This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution
and sharing with colleagues.
Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.
In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information
regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:
http://www.elsevier.com/copyright

Author's personal copy

Hearing Research 270 (2010) 39e47

Contents lists available at ScienceDirect

Hearing Research
journal homepage: www.elsevier.com/locate/heares

Research paper

Neuroimaging with near-infrared spectroscopy demonstrates speech-evoked
activity in the auditory cortex of deaf children following cochlear implantation
Alexander B.G. Sevy a, Heather Bortfeld b, c, Theodore J. Huppert d, Michael S. Beauchamp e,
Ross E. Tonini f, John S. Oghalai a, f, g, h, i, *
a

Bobby R. Alford Department of Otolaryngology - Head and Neck Surgery, Baylor College of Medicine, Houston, TX, USA
Department of Psychology, University of Connecticut, Storrs, CT, USA
Haskins Laboratories, New Haven, CT, USA
d
Department of Radiology, University of Pittsburgh, Pittsburgh, PA, USA
e
Department of Neurobiology and Anatomy, University of Texas Health Science Center at Houston, Houston, TX, USA
f
The Hearing Center at Texas Children’s Hospital, Houston, TX, USA
g
Department of Bioengineering, Rice University, Houston, TX, USA
h
Department of Neuroscience, Baylor College of Medicine, Houston, TX, USA
i
Department of Otolaryngology - Head and Neck Surgery, Stanford University, 801 Welch Road, Stanford, CA 94305-5739, USA
b
c

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 1 June 2010
Received in revised form
24 September 2010
Accepted 26 September 2010
Available online 1 October 2010

Cochlear implants (CI) are commonly used to treat deafness in young children. While many factors
inﬂuence the ability of a deaf child who is hearing through a CI to develop speech and language skills, an
important factor is that the CI has to stimulate the auditory cortex. Obtaining behavioral measurements
from young children with CIs can often be unreliable. While a variety of noninvasive techniques can be
used for detecting cortical activity in response to auditory stimuli, many have critical limitations when
applied to the pediatric CI population. We tested the ability of near-infrared spectroscopy (NIRS) to detect
cortical responses to speech stimuli in pediatric CI users. Neuronal activity leads to changes in blood oxyand deoxy-hemoglobin concentrations that can be detected by measuring the transmission of nearinfrared light through the tissue. To verify the efﬁcacy of NIRS, we ﬁrst compared auditory cortex
responses measured with NIRS and fMRI in normal-hearing adults. We then examined four different
participant cohorts with NIRS alone. Speech-evoked cortical activity was observed in 100% of normalhearing adults (11 of 11), 82% of normal-hearing children (9 of 11), 78% of deaf children who have used
a CI > 4 months (28 of 36), and 78% of deaf children who completed NIRS testing on the day of CI initial
activation (7 of 9). Therefore, NIRS can measure cortical responses in pediatric CI users, and has the
potential to be a powerful adjunct to current CI assessment tools.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction

