
REGULAR ARTICLE

Optical neuroimaging of spoken language
Jonathan E. Peelle

Department of Otolaryngology, Washington University in St. Louis, St. Louis, MO, USA

ABSTRACT
In this review, I introduce the historical context and methods of optical neuroimaging, leading to
the modern use of functional near-infrared spectroscopy (fNIRS) and high-density diffuse optical
tomography (HD-DOT) to study human brain function. In its most frequent application, optical
neuroimaging measures a haemodynamically-mediated signal indirectly related to neural
processing, similar to that captured by fMRI. Compared to other approaches to measuring
human brain function, optical imaging has many advantages: it is noninvasive, frequently
portable, acoustically silent, robust to motion and muscle movement, and appropriate in many
situations in which fMRI is not possible (for example, due to implanted medical devices).
Challenges include producing a full-brain field of view, homogenous spatial resolution, and
accurate source localisation. Experimentally, optical neuroimaging has been used to study
phoneme, word, and sentence processing in a variety of paradigms. With continuing technical
and methodological improvements, the future of optical neuroimaging is increasingly bright.
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Introduction

As cognitive neuroscientists, we have at our disposal an
overwhelming number of methods that provide insight
into human brain function with varying degrees of
spatial resolution, temporal precision, participant
comfort, and acoustic noise. Here I introduce optical
neuroimaging and summarise some of the main areas
in which it has contributed to our understanding of
speech and language processing.

It is worth noting at the outset that there are many
types of optical neuroimaging systems. Although they
rely on the same basic principles, the technical details
influence the resolution of the data that can be collected,
and often affect the nomenclature. I use “optical neuro-
imaging” as an umbrella term to cover all of these
systems.

I have focused on providing a broad overview of the
methods and applications of optical neuroimaging,
necessarily leaving out many relevant studies due to
space constraints: this paper is better suited to be a
first step in reading about optical neuroimaging of
language than a final word. Other reviews on the use
of optical imaging in language provide many useful
details regarding the history and methodological back-
ground of optical imaging (Ferrari & Quaresima, 2012;
Hillman, 2007; Scholkmann et al., 2014), as well as com-
prehensive overviews of prior studies of speech and
language (Dieler, Tupak, & Fallgatter, 2012; Quaresima,

Bisconti, & Ferrari, 2012; Rossi, Telkemeyer, Wartenbur-
ger, & Obrig, 2012).

Historical background

Modern optical imaging methods can be traced back to
technological and theoretical developments occurring in
the first half of the twentieth century (Chance, 1991).
These include the ability to measure differential absorp-
tion of light of multiple wavelengths, and being able to
quantify haemoglobin deoxygenation in the earlobe
(an early version of a pulse oximeter, still commonly
used in medical settings). Although the relative transpar-
ency of tissues that might enable in vivo imaging was
noted in the 1970s (Jöbsis, 1977), the first experiments
using optical imaging to look at human brain function
were published in the early 1990s. These early studies
investigated neural function using paradigms including
mental arithmetic (Hoshi & Tamura, 1993), a mirror
drawing task (Okada, Tokumitsu, Hoshi, & Tamura,
1993), visual stimulation (Kato, Kamei, Takashima, &
Ozaki, 1993; Villringer, Planck, Hock, Schleinkofer, &
Dirnagl, 1993), and verbal reasoning (Chance, Zhuang,
Unah, Alter, & Lipton, 1993). Over the past 25 years,
methodological developments have involved increasing
the amount of brain tissue imaged, and improving
spatial resolution, cortical localisation, and statistical
methodology.
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The first language studies using optical neuroimaging
occurred in the late 1990s, as did the first optical neuro-
imaging study of infants (Meek et al., 1998). Sakatani, Xie,
Lichty, Li, and Zuo (1998) performed a variety of speech
tasks, including confrontation naming, with both healthy
participants and patients who had experienced a stroke.
The authors observed signal changes in left prefrontal
cortex, corresponding roughly with the left inferior
frontal gyrus (“Broca’s area”) that differed between
aphasic patients and controls. Watanabe et al. (1998)
investigated hemispheric lateralisation during a word-
generation task and found that optical neuroimaging
was able to detect differential activity between the left
and right hemispheres. In epilepsy patients, the laterality
of these findings agreed with results from a Wada test,
providing external validation for language dominance.
In an early study of speech comprehension, Sato, Takeu-
chi, and Sakai (1999) had participants perform a dichotic
listening task with tones, sentences, or stories. They
found increased activity for the story task in left superior
temporal cortex. Recent studies have investigated a
breadth of topics comparable to other cognitive neuro-
science modalities, including (but certainly not limited
to) categorical perception (Minagawa-Kawai, Mori,
Furuya, Hayashi, & Sato, 2002), speech production (Hull,
Bortfeld, & Koons, 2009), language lateralisation (Bisconti,
Di Sante, Ferrari, & Quaresima, 2012; Watson, Dodrill,
Farrell, Holmes, & Miller, 2004), and resting state func-
tional connectivity (White et al., 2009).

Optical neuroimaging: the methods

At a basic level, optical imaging involves shining light
into a tissue with one or more sources, and measuring
light output from the tissue using one or more detectors.
Although this can be done with exposed tissue, here I
focus on the more typical application in cognitive neuro-
science involving noninvasive imaging through the scalp
and skull. Most optical imaging relies on the principle of
near-infrared spectroscopy (NIRS; in the context of func-
tional brain imaging, functional near-infrared spec-
troscopy (fNIRS)) to determine what type of material
the light has passed through. Optical fibres coupled to
the head shine light with wavelengths in the near-infra-
red spectrum (∼650–1000 nm) into the head. Typically
two or more wavelengths are used, which have different
absorption constants depending on the type of tissue.
Source encoding (i.e. flashing sources at different
points in time and frequencies) can also be used to
help differentiate light from various sources.

