
AJSLP
Review Article
aSargent Coll
Boston Unive
bDepartment
Boston Unive

Corresponden

Editor-in-Chi
Editor: Anast

Received Aug
Revision rece
Accepted Ma
https://doi.org

Amer1674

Downl
Functional Near-Infrared Spectroscopy
in the Study of Speech and Language
Impairment Across the Life Span:

A Systematic Review

Lindsay K. Butler,a Swathi Kiran,a and Helen Tager-Flusbergb
Purpose: Functional brain imaging is playing an increasingly
important role in the diagnosis and treatment of communication
disorders, yet many populations and settings are incompatible
with functional magnetic resonance imaging and other
commonly used techniques. We conducted a systematic
review of neuroimaging studies using functional near-
infrared spectroscopy (fNIRS) with individuals with speech
or language impairment across the life span. We aimed to
answer the following question: To what extent has fNIRS
been used to investigate the neural correlates of speech-
language impairment?
Method: This systematic review was preregistered with
PROSPERO, the international prospective register of
systematic reviews (CRD42019136464). We followed the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) protocol for preferred reporting items for
systematic reviews. The database searches were conducted
between February and March of 2019 with the following
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search terms: (a) fNIRS or functional near-infrared spectroscopy
or NIRS or near-infrared spectroscopy, (b) speech or language,
and (c) disorder or impairment or delay.
Results: We found 34 fNIRS studies that involved individuals
with speech or language impairment across nine categories:
(a) autism spectrum disorders; (b) developmental speech and
language disorders; (c) cochlear implantation and deafness;
(d) dementia, dementia of the Alzheimer’s type, and mild
cognitive impairment; (e) locked-in syndrome; (f ) neurologic
speech disorders/dysarthria; (g) stroke/aphasia; (h) stuttering;
and (i) traumatic brain injury.
Conclusions: Though it is not without inherent challenges,
fNIRS may have advantages over other neuroimaging
techniques in the areas of speech and language impairment.
fNIRS has clinical applications that may lead to improved
early and differential diagnosis, increase our understanding
of response to treatment, improve neuroprosthetic
functioning, and advance neurofeedback.
The past few decades have seen an impressive in-
crease in research on the neural mechanisms that
underlie speech and language impairment. In his

book (Ingham, 2008) on neuroimaging studies of commu-
nication disorders, Roger Ingham reported a fivefold in-
crease in neuroimaging studies between 1994 and 2004.
He then explained that “[t]he explosive growth in neuro-
imaging since the early 1990s is truly astounding.” In a review
for The ASHA Leader on the ways in which neuroimaging
has contributed to our understanding of the link between
the brain and language, Beeson (2010) observes that “ap-
proaches to the study of the neural substrates of language
have advanced dramatically during the last three decades”
and “[o]ur discipline contributes substantially to the theo-
retical motivation.”

A better understanding of the neural underpinnings
of speech and language impairment is fundamental to ad-
vancing diagnosis and treatment at all points of the life
span. Neuroimaging may improve the early identification
of brain-based risk factors, which may lead to an earlier
diagnosis of a range of developmental and neurogenic
communication disorders, from mild cognitive impair-
ment (MCI) in aging adults to autism spectrum disorder
(ASD) in infants. Similarly, neuroimaging may provide
biomarkers that can improve the differential diagnosis
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of communication disorders, such as for the aphasias
(Kiran & Thompson, 2019) and dementias (Oh & LaPointe,
2017). Also, neuroimaging is a fundamental next step in
identifying the source of profound language deficits, for
example, in people with ASD (Tager-Flusberg, 2016;
Tager-Flusberg & Kasari, 2013). In the treatment of
communication disorders, a better understanding of the
neural correlates of response to treatment and recovery
has the potential to advance the field. Perhaps one of
the most salient examples of the transformative role of neu-
roimaging in treatment is the principles of neuroplasticity
in aphasia treatment (Kiran & Thompson, 2019; Kleim &
Jones, 2008).

Not all neuroimaging techniques, however, are
highly compatible with people with speech and language
disorders. Some neuroimaging techniques, such as func-
tional magnetic resonance imaging (fMRI), require a par-
ticipant to lie supine and motionless in an enclosed, noisy
space. This method proves difficult with young children
and people with sensory sensitivities such as are common
in people with ASD, unless under sedation. In populations
that may be compatible, imaging the brain while an indi-
vidual is supine or sedated does not allow for highly eco-
logically valid investigations. Most of the time and in
clinical practice, individuals are upright and interacting
with their environment.

Functional near-infrared spectroscopy (fNIRS) is an
emerging neuroimaging technique that may offer some key
advantages for research and clinical practice with individ-
uals with speech and language impairment due to its use
in more ecologically valid situations and with infants and
children (among other reasons discussed in depth below).
In 2014, Vanderwert and Nelson observed that the use of
fNIRS as a neuroimaging technique has grown exponen-
tially over the past decade. In fact, the number of published
fNIRS articles has doubled every 3.5 years for 20 years
with over 200 publications using fNIRS for brain imaging
in 2012 (Boas et al., 2014). In addition, several researcher
groups have highlighted the clinical applications of fNIRS
(e.g., Arenth et al., 2007; Irani et al., 2007; Kober et al.,
2014; Ludlow, 2012; Obrig, 2014). The goal of this sys-
tematic review is to identify to what extent fNIRS has been
used with people with speech and language disorders. We
also aim to discuss the potential applications of fNIRS
to the assessment and treatment of speech and language
impairment. First, we briefly review current major neuro-
imaging techniques and provide a background on fNIRS
methodology.

Current Brain Imaging Techniques
Current brain imaging techniques include two broad

approaches: (a) electrophysiological indicators of cognitive
activity and (b) localized changes in cerebral blood flow
as indicators of neuronal activity. Instruments for mea-
suring electrophysiological indicators of cognitive activity
include magnetoencephalography (MEG) and electroen-
cephalography (EEG). MEG measures rapid changes in
Downloaded from: https://pubs.asha.org Boston University on 10/09/2020
magnetic fields in the brain. EEG records electrical signals
from the scalp using high-density arrays (head caps with
numerous electrodes). Both MEG and EEG are noninva-
sive and offer the best temporal resolution of all current
brain imaging techniques, so they can detect electrophys-
iological changes in response to rapid stimuli (Baars &
Gage, 2013).

Indicators of neuronal activity that measure localized
changes in cerebral blood flow include positron emission
tomography (PET), fMRI, and fNIRS. PET is an invasive
technique since it involves the injection of a radioactive
agent into the bloodstream. As the radioactive substance
reaches the brain, brain cells consume more of it with greater
activity, which can be detected and reconstructed as a three-
dimensional (3D) image. fMRI detects neural activity based
on changes in blood oxygenation by using magnetic fields to
manipulate the nuclei of hydrogen atoms, which are slightly
magnetized. These signals can then be transformed into
images. fMRI provides a high-resolution image with good
contrast between different tissues. Since it was discovered
that fMRI can be sensitive to brain activity and not just
anatomy, it became the most common functional imaging
technique in language research (see Chouinard et al., 2016,
for a tutorial on fMRI in clinical populations). Though
fMRI has excellent spatial resolution, it has a number of in-
herent features that are not highly compatible with individ-
uals with speech-language impairment—it is noisy and not
tolerant of motion. Listening in a noisy environment and
the inherent motion involved in producing speech present
confounds for fMRI studies.
fNIRS Background
fNIRS is a noninvasive method of imaging the

brain by using near-infrared spectrum light that was
first described by Jöbsis (1977). Neuroimaging research
with fNIRS has increased exponentially over the past two
decades because it is low cost, safe and noninvasive,
portable, and more tolerant of motion than other brain
imaging methods (Hoshi, 2003; Izzetoglu et al., 2004;
Obrig & Villringer, 2003; Strangeman et al., 2002; Villringer
& Chance, 1997; Zabel & Chute, 2002). Because fNIRS is
quiet, safe, noninvasive, and more tolerant of motion, its
use as a neuroimaging tool has increased exponentially
over the past few decades (Boas et al., 2014), particularly
in studies with infants/children (Wilcox & Biondi, 2015)
and atypical/clinical populations (Obrig, 2014; Vanderwert
& Nelson, 2014). These features of fNIRS make it a use-
ful technique for studying the brain basis of speech and
language impairment, which we discuss in more depth
below.