Abbreviations: CI, Cochlear implant; IT, Impedance testing; eCAP, Electrically
evoked compound action potential; BA, Behavioral audiometry; EEG, Electroencephalography; MEG, Magnetoencephalography; BOLD, Blood-oxygen level
dependent; fMRI, Functional magnetic resonance imaging; PET, Positron emission
tomography; SPECT, Single positron emission computed tomography; HbO,
Oxygenated hemoglobin; HbR, Deoxygenated hemoglobin; HL, Hearing level; SRT,
Speech reception threshold; SAT, Speech awareness threshold.
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The development of communication and language skills during
early childhood is greatly dependent upon hearing. Deafness is the
fourth most common developmental disorder and the most
common sensory disorder (Bhasin et al., 2006). Although deaf
children can and do learn to use sign language to communicate,
cochlear implantation (CI) has become the most common treatment. Many factors can impact long-term language outcomes after
cochlear implantation (Miyamoto et al., 1994), but one critical issue
is the ability of the CI to accurately convey the sound information
within speech to the auditory nerve. If the appropriate information
reaches auditory cortex, then the child has the best chance of
learning normal speech and language. While many children can
gradually catch up to their peers, many do not. Therefore, we
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sought to develop a brain-based measure as a supplement to
existing techniques of measuring CI function.
A variety of noninvasive techniques can be used for detecting
neural activity in response to auditory stimuli, but have critical
limitations when applied to the pediatric CI population (Witte et al.,
2003). While fMRI is the most common method for measuring
human brain function (Friston, 2009), the ferromagnetic components of modern CIs are incompatible with the high magnetic ﬁelds
generated by the MR scanner. Electroencephalography (EEG) can be
used to identify cortically-generated event-related potentials.
However, even though techniques have been developed to minimize artifacts in the EEG signal caused by CIs (Debener et al., 2008),
when testing CI users the auditory stimuli are generally limited to
short sounds, such as tone pips or clicks, to minimize artifacts due
to the electrical current produced by the CI (Gilley et al., 2006).
Thus, it is difﬁcult to measure the cortical response to language, the
stimulus category of greatest interest, with EEG. Positron emission
tomography (PET) involves the use of ionizing radiation, which is
not ideal for testing children or for repeated use. Finally, magnetoencephalography (MEG) techniques are limited by the magnetic
ﬁelds associated with the CI device.
Near-infrared spectroscopy (NIRS) is a non-invasive neuroimaging technique used in both animal and human research that
presents an alternative means of recording speech-evoked neural
activity in CI users. NIRS assesses cerebral hemodynamics based on
changes in the transmission of low power near-infrared light
directed through the scalp and skull and into the surface of the
brain (Abdelnour and Huppert, 2009; Dehghani et al., 2003;
Huppert et al., 2009a, 2006). Given the differential absorption of
speciﬁc wavelengths of near-infrared light by oxygenated hemoglobin (HbO), and deoxygenated hemoglobin (HbR), the changes in
concentration of these chromophores can be determined by
measuring changes in the amount of light transmitted across time.
Changes in optical density are recorded and converted to relative
concentrations of oxy-hemoglobin and deoxy-hemoglobin. Due to
the low absorbance of these wavelengths by biological tissue, the
cerebral cortex can be imaged (Huppert et al., 2006; Okada and
Delpy, 2003). Additionally, NIRS can localize responses to within
1e2 cm of the area activated (Boas et al., 2004; Taga et al., 2003),
providing sufﬁcient spatial resolution to measure evoked responses
within the cortical regions of interest. Because the NIRS equipment
is quiet and the technique can be used in unsedated participants, it
is ideal for auditory studies in awake, behaving pediatric CI users.
There are no known risks of NIRS, and because it is not affected by
CI-generated electrical signals it can be used with relatively long
samples of speech. Therefore, NIRS has many appealing qualities for
use in assessing cortical responses to speech in people of all ages
who use cochlear implants.
Our recent work has shown that NIRS can detect signiﬁcant
hemodynamic responses to verbal stimuli in the receptive language
center of the auditory cortex in normal-hearing, awake, and
cooperative infants (Bortfeld et al., 2007, 2009). In the present

study, we sought to directly test the ability of NIRS to measure
speech-evoked cortical responses within pediatric CI users. We ﬁrst
compared cortical measurements of speech-evoked activity
obtained with fMRI and NIRS from normal-hearing adults in order
to validate our experimental paradigm. We then used NIRS to
measure speech-evoked activity in the auditory cortices of normalhearing children and children hearing through CIs.
2. Methods
2.1. Participants
We studied four different cohorts: normal-hearing adults,
normal-hearing children (19 years of age), deaf children who had
>4 months experience hearing through a cochlear implant prior to
testing, and deaf children who were tested on the day of CI initial
activation (Table 1). The inclusion criteria were that the participants
and their parents agreed to attempt testing and that they had
exposure to spoken English language on a daily basis (i.e. at home
and/or in school). Exclusion criteria included a lack of daily exposure to spoken English language. This study was approved by
the Baylor College of Medicine IRB and all participants or their
parent/guardian were consented by one of the authors prior to
participation. Prior to performing the experiments, normal-hearing
participants (both adults and children) passed a hearing screen
demonstrating that they had auditory thresholds better than 20 dB
HL at 250, 500, 1000, 2000, and 4000 Hz. CIs from all three FDAapproved brands (Cochlear, Med-El, and Advanced Bionics) were
represented in the sample of children tested.
2.2. Stimuli
The acoustic speech stimuli consisted of digital recordings of
a highly animated female voice reading from children’s stories in
English. The recordings were digitally edited into 20 s speech
segments, each consisting of a single vignette from a story. The
segments were interspersed with periods of silence that ranged
from 25 to 55 s between them, in order to introduce periodic
variations in cortical activity (Fig. 1A). The stimulus presentation
protocols were similar for the NIRS and the fMRI measurement
techniques.
The stimulus intensity was calibrated by measuring the peak
amplitudes of the speech segments using a standard booth calibration microphone. For normal-hearing participants (adults and
children), we used a peak stimulus intensity of 50 dB HL, which is
20 dB louder than a normal-hearing speech reception threshold
(SRT) ofe30 dB HL. For CI users, we used a peak stimulus intensity
that was 20 dB above each participant’s most recent SRT or speech
awareness threshold (SAT) as established by their audiologist.
Because the loudness settings for each CI user’s program is gradually increased over a period of months as they get used to using

