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Abstract

1.

Much of what is known about the course of auditory learning following cochlear implantation is
based on behavioral indicators that users are able to perceive sound. Prelingually deafened
children and postlingually deafened adults who receive cochlear implants have highly variable
speech and language processing outcomes, though the basis for this is poorly understand. To date,
measuring neural activity within the auditory cortex of implant recipients of all ages has been
challenging, primarily because the use of traditional neuroimaging techniques is limited by the
implant itself. Functional near-infrared spectroscopy (fNIRS) is an imaging technology that works
with implant users of all ages because it is non-invasive, compatible with implant devices, and not
subject to electrical artifacts. Thus, fNIRS can provide insight into processing factors that
contribute to variations in spoken language outcomes in implant users, both children and adults.
There are important considerations to be made when using fNIRS, particularly with children, both
to maximize the signal-to-noise ratio and to best identify and interpret cortical responses. This
review considers these issues, recent data, and future directions for using fNIRS as a tool to
understand spoken language processing in both children and adults who hear through a cochlear
implant.

Introduction

Hearing loss is the fourth most common developmental disorder in the United States and the
most common sensory disorder (Boyle et al., 2011). Over 90% of deaf children are born to
hearing parents (Mitchell & Karchmer, 2002) and whether or not hearing parents opt to learn
sign language with their deaf child, the vast majority will opt for the surgical placement of a
cochlear implant, an electronic device that processes incoming sounds and bypasses the
inner ear to electrically stimulate the auditory nerve. Cochlear implantation has become the
most widely used computer-brain interface and now is the most successful intervention for
total sensory function loss (Prochazka, 2017), proving particularly impactful for hearing loss
intervention in deaf infants and young children. Since 2000, the United States Food and
Drug Administration (FDA) approves cochlear implantation in children 12 months old and
older based on the results of clinical studies. However, many parents are opting to have their
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deaf infants implanted at even younger ages, guided by increasing awareness that significant
perceptual tuning in normal hearing infants takes place across the first year of life
(Miyamoto, Colson, Henning, & Pisoni, 2018). In this review, data from both prelingually
deafened pediatric implant users and postlingually deafened adult implant users will be
presented, as both are informative to the goal of developing fNIRS for clinical and research
applications for improving cochlear implant outcomes.

Cochlear implant mediated speech is not the same as normal speech. Despite continued
advances in implant technology, multiple auditory components are somewhat degraded
relative to the speech typical hearers experience (Caldwell, Jiam, & Limb, 2017). Learning
to use this degraded speech signal when one already has a language system in place to fill in
the gaps, as in the case of postlingually deafened adults, should on its face be quite a
different process from that of learning language through an implant the first time around and
with no such prior knowledge. The latter situation is what prelingually deafened children
who learn language through a cochlear implant face. Despite this, outcomes for both
prelingually (Fisher et al., 2015; Geers, Nicholas, Tobey, & Davidson, 2016) and
postlingually (Lenarz, Joseph, Sénmez, Buchner, & Lenarz, 2011) deafened individuals are
highly variable. More than half of implanted children score in the average range on
assessments of spoken language skills (Geers, Brenner, & Tobey, 2011; Geers, Tobey, &
Moog, 2011), and this percentage increases by high school age as listening experience is
accrued (Geers & Sedey, 2011). Among implanted adults, most have a moderately high
satisfaction level with their device (Ou, Dunn, Bentler, & Zhang, 2008), but younger users
have significantly better speech perception scores than older users (Roberts, Lin, Herrmann,
& Lee, 2013). In other words, on average, neither group of implant users performs at the
level of a group of normal hearing individuals of the same age. Although outcomes are
continually improving with improved technology, identifying the sources of this variability
is a critical challenge to researchers and clinicians, who stand to benefit from additional
tools to help maximize spoken language outcomes for all implant users.

Despite a minority of prelingually deafened children having difficulty using their implant
even after years, many can and do learn to use the implant’s signal to acquire age-
appropriate speech production and spoken language comprehension skills (Lazard et al.,
2012; Miyamoto et al., 1994). The factors that contribute to variability in individual
outcomes following cochlear implantation are diverse and poorly understood (Lazard et al.,
2014; Peterson et al., 2010) but one critical issue is whether the implant accurately conveys
acoustic information to the auditory nerve and beyond. This depends at least in part on the
many steps that take place prior to activation of the device itself, including hearing loss
diagnosis, implant candidacy evaluation, implant surgery, and surgical recovery. Although
the device is tested for successful placement and function during surgery (intraoperatively),
the audiologist who initiates and programs the device following surgery will act as the initial
interface between an implanted child’s previous knowledge of sound, if any, and the new
auditory percept the implant provides.

Device programming, the process of adjusting electrical stimulation levels across the
implant’s different electrodes following initial activation, incorporates both behavioral and
objective measures. Behavioral measures evaluate the child’s response to the device’s
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electrical thresholds, which are adjustable by the audiologist, and the child’s comfort with
those thresholds. Objective measures are manufacturer-provided indicators of the device’s
function, including impedance telemetry, electrically evoked compound action potentials,
and acoustic reflex (Teagle, 2016). These measures generally focus on early stage
interactions between the electrical stimulation provided by the device and the biological
system with which it interfaces: the inner ear and auditory nerve. To maximize auditory
learning, ideally both the behavioral and objective measures will be used by the audiologist
and other specialists in conjunction with a range of other information (i.e., about the child,
the family, pre- and post-implant communicative mode, and therapeutic interventions) in a
dynamic manner from the time of activation onward.