Sensors detect light exiting the head, which has
passed through the skull and superficial cortex. Light
entering the head will be scattered in the tissue, and

some of this light is absorbed by chromophores such
as haemoglobin (Hb). Helpfully, the spectrum of light
absorbed by haemoglobin depends on whether the hae-
moglobin is oxygenated or not. Thus, incorporating light
models that differentiate how light will be absorbed by
blood with oxygenated and deoxygenated haemoglobin
allows the estimation of oxygenated haemoglobin (HbO)
and deoxygenated haemoglobin (HbR) signals, as well as
total haemoglobin (HbT). These measurements thus
reflect haemodynamic signals comparable to those
observed in blood-oxygenation level-dependent
(BOLD) fMRI (Huppert, Hoge, Diamond, Franceschini, &
Boas, 2006; Strangman, Culver, Thompson, & Boas,
2002). Though it is often assumed that the fMRI BOLD
signal is most closely associated with changes in HbR
(Toronov et al., 2001), strong correlations have also
been observed between the fMRI signal and HbO and
HbT contrasts (Eggebrecht et al., 2014), and the exact
relationship between various Hb measures and the
BOLD signal is still not entirely clear (Gagnon et al.,
2012; Toronov, Zhang, & Webb, 2007). Nevertheless,
the multiple simultaneous optical signals provide the
opportunity to differentiate the effects of a stimulus on
focal changes in cerebral blood volume from changes
in HbO and HbR, and thereby better inform the investi-
gator about the underlying neural activity. Many
optical imaging studies report HbO alone, for simplicity
or because there is stronger signal in the HbO than the
HbR measurement, as local changes in blood flow are
much stronger than local changes due to altered meta-
bolic activity (Fox, Raichle, Mintun, & Dence, 1988). In
addition, poor signal in HbR signals can be exacerbated
by poor choice of wavelengths and thereby suboptimal
spectroscopy. Cases where the HbO and HbR signals
diverge should be addressed with caution as they may
imply poor optical-scalp coupling due to artefact or
altered neurovascular coupling (e.g. due to a stroke or
other vascular event).

The temporal resolution of optical neuroimaging is
relatively good compared to other imaging approaches
(such as fMRI), with sampling rates between 5 and
100 Hz. Of course, when the signal being sampled
depends on a relatively slow haemodynamic response,
the effective resolution with respect to the timecourse
of neural activity is lower. Nevertheless, the higher tem-
poral resolution may help with signal processing and
artefact rejection (Griffanti et al., 2014; Salimi-Khorshidi
et al., 2014), although such approaches are not yet
widely used in optical neuroimaging.

The spatial resolution of optical neuroimaging is
determined in part by the density of the sources and
detectors (related to both the number of sources and
detectors, and the extent of coverage). Figure 1(a)
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shows examples of three different optode arrangements
that vary in the number of channels, and Figure 1(b) illus-
trates the effect of channel spacing on spatial resolution.
Recent technological improvements have enabled
optical systems with increasingly large fields-of-view
(FOVs) and greater densities of sources and detectors
(Eggebrecht et al., 2014). To distinguish these high-
density systems from traditional NIRS, they are frequently
referred to as diffuse optical imaging (DOI) or high-
density diffuse optical tomography (HD-DOT), although
they rely on the same basic principles of NIRS as tra-
ditional fNIRS. It is important to note that having a
high-density layout is a necessary condition to perform
tomographic reconstruction, but not a sufficient one, as
there are complex reconstruction algorithms needed to
successfully obtain tomographic images.

Spatial localisation is a challenging aspect of optical
neuroimaging. For many systems, spatial location is
restricted to the level of a source-detector measurement.
Optodes are typically placed on the head with respect to
surface landmarks. Statistical analysis can be performed
for each channel, and the approximate anatomical location
of an observed effect can be inferred based on the area of
the source-detector location on the scalp. However, there
have been improvements in source localisation brought
about in part through the use of high-density arrays. At
least somemodern processing pipelines incorporate struc-
tural brain scans to generate multicompartment anatomi-
cally-informed light models, allowing localising of signals
onto the cortical surface (Custo et al., 2010; Ferradal,
Eggebrecht, Hassanpour, Snyder, & Culver, 2014; Zhan,
Eggebrecht, Culver, & Dehghani, 2012). Validation studies
show relatively good within-subject agreement with
known functional organisation (e.g. visual hemifields)
and generally good correspondence with fMRI (Eggeb-
recht et al., 2012, 2014; Zeff, White, Dehghani, Schlaggar,

& Culver, 2007). Because the source-localised images are
composed of 4D data (3D volumes in space, repeated
over time), they are similar in nature to timeseries
images obtained in fMRI, and optical imaging data are
increasingly being modelled using statistical approaches
inspired by fMRI (Hassanpour et al., 2014; Huppert,
Diamond, Franceschini, & Boas, 2009; Strangman, Zhang,
& Zeffiro, 2009; Ye, Tak, Jang, Jung, & Jang, 2009).

Challenges and solutions for studying spoken
language with optical imaging

There are a number of challenges that arise when per-
forming optical imaging of brain activity. Although
many are not unique to language processing, they are
important for researchers conducting language studies
to be aware of.

Field-of-view limitations

A recurring challenge for optical neuroimaging is the
limited field of view resulting from two independent
restrictions. The first is that the amount of the cortical
surface that can be imaged depends on the number
(and density) of sources and detectors. Many optical
systems are designed to be relatively portable, which
restricts the amount of equipment that can be used
(and thus the number of sources and detectors). Unfortu-
nately, the limited field of view makes it impossible to
get a full picture of the cortical activation during an
experiment. Luckily, this restriction can be mitigated by
using an increased number of sources and detectors
(at the expense of device portability): more recent HD-
DOT systems can cover significant portions of the cortical
surface (Eggebrecht et al., 2014), with the prospect of
whole-brain coverage in the coming years.