Detecting Localized Changes in Cerebral Blood
Flow With Near-Infrared Light

Near-infrared light in the range of 650–900 nm is
readily absorbed by oxygenated hemoglobin (O2Hb; also ab-
breviated as oxy-Hb or HbO) and deoxygenated hemoglobin
Butler et al.: fNIRS in Speech and Language Impairment 1675
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(HHb; also abbreviated as deoxy-Hb or HbR) in the human
cortex. At the same time, it is relatively transparent to human
tissues. Like fMRI, fNIRS relies on the physiological
principle of neurovascular coupling, which describes the
relationship between neuronal activity and localized
changes in cerebral blood flow (known as the hemody-
namic response or the blood oxygenation level–dependent
response; Friston et al., 1995; Raichle & Mintun, 2006).
This means that an increase in O2Hb is taken as an indica-
tor of neuronal activity (just as in fMRI). More specifically,
in fNIRS, a canonical hemodynamic response involves an
increase in O2Hb accompanied by a decrease in HHb (see
more below). For fNIRS-fMRI cross-validation studies,
the reader can see Chance et al. (1998), Cui et al. (2011),
Kleinschmidt et al. (1996), and Strangeman et al. (2002).
Continuous wave fNIRS systems were the most commonly
used in this review, but other approaches exist (frequency-
resolved and time-resolved; see Scholkmann et al., 2014, for
an overview).

Data and Analyses
In an fNIRS system, light is emitted by laser or LED

diodes (sources), detected by photodiodes (detectors), and
transmitted through fiberoptic bundles to the instrument
(see Figure 1). The sources and detectors are typically placed
on a headband or cap, which is secured to the head of a
participant (see Figure 2). These sources and detectors are
normally placed 3 cm apart, a distance at which tissue ox-
ygenation can be probed to a depth of about 1–2 cm (see
Figure 3). In addition, detectors placed at a short distance
from a source (around 1 cm) can be used to detect and con-
trol for more superficial scalp hemodynamics. A source–
detector pair makes up a channel, and researchers most
often report the number of channels used. Many fNIRS
researchers use either data processing tools developed within
Figure 1. Continuous wave functional near-infrared spectrosc
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their labs or a toolbox designed for use with MATLAB
(MathWorks) called HomER (Huppert et al., 2009), the
most recent installation being HomER3 (https://github.
com/BUNPC/Homer3). Basic processing of fNIRS data
involves three steps: (a) converting intensity to optical
density and then to hemoglobin concentration by the
modified Beer–Lambert law (Ferrari & Quaresima, 2012),
(b) filtering, and (c) block-averaging and more advanced
processing (Selb, 2018). Advanced processing then in-
volves (a) short separation regression, (b) general linear
regression, and (c) anatomical rendering (Cooper, 2018;
Yücel, 2018).

In the advanced processing stage, short separation
regression (Gagnon et al., 2011) can be used to detect and
control for the signal from the scalp and skull (see also
the double short separation technique of Gagnon et al.,
2014). Other physiological variables (e.g., blood pres-
sure, respiration) are then controlled for to reduce noise
in the signal. After preprocessing, the hemodynamic re-
sponse function can be predefined using the general lin-
ear model (GLM). Then, b values resulting from the
GLM are taken to reflect how heavily weighted that re-
sponse is in each channel (Cooper, 2018; see Figure 4).
An anatomical representation of the hemodynamic re-
sponse in the brain can be generated using AtlasViewer
(Aasted et al., 2015; see Figure 5), a function in the
HomER3 toolbox (Yücel, 2018). Though these methods
are perhaps the most common, they are not the only ap-
proaches. Some fNIRS studies reviewed here used func-
tional data analysis or other approaches. We discuss this
more below.

Some Challenges of fNIRS
Though fNIRS offers many advantages in the study

of the brain bases of speech and language impairment,
opy system.
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Figure 2. Functional near-infrared spectroscopy cap with sources
(red) and detectors (blue).

Figure 4. Oxygenated (red) and deoxygenated (blue) and total (green)
hemoglobin concentration changes by channel.
it is not without inherent challenges. Three primary chal-
lenges pertain to the use of fNIRS with people with speech
and language disorders and more broadly: (a) methods
and analyses, (b) motion artifacts, and (c) localization and
interpretation.

Methods and Analyses
Since fNIRS is an emerging neuroimaging technique,

it is to be expected that there is variation in the methods
and analyses as evidence of the best approaches is being
established. Most studies reviewed here used a GLM-based
analysis, but other studies used functional data analysis to
avoid violating the assumptions of the GLM when the data
Figure 3. Spatial sensitivity of a source–detector pair (image
reproduced with permission from the Boston University Neurophotonics
Center).
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were not normally distributed. Some of the early exploratory
fNIRS studies that we reviewed relied on a more descriptive
than analytical approach to fNIRS data. A number of re-
searchers are working toward standardizing methods and
streamlining the analysis of fNIRS data. In fact, the journal
Neurophotonics published by the Society for functional
Near-Infrared Spectroscopy was established in 2014 as a
venue for researchers to publish peer-reviewed research
on “advances in optical technology applicable to study of
the brain and their impact on the basic and clinical neuro-
science applications” (https://www.spiedigitallibrary.org/
journals/neurophotonics). Current techniques are quickly
improving with the increase in fNIRS research across dis-
ciplines (e.g., see Tak & Ye, 2014, for a discussion of the
history and current trends in the statistical analysis of
fNIRS data).

Motion Artifacts
Motion from the participant while fNIRS measure-

ments are being taken represents a potential source of
noise in the signal (Huppert, 2016). This is of particular
concern when an fNIRS participant is doing a language
production task since speaking necessarily involves move-
ment in the head, jaw, and neck. Techniques for reducing
the effects of motion-induced noise in the fNIRS data in-
volve discarding trials with excessive movement and using
mathematical correction techniques (see, e.g., Brigadoi et al.,
2014; Chiarelli et al., 2015; Cooper et al., 2012; Scholkmann
et al., 2010; Tsuzuki et al., 2012; Yücel et al., 2014). While
Figure 5. Anatomical rendering of the hemodynamic response (image
reproduced with permission from the Boston University Neurophotonics
Center).
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new techniques are being developed and evaluated to im-
prove the removal of motion artifacts and facilitate the pre-
processing of fNIRS data (e.g., Delgado Reyes et al., 2018;
Jahani et al., 2018), motion remains a potential source of
noise in the signal. Motion artifacts may be a special con-
cern for individuals with speech or language disorders
who may have comorbid motor, sensory, or behavioral
challenges.

Localization and Interpretation
While fNIRS has better spatial resolution than EEG

and better temporal resolution than fMRI, its spatial resolu-
tion is not as sensitive as fMRI. The hemodynamic response
obtained from fNIRS is restricted to the surface cortical
areas of the brain (about 1–2 cm below the surface of the
skull; Ferrari & Quaresima, 2012). This means that fNIRS
is not well suited to investigate questions relating to white
matter areas of the brain. Also, the fNIRS measurements
are taken without direct anatomical information about the
brain. Techniques exist to localize the position of the probes
on the scalp to internal structures of the brain, such as using
the international 10–20 system (as used in EEG research),
anatomical–functional coregistration (Wilcox & Biondi, 2015),
and 3D digitization of optode locations. Nevertheless, careful
controls are required to accurately localize the brain areas
that contribute to the observed signal. Also, the hemody-
namic response may be modulated to some degree by experi-
mental design, age, and cortical region (Issard & Gervain,
2018). As an example, to improve localization and interpre-
tation of the fNIRS signal, Saliba et al. (2016) reported
that their lab had recently transitioned from a four-channel
system to a 140-channel system. Increasing the density of
the channels, among other things, as in whole-head record-
ing, will result in finer sampling of the cortex (Minagawa-
Kawai et al., 2008). However, as the distance between the
source and detector decreases (to accommodate more
channels), the penetration depth also decreases (Patil et al.,
2011).

Some Advantages of fNIRS
Despite inherent challenges in the use of fNIRS for

the study of the brain basis of speech and language impair-
ment, it may offer distinct advantages. Two primary ad-
vantages of fNIRS for imaging studies with individuals
with speech or language impairment are (a) increasing eco-
logical validity and (b) imaging with populations incom-
patible with other techniques.

Increasing Ecological Validity
fNIRS offers a distinct advantage over brain imaging

techniques that require the participant to be supine and
nearly immobile in that it can be used in naturalistic set-
tings, increasing the ecological validity of brain imaging
studies. fNIRS can be used to study speech and language
production processes, which inherently involve motion of
the face and neck. fNIRS can be used as a patient interacts
with a clinician at a table or in a clinical treatment room.
1678 American Journal of Speech-Language Pathology • Vol. 29 • 167
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This means that fNIRS could offer a way to image functional
brain changes as a result of or even during treatment. In a
similar vein, wearable fNIRS systems have been used for
long-term monitoring of neural responses in acute patients
with stroke and epilepsy (Kassab et al., 2018) and could be
adapted to investigate neural processes in naturalistic and
clinical settings.

Imaging With Populations Incompatible
With Other Techniques

fNIRS may offer major advantages in the field of
communication disorders in that we can use it with popu-
lations who are not compatible with fMRI and other neuro-
imaging techniques. As discussed previously, people who
use cochlear implants (CIs) are incompatible with fMRI
due to the electrical and magnetic components in the im-
plant (Bandettini, 2012; Bisconti et al., 2016; Quaresima
et al., 2012; Sevy et al., 2010). The electrical signals in-
herent in CI functioning create data artifacts with EEG
(Gilley et al., 2006; Timm et al., 2014). PET is possible,
but it involves ionizing radiation that is potentially harm-
ful to human health (Talavage et al., 2014). For brain im-
aging studies with people who use CIs, fNIRS offers major
advantages.