Table 1
NIRS speech-evoked responses.

Signiﬁcant HbO Cortical Response
Signiﬁcant HbR Cortical Response
Signiﬁcant HbO or HbR Cortical Response
Age of Respondersa
[Range]

Normal-hearing
adults (n ¼ 11/11)

Normal-hearing
children (n ¼ 11/12)

Deaf children
with >4 mo. CI use (n ¼ 37/40)

Deaf children at CI
activation (n ¼ 9/13)

9 (82%)
11 (100%)
11 (100%)
30.4  8.3
[24e48]

8 (73%)
8 (73%)
9 (82%)
9.4  3.4
[4e15]

19 (51%)
26 (70%)
28 (76%)
7.9  3.8
[2e19]

7 (78%)
5 (56%)
7 (78%)
4.7  1.6
[2e8]

n ¼ x/y: x is number of subjects who completed testing (allowing for data analysis); y is total number of subjects in which testing was attempted.
Values in parentheses represent the percentage of subjects who demonstrated a response out of those who completed testing.
a
Mean  S.D. in years.
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Fig. 1. Experimental paradigm. (A) The acoustic speech stimulus had ﬁve 20 s blocks of speech with periods of silence (ranging from 25 to 55) seconds between them. (B) Probe
layout with emitter probe (X) and two detector probes (dot) 2.5 cm on either side. (C) Localization of the probes near T3 and T4 permits simultaneous measurements of the left and
right auditory cortex. (D) A deaf child preparing to undergo NIRS measurement of cortical activity during a cochlear implant clinic visit.

the device, the stimulus intensities included in these experiments
ranged from 30 to 80 dB.
In order to help maintain participant arousal and minimize head
movement artifact, participants continuously viewed a silent video
unrelated to the auditory stimulus. The video contained scenes of
animals in their native habitats, without any speech or language cues.

with the general linear model using the periodic variation in the
auditory stimulus as the regressor of interest; the motion correction estimates were used as regressors of no interest. A region of
interest was created from all contiguous voxels showing signiﬁcant
(p < 106) activity in the superior temporal gyrus, the location of
the primary auditory cortex and auditory association areas
(Patterson and Johnsrude, 2008; Upadhyay et al., 2008) (Fig. 2AeC).

2.3. fMRI measurements
2.4. NIRS testing protocol
Blood-oxygen level dependent functional magnetic resonance
imaging (BOLD fMRI) was performed on three normal-hearing
adults. NIRS testing was conducted on the same day in the same
participants using the same stimuli as used for fMRI to allow
comparison between the techniques. Anatomical MRI scans were
obtained from each participant using a 3 T whole-body MR scanner
and 8-channel receiver head coil (Phillips Medical Systems, Bothell,
WA) (Beauchamp et al., 2008). Images were collected using
a magnetization-prepared 180 radiofrequency pulses and rapid
gradient-echo (MP-RAGE) sequence optimized for gray-white
matter contrast with 1 mm thick sagittal slices and an in-plane
resolution of 0.938  0.938 mm. AFNI software (Cox, 1996) was
used to analyze MRI data. 3D cortical surface models were created
with Free Surfer (Fischl et al., 1999) and visualized in SUMA (Argall
et al., 2006). Functional images were collected using a gradientrecalled-echo echo-planar-imaging sequence sensitive to the BOLD
signal. Thirty-three axial slices were collected with a repetition
time (TR) of 2000 ms, an echo time (TE) of 30 ms and a ﬂip angle of
90 . Slice thickness was 3 mm and in-plane resolution was
2.75 mm  2.75 mm. Each scan series contained 150 scans.
Following motion correction and slice timing correction, data
were smoothed with a spatial Gaussian ﬁlter with root-meansquare deviation of 3 mm. Then, the time series data were analyzed