Figure 1. (a) Examples of source and detector arrangements used by Toronov et al. (2000), Huppert et al. (2006), and Eggebrecht et al.
(2014). (b) Effects of source and detector spacing on homogeneity of error and effective spatial resolution based on simulated data. Top:
source and detector spacing for two example grids. Middle: Localisation error, defined as the separation between the known target
location and the centroid of the voxels reconstructed above half-maximum contrast. Bottom: Effective spatial resolution, defined as
the diameter of the circle centred at each target position needed to enclose the response. Modified from White and Culver (2010).
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A more difficult problem comes from the fact that
light diffuses rapidly once it leaves an optical source.
Thus, signal strength falls off rapidly with cortical
depth, with reasonable sensitivity reaching only approxi-
mately 1 cm into the brain (Eggebrecht et al., 2014).
Although higher optical intensity might in principle
provide information on deeper structures, health con-
cerns regarding using such light in vivo has generally pre-
cluded its use. In addition, although a more powerful
light would likely improve the signal to noise ratio of
the optical signal, it would not necessarily increase the
depth resolution that is limited primarily by the scatter-
ing properties of tissue. Even though imaging the
entire superficial cortical surface reveals a great deal
about cortical organisation, a full picture that includes
deeper cortical tissue and subcortical structures requires
converging evidence from other techniques.

Spatial resolution and source localisation

As discussed above, two areas in which optical neuro-
imaging has traditionally lagged behind fMRI are its
spatial resolution and source localisation accuracy. The
degree of challenge these represent for language
research depends on the level of anatomical specificity
needed to test a particular hypothesis. For example, if a
study is conducted to see whether the frontal cortex is
involved in a particular task, a positive result could be
easily interpreted. On the other hand, it would be more
difficult to draw conclusions about nearby subdivisions
of cortical regions that may support different functions
(Fedorenko, Duncan, & Kanwisher, 2012; Goucha & Frie-
derici, 2015).

Equipment constraints

In many ways, optical brain imaging is less constraining
than other modalities such as fMRI: the equipment is
generally smaller, less expensive, and there are no mag-
netic or radioactive safety concerns. However, optical
neuroimaging brings its own equipment challenges.
These include discomfort from the optodes pressing on
the head, managing the optical fibres, and the weight
of the cap (which can be especially relevant when
testing babies), all of which are more challenging in
high-density systems due to the increased number of
channels.

Key empirical contributions of optical
imaging to spoken language processing

Optical neuroimaging has been used to study spoken
language processing for many years. Examples of some

of these findings, using different methodological
approaches, are shown in Figure 2. Although it is imposs-
ible to do justice to all of the topics that have been
studied, I focus on findings in three main areas that are
particular strengths for optical imaging.

Language development in infants and children

Portability, lack of acoustic noise, and resilience to move-
ment have made optical neuroimaging especially
appealing in studying brain function in infants and chil-
dren (Ferradal et al., 2016; Gervain et al., 2011; Lloyd-
Fox, Blasi, & Elwell, 2010). For example, many systems
permit infants to sit in their parent or caretaker’s lap
during testing, which can be particularly useful (and typi-
cally preferable to the swaddling approach taking in fMRI
studies). Infant studies have investigated topics such as
auditory processing (Taga & Asakawa, 2007; Zaramella
et al., 2001), connected speech comprehension (Bortfeld,
Wruck, & Boas, 2007), and prosody (Homae, Watanabe,
Nakano, & Taga, 2007).

One important topic in language development is the
age at which language functions begin to lateralise into a
dominant hemisphere. In an early and influential study,
Peña et al. (2003) presented 2–5-day-old infants with
forward and reversed speech (the same language the
infants heard while in the womb). The forward speech
produced a stronger response in the left hemisphere
than in the right hemisphere, provocatively suggesting
that even at this early age there were hints of language
lateralisation. Bortfeld, Fava, and Boas (2009) showed col-
ourful visual stimuli to 6–9-month-old infants either with
a concurrent short story or with no story (visual-only).
They found increased responses for the speech condition
that were significantly larger in left temporal channels
than in right temporal channels. These results are con-
sistent with a lateralised response to spoken language
by early on in postnatal development (Minagawa-Kawai
et al., 2011; Sato et al., 2012).

A related question concerns the age at which speech-
related processing develops (for example, sensitivity to
speech-like sounds). Gervain, Macagno, Cogoi, Peña,
and Mehler (2008) presented infants with speech seg-
ments containing a repeated syllable (that is, an ABB
structure: “mubaba”) or no repetition (an ABC structure:
“mubage”). The authors found evidence for increased
activity in left temporal and inferior frontal regions that
distinguished between the repeated and non-repeated
syllable sequences (Figure 2(b)), suggesting the infants
were able to distinguish between syllables, and were
also sensitive to repetition.

Thus, optical neuroimaging has been instrumental in
facilitating the study of newborn and infant language
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processing, and will likely continue to shed light on a
number of very important areas of developmental cogni-
tive neuroscience.

Spoken language processing in populations who
are excluded from fMRI

Although not yet widely practiced, using optical imaging
to measure brain function in patients who are not able to
have an MRI is a critical contribution of optical neuroima-
ging to cognitive neuroscience. Patients with implanted
medical devices, for example, are routinely excluded
from MRI studies as a matter of course due to the poten-
tial for damage to the device or injury to the patient.
Even with MR-compatible devices, image artefacts fre-
quently make the data impossible to use. Furthermore,
in many cases, the devices also cause artefacts on MEG
or EEG that affect data quality. (And in fact, the same
logic would hold for non-implanted devices that partici-
pants might use during a study, such as a hearing aid.)