For infants, young children, and people with sensory
sensitivities, fNIRS may offer advantages as well. While
fMRI involves noise, fNIRS is virtually silent so fNIRS of-
fers advantages for brain imaging studies in these popula-
tions (Aslin et al., 2015; Gervain, 2014; Gervain et al.,
2011; Kovelman et al., 2012; Lloyd-Fox et al., 2010; Wilcox
& Biondi, 2015) and people with ASD (Liu et al., 2019;
Mazzoni et al., 2018; Zhang & Roeyers, 2019). These
populations may be sensitive not only to the noise inher-
ent in fMRI studies but also to the enclosed space of the
magnet and large, unfamiliar equipment setup.

Goals of This Study
The goal of this study was to conduct a systematic

review of empirical fNIRS studies of speech and language
disorders. We aimed to answer the following questions:

1. To what extent has fNIRS been used to investigate
the neural correlates of speech-language impairment?

a. What is the range of populations with whom
fNIRS has been used (age, etiology)?

b. What are the tasks and brain regions of interest
(ROIs) that have been investigated using fNIRS?

Next, we outline the methods used in this systematic
review followed by a discussion of the results.

Methods
We conducted a systematic search for empirical studies

that used fNIRS to investigate the neural basis of speech
and language disorders. This systematic review protocol
has been preregistered with PROSPERO (https://www.crd.
york.ac.uk/prospero/display_record.php?RecordID=136464),
4–1701 • August 2020
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the international prospective register of systematic reviews
(CRD42019136464). We followed the PRISMA protocol for
preferred reporting items for systematic reviews (Moher et al.,
2009). The search procedures are described below (and see
the flow diagram in Figure 6). Our goal was to include as
many fNIRS studies as possible since fNIRS is a relatively
new brain imaging technology. At the same time, we
aimed to keep the results as relevant as possible to re-
searchers and clinicians who work with individuals with
speech and language disorders.
Search Procedures
The database searches were conducted between February

and March of 2019. The following databases were searched:
MEDLINE via the PubMed interface, PsycINFO, and
Google Scholar. The following search terms were used:
(a) fNIRS or functional near-infrared spectroscopy or NIRS
or near-infrared spectroscopy, (b) speech or language, and
(c) disorder or impairment or delay. In addition, the follow-
ing individual e-journals were searched with the search term
“fNIRS or functional near-infrared spectroscopy or NIRS
Figure 6. PRISMA Moher et al., (2009) flow diagram of search

Downloaded from: https://pubs.asha.org Boston University on 10/09/2020
or near-infrared spectroscopy”: Journal of Speech-Language-
Hearing Research; American Journal of Speech-Language
Pathology; Language, Speech, and Hearing Services in
Schools; and Journal of Communication Disorders. We also
searched the works cited within these results for additional
studies that met the criteria.

The first author compiled a list of the search results
and removed duplicates. The first author then screened
those results by title and abstract for those that met the in-
clusion/exclusion criteria (outlined below). Then, the first
and second authors further assessed the abstracts and full-
text articles for eligibility. Any disagreements or questions
about eligibility were discussed openly during lab meetings
with the second author’s lab members, who are not authors
on this review article but who conduct research on lan-
guage and language impairment. Decisions were made
based on the majority opinion.

Inclusion Criteria
The year of publication was not restricted. We in-

cluded only empirical studies published in peer-reviewed
journals (not a conference abstract/paper) in English. We
methods. fNIRS = functional near-infrared spectroscopy.
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included only studies with individuals with speech or lan-
guage disorders. We included studies of infants at high risk
for developing ASD due to having an older sibling with
the diagnosis. Because of the increased risk of developing
ASD, studying high-risk infants has led to important dis-
coveries in the early identification of ASD and associated
language impairment. Similarly, we included studies of
MCI due to its role in the early identification of dementia.
We included only studies that used tasks of speaking or
listening. We included only studies with three or more par-
ticipants due to a large number of single-subject studies
of fNIRS-based brain–computer interfaces for individuals
with locked-in syndrome (LIS) and single-case medical re-
ports of fNIRS used for bedside monitoring, both of which
fell outside the scope of this review.

Exclusion Criteria
Studies were excluded if they did not involve a task

of speaking or listening, so we excluded studies with non-
verbal working memory, motor, visual, executive function,
and attention tasks that did not have a communicative com-
ponent. We excluded studies of typical adults with autistic
traits (one study) since they did not have a diagnosis of ASD
or social communication disorder. Though we aimed to in-
clude as many studies as possible, some etiologies fell outside
the scope of this review even though they may fall within the
American Speech-Language-Hearing Association’s (2016)
scope of practice policy, which itself is not a comprehensive
list (these were attention-deficit/hyperactivity disorder, bipo-
lar disorder, depressive disorder, public speaking anxiety,
social anxiety disorder, and schizophrenia). After removing
duplicate records and applying the inclusion/exclusion cri-
teria, we found 34 studies that met criteria (see Figure 6).

Quality Analysis
In order to provide a critical appraisal of the quality of

these studies, we outlined nine major methodological features
of each of the 34 studies, shown in Table 10. The major
methodological features include (a) number of participants,
(b) inclusion of a control group, (c) ROI–probe match,
(d) oxygenation measure, (e) the removal or correction of
motion artifacts from the data, (f ) the removal of systemic
physiology from the signal, (g) the use of short separation
detectors to control for the signal arising from scalp hemo-
dynamics, (h) the sampling rate in hertz, and (i) whether
the study included 3D digitization of the optode locations
in order to improve localization and anatomical accuracy
of the results. We consulted with members of the Neuro-
photonics Center at Boston University in order to select
the features on which to rate the methodological quality
of fNIRS studies. Then, we rated each study on these fea-
tures by awarding each study a quality rating in each cat-
egory as follows:

1. number of participants (N): high-quality rating given
for N of 20 or greater (mean N for all studies was
19.2);
1680 American Journal of Speech-Language Pathology • Vol. 29 • 167
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2. control group: high-quality rating given for the inclu-
sion of a control group;

3. ROI–probe match: high-quality rating given for stud-
ies in which the fNIRS probe covered the intended
brain ROI;

4. type of oxygenation measure: high-quality rating
given for analyses that included O2Hb and HHb
measures rather than just O2Hb;

5. motion artifact removal or correction: high-quality
rating given for any method of motion artifact re-
moval or correction;

6. systemic physiology removed: high-quality rating
given for any method of removing noise from the
signal induced by systemic physiology (e.g., blood
pressure, respiration);

7. short separation detectors: high-quality rating given
for using one or more short separation detectors to
remove scalp hemodynamics (applied to adult and
adolescent participants only);

8. sampling rate (Hz): high-quality rating given for a
sampling rate of 5 Hz or higher since sampling at
5 Hz or higher is necessary to control for cardiac os-
cillations; and

9. 3D digitization: high-quality rating given for the 3D
digitization of optode locations to improve localiza-
tion of underlying brain regions (not applied to par-
ticipants with CIs).

For the ROI–probe match rating, we extracted the
research question, ROI, and probe design. We compared
these three aspects to judge that the brain ROI matched
the research question and that the probe design matched
the brain ROI. There were two reasons that studies did not
receive a high-quality rating in this category: (a) the num-
ber of measurement channels was too small to cover the
ROI and (b) the brain region(s) covered by the probe did
not match the research question (e.g., a language task that
examined prefrontal cortex only or auditory cortex only).

For studies that involved infants and children under
the age of 12 years, the short separation category was not
included in the quality analysis rating. Due to infants and
children having thinner skulls, it is not clear that short
separation detectors would be necessary for this popula-
tion. For studies that involved individuals with CIs, the
3D digitization category was not included in the quality
analysis rating. 3D digitization may not be appropriate
with this population because the magnetic field may inter-
fere with the CI. The quality ratings are shown in Table 10
and summarized below.

Data Extraction and Synthesis
Our systematic review led to a total of 34 empirical

studies that we further analyzed in terms of characteristics
of the study populations, tasks/brain ROIs, techniques, and
findings. All three authors discussed the major features of
4–1701 • August 2020
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the studies and agreed on the list of features that could
most effectively contrast fNIRS studies across categories
of speech-language disorder. More specifically, we outline
the following major features of all 34 studies in Tables 1
through 9: age, population, number of participants, task,
measurement of hemoglobin, number of channels, cortical
ROI, results, and source/reference.
Results
The thirty-four fNIRS studies that we reviewed in-

volved a total of 665 individuals with speech or language
disorders. The study with the smallest number of participants
had four participants, and the study with the largest number
of participants had 55. We grouped the studies into the fol-
lowing categories: (a) ASD; (b) developmental speech and
language disorders; (c) cochlear implantation and deafness;
(d) dementia, dementia of the Alzheimer’s type (DAT), and
MCI; (e) LIS; (f ) neurologic speech disorders/dysarthria;
(g) stroke/aphasia; (h) stuttering; and (i) traumatic brain
injury (TBI).