All NIRS testing was performed in a sound proof booth equipped
with standard audiology equipment. Participants were seated in
a chair or in a parent’s lap in front of a television. The animal video
was played silently throughout the session. The auditory speech
stimuli were presented in a sound ﬁeld through speakers centered
directly in front of the participant. If a participant wished to take
a break, cried, fell asleep for at least 30 s, or moved so much that the
probes affected data collection, the session was terminated, and
that participant’s data were not included in the study. A typical
NIRS testing session tooke20 min to complete.
2.5. NIRS hardware
Testing was conducted using a four channel NIRS 2CE machine
(TechEn, Inc., Milford, MA), which emits near-infrared light through
the scalp and detects the amount returned. This machine contains
two 690 nm and two 830 nm laser diodes. We used a power setting
of e12 mW for the 690 nm light and e6 mW for the 830 nm light
(measured at the scalp probe). Fiber-optic cables coupled the light
from one 690 nm and one 830 nm diode into a single emitter probe.
Thus, there were two distinct emitter probes, each with both
wavelengths of light. The transmitted light was returned to the
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Fig. 2. NIRS concept. (A) Partially-inﬂated cortical surface models of the right and left hemisphere in a normal-hearing adult while listening to our speech stimulus showing
signiﬁcant BOLD fMRI activity in the superior temporal gyrus. (B) The NIRS probe locations (red arrows, emitters; green arrows, detectors) and a schematic of light transmission
through the tissues are shown overlying an axial fMRI image of the same subject in (A). (C) fMRI measurements in a normal-hearing adult demonstrate a response within the left
auditory cortex in response to our speech stimulus with NIRS probe layout overlay (X ¼ laser in; O ¼ laser out). (D) Model of NIRS sensitivity and coverage of the auditory cortex in
this subject using our probe layout (X ¼ laser in; O ¼ laser out). The color scale shows the theoretical sensitivity (Log10 scale) of the optical measurement to hemoglobin changes at
the cortical surface based on a ﬁnite element model of light propagation following the diffusion approximation in the head obtained from segmentation of the MRI anatomical
images. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).

NIRS machine via ﬁber-optic cables, ﬁltered to separate the two
different wavelengths, detected with photodiodes, and then digitized. Simultaneously, the voltage waveform of the auditory stimulus was recorded by the NIRS machine to synchronize the stimulus
and the NIRS data.
In order to measure auditory responses, we developed a custom
head frame to hold the emitters and detectors against the scalp
while adjusting to accommodate the range of head sizes of the
participants without disturbing the CI hardware external to the ear
(Fig. 1BeD). One emitter was directed to each side of the head; each
was located halfway between two detectors placed 2.5 cm anterior
and posterior to each emitter. The two emitter probes were placed
against the scalp at the T3 and T4 positions based on the International 10/20 system (Niedermeyer and Lopes da Silva, 2004). A
model of the coverage of our NIRS probes, based upon our earlier
work (Dehghani et al., 2003; Huppert et al., 2006), predicted
excellent coverage of a large swath of the temporal lobe and
superior temporal gyrus (Fig. 2D).

