe, repeated testing of CI recipients with
fNIRS also provides investigators with the ability to explore the
cortical changes associated with neural plasticity in this patient
population. For instance, understanding the cortical reorganization
that occurs following prolonged auditory deprivation in potential CI
recipients may help predict their expected outcome post-
implantation. This expectation is based on emerging evidence
suggesting that cross-modal plasticity of visual inputs into a
sensory-deprived auditory cortex may affect the ability of a CI
recipient to process auditory information from their implant
effectively (Sandmann et al., 2012). fNIRS may also provide insight
into the cortical changes that take place in deaf patients following
implantation. An example of such an application is the study of
post-implantation training and its effects on brain plasticity. Pantev
et al. examined the dynamics of auditory plasticity after implan-
tation through MEG longitudinal imaging, suggesting that CI users
would benefit the most from language training within the first 6
months after implantation (Pantev et al., 2006). As discussed, fNIRS
is significantly easier to use in longitudinal studies compared to
MEG. The opportunity to further explore cortical reorganization
following hearing restoration has the potential to guide the design
of post-implantation training strategies.

The neural basis for CI users' variable experience perceiving
music is another interesting topic and one that merits further
investigation. Despite advances in CI technology, music perception
in CI recipients remains quite poor (Gfeller and Lansing, 1992). A
growing body of psychophysical studies has better defined the
limitations of music enjoyment and perception in CI users. For
example, studies suggest that CI users perform poorly on pitch
recognition tasks, whereas rhythmic perception remains relatively
intact following implantation (W. B. Cooper et al, 2008;
McDermott, 2004). Reports have also shown that appraisal rat-
ings and overall listening time are significantly lower following
implantation, with some CI users even describing music as “aver-
sive” (Looi et al., 2012; Migirov et al., 2013). The challenges that CI
users face in processing a complex auditory stimulus such as music
can be explained by a number of technological, acoustical and
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biological constraints (Limb and Roy, 2014). While many of these
have been addressed in the literature previously, the neural basis
for poor music perception in CI users is under-investigated and
poorly understood. This is at least in part due to inherent limita-
tions on the use of most neuroimaging modalities with CI users, as
outlined here. fNIRS is quiet and allows the use of event-related
paradigms, thus offering greater flexibility in experimental in-
quiry. It is also relatively low cost, another factor that may have
constrained examination of neural mechanisms underlying better
or worse music perception in implant users in previous years. These
and other features make fNIRS an ideal tool for evaluating music-
evoked brain activation in CI recipients, as well as for examining
the relationship between behavioral music performance and de-
gree of auditory cortical activation in this patient population.
Together, these inquiries would help achieve the long-term goal of
higher-level music perception in CI recipients.

6. Conclusion

fNIRS is a safe, reliable neuroimaging technique that is
compatible with CI devices. It offers many benefits over other ap-
proaches for examining cortical responses in Cl recipients, although
care must be taken in collecting and analyzing the data. While the
existing literature on fNIRS neuroimaging in adult and pediatric CI
users is currently limited, the future of this emerging technique is
promising and numerous clinical and research applications remain
to be explored.
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