ASD
Three recent systematic reviews discussed fNIRS stud-

ies of a wide range of brain functions (functional connectiv-
ity, social functioning/perception/interaction, face/emotional
processing, auditory and language processing, working
memory and inhibition, executive function, joint atten-
tion) in with people with ASD (Liu et al., 2019; Mazzoni
et al., 2018; Zhang & Roeyers, 2019). These reviews sug-
gest that fNIRS is a promising tool for studying brain func-
tion in people with ASD.

Our systematic review revealed nine empirical fNIRS
studies focused on speech or language processes in children
and adults with ASD (see Table 1). The populations that
were the focus of these studies can be categorized into three
main groups: (a) infants at high risk of developing ASD
due to having an older sibling with the diagnosis (two stud-
ies), (b) adults with intact language and intellectual ability
(Asperger’s, pervasive developmental disorder–not otherwise
specified; four studies), and (c) children with ASD with
varying levels of intellectual ability (nonverbal IQ above
and below 70; one study). These studies investigated a to-
tal of 152 individuals with ASD, but only four of these
have intellectual disability, a group that is understudied
in autism research (Tager-Flusberg & Kasari, 2013). The
tasks used in these fNIRS studies fall into two broad cate-
gories: speech perception (repeating vs. nonrepeating sylla-
bles, forward vs. backward speech, words with phonemic
vs. prosodic contrasts) and word production (letter and cat-
egory fluency tasks).

Edwards et al. (2017) used fNIRS to investigate neural
activation in the left and right temporal regions in 3-month-
old infants at high risk of developing ASD in response to
repeating versus nonrepeating syllables. They found that
neural activation in low-risk infant girls decreased over ex-
posure to repeated syllables. On the other hand, they found
Downloaded from: https://pubs.asha.org Boston University on 10/09/2020
no changes in neural activity in high-risk infant girls with
exposure to repeated syllables. In a similar fNIRS study
with high-risk infants presenting repeating versus nonre-
peating trisyllabic sequences, Keehn et al. (2013) investigated
neural activation in a longitudinal study of infants at the
ages of 3, 6, 9, and 12 months. They found high-risk infants
at the age of 3 months showed increased overall functional
connectivity compared to low-risk infants. No significant
differences were found between high-risk and low-risk in-
fants at the ages of 6 and 9 months, but at 12 months, high-
risk infants showed decreased connectivity compared to
low-risk infants. Lloyd-Fox et al. (2017) also used fNIRS
with 4- to 6-month-old high-risk infants. They showed social
versus nonsocial videos and played recordings of human
voices versus nonhuman sounds. They reported that the
high-risk infants showed reduced activation to social stim-
uli, both auditory and visual, compared to low-risk con-
trols. Because fNIRS is suitable for research with infants,
these studies have identified differences in neural patterns
in very young infants associated with a higher risk of
developing ASD.

Minagawa-Kawai et al. (2009) used fNIRS with
Japanese-speaking children with ASD to investigate neu-
ral activation in auditory cortex for Japanese words with
phonemic versus prosodic contrasts. They found increased
left hemisphere activity for phonemic cues and increased
right hemisphere activity for prosodic cues in controls. In
children with ASD, they found less localization in the left
hemisphere compared to controls.

Funabiki et al. (2012) used fNIRS with adolescents
and adults with ASD in a task in which the participants
were asked to ignore forward and backward speech stim-
uli. Focusing on the prefrontal cortex, they found de-
creased laterality compared with controls when participants
with ASD were asked to ignore auditory stimuli. In auditory
cortex, no differences were detected between the two groups
when they were asked to pay attention to auditory stimuli.

Five fNIRS studies examined the neural correlates of
verbal fluency in adults with ASD. Verbal fluency tasks
ask participants to name as many words as they can in a
category in a 60-s time frame. A typical category fluency
task is to name as many animals as possible in 60 s. A typ-
ical letter fluency task is to name as many words that start
with “s” as possible in 60 s. The particular categories and
letters that are used may vary.

Iwanami et al. (2011) found that people with Asper-
ger’s syndrome showed significantly lower activation in
prefrontal cortex compared to controls in letter fluency but
no difference in category fluency. Kawakubo et al. (2009)
found that, for adults doing a letter fluency test, the O2Hb
increases were significantly smaller in ASD versus control
groups (though the groups showed similar task performance).
They found that the neural activation in unaffected adults
who had siblings with ASD was intermediate between ASD
and control groups. Kuwabara et al. (2006) found a bilateral
reduction in O2Hb in prefrontal cortex in adults with PDD
versus controls in a letter fluency task (but no group dif-
ferences in task performance between the groups). Yeung
Butler et al.: fNIRS in Speech and Language Impairment 1681
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Table 1. Functional near-infrared spectroscopy studies in populations with autism spectrum disorder (ASD).

Age Population N Task Meas Ch ROI Results Source

11- to 18-year-old
adolescents

ASD 22 Letter fluency,
category fluency

O2Hb 16 Prefrontal cortex Typical adolescents
showed activation in
lateral frontal regions,
adolescents with ASD
showed activation
across lateral and
medial frontal regions,
associated with
poorer word retrieval
performance

Yeung et al.
(2019)

3-month-old infants High risk, sibling
with ASD

21 high-risk ASD,
17 low-risk
controls

Repeating or
nonrepeating
trisyllabic
sequences

O2Hb, HHb 24 Left and right
temporal regions

Neural activation in
female low-risk
infants decreased
over exposure to
repetition; no changes
in neural activity in
female high-risk
infants with exposure

Edwards et al.
(2017)

4- to 6-month-old
infants

High risk, sibling
with ASD

5 (16 low-risk
controls)

Social videos
vs. nonsocial
images, human
vocalizations
vs. nonvocal
sounds

O2Hb, HHb,
total Hb

26 Inferior frontal gyrus,
posterior temporal,
left-lateralized
temporal

Reduced activation to
social auditory and
visual stimuli compared
to nonsocial vs. controls

Lloyd-Fox et al.
(2017)

3-, 6-, 9-, and
12-month-old
infants

High risk, sibling
with ASD

27 high risk,
3 low risk

Repeating or
nonrepeating
trisyllabic
sequences

O2Hb, HHb 24 3-month high risk:
bilateral posterior
and left anterior
temporal, 12-
month low risk:
left anterior and
bilateral posterior
temporal

High-risk infants showed
increased connectivity at
3 months, no differences
at 6 and 9 months, and
decreased connectivity
by 12 months compared
to low-risk infants

Keehn et al.
(2013)

10- to 22-year-old
adolescents and
20- to 32-year-old
adults

ASD 11, 12 controls Listen to or ignore
forward speech
(story) and
backward
speech

O2Hb, HHb 32 Auditory cortex,
prefrontal cortex

Increased O2Hb in
response to intentional
listening vs. ignoring
in ASD and controls,
decreased laterality
in ASD compared
with controls when
asked to ignore

Funabiki et al.
(2012)

18- to 35-year-old
adults

ASD 20, 18 controls Category and
letter fluency

O2Hb 52 Prefrontal cortex People with Asperger’s
significantly lower
activation than controls
in letter fluency, no
difference in category
fluency

Iwanami et al.
(2011)

(table continues)
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Table 1. (Continued)

Age Population N Task Meas Ch ROI Results Source

9- to 16-year-old
children and
adults

ASD (HFA,
PDD-NOS)

27 HFA,
27 nonaffected
sibs,
27 unrelated
controls

Letter fluency test O2Hb, HHb 8 Bilateral prefrontal
cortex

For adults, the O2Hb
increases were
significantly smaller
in ASD vs. controls
(but similar task
performance), change
was intermediate in
adult siblings

Kawakubo et al.
(2009)

6- to 11-year-old
children

ASD 9, 9 controls Real words with
phonemic vs.
prosodic
contrasts

O2Hb 8 Auditory cortex Increased left hemisphere
dominance for phonemic
cues and increased right
hemisphere dominance
for prosodic cues (controls),
less localization to the
left hemisphere (ASD)

Minagawa-Kawai
et al. (2009)

18- to 37-year-old
adults

ASD (PDD) 10, 10 controls Letter fluency task O2Hb, HHb,
total Hb

16 Prefrontal cortex Bilateral reduction in O2Hb
in PDD vs. controls (no
difference in task
performance)

Kuwabara et al.
(2006)

Note. Meas = oxygenation measure; Ch = number of measurement channels; ROI = region of interest; O2Hb = oxygenated hemoglobin; HHb = deoxygenated hemoglobin; HFA =
high-functioning autism; PDD = pervasive developmental disorder; NOS = not otherwise specified.
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et al. (2019) found that typical adolescents showed acti-
vation in lateral frontal regions, while adolescents with
ASD showed activation across lateral and medial frontal
regions. They found that this pattern of activation in indi-
viduals with ASD was associated with poorer word re-
trieval performance.