2.6. NIRS data analysis
NIRS data were processed using HOMER software (Huppert et al.,
2009b) and custom software written in MATLAB (version R2008b,
The Math works, Natick, Massachusetts). This involved converting the
transmission efﬁciency for each of the two wavelengths of light to
oxygenated and deoxygenated hemoglobin levels (HbO and HbR,
respectively) using the modiﬁed BeereLambert law (Cope et al., 1988;
Kocsis et al., 2006). Bandpass ﬁltering of the data from 0.008 Hz to
0.1 Hz was then performed to reduce artifacts from participant
motion, signal drift, pulse, respiration, and blood pressure changes.
The full tracing was analyzed to determine the response from each
participant to the speech stimulus. Wavelets were extracted to
calculate average responses for individuals and cohort grand averages.
We analyzed both the HbO and HbR responses obtained from
the two light wavelengths by comparing the measured responses to
a predicted responses consisting of a gamma-variate function
convolved with the stimulus timing (see Fig. 3A for a sample
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Fig. 3. Neuroimaging of a representative normal-hearing adult. (A) Predicted fMRI BOLD response for the 20 s stimulus. (B) Average of the BOLD responses within the superior
temporal gyrus across ﬁve trials in the same representative adult participant from Fig. 2AeC. The shaded box indicates the stimulus duration. (C) Normalized BOLD responses
measured with fMRI during the ﬁve trials. (D) Predicted HbO response for the 20 s stimulus. (E) Average of the ﬁve normalized HbO responses measured with NIRS from the left and
right hemispheres. (F) Raw HbO data tracings. (G) Predicted HbR response for the 20 s stimulus. (H) Average of the ﬁve normalized HbR responses measured with NIRS. (I) Raw HbR
data tracings.

predicted response). This procedure is similar to analyses we have
previously used for fMRI (Beauchamp, 2005; Beauchamp et al.,
2007, 2004). Linear regression was used to ﬁnd the best-ﬁt
between the predicted and measured HbO and HbR responses. The
signiﬁcance and beta-weight, b, returned by the regression was
used to classify responses as statistically-signiﬁcant activity if they
exceeded a signiﬁcance threshold of p < 105 and a magnitude
b > 0.1 mM. All ﬁgures show both HbO and HbR responses.

3. Results
3.1. Speech-evoked cortical responses in adults
Three normal-hearing adult participants underwent fMRI and
NIRS testing using the same speech stimuli on the same day. All
three showed signiﬁcant bilateral BOLD fMRI responses within the
superior temporal gyrus, a cortical region identiﬁed in previous
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neuroimaging studies as relevant to processing ﬂuent speech (Belin
et al., 2000; Coez et al., 2008; Giraud et al., 2000; Mortensen et al.,
2006; Wong et al., 1999, 2002). Spatial localization data (Fig. 2AeC)
and time series data (Fig. 3AeC) of the BOLD responses from one
representative participant are presented. For all three participants,
the cortical responses measured using NIRS were similar. The NIRS
measurements from the same representative participant are presented in Fig. 3DeI. Signal drift, often related to subject movement,
was sometimes noted (for example, see the large variations within
the blue tracing in the ﬁrst 20 s of recording in Fig. 3I).
Further NIRS data (without fMRI) was collected in an additional
eight normal-hearing adults. Signiﬁcant cortical responses in either
HbO or HbR were detected in all of the 11 adults (Table 1). In
general, the HbO response was larger than the HbR response (Fig. 4
B and G), consistent with previous research (Lloyd-Fox et al., 2010).
3.2. Speech-evoked cortical responses in children
We then attempted to use NIRS to detect cortical responses to
speech stimuli in normal-hearing children, deaf children who had
been using a CI for >4 months, and deaf children on the day of initial
activation of the CI. In general, most children tolerated the testing
procedures (Table 1). Common reasons for not completing the
testing were patient movement, inconsolable crying, and drowsiness. Nevertheless, even in the most difﬁcult category of children to
test, those that just had CI surgery 4 weeks previously and were
being activated that day, 9/13 (69%) permitted completion of the

entire test. This indicates that our experimental testing procedures
were generally appropriate for this subject population.
We then analyzed data from participants who completed testing
to determine what proportion of them demonstrated measurable
cortical responses with NIRS. We found that signiﬁcant cortical
responses to the speech stimuli were detectable with NIRS in all
groups of children (Fig. 4 and Table 1). The percentages of children in
which a signiﬁcant response was detected in either HbO or HbR were
similar among the cohorts of children but lower than adults (76e82%
for children vs. 100% for adults). While the most commonly-detected
cortical response pattern was bilateral (Table 2), some subjects only
demonstrated statistically-signiﬁcant responses on one side. An
example is shown in Fig. 4E and J, in which there was a signiﬁcant
response on the right side (red trace) but not on the left side (blue
trace). Most of the children that were CI users >4 months only had
a single side implanted. The most commonly-detectable response
pattern for children hearing through a CI was bilateral HbO and HbR
responses. This pattern was generally similar for deaf children on the
day of their CI activation although there were equal numbers who
demonstrated only an ipsilateral response. Together, these data
indicate that NIRS can be used to measure cortical responses in
children hearing through a CI.
3.3. Grand averages
We extracted wavelets from all of the statistically-signiﬁcant
subjects, normalized them, and then averaged them to calculate