Although the causes of outcome variability are not well understood, a child’s hearing history
and age of implantation have been shown to be the most predictive (Ching et al., 2014;
Niparko et al., 2010). These factors implicate the plasticity, or lack thereof, of cortical and
subcortical structures that will support learning language from the implant-mediated
auditory signal. Of particular concern is the status of the auditory pathways that carry sound
information from the auditory nerve to the primary auditory cortex. Subsequent stages of
cortical processing, including corticocortical connectivity, are also important to consider
(Dahmen & King, 2007; Kral, Yusuf, & Land, 2017). As demonstrated systematically with
animal models (Yusuf, Hubka, Tillein, & Kral, 2017), the effects of prior auditory
experience, age of hearing loss, and facility with perceptual learning are all issues of
relevance to human cochlear implant users of all ages. For example, lack or loss of sound-
evoked neural stimulation early in development can result in the auditory cortex being co-
opted by other sensory modalities (e.g., vision), although the degree to which such cross-
modal reorganization takes place in humans who experience some hearing prior to deafness
appears to be limited to secondary brain regions (Glick & Sharma, 2017). Nonetheless,
given lack of auditory input from birth, as is the case for congenitally deaf individuals,
cross-modal reorganization can limit the influence of whatever auditory input subsequently
is provided by the implant, and early implantation maximizes auditory benefits (Silva et al.,
2017). Thus, it is clear that differential experience over the lifespan modifies whether and
how the auditory cortex processes sensory input, with implications for speech and language
outcomes.

A notable constraint on our understanding of outcome differences in cochlear implant users
has been a general focus by the clinical community on measures of post-implant
performance (e.g., standardized speech and language evaluations), rather than on developing
measures that might support a more nuanced understanding of the processes underlying that
performance. Fortunately, this bias has been changing (Moberly, Castellanos, Vasil, Adunka,
& Pisoni, 2018). One approach has been to determine the developmental status of the human
auditory cortex by comparing latencies of the cortical auditory evoked potential (CAEP)
across individuals (Dorman, Sharma, Gilley, Martin, & Roland, 2007). Data obtained using
this technique highlight the importance of age of implantation in pediatric implant users and
further underscore the idea that earlier implantation is better. Despite the fact that the CAEP
has been used quite productively (for a recent review, see Ciscare, Mantello, Fortunato-
Queiroz, Hyppolito, & Dos Reis, 2017), this line of research is somewhat constrained in
what it can say about the processes underlying good and poor implant outcomes. Moreover,
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limitations imposed by implant-electrode interaction constrain the ecological validity of the
stimuli used to elicit the CAEP (Paulraj, Subramaniam, Yaccob, Bin Adom, & Hema, 2015).

A promising approach that has been reported recently is the use of structural information
about the brains of implant recipients (Feng et al., 2018). This approach evaluates the initial
status of the deaf individuals’ brain tissue itself as a function of specific characteristics of
their hearing loss and age, among other things. In a recent study, pre-surgical morphological
data about pediatric cochlear implant candidates’ brains were used to predict the speech and
language outcomes following implantation (Feng et al., 2018). Based on comparisons
between the neuroanatomical density and spatial pattern similarities in structural magnetic
resonance images (MRIs) from the implant candidates and from age-matched normal
hearing children, the researchers identified brain networks that were either affected or
unaffected by auditory deprivation. Using these data, they then constructed machine-learning
algorithms to classify another set of pre-implant data into categories reflecting projected
improvement in speech perception. The resulting models made relatively accurate
predictions about each implant user’s ranking in speech outcome measures, demonstrating
that pre-surgical neuroanatomical data can be used to predict speech and language outcomes
post-implantation. This goes well beyond the current use of structural MRI to evaluate
anatomical fitness for implant candidacy. It also presents a novel way of assessing plasticity
pre-implantation, taking a systems neuroscience approach (Kral, 2013) to understanding the
sources of variability in post-implant outcomes.

Nonetheless and despite these advances, assessing the activity elicited by implant-mediated
speech in the brains of individuals of all ages remains difficult, particularly in young
children. For one thing, typical research techniques for such measures are not practical or
feasible with this population. Hemodynamic-based methods, such as positron emission
topography (PET) and functional magnetic resonance imaging (fMRI), are generally
considered impractical or unsafe for use with healthy infants. PET involves the use of
radioactive isotopes and, regardless of age, patients with cochlear implants cannot have an
MRI because the implant itself is ferromagnetic. Electrophysiological measures, including
the CAEP and other electroencephalogram-based measures, are hampered by stimulation
artifacts from the device. During the time it takes for the implant-driven signal to propagate
from the auditory nerve up to the cortex (6-10 ms), the implant’s processor interferes with
the signal being acquired. Thus, electrophysiological measures typically are based on short
stimuli (i.e. square wave pulses) that allow the cortical response to the stimulus to be
separated from implant-induced artifacts (Gransier et al., 2016). Thus, the main advantage of
taking measurements from the auditory cortex—identifying differential responses to
different forms of meaningful speech—is lost using this approach. Although there are
methods to better remove artifacts from the cortical signal, this is not trivial and it is still
unclear how accurately the signal reflects actual neural activity (Friesen & Picton, 2010; Mc
Laughlin, Lopez Valdes, Reilly, & Zeng, 2013; Miller & Zhang, 2014; Somers, Verschueren,
& Francart, 2018). Moreover, the use of electrophysiological measures requires infants and
young children to remain quite still, something difficult to achieve without sedation.
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2. Functional near-infrared spectroscopy: Background and general