These fNIRS-based studies of speech perception and
production in ASD demonstrate the feasibility of using
fNIRS to study brain activation with very young infants
at high risk of developing ASD. One of the fNIRS studies
successfully used fNIRS with children with ASD with intel-
lectual disability. The studies with adults and children with
ASD but no intellectual disability showed that, despite no
differences between individuals with ASD and controls in
the behavioral task (e.g., verbal fluency), fNIRS revealed
differences in brain activation and atypical lateralization
of response to linguistic stimuli.

Developmental Speech and Language Disorders
There is a small but growing body of neuroimaging

research on developmental speech and language disorders
(Mayes et al., 2015; Morgan et al., 2016). Mayes et al. (2015)
conducted a systematic review of neuroimaging studies of
child language disorders. They found 18 studies, including
both structural and functional imaging studies. Unlike this
review, they included tasks that were not necessarily re-
stricted to speech or language processes and included all
neuroimaging techniques. Our systematic review revealed
four empirical studies that used fNIRS to investigate the
neural correlates of language processes in children with lan-
guage impairment. This included one study of children with
specific language impairment (SLI) and two studies of chil-
dren and young adults with dyslexia (see Table 2).

Fu et al. (2016) studied neural patterns in children
with SLI with fNIRS using a nonparametric statistical
approach rather than the typical GLM-based approach to
avoid the a priori assumption that the data would show a
Gaussian distribution. Using functional data analysis, they
reported significant differences in O2Hb trends in bilateral
inferior frontal gyrus (IFG) and left inferior posterior parietal
regions. They also reported differences in HHb trends in
the right inferior posterior parietal cortex and left tem-
poral parietal junction in 8- to 12-year-old children with
SLI (developmental language disorder or DLD) compared
to controls.

Cutini et al. (2016) used fNIRS to examine the neu-
ral correlates of phoneme deletion, phonological short-
term memory, rapid automatized naming, and amplitude
rise tasks at fast and slow speeds in children with develop-
mental dyslexia and typical controls. They found higher
activation in the right supramarginal gyrus for fast versus
slow linguistic stimuli in children with developmental dys-
lexia compared to controls. Sela et al. (2014) reported that
young adults with dyslexia had lower activation compared
to controls in the left frontal brain region in response to
pseudowords versus real words. Using fNIRS, Song et al.
(2014) found lower O2Hb in the left dorsolateral prefrontal
1684 American Journal of Speech-Language Pathology • Vol. 29 • 167
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cortex (DLPFC) in a consonant–vowel task in children
with dyslexia compared to controls.

These studies demonstrate the feasibility of using
fNIRS to investigate the neural correlates of speech and
language processing in children with developmental speech
and language disorders. They all found differences in neu-
ral activation in response to linguistic stimuli for children
and young adults with SLI and dyslexia compared to typical
controls. These results are similar to what has been found
with fMRI and other neuroimaging methods for children
with speech and language disorders (Mayes et al., 2015;
Morgan et al., 2016) and dyslexia (D’Mello & Gabrieli, 2018).

Deafness/CI
fNIRS is particularly well suited to study neural acti-

vation in recipients of CIs because they cannot undergo
fMRI or EEG due to the ferromagnetic and electrical com-
ponents of the implant (Bisconti et al., 2016; Sevy et al.,
2010; see Saliba et al., 2016, for a more in-depth review of
fNIRS with CI recipients). Our systematic review revealed
six empirical studies of communication in recipients of CIs
using fNIRS (see Table 3).

Anderson et al. (2017) used fNIRS to investigate the
differences in cross-modal activation of auditory brain re-
gions in a visual speech task (lipreading) in deaf adults
before and 6 months following cochlear implantation.
Nine CI users showed a decrease in activation from pre- to
postimplantation, and six CI users showed an increase.
Participants who had become deaf more recently showed
an increase in cross-modal activation from pre- to post-
implantation. On the other hand, participants with a longer
duration of deafness showed a decrease in cross-modal
activation. The authors suggest that their results run counter
to the generalization that visual linguistic abilities are mal-
adaptive for hearing restoration after cochlear implantation.
Rather, this may depend on duration of deafness before im-
plantation as well as other individual differences.

Bisconti et al. (2016) used fNIRS with adult CI re-
cipients during a phonological awareness (rhyme vs. tone
judgment) task and a passage comprehension task. In the
rhyme versus judgment task, they found that CI recipients
showed less activation than controls in left frontal regions.
In the passage comprehension task, however, they found
no differences in activation between CI recipients and con-
trols in bilateral frontal and temporal cortices.

Olds et al. (2016) used fNIRS to investigate neural
activation in response to more and less intelligible speech in
adult CI users. They found the CI users with good speech
perception abilities and controls showed reduced activation
as speech became less intelligible. On the other hand, they
found that CI users with poor speech perception showed
increased activation for all speech conditions regardless
of intelligibility. van de Rijt et al. (2016) used fNIRS with
adult CI recipients while they listened to children’s stories
read aloud. They found no differences between CI recipients
and controls in activation in auditory, visual, and audiovi-
sual brain regions (temporal cortex), with greater activation
4–1701 • August 2020
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Table 2. Functional near-infrared spectroscopy studies in developmental speech and language disorders.

Age Population N Task Meas Ch ROI Results Source

Children,
Mage = 12 years

Dyslexia 15 (15 controls) Phoneme deletion,
phonological short-
term memory, rapid
automatized naming,
amplitude rise tasks

O2Hb, HHb,
total Hb

44 Left superior temporal
gyrus and left
angular gyrus, right
supramarginal
gyrus and right
angular gyrus

Asymmetric bilateral pattern
of regions more active in
children with dyslexia than
controls for slow vs. fast
stimuli

Cutini et al.
(2016)

8- to 12-year-
old children

SLI 15 (15 controls) Sentence
comprehension

O2Hb, HHb,
total Hb

44 Bilateral perisylvian
areas

Significant differences
between SLI and controls
in O2Hb mean trends in
bilateral inferior frontal
and left inferior posterior
parietal regions; significant
differences in HHb mean
trends in right inferior
posterior parietal cortex
and left temporal parietal
junction

Fu et al.
(2016)

Young adults
(M = 25.65 years,
SD = 2.67)

Dyslexia 17 (17 controls,
17 control
12-year-olds)

Lexical decision O2Hb, HHb 16 Upper left frontal
lobe

Readers with dyslexia showed
lower activity under
pseudoword condition vs.
real words

Sela et al.
(2014)

Children, Grades 3–5 Dyslexia 20 (20 controls) Consonant–vowel task O2Hb, HHb,
total Hb

16 Left middle frontal
gyrus

Children with dyslexia had
decreased amounts of
O2Hb and total Hb in the
left dorsolateral prefrontal
cortex

Song et al.
(2014)

Note. Meas = oxygenation measure; Ch = number of measurement channels; ROI = region of interest; O2Hb = oxygenated hemoglobin; HHb = deoxygenated hemoglobin; SLI =
specific language impairment.
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Table 3. Functional near-infrared spectroscopy studies in populations with deafness and cochlear implant (CI).

Age Population N Task Meas Ch ROI Results Source

36- to 78-year-old
adults

Deafness,
cochlear
implant

15 adults pre-
and post-CI
(17 controls)

Visual speech
recognition
(lipreading)

O2Hb, HHb 24 Bilateral superior temporal
cortex

Nine CI users showed a
decrease in cross-modal
activation, six showed
an increase

Anderson et al.
(2017)

21- to 74-year-old
adults

Cochlear
implant

14 CI recipients,
13 controls

Phonological
awareness (rhyme
judgment), passage
comprehension

O2Hb, HHb 32 Frontal, temporal cortices
spanning bilateral inferior
and middle frontal,
superior and middle
temporal regions, and
parietal cortex

CI and controls activation
in left temporal and right
frontal regions in rhyme
vs. tone judgment, left
frontal region less
activated in CI group,
controls and CI groups
bilateral activation over
frontal and temporal
cortices during passage
comprehension

Bisconti et al.
(2016)

23- to 86-year-old
adult CI users

Cochlear
implant

32 CI recipients,
35 controls

Normal, channelized,
and scrambled
speech

O2Hb, HHb 31 Lateral temporal cortex,
superior temporal gyrus

CI users with good speech
perception and control
showed reduced
activation as speech
becomes less intelligible;
CI users with poor
speech perception
showed increased
activation for all speech
conditions

Olds et al. (2016)

55- to 59-year-old
adult CI users

Cochlear
implant

5 (33 controls,
18–62 years
old)

Children’s stories
read aloud

O2Hb, HHb 4 Temporal cortex Auditory, visual, and
audiovisual speech
stimuli evoked
concentration changes
in both cohorts, auditory
larger than visual

van de Rijt et al.
(2016)

18- to 60-year-old
adults

Profoundly deaf 30 (30 controls) Responses to
auditory, visual,
somatosensory
stimulation

O2Hb, HHb 24 Left and right auditory
cortices (Heschl’s
gyrus and the
superiotemporal
gyrus)

Visual stimuli evoked
significantly larger
right ROI responses
in profoundly deaf
individuals, nonsignificant
trend for auditory
responses to be larger
in controls vs. profoundly
deaf individuals

Dewey & Hartley
(2015)

3- to 12-year-old
children, 22- to
28-year-old
adults

Cochlear
implant

36 early-implanted
children, 9 newly
implanted children
(11 control children,
11 control adults)

Passive listening,
stories

O2Hb, HHb 4 Temporal lobe and
superior temporal
gyrus

Speech-evoked cortical
activity observed in
100% of normal-hearing
adults, 82% of normal-
hearing children, 78%
of early-implanted deaf
children, and 78% of
newly implanted children

Sevy et al. (2010)

Note. Meas = oxygenation measure; Ch = number of measurement channels; ROI = region of interest; O2Hb = oxygenated hemoglobin; HHb = deoxygenated hemoglobin.
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in auditory compared to visual brain regions. Sevy et al.
(2010) used fNIRS with children who were new CI recipi-
ents (newly implanted) and children who were CI recipients
at an early age (early implanted) in a passive listening task
in which children listened to stories read aloud. They found
speech-evoked cortical activity in the temporal lobe and
superior temporal gyrus in 78% of newly implanted and early-
implanted children (compared to 82% in children who hear
normally and 100% in adults who hear normally).