Fortunately, optical neuroimaging has no effect in
implanted devices and is thus an appealing alternative.
At the same time, the implanted devices have little
effect on the optical signal outside of their immediate
area. That is, data at detectors near the device will be
affected because the device will physically be in the
light path, but no systematic artefacts propagate
throughout large portions of the dataset, as would
occur with MEG or EEG. To date, optical imaging has

been used in patients with deep brain stimulators
(Murata et al., 2000) and cochlear implants (Bisconti
et al., 2016; Pollonini et al., 2014; Saliba, Bortfeld,
Levitin, & Oghalai, 2016; Sevy et al., 2010). In one study
of cochlear implant recipients, activity in auditory
cortex has been shown to correlate with behavioural
word-report measures (Olds et al., 2016), suggesting
optical neuroimaging may be able to provide an objec-
tive measure of speech intelligibility that does not
depend on overt participant responses.

Imaging speech comprehension in quiet

One prominent advantage of optical imaging is that it is
completely silent, thus avoiding the challenges caused
by acoustic noise during fMRI (Peelle, 2014). Thus,
although optical imaging is frequently chosen for other
reasons (portability, special populations, etc.), it has
special utility for studying speech comprehension. An
advantage of all of the auditory and speech studies men-
tioned above is that, unlike similar studies conducted in
fMRI, they reflect processing in a quieter acoustic
environment more similar to that typically used in behav-
ioural testing.

With increased field of view afforded by high-density
optical imaging systems, distributed cortical networks
can be simultaneously imaged and localised to the
brain with a spatial resolution comparable to fMRI.
Recent investigations into the cortical processing of

Figure 2. Examples of optical neuroimaging studies of language. (a) Results from a single-channel optical system imaging left prefron-
tal cortex while participants performed a naming task (Sakatani et al., 1998). (b) Left hemisphere multi-channel data from infants listen-
ing to sequences which differed in their repetition (ABC vs. ABB patterns) (Gervain et al., 2008). The findings show increased responses
for the ABB patterns, particularly for the HbO (magenta). Boxes indicate regions of interest made up of channels over left frontal and
temporal cortices. (c) Source-localised HD-DOT results showing activity during spoken sentence comprehension in adults compared to
an acoustic baseline (top) and for a syntactic complexity comparison between sentences with subject-relative and object-relative
center-embedded clauses (bottom) (Hassanpour et al., 2015).
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language include single-word processing (Eggebrecht
et al., 2014) and spoken sentence processing (Hassan-
pour, Eggebrecht, Culver, & Peelle, 2015), the latter illus-
trated in Figure 2(c). To date, the results from studies
using high-density systems have been largely confirma-
tory, with optical imaging producing results generally
consistent with previous fMRI and PET experiments.
However, these initial validation studies set the stage
for more interesting extensions in future work, free of
the challenges of acoustic MRI scanner noise.

Future directions

Although optical neuroimaging has already proven to be
a valuable tool in cognitive neuroscience, future
improvements have the potential to even further
expand its utility for illuminating the neural basis of
spoken language processing:

1. Increasing the field of view. Although imaging deep
tissue is an inherent limitation of the technique, rou-
tinely obtaining data across the entire cortical surface
would permit the simultaneous imaging of multiple
cortical systems.

2. Increasing the density of sources and detectors. The
accuracy of spatial localisation is a concern for any
researcher interested in the neuroanatomical basis
for cognitive processing; high-density arrays provide
superior (and more homogenous) localisation.

3. Developing high-density systems that are portable. A
drawback of current high-density systems is their lack
of portability; developing high-density systems that
retain the portability advantages of traditional sparse
NIRS arrays would incorporate the best of both worlds.

4. Continuing to take advantage of timeseries data
analysis techniques developed for fMRI, including
functional connectivity and multivariate analysis
approaches.

Acknowledgements

I am grateful to Adam Eggebrecht for extremely helpful com-
ments and suggestions.

Disclosure statement

No potential conflict of interest was reported by the author.

Funding

This work was supported by the Dana Foundation and by
grants R01DC14280 and R01AG038490 from the US National
Institutes of Health.

References

Bisconti, S., Di Sante, G., Ferrari, M., & Quaresima, V. (2012).
Functional near-infrared spectroscopy reveals hetero-
geneous patterns of language lateralization over frontopolar
cortex. Neuroscience Research, 73, 328–332. doi:10.1016/j.
neures.2012.05.013

Bisconti, S., Shulkin, M., Hu, X., Basura, G. J., Kileny, P. R., &
Kovelman, I. (2016). Functional near-infrared spectroscopy
brain imaging investigation of phonological awareness and
passage comprehension abilities in adult recipients of
cochlear implants. Journal of Speech Language and Hearing
Research, 59, 239–253. doi:10.1044/2015_JSLHR-L-14-0278

Bortfeld, H., Fava, E., & Boas, D. A. (2009). Identifying cortical
lateralization of speech processing in infants using near-
infrared spectroscopy. Developmental Neuropsychology, 34,
52–65. doi:10.1080/87565640802564481

Bortfeld, H., Wruck, E., & Boas, D. A. (2007). Assessing infants’
cortical response to speech using near-infrared spec-
troscopy. NeuroImage, 34, 407–415. doi:10.1016/j.
neuroimage.2006.08.010

Chance, B. (1991). Optical method. Annual Review of Biophysics
and Biophysical Chemistry, 20, 1–30.