principles

Functional near-infrared spectroscopy (fNIRS) is a tool that operates outside these
limitations, providing a non-invasive assessment of localized changes in blood oxygenation.
Thus, the technology presents the first opportunity to measure focal changes in blood
oxygen concentration in cochlear implant users, many of whom are hearing for the first time.
The benefit that fNIRS can provide to cochlear implant research is two-fold: 1) it introduces
an important alternative to the measures that are traditionally used to assess speech and
spoken language development in implant users, and 2) it allows examination of localization
of function as it applies to the emergence of speech and speech-related skills in both normal
hearing and hearing-impaired populations. Because speech perception occurs within and
beyond the auditory cortex, neuroimaging with fNIRS provides an additional means of
assessing whether auditory information relayed by an implant is delivered to the auditory
cortex and beyond (e.g., to language-specific cortical regions of the brain) (Pasley et al.,
2012). Thus, fNIRS can supplement behavioral tests, which are particularly limited in young
children (Santa Maria & Oghalai, 2014), providing an important addition to the limited array
of neuroimaging modalities suitable for use with this population.

fNIRS uses red-to-near-infrared (NIR) light to detect cortical blood oxygenation, which
itself is a proxy for neural activation because active brain regions demand the delivery of
oxygen to support their metabolic needs. Optical absorption changes are recorded across the
scalp over time and converted to relative concentrations of oxygenated and deoxygenated
hemoglobin, which are then mapped to specific areas of underlying cerebral cortex. The
localization specificity is nowhere near that of fMRI, but fNIRS can track cortical responses
to within 1 to 2 cm of the area targeted (Ferrari & Quaresima, 2012; Scholkmann et al.,
2014). Because the equipment is quiet and tolerates some movement, it is ideal for testing
auditory processing while people are awake and behaving, making it compatible for both
speech processing and developmental research. fNIRS is noninvasive, poses no risks and,
given the optical nature of the technology, does not interact with the implant’s components
(i.e., electronic, ferromagnetic). Of note, it can be used to measure cortical responses to any
auditory signal, including relatively long samples of speech, which is particularly important
for assessing speech and spoken language processing. As mentioned, PET is the only other
neuroimaging modality that provides a matching level of compatibility with implants.
However, unlike PET, fNIRS does not require tracers to be injected into the blood stream
and thus does not expose individuals to radiation. This also means that the number of test
runs that can be conducted with a single individual is not restricted, making fNIRS ideal for
longitudinal studies.

Although there are different forms of fNIRS imaging, the focus here will be on continuous
wave systems because they are the most commonly used for human neuroimaging. This is,
in part, because these systems rely on lower cost photon detectors, which allows for more
spatially resolved measurements. Continuous wave fNIRS uses a stable light source that
sends a continuous beam of light into the tissue while the exiting light is monitored. The
intensity of the detected light is used to determine the amount of optical (light) absorption
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that has occurred. Other forms of optical imaging, operating in the time-domain (Torricelli et
al., 2014; Pifferi et al., 2016) and the frequency-domain (Jiang, Paulsen, Osterberg, Pogue,
& Patterson, 1996), use more complex light sources to measure the phase of returning light
or the temporal distribution of the light following migration through the targeted tissue and
are beyond the scope of this review (for an overview of optical approaches, see Zhang,
2014).

For human neuroimaging, fNIRS involves placing sets of light sources and light detectors
over the scalp with the goal of measuring the amount of light that exits the skull. Light will
be scattered as it passes through the bone and tissue and, critically, some of the scattered
light will be absorbed by the hemoglobin present in the superficial layer of the cortex. A
critical aspect of fNIRS is that the spectrum of light absorbed by hemoglobin depends on
whether the hemoglobin is oxygenated or not. For this reason, two or more optical fibers are
coupled to deliver two wavelengths of light through each source, and each of the two
wavelengths is selected for maximal absorption by either oxygenated (HbO) or
deoxygenated (HbR) hemoglobin. Thus, the choice of wavelength pairs is important, as this
affects the quality of the fNIRS signals (Strangman, Franceschini, & Boas, 2003; Sato,
Kiguchi, Kawaguchi, & Maki, 2004). Except at the isosbestic point (808 nm), where the
extinction coefficients of the two chromophores (i.e., forms of hemoglobin) are equal, HbO
and HDbR differentially absorb light in the red-to-NIR spectral range. Although different
fNIRS systems use slight variations in wavelength pairs, it is always the case that one
wavelength is absorbed more by HbO and the other by HbR. Generally speaking,
wavelengths below the isosbestic point can be used to measure HbR (below 760-770 nm),
whereas longer wavelengths measure HbO (up to 920 nm) (Scholkmann et al., 2014). While
some have argued that the highest signal-to-noise ratios are obtained when one wavelength
is below 720 nm and the other is above 730 nm (see Uludag, Steinbrink, Villringer, & Obrig,
2004, for a detailed discussion of cross-talk and source separability), other factors influence
the quality of the signal as well and this is reflected in the variability in wavelength pairs
available commercially.