Fig. 4. Cortical responses of representative participants measured with NIRS. (A and F) Predicted NIRS responses. (BeE) Average of the ﬁve HbO, and (GeJ) HbR speech-evoked
cortical responses measured using NIRS from representative individuals in four cohorts. Signiﬁcance (p-values) are given at the bottom of each ﬁgure. (B and G) A normal-hearing
adult, (C and H) a normal-hearing child, (D and I) a deaf child who has used a cochlear implant for 5 months, and (E and J) a deaf child hearing through a cochlear implant on the day
of initial activation. Note that the left side (blue tracings) was not signiﬁcant for this child in either HbO or HbR. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article).
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Table 2
NIRS responder laterality.
Normal-hearing adults

Normal-hearing children

Deaf children with >4 mo. CI

Deaf children at CI activation

Side of CIa

e

e

L: 8 (22%)
R: 22 (59%)
B: 7 (19%)

L: 1 (14%)
R: 6 (86%)
B: 0 (0%)

HbO response laterality
Right only
Left only
Bilateral
Contralateral only
Ipsilateral only

1 (11%)
3 (33%)
5 (56%)
e
e

3 (38%)
2 (25%)
3 (38%)
e
e

7
4
8
6
5

(37%)
(21%)
(42%)
(32%)
(26%)

3
1
3
1
3

(43%)
(14%)
(43%)
(14%)
(43%)

HbR response laterality
Right only
Left only
Bilateral
Contralateral only
Ipsilateral only

3 (27%)
3 (27%)
5 (45%)
e
e

2 (25%)
2 (25%)
4 (50%)
e
e

7
7
12
10
4

(27%)
(27%)
(46%)
(38%)
(15%)

2
1
2
1
2

(40%)
(20%)
(40%)
(20%)
(40%)

Values in parentheses are percentages of subjects who completed testing.
a
R: Right, L: Left, B: Bilateral; Subjects who had bilateral cochlear implants were only allowed to use one of them during these testing procedures. This was the one that had
been in the longest.

cohort grand averages (Fig. 5). All cohorts demonstrated similar
response shapes. There was a change in the signal after the stimulus
started (increase for HbO and decrease for HbR) followed by
a recovery of the signal back to baseline. While the predicted
waveform and the fMRI data indicate that there should be a relatively steady level of the signal during the time of the stimulus, we

rarely identiﬁed this feature. This could be due to the ﬁltering
algorithms applied to the NIRS data which removed constant
signals. Nevertheless, the similarity in the shapes of the responses
among the cohorts indicates similarities in the cortical hemodynamic responses in children hearing through a CI to normalhearing adults and children, even at the time of CI activation.