Chance, B., Zhuang, Z., Unah, C., Alter, C., & Lipton, L. (1993).
Cognition-activated low-frequencymodulationof light absorp-
tion in human brain. Proceedings of the National Academy of
Sciences, 90, 3770–3774. doi:10.1073/pnas.90.8.3770

Custo, A., Boas, D. A., Tsuzuki, D., Dan, I., Mesquita, R., Fischl, B.,
…Wells III, W. (2010). Anatomical Atlas-guided diffuse
optical tomography of brain activation. NeuroImage, 49,
561–567.

Dieler, A. C., Tupak, S. V., & Fallgatter, A. J. (2012). Functional
near-infrared spectroscopy for the assessment of speech
related tasks. Brain and Language, 121, 90–109. doi:10.
1016/j.bandl.2011.03.005

Eggebrecht, A. T., Ferradal, S. L., Robichaux-Viehoever, A.,
Hassanpour, M. S., Dehghani, H., Snyder, A. Z.,… Culver, J.
P. (2014). Mapping distributed brain function and networks
with diffuse optical tomography. Nature Photonics, 8, 448–
454. doi:10.1038/nphoton.2014.107

Eggebrecht, A. T., White, B. R., Ferradal, S. L., Chen, C., Zhan, Y.,
Snyder, A. Z.,… Culver, J. P. (2012). A quantitative spatial
comparison of high-density diffuse optical tomography
and fMRI cortical mapping. NeuroImage, 61, 1120–1128.

Fedorenko, E., Duncan, J., & Kanwisher, N. G. (2012). Language-
selective and domain-general regions lie side by side within
Broca’s area. Current Biology, 22, 2059–2062. doi:10.1016/j.
cub.2012.09.011

Ferradal, S. L., Eggebrecht, A. T., Hassanpour, M. S., Snyder, A. Z.,
& Culver, J. P. (2014). Atlas-based head modeling and spatial
normalization for high-density diffuse optical tomography: In
vivo validation against fMRI. NeuroImage, 85, 117–126.
doi:10.1016/j.neuroimage.2013.03.069

Ferradal, S. L., Liao, S. M., Eggebrecht, A. T., Shimony, J. S., Inder,
T. E., Culver, J. P., & Smyser, C. D. (2016). Functional imaging
of the developing brain at the bedside using diffuse optical
tomography. Cerebral Cortex, 26, 1558–1568. doi:10.1093/
cercor/bhu320

Ferrari, M., & Quaresima, V. (2012). A brief review on the history
of human functional near-infrared spectroscopy (fNIRS)
development and fields of application. NeuroImage, 63,
921–935. doi:10.1016/j.neuroimage.2012.03.049

852 J. E. PEELLE

http://dx.doi.org/10.1016/j.neures.2012.05.013
http://dx.doi.org/10.1016/j.neures.2012.05.013
http://dx.doi.org/10.1044/2015_JSLHR-L-14-0278
http://dx.doi.org/10.1080/87565640802564481
http://dx.doi.org/10.1016/j.neuroimage.2006.08.010
http://dx.doi.org/10.1016/j.neuroimage.2006.08.010
http://dx.doi.org/10.1073/pnas.90.8.3770
http://dx.doi.org/10.1016/j.bandl.2011.03.005
http://dx.doi.org/10.1016/j.bandl.2011.03.005
http://dx.doi.org/10.1038/nphoton.2014.107
http://dx.doi.org/10.1016/j.cub.2012.09.011
http://dx.doi.org/10.1016/j.cub.2012.09.011
http://dx.doi.org/10.1016/j.neuroimage.2013.03.069
http://dx.doi.org/10.1093/cercor/bhu320
http://dx.doi.org/10.1093/cercor/bhu320
http://dx.doi.org/10.1016/j.neuroimage.2012.03.049


Fox, P. T., Raichle, M. E., Mintun, M. A., & Dence, C. (1988).
Nonoxidative glucose consumption during focal physiologic
neural activity. Science, 241, 462–464.

Gagnon, L., Yücel, M. A., Dehaes, M., Cooper, R. J., Perdue, K. L.,
Selb, J.,… Boas, D. A. (2012). Quantification of the cortical
contribution to the NIRS signal over the motor cortex using
concurrent NIRS-fMRI measurements. NeuroImage, 59,
3933–3940. doi:10.1016/j.neuroimage.2011.10.054

Gervain, J., Macagno, F., Cogoi, S., Peña, M., & Mehler, J. (2008).
The neonate brain detects speech structure. Proceedings of
the National Academy of Sciences, 105, 14222–14227. doi:10.
1073/pnas.0806530105

Gervain, J., Mehler, J., Werker, J. F., Nelson, C. A., Csibra, G.,
Lloyd-Fox, S.,… Aslin, R. N. (2011). Near-infrared spec-
troscopy: A report from the McDonnell infant methodology
consortium. Developmental Cognitive Neuroscience, 1, 22–
46. doi:10.1016/j.dcn.2010.07.004

Goucha, T., & Friederici, A. D. (2015). The language skeleton
after dissecting meaning: A functional segregation within
Broca’s area. NeuroImage, 114, 294–302. doi:10.1016/j.
neuroimage.2015.04.011

Griffanti, L., Salimi-Khorshidi, G., Beckmann, C. F., Auerbach, E. J.,
Douaud, G., Sexton, C. E.,… Smith, S. M. (2014). ICA-based
artefact removal and accelerated fMRI acquisition for
improved resting state network imaging. NeuroImage, 95,
232–247. doi:10.1016/j.neuroimage.2014.03.034

Hassanpour, M. S., Eggebrecht, A. T., Culver, J. P., & Peelle, J. E.
(2015). Mapping cortical responses to speech using high-
density diffuse optical tomography. NeuroImage, 117, 319–
326. doi:10.1016/j.neuroimage.2015.05.058