In terms of depth of penetration, fNIRS can be used to interrogate an adult brain to a depth
of about 1.5 cm from the scalp itself (Elwell & Cooper, 2011). This is because biological
tissue absorbs light in the visible spectrum while remaining relatively transparent to light in
the red-to-NIR range (650-1000 nm), meaning that the latter penetrates past the superficial
layers of the head and interacts with cortical tissue (Wilson, Nadeau, Jaworski, Tromberg, &
Durkin, 2015). When a light source and detector are placed in contact with the scalp with at
least 2 cm of space between them, a small fraction of the incident light will scatter (“optical
scattering™) within the scalp, skull, and cerebral cortex, and then repeat this random journey
to eventually reach back to the detector. Although the fraction of light that scatters through
the cortex and ultimately reaches the detector can be quite small, it nonetheless provides
both spatial and temporal information about the metabolic state of the cortical tissue it has
traveled through. This backscattering geometry produces a canonical “banana-shaped”
profile of light arcing from an emitter to a nearby detector that characterizes the tissue
measured using fNIRS (Bhatt, Ayyalasomayajula, & Yalavarthy, 2016). In a typical study, an
array of such source-detector pairs (an “optode array”) is positioned on the scalp with the
distance between each source-detector pair ranging from 2 to 5 cm, depending on the age of
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the person being tested. Each source-detector pair represents a localized “channel,” a term
that refers to the convex banana-shaped region of tissue through which light is passing and
whose metabolic characteristics are thus measured by that particular source-detector pair. A
channel thus corresponds to the sampling of tissue that underlies a particular source-detector
pair by the light path passing through it. Based on the loss of light intensity at the point of
each detector relative to the source, oxygen concentration of the blood in the cortex
underlying that channel can then be calculated using a formula called the modified Beer-
Lambert Law (Villringer & Chance, 1997).

In sum, the major spatial limitation of fNIRS is that it only probes a thin top layer of the
cortex (1.5 cm from the scalp means light reaches only the top 5-8 mm of the brain itself), a
considerable drawback for studies that aim to investigate deeper regions of the brain. Depth
resolution is further influenced by the age of the person being tested, and varies somewhat
across brain regions even within a particular age group (Beauchamp et al., 2011). In adults,
thicker scalp, soft tissue (i.e., dura and meninges), and skull significantly restrict NIR light
from penetrating as deeply as it can in children. This influences the accuracy of data
recording and is the basis for adjusting source-detector pair distances as a function of a
person’s age, as mentioned above. Although deeper neural activity can be probed by
increasing the source-detector distance, this is generally at the cost of signal-to-noise ratio
due to an overall reduction in transmitted photons. To reach the cortex, the current consensus
is that source-detector distances should be between 2 and 3 cm in infants and 3 and 5 cm in
adults (Quaresima, Bisconti, & Ferrari, 2012). Tools for better spatial localization continue
to be improved and streamlined as well. For probe placement prior to data acquisition, the
10-20 (EEG) system is used in the same way it is for the acquisition of whole-head EEG
data. For greater spatial precision, a digital localizer also can be used to record the 3-D
location of each source and detector on a digital model. Source encoding, in which the
different wavelengths within sources are flashed on and off at different points in time, helps
further differentiate location and is important for localizing optode arrays with large
numbers of sources and detectors (Wojtkiewicz, Sawosz, Milej, Treszczanowicz, & Liebert,
2014). Although raw fNIRS data do not provide an anatomical image of the brain, data from
an individual or from group averages can be imposed on an individual’s MRI or on a
template for better visualization. Cochlear implant users generally have structural MRIs of
their brains taken prior to implantation, which are helpful when used to guide interpretation
of specific probe localization, though this is not at all necessary to the process.

Although many of the benefits of fNIRS relate to its fMRI-like characteristics, its effective
temporal resolution is actually higher than that of fMRI. Indeed, the sampling rate of fNIRS
is the highest among the hemodynamic neuroimaging techniques, with continuous wave
systems reaching up to 100 Hertz (Huppert, Hoge, Diamond, Franceschini, & Boas, 2006).
Of course, as a blood-based measure, the temporal resolution of fNIRS is inferior to EEG
and MEG by an order of magnitude. Nonetheless, the high temporal resolution (due to the
high sampling rate) relative to other hemodynamic measurements allows for the use of
event-related experimental paradigms, not to mention detailed interrogation of the temporal
dynamics of cortical blood flow (Taga, Watanabe, & Homae, 2011). The spatial resolution,
typically estimated at 1 to 2 cm (Ferrari & Quaresima, 2012; Scholkmann et al., 2014),
enables localization of cortical responses with reasonable precision, and this can be further

Dev Psychobiol. Author manuscript; available in PMC 2020 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bortfeld

Page 8

manipulated through variations in the arrangement and density of sources and detectors. For
example, increasing the density of channels over a target area achieves finer sampling of the
cortex (e.g., Olds et al., 2016; Pollonini et al., 2014). Moreover, it is possible to generate
three-dimensional images of the optical properties of the brain given a sufficient number of
sources and detectors (Eggebrecht et al., 2014). But even the most basic fNIRS system
allows for quantitative monitoring of HbO, HbR, and total hemoglobin, which makes for
robust evaluation of the components underlying the cortical hemodynamic response.

There are many factors to consider in analyzing and interpreting fNIRS data. Because
changes in blood volume in the scalp and muscles underlying the optodes can influence the
data, ongoing discussions in the field have led to the development of techniques to separate
signals that originate from the brain from those coming from extra-cerebral tissues (e.g.,
Goodwin, Gaudet, & Berger, 2014). Moreover, physiological noise that originates from the
cardiac pulse and from breathing can influence measurements and must be addressed prior
to or in the process of data analysis (Gagnon et al., 2012). Removing noise from the raw
signal requires analytical strategies, some provided through custom software development
and others through more widely used software packages. As with any type of data that
requires extensive processing, pipeline standardization becomes important to data quality
and reliability. The current lack of standardization in fNIRS data analysis (Tak & Ye, 2014)
is being addressed through the efforts of a working group organized by the Society for
functional Near-Infrared Spectroscopy (SfNIRS).