Dewey and Hartley (2015) used fNIRS with adults
who are profoundly deaf (but not CI recipients) to examine
responses to audio, visual, and somatosensory stimuli. They
found that visual stimuli evoked significantly greater neural
responses in the right auditory cortex in individuals who
are profoundly deaf compared to controls.

For neuroimaging studies with CI recipients, fNIRS
is the primary safe and noninvasive technique since CI users
cannot undergo fMRI or EEG. The studies reviewed here
represent an important step in demonstrating the feasibility
of fNIRS with CI recipients. They have also begun to iden-
tify differences in neural activation and address important
theoretical questions with applications to rehabilitation.

Dementia/Alzheimer’s/MCI
Neuroimaging plays a central role in basic and trans-

lational science for MCI, dementia, and DAT. Narayanan
and Murray (2016) suggest that research on neuroimaging
is fundamental to improving the early detection, diagnosis,
and monitoring of the progression of dementia and related
impairments. Along the same lines, Oh and LaPointe (2017)
suggest that neuroimaging could potentially improve the dif-
ferential diagnosis of the various types of dementias. Our
systematic review resulted in six studies that used fNIRS to
investigate the neural correlates of verbal fluency in people
with dementia, DAT, and MCI (see Table 4).

Katzorke et al. (2018) used fNIRS to examine the
neural correlates of verbal fluency in 70- to 77-year-old
adults with MCI compared to age-matched controls. They
found a decreased hemodynamic response in the inferior
frontotemporal cortex in people with MCI compared to
controls. Yeung et al. (2016) used fNIRS to examine neural
responses during a category fluency task with 60- to 91-year-
old adults with MCI and healthy age-matched controls. They
found that, while controls showed a left-lateralized hemody-
namic response in frontal brain regions, the MCI group did
not. Metzger et al. (2015) used fNIRS to investigate the
changes in neural activation in response to a pharmaceuti-
cal intervention with cholinesterase inhibitors in individuals
with probable DAT. They measured neural activation dur-
ing a verbal fluency task before participants were adminis-
tered the medication at target dose and 8 weeks after the
target dose. They reported that the cholinesterase inhibitors
resulted in an increase of O2Hb in speech-related brain areas
from pre- to postintervention (with improvements in behav-
ioral performance).

Arai et al. (2006) used fNIRS to investigate hemody-
namic responses during a verbal fluency task in adults with
Downloaded from: https://pubs.asha.org Boston University on 10/09/2020
MCI, adults with DAT, and healthy age-matched controls.
They found a significantly lower response in the frontal and
bilateral parietal areas in people with DAT compared to
controls. The MCI group showed significantly lower activa-
tion only in the right parietal areas compared to controls.
Fallgatter et al. (1997) used fNIRS in letter and category
fluency tasks in people with DAT and age-matched con-
trols. They reported that patients with DAT showed a less
lateralized hemodynamic response in the frontal cortex
compared to controls. Hock et al. (1997) used fNIRS in a
verbal fluency task with people with DAT and age-matched
controls. They reported that patients with DAT showed a
significantly lower hemodynamic response in the left supe-
rior parietal cortex compared to controls.

In summary, several research groups have used fNIRS
to investigate hemodynamic responses during verbal fluency
tasks with individuals with dementia, DAT, and MCI. These
studies demonstrate the feasibility of fNIRS and could be
used to detect early changes in brain activation associated
with MCI, DAT, and dementia. One study compared fNIRS
measurements at three time points in response to a pharma-
ceutical intervention. fNIRS may help improve the diagnosis
and treatment of MCI, DAT, and dementia as these studies
have suggested.

LIS
fNIRS has been explored (often in conjunction with

EEG) as a brain–computer interface and a potential mode
of communication for individuals with LIS. Naseer and
Hong (2015) presented a review of fNIRS-based brain–
computer interface studies. Two studies using fNIRS met
the inclusion/exclusion criteria and were included in our sys-
tematic review. These are summarized in Table 5 and dis-
cussed below.

Chaudhary et al. (2017) used fNIRS with four pa-
tients with amyotrophic lateral sclerosis (ALS) and LIS
to investigate the hemodynamic response in frontocentral
regions (designed to cover language regions) while patients
mentally responded to known yes/no questions. Based on
an analysis of the neural response patterns using a linear
support vector machine, they classified correct answers to
yes/no questions at a rate of 70%. Naito et al. (2007) also
used fNIRS with 23 patients with ALS and LIS and 17 con-
trols with ALS and without LIS. An analysis of the he-
modynamic response was able to determine the correct
answer to known yes/no questions at a rate of 80% for
patients with ALS and without LIS and at a rate of 40% for
patients with ALS and LIS. These studies demonstrate the
feasibility of fNIRS with individuals with ALS/LIS and are
important steps in the development of brain–computer inter-
faces, which could improve access to communication for in-
dividuals in a locked-in state.

Neurologic Speech Disorders/Dysarthria
Our systematic search resulted in only one study

that focused on neurologic speech disorders (see Table 6).
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Table 4. Functional near-infrared spectroscopy studies in populations with dementia, Alzheimer’s dementia, and mild cognitive impairment (MCI).

Age Population N Task Meas Ch ROI Results Source

70- to 77-year-old
adults

MCI 55 (55 controls) Verbal fluency O2Hb, HHb 52 Inferior
frontotemporal
regions

Decreased hemodynamic
response in the inferior
frontotemporal cortex
in MCI

Katzorke et al.
(2018)

60- to 91-year-old
adults

MCI 26 (26 controls) Category fluency O2Hb, HHb 16 Left-lateralized
frontal

Controls showed left
lateralization of frontal
activations, MCI group
did not

Yeung et al.
(2016)

50- to 90-year-old
adults

Probable
Alzheimer’s
dementia (AD)

16 Verbal fluency
(3 time points:
premedication,
target dose,
8 weeks post
target dose)

O2Hb, HHb 22 Left and right
prefrontal and
temporal
cortices

Cholinesterase inhibitors
resulted in increase in
O2Hb in speech-related
brain areas from pre to
post (with improvements
in behavioral performance)

Metzger et al.
(2015)

MCI Mage = 63.0 years
(SD = 6.4)

AD Mage = 59.2 years
(SD = 3.9)

MCI/AD 15 MCI, 15 AD,
32 controls

Verbal fluency O2Hb 24 Frontal, bilateral
parietal,
occipital

Significantly lower amplitude
changes in the frontal
and bilateral parietal
areas in AD; MCI was
significantly lower only
in the right parietal area

Arai et al.
(2006)

Mage = 67.3 years,
SD = 10.6

Dementia of the
Alzheimer’s
type (DAT)

10 (10 controls) Letter fluency,
category fluency

O2Hb, HHb 2 Left and right
hemispheric
prefrontal areas

Patients with DAT showed
less lateralization of
the relative concentration
of oxyhemoglobin in
frontal brain tissue

Fallgatter et al.
(1997)

Mage = 71 years,
SD = 10

AD 19 (19 controls) Verbal fluency O2Hb HHb,
total Hb

4 Frontal and parietal
cortex

Controls showed increases
in concentrations of O2Hb
and total Hb over left
superior parietal cortex,
patients with AD showed
significant decreases in
O2Hb and total Hb

Hock et al.
(1997)

Note. Meas = oxygenation measure; Ch = number of measurement channels; ROI = region of interest; O2Hb = oxygenated hemoglobin; HHb = deoxygenated hemoglobin.
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Table 5. Functional near-infrared spectroscopy (fNIRS) studies in populations with locked-in syndrome.