Fig. 5. Cohort grand averages of cortical responses measured with NIRS. These data were normalized and only wavelets from participants who demonstrated statistically-signiﬁcant
responses were included. (AeD) HbO and (EeH) HbR. (A and E) normal-hearing adults (n ¼ 11), (B and F) normal-hearing children (n ¼ 10), (C and G) deaf children who have used
a cochlear implant for 4 months (n ¼ 31), and (D and H) deaf children hearing through a cochlear implant on the day of initial activation (n ¼ 10).
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4. Discussion
This study describes a preliminary attempt to determine if the
novel neuroimaging modality of NIRS could be useful in assessing
auditory function in deaf children using CIs. Encouragingly, these
data indicate that the measurement technique is feasible in this
subject population and demonstrate that cortical responses can be
measured. While this study did not address what features of the
acoustic stimulus are the most effective drivers of the NIRS
response (e.g. by comparing the NIRS response to speech vs. nonspeech sounds), this study suggests that NIRS may be useful as
a clinical tool in determining an individual child’s cortical
responses to sounds. Since a major goal for most CI candidates is to
improve speech and language skills, it is the ability of NIRS to
measure cortical responses to speech that may make it an important modality for this patient population.
An interesting observation that should be investigated in future
studies is our ﬁnding that many responses in deaf children with
a new CI appeared to be localized to the hemisphere ipsilateral to
the CI, which was most often the right hemisphere (because most
CIs were implanted in the right ear). This ﬁnding of right-sided
activation is in contrast to the normal adult ﬁnding of left-hemisphere dominant language and suggests that auditory brain
development in deaf children may be altered by the lack of normal
sensory input (Neville and Bavelier, 2002). A caveat is that the low
numbers of patients we have studied to date limit our ability to
make any ﬁrm conclusions regarding this concept. As well, the
laterality of the cortical response to language stimulation has been
shown to be dependent upon the age (for review see Holland et al.,
2007) and the listening task (Sharp et al., 2004).
To ensure the proper development of language function, it is
critical that children receive the appropriate auditory input at
a young age. Even though the CI can be placed in very young
children (Lin et al., 2010; Oghalai et al., 2009), it can be difﬁcult to
perform the necessary behavioral testing to program the CI, especially if there are co-existent developmental delays which are often
found in this patient population (Beauchamp et al., 2010; Cristobal
and Oghalai, 2008; Katzenstein et al., 2009; Kushalnagar et al.,
2007; Pierson et al., 2007). Therefore, an objective method to
measure brain activity would give valuable additional information.
NIRS is a useful technique in this regard and has some potential
beneﬁts compared with other imaging modalities. As well our data
suggests that NIRS may be a useful complement to existing techniques such as fMRI, PET, ERP, and transcranial doppler sonography
to study brain development in children with CIs (Gilley et al., 2008;
Knecht et al., 1998; Kral et al., 2009; Ponton et al., 1996;
Schmithorst et al., 2005; Sharma et al., 2009; Strelnikov et al.,
2009; Thai-Van et al., 2010).
The lower spatial resolution of NIRS means that is unlikely to
replace fMRI as a research tool for understanding cortical function.
Nevertheless, it has a large advantage over fMRI in that it can be
easily used in subjects with CIs (Deneuve et al., 2008). Even in CIs
designed to be “MRI-compatible”, functional imaging of the cortex
ipsilateral to the CI is inhibited by artifact (Vincent et al., 2008;
Witte et al., 2003). It should be noted, though, that fMRI has been
used in subjects implanted with the Ineraid device, a discontinued
model that does not require radiofrequency signal transmission or
signal processing in proximity of the subject. These data with the
Ineraid device have demonstrated activity in the primary auditory
cortex, speciﬁcally near Heschl’s gyrus (Berthezene et al., 1997;
Lazeyras et al., 2002; Seghier et al., 2005), an area of the cortex
that our modeling suggests is partially measured by our NIRS
protocol. It is also possible to use fMRI to measure cortical function
in deaf patients before the cochlear implant is placed, a method that
may provide prognostic outcome information (Patel et al., 2007).

NIRS is not without its limitations. Not all children in our study
permitted NIRS testing. As in all neuroimaging modalities involving
awake subjects, motion artifacts are present. Unfortunately, motion
artifacts are generally greater with younger children, a cohort of
particular interest for CI studies. Nevertheless, about 70% of our
children completed the testing procedures, a number consistent
with previous studies (Lloyd-Fox et al., 2010). We found that among
those who completed testing, neither the side of CI placement nor
movement artifact appeared to be a limiting factor in the detection
of cortical activity.
In the past decade, NIRS has become an important tool in
research on the linguistic and cognitive capabilities of neonates and
young infants. Research with preverbal infants has demonstrated
the utility of NIRS for studying early speech perception (Bortfeld
et al., 2007), visual processing sensitivities (Wilcox et al., 2008,
2009), and the emergence of language laterality (Bortfeld et al.,
2009). Our initial investigation shows that NIRS may allow for the
accurate assessment of the ability of a CI to successfully stimulate
the auditory cortex. This supports the notion that NIRS neuroimaging could help guide post-implant programming and therapy
in the service of improving deaf children’s speech and language
outcomes.
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