Finally, with regard to usability, the footprint and mobility of the fNIRS physical system is
important to consider. The setup typically consists of a cart for the acquisition computer, a
tabletop NIRS module, and the optical fibers, which are connected to that module. The optic
fibers that deliver the NIR light to the probe are flexible and relatively lightweight, allowing
researchers to test participants in a range of positions and postures. The cart itself can be on
wheels to increase portability and allow for measurements to be taken more easily in clinical
settings. And, of course, optical technology is advancing rapidly; wireless, wearable, multi-
channel fNIRS systems are already available and are rapidly improving (Piper et al., 2014;
McKendrick, Parasuraman, & Ayaz, 2015; Pinti et al., 2015; Huve, Takahashi, &
Hashimoto, 2017; Kassab et al., 2018). Although this is not generally considered to be low-
cost instrumentation, after EEG, fNIRS is among the most affordable neuroimaging
modalities available. There are no disposables and minimal maintenance is required for the
system itself. In short, fNIRS is a user-friendly technology for implementation in either
clinic- or lab-based research.

3. Functional near-infrared spectroscopy in speech research

Appropriate to its emergence as tool to assess speech perception and processing in cochlear
implant users, speech processing was one of the first research topics addressed using fNIRS.
Sakatani and colleagues (Sakatani, Xie, Lichty, Li, & Zuo, 1998) first compared
performance of healthy adults and stroke patients on a series of speech processing tasks,
focusing on language-related changes in the left prefrontal cortex (roughly Broca’s area). A
study published the same year by Watanabe and colleagues (Watanabe et al., 1998) focused
on establishing hemispheric lateralization of language in healthy and epileptic adults while
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they performed a word-generation task. Critically, their fNIRS results confirmed language
dominance data collected from the epileptic group using the Wada test. The first fNIRS
speech comprehension study was published shortly thereafter (Sato, Takeuchi, & Sakai,
1999). In it, healthy adult participants performed a dichotic listening task with stimuli that
varied in complexity (tones, sentences, stories). Results demonstrated greater cortical
activity (increases in oxygenated hemoglobin and decreases in deoxygenated hemoglobin) in
the left temporal region during the story condition relative to the two other two auditory
conditions. Since this early work, numerous auditory processing studies have been
conducted using fNIRS with people of all ages, including infants. The research of particular
relevance for those considering using fNIRS with cochlear implantees belongs to three
primary areas: speech and language processing in infants and young children, adult speech
perception and processing in ideal listening conditions, and perception and processing of
degraded speech. | will provide a brief overview of each body of data.

Prelingually deafened children with cochlear implants often present with difficulties that
include performing below grade level on phonological awareness, on sentence
comprehension, and on reading (Johnson & Goswami, 2010; Lund, 2016; Nittrouer,
Sansom, Low, Rice, & Caldwell-Tarr, 2014). Thus, having a tool to identify early sound
processing problems, which may form the foundation for these subsequent difficulties, is
both theoretically and clinically beneficial, and there is now substantial evidence that fNIRS
can be used to examine a range of issues relevant to the development of early language
processing abilities. Although the first application of fNIRS to infant research (Meek et al.,
1998) was published around the time of the initial fNIRS adult language processing research
reviewed earlier, the first use of fNIRS to examine infant speech processing was published
five years later (Pefia et al., 2003). This influential study introduced fNIRS to the language
development community and the technique is now a recognized component of the infant
research toolkit. In this study, newborn infants (none more than 5 days old) were presented
with forward and reversed speech. The forward speech produced a stronger hemodynamic
response (increases in oxygenated hemoglobin; decreases in deoxygenated hemoglobin) in
the left than the right hemisphere, hinting that language lateralization already manifests at
birth. This precocious left lateralization to speech was confirmed in my own (Bortfeld, Fava,
& Boas, 2009; Bortfeld, Wruck, & Boas, 2007) and others’ subsequent work (Minagawa-
Kawai et al., 2011; Sato et al., 2012).

A variety of other early speech processing questions have been explored using fNIRS. These
include categorical perception (Minagawa-Kawai, Mori, Naoi, & Kojima, 2007), prosodic
processing (Homae, Watanabe, Nakano, Asakawa, & Taga, 2006; Homae, Watanabe,
Nakano, & Taga, 2007), syllable segmentation (Gervain, Macagno, Cogoi, Pena, & Mehler,
2008), and hierarchical language processing (Obrig, Rossi, Telkemeyer, & Wartenburger,
2010). In short, application has been pursued across a range of speech processing
subdomains, each of which is relevant to early language development. The result is a
substantial and growing body of research demonstrating how to address speech-specific
questions in infants and young children using fNIRS. The technology also is being used to
characterize speech and language processing in older children (e.g., Jasiriska, Berens,
Kovelman, & Petitto, 2017). These and other findings provide a solid foundation for
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characterizing what a normal hearing infant’s response to speech should look like, a
necessary step for the purposes of identifying when a child is not developing normally.

Identifying speech processing in adults that deviates from “typical” patterns will also
improve our understanding of sources of variability in outcomes for cochlear implant users.
Postlingually deafened adults with implants often demonstrate impressive speech
recognition performance in ideal listening conditions, but problems in central hearing
abilities remain, including poor understanding in less ideal hearing situations, such as in
competitive listening (i.e., speech in noise) and in the perception of suprasegmental aspects
of speech (i.e., prosodic processing). There is also substantial variability across individuals,
a fact that continues to stymie researchers. An important advantage of fNIRS for addressing
these and other questions is that it is completely silent. Although fMRI is not an option
currently for testing cochlear implant users of any age, researchers often use fMRI data
collected from normal hearing individuals to guide expectations about “good” and “poor”
cortical processing patterns in cochlear implant users. Given that the scanner noise
influences any fMRI data collected during auditory processing tasks (Peelle, 2014), such an
approach may well be flawed. Thus, having a technique that can be used to establish normal
hearing individuals’ cortical processing patterns while they process speech in silence can be
used to guide identification of deviant patterns in postlingually deafened cochlear implant
users (Peelle, 2017).