Age Population N Task Meas Ch ROI Results Source

24-, 61-, 68-,
76-year-old
adults

Locked-in
(ALS)

4 Think answers
to known
yes/no
questions

O2Hb, HHb 8 Frontocentral
region

Online fNIRS classification
using linear support
vector machine resulted
in above-chance-level
correct response rate
over 70%

Chaudhary
et al. (2017)

22- to 80-year-old
adults

Locked-in ALS
and not
locked-in
ALS

23 ALS,
17 ALS
locked-in

Think answers
to known
yes/no
questions

O2Hb 1 Frontal lobe Average rate of correct
detection of answer
was almost 80%
(applicable to only 40%
of locked-in patients)

Naito et al.
(2007)

Note. Meas = oxygenation measure; Ch = number of measurement channels; ROI = region of interest; ALS = amyotrophic lateral sclerosis;
O2Hb = oxygenated hemoglobin; HHb = deoxygenated hemoglobin.
Caliandro et al. (2013) used fNIRS to investigate the neural
correlates of phonemic verbal fluency in the prefrontal cortex
in 29 adults with myotonic dystrophy, Type 1, and 30 healthy
controls. They found no significant difference in the hemody-
namic response of patients with myotonic dystrophy and
controls, but this study demonstrates the initial feasibility of
this method with individuals with neurologic speech disorders.

Stroke/Aphasia
In a systematic review, Yang et al. (2019) reviewed

66 published studies of fNIRS and stroke across a wide range
of categories (though none focused on communicative
processes). Though Yang et al.’s systematic review primar-
ily resulted in studies of acute stroke risk, monitoring, and
motor recovery, their conclusion that fNIRS has a wide
range of research and clinical applications in the evaluation
and treatment of stroke is relevant. Our review of fNIRS
studies of speech or language processes in people with post-
stroke aphasia resulted in two studies (see Table 7). Despite
a paucity of fNIRS-based research on speech or language
processes in poststroke patients with aphasia, Yang et al.
show that fNIRS has been used successfully and extensively
with this population and has a range of clinical applications
(discussed in more depth below).

Hara et al. (2017) used fNIRS in a word repetition
task with eight adults with aphasia receiving low- or high-
Table 6. Functional near-infrared spectroscopy studies in populations with

Age Population N Task Me

Adults, Mage =
44.46 years,
SD = 14.23

Myotonic
dystrophy
Type 1
(DM1)

29 (30 controls) Phonemic verbal
fluency

O2Hb

Note. Meas = oxygenation measure; Ch = number of measurement chan
HHb = deoxygenated hemoglobin.

Downloaded from: https://pubs.asha.org Boston University on 10/09/2020
frequency transcranial magnetic stimulation (TMS) pre-
and posttreatment. The ROIs included the IFG and supe-
rior temporal gyrus. They found that the low-frequency
TMS group showed reduced left and right hemisphere acti-
vation and stronger activation in the hemisphere ipsilateral
to the lesion. In the high-frequency group, they found
stronger activation following high-frequency TMS and
stronger activation in the contralateral hemisphere versus
ipsilateral from pre- to postintervention. Sakatani et al. (1998)
used fNIRS to compare naming, counting, and narrative
production tasks in the left prefrontal cortex in 10 patients
with nonfluent aphasia, six patients poststroke without
aphasia, and 13 healthy controls. They reported no differ-
ences between patients with aphasia, patients without
aphasia, and healthy controls in O2Hb or total hemoglobin.
They found a significant difference in HHb in patients
with aphasia compared to nonaphasia patients and healthy
controls.

In summary, in poststroke patients, fNIRS has been
used to investigate brain activation in response to TMS
and in language production tasks. Given that Yang et al.
(2019) found that fNIRS had been successfully used with
patients who have had stroke, fNIRS studies of speech or
language processing in individuals with stroke/aphasia
could lead to a better understanding of the neural corre-
lates of recovery. Since fNIRS is easier and less expensive
than fMRI and well tolerated for repeated measurements
neurologic speech disorders/dysarthria.

as Ch ROI Results Source

, HHb 2 Prefrontal
cortex

Control group O2Hb
increased and HHb
significantly decreased,
no difference found
for DM1 patients

Caliandro et al.
(2013)

nels; ROI = region of interest; O2Hb = oxygenated hemoglobin;
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Table 7. Functional near-infrared spectroscopy studies in populations with stroke/aphasia.

Age Population N Task Meas Ch ROI Results Source

42- to 75-year-old
adults

Aphasia, receiving
low- or high-
frequency TMS

8 Word repetition O2Hb 48 Inferior frontal gyrus,
superior temporal
gyrus

Low-frequency TMS group
showed reduced left and
right activation, stronger
activation in ipsilateral
hemisphere; high-frequency
TMS group showed
stronger activation in
contralateral vs. ipsilateral
hemisphere pre- and
postintervention

Hara et al.
(2017)

48- to 59-year-old
adults

Poststroke
nonaphasic,
nonfluent
aphasic,
controls

10 nonfluent
aphasia
(6 poststroke
nonaphasia,
13 healthy
controls)

Naming, counting,
narrative task

O2Hb, HHb,
total Hb

1 Left prefrontal cortex 50% of aphasics increase
in HHb and O2Hb during
language task, 23.1% of
controls and 16.7% of
nonaphasic CVD patients

Sakatani
et al.
(1998)

Note. Meas = oxygenation measure; Ch = number of measurement channels; ROI = region of interest; TMS = transcranial magnetic stimulation; O2Hb = oxygenated hemoglobin;
HHb = deoxygenated hemoglobin; CVD = cerebrovascular disease.
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in close time intervals (Dieler et al., 2012; Keenan et al., 2002),
it would be particularly useful for monitoring changes in brain
activation session by session or even during therapy sessions.

Stuttering
In a recent systematic literature review of neuroimag-

ing research on stuttering, Etchell et al. (2018) found far
fewer studies that had included children who stutter despite
the recognized importance of studying children who stutter
(Chang, 2014). Etchell et al. cite methodological difficulties
with imaging studies that include children, such as the need
to remain still for an extended time and anxiety about the
scanning environment. Since fNIRS is safe and noninva-
sive, it is well suited for research with infants and children.
Based on our systematic search, we found that fNIRS has
been used in three studies to examine the neural correlates
of auditory processing and language production in adults,
children who stutter, and children who had recovered from
stuttering (see Table 8).

Hosseini et al. (2018) used fNIRS to examine hemody-
namic responses with a picture description task in children
who stutter and children who had recovered from stuttering.
In children who stutter, they found significantly reduced
activation in left IFG channels compared to controls. They
reported that the neural patterns of 71% of children who
recovered from stuttering could be classified as controls
rather than children who stutter. Walsh et al. (2017) used
fNIRS to investigate hemodynamic responses in a picture
description task in children who stutter. They found signifi-
cantly less activation in the left dorsal IFG and the left
premotor cortex with children who stutter compared to
controls. Sato et al. (2011) used fNIRS to examine the
neural correlates of auditory processing of phonemic and
prosodic contrasts in Japanese-speaking children and adults
who stutter. Preschool-age children who stutter showed a
more right-lateralized response for all stimuli, while con-
trols showed a left-lateralized response to phonemic stimuli
and a right-lateralized response to prosodic stimuli.

These fNIRS studies of adults and children who stutter
demonstrate the feasibility of the method and have identified
differences in neural activation for people who stutter com-
pared to typical controls. Going beyond feasibility, these
researchers have begun to use fNIRS to identify neural
patterns that correlate with recovery from stuttering.

TBI
Table 9 summarizes the one fNIRS study with people

with TBI that met the inclusion criteria. Rodriguez Merzagora
et al. (2014) used fNIRS to investigate the neural correlates of
a verbal n-back working memory task in the left and right
DLPFC in six adults with TBI and 11 healthy controls. They
found significantly higher activation in the left DLPFC in
people with TBI compared to controls. This study demon-
strates the feasibility of fNIRS to detect differences in cere-
bral blood oxygenation in the DLPFC during a verbal n-back
task in adults with TBI and healthy controls.
Downloaded from: https://pubs.asha.org Boston University on 10/09/2020
The results of this systematic review suggest that
fNIRS is feasible with a range of individuals with speech or
language impairment across the life span. fNIRS is highly
suitable for use with infants, children, and recipients of CIs.
Some of the studies reviewed have used fNIRS for repeated
measurements, across three to eight sessions. Most studies
found differences in neural patterns between people with
speech or language impairment and controls, but these pat-
terns varied. Some studies found decreased neural activa-
tion compared to controls. Other studies found atypical
connectivity or more diffuse rather than localized patterns
of neural activation. Yet other studies found atypical later-
alization of activation, with less left-lateralized responses.
Some of these studies uncovered atypical neural patterns in
the absence of atypical behavioral responses. In the next
section, we present a quality analysis of the fNIRS studies
included in this systematic review.