Hassanpour, M. S., White, B. R., Eggebrecht, A. T., Ferradal, S. L.,
Snyder, A. Z., & Culver, J. P. (2014). Statistical analysis of high
density diffuse optical tomography. NeuroImage, 85, 104–
116. doi:10.1016/j.neuroimage.2013.05.105

Hillman, E. M. C. (2007). Optical brain imaging in vivo:
Techniques and applications from animal to man. Journal
of Biomedical Optics, 12, 051402. doi:10.1117/1.2789693

Homae, F., Watanabe, H., Nakano, T., & Taga, G. (2007). Prosodic
processing in the developing brain. Neuroscience Research,
59, 29–39. doi:10.1016/j.neures.2007.05.005

Hoshi, Y., & Tamura, M. (1993). Detection of dynamic changes in
cerebral oxygenation coupled to neuronal function during
mental work in man. Neuroscience Letters, 150, 5–8.

Hull, R., Bortfeld, H., & Koons, S. (2009). Near-infrared spec-
troscopy and cortical responses to speech production. The
Open Neuroimaging Journal, 3, 26–30. doi:10.2174/
1874440000903010026

Huppert, T. J., Diamond, S. G., Franceschini, M. A., & Boas, D. A.
(2009). HomER: A review of time-series analysis methods for
near-infrared spectroscopy of the brain. Applied Optics, 48,
D280–D298. doi:10.1364/AO.48.00D280

Huppert, T. J., Hoge, R. D., Diamond, S. G., Franceschini, M. A., &
Boas, D. A. (2006). A temporal comparison of BOLD, ASL, and
NIRS hemodynamic responses to motor stimuli in adult
humans. NeuroImage, 29, 368–382. doi:10.1016/j.
neuroimage.2005.08.065

Jöbsis, F. F. (1977). Noninvasive, infrared monitoring of cerebral
and myocardial oxygen sufficiency and circulatory par-
ameters. Science, 198, 1264–1267.

Kato, T., Kamei, A., Takashima, S., & Ozaki, T. (1993). Human
visual cortical function during photic stimulation monitoring
by means of near-infrared spectroscopy. Journal of Cerebral

Blood Flow and Metabolism, 13, 516–520. doi:10.1038/jcbfm.
1993.66

Lloyd-Fox, S., Blasi, A., & Elwell, C. E. (2010). Illuminating the
developing brain: The past, present and future of functional
near infrared spectroscopy. Neuroscience and Biobehavioral
Reviews, 34, 269–284. doi:10.1016/j.neubiorev.2009.07.008

Meek, J. H., Firbank, M., Elwell, C. E., Atkinson, J., Braddick, O., &
Wyatt, J. S. (1998). Regional hemodynamic responses to
visual stimulation in awake infants. Pediatric Research, 43
(43), 840–843. doi:10.1203/00006450-199806000-00019

Minagawa-Kawai, Y., van der Lely, H., Ramus, F., Sato, Y., Mazuka,
R., & Dupoux, E. (2011). Optical brain imaging reveals general
auditory and language-specific processing in early infant
development. Cerebral Cortex, 21, 254–261. doi:10.1093/
cercor/bhq082

Minagawa-Kawai, Y., Mori, K., Furuya, I., Hayashi, R., & Sato, Y.
(2002). Assessing cerebral representations of short and
long vowel categories by NIRS. NeuroReport, 13, 581–584.

Murata, Y., Katayama, Y., Oshima, H., Kawamata, T., Yamamoto,
T., Sakatani, K., & Suzuki, S. (2000). Changes in cerebral blood
oxygenation induced by deep brain stimulation: Study by
near-infrared spectroscopy (NIRS). The Keio Journal of
Medicine, 49, A61–A63.

Okada, F., Tokumitsu, Y., Hoshi, Y., & Tamura, M. (1993). Gender-
and handedness-related differences of forebrain oxygen-
ation and hemodynamics. Brain Research, 601, 337–342.
doi:10.1016/0006-8993(93)91733-9

Olds, C., Pollonini, L., Abaya, H., Larky, J., Loy, M., Bortfeld, H.,…
Oghalai, J. S. (2016). Cortical activation patterns correlate with
speech understanding after cochlear implantation. Ear and
Hearing, 37, e160–e172. doi:10.1097/AUD.0000000000000258

Peelle, J. E. (2014). Methodological challenges and solutions in
auditory functional magnetic resonance imaging. Frontiers in
Neuroscience, 8, 253. doi:10.3389/fnins.2014.00253

Peña, M., Maki, A., Kovac̆ić, D., Dehaene-Lambertz, G., Koizumi,
H., Bouquet, F., & Mehler, J. (2003). Sounds and silence: An
optical topography study of language recognition at birth.
Proceedings of the National Academy of Sciences, 100,
11702–11705. doi:10.1073/pnas.1934290100

Pollonini, L., Olds, C., Abaya, H., Bortfeld, H., Beauchamp, M. S., &
Oghalai, J. S. (2014). Auditory cortex activation to natural
speech and simulated cochlear implant speech measured
with functional near-infrared spectroscopy. Hearing
Research, 309, 84–93. doi:10.1016/j.heares.2013.11.007

Quaresima, V., Bisconti, S., & Ferrari, M. (2012). A brief review on
the use of functional near-infrared spectroscopy (fNIRS) for
language imaging studies in human newborns and adults.
Brain and Language, 121, 79–89. doi:10.1016/j.bandl.2011.
03.009

Rossi, S., Telkemeyer, S., Wartenburger, I., & Obrig, H. (2012).
Shedding light on words and sentences: Near-infrared spec-
troscopy in language research. Brain and Language, 121,
152–163. doi:10.1016/j.bandl.2011.03.008