In truth, relatively little work has been done using fNIRS to examine speech and language
processing in normal hearing adults; with its unparalleled spatial resolution, fMRI is the
ideal modality to answer such questions. But interest in applying fNIRS to investigate
central auditory processing has been growing (Chen, Sandmann, Thorne, Herrmann, &
Debener, 2015; Hong & Santosa, 2016). Recently, Hassanpour and colleagues (Hassanpour,
Eggebrecht, Culver, & Peelle, 2015) used a high density (i.e., spatially sensitive) form of
fNIRS in an auditory sentence comprehension task to evaluate the technology’s ability to
map the cortical networks that support speech processing. Using sentences with two levels
of linguistic complexity and a control condition consisting of unintelligible noise-vocoded
speech, these researchers were able to map a hierarchically organized speech network
consistent with results from fMRI studies using the same stimuli. This marks an important
advance in the specificity of fNIRS speech processing data, because processing connected
speech is substantially more complex than processing a single syllable or single word,
engaging broader cortical networks (Friederici & Gierhan, 2013; Price, 2012). Thus, the
Hassanpour et al. study demonstrates that accurate characterization of the activation patterns
underlying normal speech processing can be achieved using fNIRS.

Finally, for cochlear implants, having an understanding of what happens in the brain during
the processing of degraded speech is just as important as what happens during speech
processing in ideal listening conditions. Fortunately, the amount of research using fMRI to
delineate the neurocognitive processes underlying effortful listening has exploded in recent
years (e.g., Adank, Davis, & Hagoort, 2012; Eckert, Teubner-Rhodes, & Vaden, 2016; Erb,
Henry, Eisner, & Obleser, 2013; Golestani, Hervais-Adelman, Obleser, & Scott, 2013;
Hervais-Adelman, Carlyon, Johnsrude, & Davis, 2012; Lewis & Bates, 2013; Scott &
McGettigan, 2013; Wild et al., 2012), providing substantial evidence that cortical activation
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patterns during effortful listening deviate substantially from those observed during the
processing of clear speech. There is far less evidence from fNIRS, but recent work—our
own and others’—is beginning to make the transition across imaging modalities (Pollonini et
al., 2014; Wijayasiri, Hartley, & Wiggins, 2017).

4. Functional near-infrared spectroscopy as a research tool: challenges

and insights

Over the past fifteen years, my colleagues and | have worked to develop this brain-based
measure as a supplement to existing techniques of measuring speech and spoken language-
related functions in infants and young children, both in the lab and in the clinic. In the
process, we transitioned from a four-channel system to a 140-channel system, allowing us to
generate topographic activation maps of the auditory cortex based on high-density sampling
(Olds et al., 2016; Pollonini et al., 2014; Sevy et al., 2010).

Our focus initially was entirely on typically developing infants, the goal being to compare
changes in regional cerebral blood volume and oxygenation within and between age groups.
Using a continuous-wave fNIRS system, we conducted several studies relating early
functional patterns of activation in infants’ brains to their behavioral performance in
traditional looking time paradigms (Bortfeld, Fava, & Boas, 2009; Bortfeld, Wruck, & Boas,
2007; Fava, Hull, Baumbauer, & Bortfeld, 2014; Fava, Hull, & Bortfeld, 2014; Fava, Hull, &
Bortfeld, 2011; Wilcox et al., 2009; Wilcox, Bortfeld, Woods, Wruck, & Boas, 2005, 2008).
In this way, we were able to establish the efficacy of using fNIRS to identify meaningful
patterns of brain activity as they relate to early infant perceptual and cognitive development
(Figure 1), and speech perception and processing in particular. At the same time, we
extended the use of fNIRS to monitor cortical activity in adults during speech perception and
production tasks (Chen, Vaid, Boas, & Bortfeld, 2011; Chen, Vaid, Bortfeld, & Boas, 2008;
Hull, Bortfeld, & Koons, 2009). We also introduced another form of optical imaging,
frequency-domain near-infrared spectroscopy, as an infant brain monitoring device
(Franceschini et al., 2007). Together, these studies helped establish fNIRS as a viable tool
for cognitive research on a range of topics.

Not surprisingly, the transition from testing typically developing infants and toddlers to
pediatric cochlear implant users was slow. We first had to demonstrate that the fNIRS
system would be uncorrupted by the implant itself. We also had to learn to accommodate the
unique demands of testing in an active pediatric hearing clinic (Figure 2). One factor critical
to maintaining a high signal-to-noise ratio and good quality recording is the degree of
contact between each optode and the scalp. Hair is a problem in fNIRS recordings for two
reasons: it interferes with scalp-optode contact and its pigments scatter and absorb NIR
light, attenuating whatever signal is detected. Particularly problematic is thick, dark hair.
Researchers can (and do) spend considerable time and effort optimizing the optode
positioning to maximize the signal-to-noise ratio. With the children, we found that a dab of
saline gel helped restrain hair that has to be moved out of the way. Needless to say, this is
why the best recordings often come from subjects who are bald (such as babies or elderly
individuals) or who have thin, light colored hair. But our development of a scalp-optode
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coupling measure helped us overcome this limitation (Pollonini, Bortfeld, & Oghalai, 2016).
This numerically-based application computes an objective measure of the signal-to-noise
ratio related to optical coupling to the scalp for each measurement channel, an approach that
is akin to electrode conductivity testing used in electroencephalography. At the optode level,
it determines and displays the coupling status of each source-detector pair in real time on a
digital model of a human head. This helped us shorten pre-acquisition preparation time by
providing a visual display of which optodes require further adjustment for optimum scalp
coupling, thus allowing us to maximize the signal-to-noise ratio of all optical channels
contributing to functional hemodynamic mapping. The application has been implemented in
a software tool, PHOEBE (Placing Headgear Optodes Efficiently Before Experimentation),
which is freely available for use by the fNIRS community (Pollonini, Bortfeld, & Oghalai,
2016).