Sakatani, K., Xie, Y., Lichty, W., Li, S., & Zuo, H. (1998). Language-
Activated cerebral blood oxygenation and hemodynamic
changes of the left prefrontal cortex in poststroke aphasic
patients: A near-infrared spectroscopy study. Stroke, 29,
1299–1304. doi:10.1161/01.STR.29.7.1299

Saliba, J., Bortfeld, H., Levitin, D. J., & Oghalai, J. S. (2016).
Functional near-infrared spectroscopy for neuroimaging in
cochlear implant recipients. Hearing Research, 338, 64–75.
doi:10.1016/j.heares.2016.02.005

LANGUAGE, COGNITION AND NEUROSCIENCE 853

http://dx.doi.org/10.1016/j.neuroimage.2011.10.054
http://dx.doi.org/10.1073/pnas.0806530105
http://dx.doi.org/10.1073/pnas.0806530105
http://dx.doi.org/10.1016/j.dcn.2010.07.004
http://dx.doi.org/10.1016/j.neuroimage.2015.04.011
http://dx.doi.org/10.1016/j.neuroimage.2015.04.011
http://dx.doi.org/10.1016/j.neuroimage.2014.03.034
http://dx.doi.org/10.1016/j.neuroimage.2015.05.058
http://dx.doi.org/10.1016/j.neuroimage.2013.05.105
http://dx.doi.org/10.1117/1.2789693
http://dx.doi.org/10.1016/j.neures.2007.05.005
http://dx.doi.org/10.2174/1874440000903010026
http://dx.doi.org/10.2174/1874440000903010026
http://dx.doi.org/10.1364/AO.48.00D280
http://dx.doi.org/10.1016/j.neuroimage.2005.08.065
http://dx.doi.org/10.1016/j.neuroimage.2005.08.065
http://dx.doi.org/10.1038/jcbfm.1993.66
http://dx.doi.org/10.1038/jcbfm.1993.66
http://dx.doi.org/10.1016/j.neubiorev.2009.07.008
http://dx.doi.org/10.1203/00006450-199806000-00019
http://dx.doi.org/10.1093/cercor/bhq082
http://dx.doi.org/10.1093/cercor/bhq082
http://dx.doi.org/10.1016/0006-8993(93)91733-9
http://dx.doi.org/10.1097/AUD.0000000000000258
http://dx.doi.org/10.3389/fnins.2014.00253
http://dx.doi.org/10.1073/pnas.1934290100
http://dx.doi.org/10.1016/j.heares.2013.11.007
http://dx.doi.org/10.1016/j.bandl.2011.03.009
http://dx.doi.org/10.1016/j.bandl.2011.03.009
http://dx.doi.org/10.1016/j.bandl.2011.03.008
http://dx.doi.org/10.1161/01.STR.29.7.1299
http://dx.doi.org/10.1016/j.heares.2016.02.005


Salimi-Khorshidi, G., Douaud, G., Beckmann, C. F., Glasser, M. F.,
Griffanti, L., & Smith, S. M. (2014). Automatic denoising
of functional MRI data: Combining independent
component analysis and hierarchical fusion of classifiers.
NeuroImage, 90, 449–468. doi:10.1016/j.neuroimage.2013.
11.046

Sato, H., Hirabayashi, Y., Tsubokura, H., Kanai, M., Ashida, T.,
Konishi, I.,…Maki, A. (2012). Cerebral hemodynamics in
newborn infants exposed to speech sounds: A whole-head
optical topography study. Human Brain Mapping, 33, 2092–
2103. doi:10.1002/hbm.21350

Sato, H., Takeuchi, T., & Sakai, K. L. (1999). Temporal cortex acti-
vation during speech recognition: An optical topography
study. Cognition, 73, B55–B66. doi:10.1016/S0010-0277
(99)00060-8

Scholkmann, F., Kleiser, S., Metz, A. J., Zimmermann, R., Pavia, J.
M., Wolf, U., & Wolf, M. (2014). A review on continuous wave
functional near-infrared spectroscopy and imaging instru-
mentation and methodology. NeuroImage, 85, 6–27. doi:10.
1016/j.neuroimage.2013.05.004

Sevy, A. B. G., Bortfeld, H., Huppert, T. J., Beauchamp, M. S.,
Tonini, R. E., & Oghalai, J. S. (2010). Neuroimaging with
near-infrared spectroscopy demonstrates speech-evoked
activity in the auditory cortex of deaf children following
cochlear implantation. Hearing Research, 270, 39–47. doi:10.
1016/j.heares.2010.09.010

Strangman, G., Culver, J. P., Thompson, J. H., & Boas, D. A. (2002).
A quantitative comparison of simultaneous BOLD fMRI and
NIRS recordings during functional brain activation.
NeuroImage, 17, 719–731. doi:10.1006/nimg.2002.1227

Strangman, G. E., Zhang, Q., & Zeffiro, T. (2009). Near-infrared
neuroimaging with NinPy. Frontiers in Neuroinformatics, 3,
12. doi:10.3389/neuro.11.012.2009

Taga, G., & Asakawa, K. (2007). Selectivity and localization of cor-
tical response to auditory and visual stimulation in awake
infants aged 2 to 4 months. NeuroImage, 36, 1246–1252.
doi:10.1016/j.neuroimage.2007.04.037

Toronov, V., Franceschini, M. A., Filiaci, M., Fantini, S., Wolf, M.,
Michalos, A., & Gratton, E. (2000). Near-infrared study of fluc-
tuations in cerebral hemodynamics during rest and motor
stimulation: Temporal analysis and spatial mapping.
Medical Physics, 27, 801–815. doi:10.1118/1.598943

Toronov, V., Webb, A. G., Choi, J. H., Wolf, M., Michalos, A.,
Gratton, E., Hueber, D. (2001). Investigation of human brain
hemodynamics by simultaneous near-infrared spectroscopy
and functional magnetic resonance imaging.Medical Physics,
28:521–527.

Toronov, V. Y., Zhang, X., & Webb, A. G. (2007). A spatial and tem-
poral comparison of hemodynamic signals measured using
optical and functional magnetic resonance imaging during
activation in the human primary visual cortex. NeuroImage,
34, 1136–1148. doi:10.1016/j.neuroimage.2006.08.048

Villringer, A., Planck, J., Hock, C., Schleinkofer, L., & Dirnagl, U.
(1993). Near infrared spectroscopy (NIRS): A new tool to
study hemodynamic changes during activation of brain
function in human adults. Neuroscience Letters, 154, 101–
104. doi:10.1016/0304-3940(93)90181-J

Watanabe, E., Maki, A., Kawaguchi, F., Takashiro, K., Yamashita,
Y., Koizumi, H., & Mayanagi, Y. (1998). Non-invasive assess-
ment of language dominance with near-infrared spectro-
scopic mapping. Neuroscience Letters, 256, 49–52. doi:10.
1016/S0304-3940(98)00754-X

Watson, N. F., Dodrill, C., Farrell, D., Holmes, M. D., & Miller, J. W.
(2004). Determination of language dominance with near-
infrared spectroscopy: Comparison with the intracarotid
amobarbital procedure. Seizure, 13, 399–402. doi:10.1016/j.
seizure.2003.09.008

White, B. R., & Culver, J. P. (2010). Quantitative evaluation of
high-density diffuse optical tomography: In vivo resolution
and mapping performance. Journal of Biomedical Optics, 15,
026006. doi:10.1117/1.3368999

White, B. R., Snyder, A. Z., Cohen, A. L., Petersen, S. E., Raichle, M.
E., Schlaggar, B. L., & Culver, J. P. (2009). Resting-state func-
tional connectivity in the human brain revealed with
diffuse optical tomography. NeuroImage, 47, 148–156.
doi:10.1016/j.neuroimage.2009.03.058

Ye, J. C., Tak, S., Jang, K. E., Jung, J., & Jang, J. (2009). NIRS-SPM:
Statistical parametric mapping for near-infrared spectroscopy.
NeuroImage, 44, 428–447. doi:10.1016/j.neuroimage.2008.08.
036

Zaramella, P., Freato, F., Amigoni, A., Salvadori, S., Marangoni, P.,
Suppjei, A.,… Chiandetti, L. (2001). Brain auditory activation
measured by near-infrared spectroscopy (NIRS) in neonates.
Pediatric Research, 49, 213–219. doi:10.1203/00006450-
200102000-00014

Zeff, B. W., White, B. R., Dehghani, H., Schlaggar, B. L., & Culver, J.
P. (2007). Retinotopic mapping of adult human visual cortex
with high-density diffuse optical tomography. Proceedings of
the National Academy of Sciences, 104, 12169–12174. doi:10.
1073/pnas.0611266104

Zhan, Y., Eggebrecht, A. T., Culver, J. P., & Dehghani, H. (2012).
Image quality analysis of high-density diffuse optical tomogra-
phy incorporating a subject-specific head model. Frontiers in
Neuroenergetics, 4, 6. doi:10.3389/fnene.2012.00006

854 J. E. PEELLE

http://dx.doi.org/10.1016/j.neuroimage.2013.11.046
http://dx.doi.org/10.1016/j.neuroimage.2013.11.046
http://dx.doi.org/10.1002/hbm.21350
http://dx.doi.org/10.1016/S0010-0277(99)00060-8
http://dx.doi.org/10.1016/S0010-0277(99)00060-8
http://dx.doi.org/10.1016/j.neuroimage.2013.05.004
http://dx.doi.org/10.1016/j.neuroimage.2013.05.004
http://dx.doi.org/10.1016/j.heares.2010.09.010
http://dx.doi.org/10.1016/j.heares.2010.09.010
http://dx.doi.org/10.1006/nimg.2002.1227
http://dx.doi.org/10.3389/neuro.11.012.2009
http://dx.doi.org/10.1016/j.neuroimage.2007.04.037
http://dx.doi.org/10.1118/1.598943
http://dx.doi.org/10.1016/j.neuroimage.2006.08.048
http://dx.doi.org/10.1016/0304-3940(93)90181-J
http://dx.doi.org/10.1016/S0304-3940(98)00754-X
http://dx.doi.org/10.1016/S0304-3940(98)00754-X
http://dx.doi.org/10.1016/j.seizure.2003.09.008
http://dx.doi.org/10.1016/j.seizure.2003.09.008
http://dx.doi.org/10.1117/1.3368999
http://dx.doi.org/10.1016/j.neuroimage.2009.03.058
http://dx.doi.org/10.1016/j.neuroimage.2008.08.036
http://dx.doi.org/10.1016/j.neuroimage.2008.08.036
http://dx.doi.org/10.1203/00006450-200102000-00014
http://dx.doi.org/10.1203/00006450-200102000-00014
http://dx.doi.org/10.1073/pnas.0611266104
http://dx.doi.org/10.1073/pnas.0611266104
http://dx.doi.org/10.3389/fnene.2012.00006

	Abstract
	Introduction
	Historical background
	Optical neuroimaging: the methods
	Challenges and solutions for studying spoken language with optical imaging
	Field-of-view limitations
	Spatial resolution and source localisation
	Equipment constraints

	Key empirical contributions of optical imaging to spoken language processing
	Language development in infants and children
	Spoken language processing in populations who are excluded from fMRI
	Imaging speech comprehension in quiet

	Future directions
	Acknowledgements
	Disclosure statement
	References