Additional considerations relevant to testing cochlear implant users of any age center on
probe design and placement. Of concern are the logistical challenges of securing the optode
array around the external magnet of the implant itself. Depending on the array, the external
magnet can interfere with probe placement. In such circumstances (i.e., high-density arrays),
it is fine to place the headset over the magnet. While this obstructs the scalp contact of
certain channels, the remaining channels will acquire data without any interference. In this
case, however, using a digital localizer to register only those sources and detectors that are
not overlaying the external magnet is helpful. In our experience thus far, the external magnet
is generally posterior and inferior enough that it does not interfere with placement of more
than a couple of optodes, thus permitting measurement of responses within all other regions
of interest, particularly bilateral temporal, visual, and frontal areas. Nonetheless, this is a
practical issue that must be considered when processing data: how to account for lost data at
the individual level. For lower-density arrays this may be less of an issue, but for high-
density arrays that target the area where an implant magnet is situated, it will limit data
acqusition. While there are merits to using a standard localization approach for all
participants, for implant users it may well make more sense to implement a participant-
specific optode placement approach that takes the external magnet location into account to
maximize data acquisition from key regions of interest. This is an issue that will no doubt
continue to be addressed by future research. Regardless of the approach used, care always
must be taken not to displace the magnet, which would disallow acoustic-to-electrical signal
transmission. Finally, when placing the optode array in the crease between the pinna and the
temporal skin (i.e., behind the ear), it is important to avoid brushing the implant’s
microphone, which creates the sensation of unpleasant noise for the implant user. This can
be particularly problematic if the user is a young child who already may be anxious about
wearing the probe.

Our initial attempt at data acquisition from pediatric implant users was successful (Figure 3),
demonstrating that fNIRS was able to measure differences in cortical activation from pre- to
post-implant even in children who never before had been exposed to sound. Based on these
data, we were able to pursue what proved to be the first research study using fNIRS with
pediatric cochlear implant users (Sevy et al., 2010). Our goal was to compare speech-evoked
cortical responses across four subject cohorts: normal-hearing adults, normal-hearing
children, deaf children who had over 4 months experience hearing through a cochlear
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implant, and deaf children who were tested on the day of initial Cl activation. The speech
stimuli consisted of digital recordings from children’s stories in English. Critically, we were
able to successfully record auditory cortical activity using a four-channel continuous wave
fNIRS system in 100% of normal-hearing adults, 82% of normal-hearing children, 78% of
deaf children who had been implanted for at least four months, and 78% of deaf children on
the day of their initial implant activation.

In this early work, it was critical to validate our fNIRS paradigm with data obtained using
fMRI using the same paradigm. We did so in three normal-hearing adults, finding similar
speech-evoked responses in superior temporal gyrus using both fNIRS and fMRI. These
results served to demonstrate that fNIRS is a feasible neuroimaging technique in implant
users. We 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), an important proof-of-concept for application in implant users as a
means of identifying quality of implant-based speech perception. In this case, we began
using a 140 channel fNIRS system (NIRScout, NIRx Medical Technologies LLC, Glen
Head, NY), which allowed us to design a tight array of source-detector pairs and thus
providing spatial oversampling of the cortical tissue of interest. Averaging between channels
further improved the signal-to-noise ratio (SNR) of the data obtained. By increasing the
number of channels, we were able to generate topographic maps of the region-of-interest,
allowing measurement of area of activation and center of mass of activation for each
individual tested.

Our experimental paradigm consisted of four different stimulus types: normal speech,
channelized (vocoded) speech, scrambled speech, and environmental noise (for previous use
of these stimulus types as cross-controls see, for example, Humphries, Willard, Buchsbaum,
& Hickok, 2001). Results clearly demonstrate that speech intelligibility produced different
patterns of cortical activation in the temporal cortex as measured using fNIRS. Specifically,
in normal hearing adults, the strongest cortical response was evoked by normal speech, less
region-specific activation was evoked by distorted speech, and the smallest response was to
environmental sounds. We again validated our experimental paradigm against fMRI data
collected from a single participant, with consistent outcomes across the imaging modalities.
Critically, results from this study served to demonstrate that fNIRS detected differences in
the response of the auditory cortex to variations in speech intelligibility in normal hearing
adults. These findings were a necessary step in our journey to using fNIRS as a diagnostic
tool for speech processing in cochlear implant users, showing that it provided objective
measurements of whether a normal-hearing subject was hearing normal or distorted speech.
In other words, at this point it was clear that fNIRS had the potential to assess how
differential levels of cortical activation in the brains of cochlear implant users during speech
processing.

Because the Pollonini et al. (2014) study did not involve cochlear implant users, our next
move was to test adult implant users with a similar paradigm (Olds et al., 2016), using
comparable stimulus conditions and fNIRS instrumentation. Our goal in designing this study
was to better understand the variability in speech perception across cochlear implant users
with different speech perception abilities. Again, a NIRScout instrument (NIRx Medical
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Technologies, LLC, Glen Head, NY) with 140 channels was used to record the cortical
responses in bilateral temporal regions of 32 postlingually deafened adults hearing through a
cochlear implant and 35 normal-hearing adults. As in our earlier study, four auditory stimuli
with varying degrees of speech intelligibility were employed: normal speech, channelized
speech, scrambled speech and environmental noise. Gold standard behavioral measures (e.g.,
speech reception thresholds, monosyllabic consonant-nucleus-consonant word scores and
AzBio sentence recognition scores) were used as the basis for assessing individual speech
perception abilities across the implant users.

Results demonstrated that the cortical activation pattern in implanted adults with good
speech perception was similar to that of normal hearing controls. Consistent with our earlier
findings, in both these groups, as speech stimuli became less intelligible, less cortical
activation was observed. In contrast, implant users with poor speech perception displayed
large, indistinguishable patterns of cortical activation across all four stimulus classes. As we
hypothesized, the findings of this study demonstrated that activation patterns in the auditory
cortex of implant recipients correlate with the quality of speech perception and do so in
interesting ways. Importantly, when the fNIRS measurements were repeated with each users
implant turned off, we observed significantly reduced cortical activations in all participants.
This confirmed that, although sound information was being conveyed to the auditory cortex
of all the implant users, those with poor speech perception abilities were unable to
discriminate the intelligible speech from the other forms of information they were hearing.

5. Potential theoretical and clinical applications

Since the publication of our initial findings using fNIRS with pediatric cochlear implant
users (Sevy et al., 2010), the research community has embraced the technology for this
purpose (e.g., Bisconti et al., 2016). In particular, there has been an effort to use fNIRS to
understand cortical reorganization associated with deafness and cochlear implantation
(Dewey & Hartley, 2015; Lawler, Wiggins, Dewey, & Hartley, 2015). Based on their
preliminary findings, these authors reported that auditory deprivation is associated with
cross-modal plasticity of visual inputs to auditory cortex. Practically speaking, these results
demonstrate the ability of fNIRS to accurately record cortical changes associated with neural
plasticity in profoundly deaf individuals. The application of fNIRS to understanding
plasticity in the adult implant user population has since accelerated (see Anderson, Wiggins,
Kitterick, & Hartley, 2017, for a recent example), highlighting the promise of fNIRS as an
objective neuroimaging tool to detect and monitor cross-modal plasticity prior to and
following cochlear implantation.

Promising future clinical applications of fNIRS include using cortical responsivity to guide
post-implant programming in the service of improving speech and language outcomes in
both child and adult users. As outlined here, the programming process is ongoing and
critical to ensure that sound information is being conveyed accurately to the auditory nerve
and, ultimately, to the auditory cortex. If the language areas of the brain are appropriately
activated, then the child has the best chance of developing normal speech and language.
Early identification of children who are perceiving poorly is therefore critical, as prompt
intervention can prevent delay in both linguistic and psychosocial development (Teagle,
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2016). Likewise, an objective measure of how well speech information is processed beyond
the auditory cortex across the range of perceiver abilities, from good to poor, will inform
models of how different patterns of corticocortical connectivity relate to post-implant
performance.

Critical to fNIRS being used for this purpose is demonstrating its repeatability and reliability
at both the group and the individual levels. Recent work highlights its repeatability in infants
(Blasi, Lloyd-Fox, Johnson, & Elwell, 2014) and in adults (Wiggins, Anderson, Kitterick, &
Hartley, 2016), particularly at the group level. Substantially more work will be needed on
this front as this will undoubtedly impact the transition of this technique from the research to
the clinical setting, where obtaining interpretable individual measures will be an important
factor in adoption of the technology.

In short, fNIRS is ideal for evaluating sound-evoked brain activation in cochlear implant
users. As outlined in this review, the addition of this technology to the measurement toolkit
is helping researchers and clinicians achieve the long-term goal of ensuring that cochlear
implant users of all ages obtain better hearing and a higher quality of life.
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Figure 1. Normal hearing infant fitted with an early fNIRS array (a) and another oriented
towards stimulus during preferential looking paradigm (b).

Figure adapted from (Bortfeld et al., 2007).
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Figure 2. Example of early fNIRS array on pediatric cochlear implant user.
(a&b) Localization of the probe over T3 (for left temporal auditory cortex measurements)

and over O1 and O2 (for occipital visual cortex measurements). (c) A child undergoing
fNIRS testing for cortical activity during the cochlear implant activation session. The
computer is used to provide auditory (experimental) stimuli and visual (control) stimuli. The
black NIRS headband and the brown cochlear implant behind the ear are visible.
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Figure 3. Representative measurements from the auditory cortex in a deaf child in responseto
auditory stimulation on the day of cochlear implant activation.

(A) Before cochlear implant activation, auditory stimulation (green line) produced no
changes in oxygenated and deoxygenated hemoglobin (HbO, (red) and HbR (blue),
respectively). (B) Immediately after cochlear implant activation, auditory stimulation evoked
an increase in HbO, and a decrease in HbR. This is the expected hemodynamic response to
an increase in neuronal activity.
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Figure 4. fNIRS headset placement over a cochlear implant device.
A) The location of the cochlear implant’s external magnet interferes with headset placement

over the temporal area. B) The fNIRS headset is simply apposed over the magnet (shaded
area). C) Custom analytic software demonstrating the quality of scalp contact for each
optode using live 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 remained indeterminate for certain optodes
(yellow). Figure adapted from (Saliba, Bortfeld, Levitin, & Oghalai, 2016).
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