Results of the Quality Analysis
We critically appraised the quality of the fNIRS studies

of speech-language impairment on the following nine proper-
ties: (a) number of participants, (b) inclusion of a control
group, (c) ROI–probe match, (d) oxygenation/deoxygenation
measurement, (e) correction of motion artifacts, (f ) removal
of systemic physiology from the signal, (g) use of short sepa-
ration detectors to remove the signal arising from scalp he-
modynamics, (h) the sampling rate in hertz, and (i) whether
the study included 3D digitization of the optode locations.
Table 10 shows these nine methodological characteristics
and the quality ratings for the 34 studies that were included
in this review.

Strengths
In three of the nine properties, overall study quality

was relatively strong.

Control Group
All but three of the 34 studies reviewed included a

control group, which was an overall strength of the studies
reviewed.

Oxygenation Measure
Twenty-five out of 34 studies reported measurements

of both O2Hb and HHb. This has been shown to be the
best correlate of neural activity, and in fact, the signal can
be misinterpreted (due to spontaneous hemodynamic changes)
if both chromophores are not taken into consideration,
particularly for anterior temporal regions important for
speech and language (Zimeo Morais et al., 2017). Though
many of the studies reviewed reported both chromophores,
all fNIRS studies can improve quality by reporting and
analyzing O2Hb and HHb concentrations.

Motion Correction
Twenty-three of the 34 studies used some type of

motion correction, which is an important step to avoid
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Table 8. Functional near-infrared spectroscopy studies in people who stutter.

Age Population N Task Meas Ch ROI Results Source

8- to 16-year-old
children

Children who
recovered
from stuttering

46: stuttering
n = 16; control
n = 16; recovered
from stuttering
n = 14

Picture description O2Hb, HHb 18 Inferior frontal gyrus
(IFG), superior
temporal gyrus
(STG), precentral
gyrus, premotor
cortex (PMC)

Significantly reduced NAUS in
left IFG, increased Hjorth mobility
parameters, denoting increased
variability in left IFG

In children who stutter, neural
correlate of 71.43% of children
who recovered classified as
controls rather than stuttering

Hosseini
et al. (2018)

7- to 11-year-old
children

Stuttering 16 children
who stutter,
16 controls

Picture description O2Hb, HHb 18 Ventral and dorsal
IFG, STG,
precentral gyrus/
PMC

Activation over left dorsal IFG
and left PMC in controls,
deactivation over these left
hemisphere regions in children
who stutter

Walsh et al.
(2017)

3- to 12-year-old
children, 18- to
44-year-old
adults

Stuttering 10 adults
who stutter,
13 children
who stutter

Auditory processing
of phonemic and
prosodic contrasts

Total Hb 12 Bilateral temporal
areas

Preschool children who stutter:
right-lateralized response for
all stimuli, school-age children
who stutter: no lateralization,
controls: left-lateralized response
to phonemic and right-lateralized
response to prosodic stimuli

Sato et al.
(2011)

Note. Meas = oxygenation measure; Ch = number of measurement channels; ROI = region of interest; O2Hb = oxygenated hemoglobin; HHb = deoxygenated hemoglobin; NAUS =
normalized area under the signal.

1692
A
m
erican

Journalof
S
p
eech-Language

P
athology

•
V
ol.29

•
1674–1701

•
A
ugust

2020

Downloaded from: https://pubs.asha.org Boston University on 10/09/2020, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



Table 9. Functional near-infrared spectroscopy studies in populations with traumatic brain injury (TBI).

Age Population N Task Meas Ch ROI Results Source

32- to
52-year-old
adults

TBI 6 TBI,
11 controls

Verbal n-back O2Hb, HHb, total Hb,
metabolic ratio
between HHb
and O2Hb

16 Left and right
dorsolateral
prefrontal
cortex

Activation for
TBI group
higher than
controls at
left DLPFC

Rodriguez
Merzagora
et al. (2014)

Note. Meas = oxygenation measure; Ch = number of measurement channels; ROI = region of interest; O2Hb = oxygenated hemoglobin;
HHb = deoxygenated hemoglobin; DLPFC = dorsolateral prefrontal cortex.
misinterpretation, as rises in the signal may be due to
head motion and not to hemodynamic changes. Though
the use of motion correction improves quality, not all
motion correction techniques are equal. Many techniques
exist, and many recent advances have been made. At the
current time, a new hybrid method based on spline interpo-
lation and Savitzky–Golay filtering (Jahani et al., 2018)
is the gold standard, but it depends on the nature of the
motion. For example, for speech tasks, the motion is cor-
related with the stimulus (not due to spontaneous head
movements), and hybrid approaches may be appropriate
(cf. Novi et al., 2020).

Weaknesses
In six of the nine properties, overall study quality

was relatively weak, and future studies can address these
areas to advance fNIRS research and address replicability.

Number of Participants
Only 12 of the 34 studies reviewed had more than

20 participants, and some had as few as four or five. Given
that fNIRS is safe, noninvasive, low cost, and portable,
studies with larger sample sizes should be easier in these
regards than with other neuroimaging techniques (though
increasing sample size may be more challenging for some
categories of speech-language impairment than others).

ROI–Probe Match
Nineteen of the 34 studies demonstrated a careful

consideration for the design of the fNIRS probe and how
well it covered the brain ROIs. Of the remaining 15 stud-
ies, many did not discuss the probe design in sufficient de-
tail to determine how well the probe matched the intended
ROIs. For other studies, the probe design was too small to
cover the ROIs relevant to the task. In future studies, the
probe should be carefully designed to cover the brain ROIs
relevant to the task, and the reporting of the results should
provide sufficient detail to assess the ROI–probe match.
The ROI–probe match information is also important so
that other researchers can replicate these studies.

Systemic Physiology
Only 21 of the 34 studies reviewed applied filters to

remove noise in the signal arising from systemic physiology
(e.g., blood pressure, respiration). Systemic physiology in
Downloaded from: https://pubs.asha.org Boston University on 10/09/2020
the signal can lead to misinterpretation of the results if not
filtered. Bandpass filtering to remove this source of noise
should be a standard step of preprocessing NIRS data to
reduce noise and improve quality.
Short Separation Detectors
Short separation detectors are essential to reduce

the significant signal contamination that comes from
the hemodynamics of the superficial layers of the scalp
and skull (Gagnon et al., 2011). Though the technique
was established around 2009–2011, none of the studies
reviewed used short separation detectors. This is an area
in which future studies can greatly improve the methodo-
logical quality and reduce the risk of misinterpretation of
the data.
Sampling Rate
The sampling rate should be 5 Hz or higher. This is

necessary to control for cardiac oscillations, which will
occur at a rate lower than 5 Hz and can then be filtered
out of the signal. Eight studies did not report the sampling
rate. Seven studies sampled at a rate lower than 5 Hz.
Nineteen studies had sampling rates of 5 Hz or higher,
ranging from 5 to 25 Hz. Sampling higher than 5 Hz and
reporting the sampling rate can improve the quality and
reliability of fNIRS studies.
3D Digitization
By digitizing the locations of the optodes after the

cap is placed on the participant’s head, we can verify how
well the probe covers the intended brain regions for each
individual participant. Individual participants will vary in
terms of head size and shape, which affects the placement
of the cap and probe. With digital information about the
placement of the probe for each participant, researchers can
assure that the probe covered the intended brain ROI. Re-
searchers can also use this information to have a systematic
and objective way to exclude data from participants whose
caps were not placed with fidelity. 3D digitization also al-
lows researchers to render an anatomical representation
(brain image) of the results of the study (Aasted et al., 2015).
These are important factors in ensuring the quality of future
fNIRS studies.
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Table 10. Quality analysis of functional near-infrared spectroscopy studies.

Category Reference N
Control
group

ROI–probe
match

Oxy
measure

Motion removal
correc

Syst phys
removed

Short
sep

Sampling
rate 3D dig

Quality
criteria met

Adults, adolescents 1 2 3 4 5 6 7 8 9 123456789
ASD Yeung et al. (2019) 22 Yes No O2Hb Yes No No 12.21 No 1258
ASD Funabiki et al. (2012) 11 Yes Yes O2Hb, HHb No No No 7.69 No 2348
ASD Iwanami et al. (2011) 20 Yes Yes O2Hb Yes No No 10 No 12358
ASD Kuwabara et al. (2006) 10 Yes Yes O2Hb, HHb Yes No No 10 No 23458
DLD/D Cutini et al. (2016) 15 Yes Yes O2Hb, HHb Yes Yes No n/r No 23456
DLD/D Sela et al. (2014) 17 Yes No O2Hb Yes Yes No 1 No 256
D/CI Dewey & Hartley (2015) 30 Yes Yes O2Hb, HHb Yes Yes No 10 No 1234568
DemAlz Katzorke et al. (2018) 55 Yes Yes O2Hb, HHb Yes Yes No 10 No 1234568
DemAlz Yeung et al. (2016) 26 Yes No O2Hb, HHb Yes Yes No 12.21 No 124568
DemAlz Metzger et al. (2015) 16 No Yes O2Hb, HHb Yes Yes No 10 No 34568
DemAlz Arai et al. (2006) 30 Yes Yes O2Hb Yes Yes No n/r No 12356
DemAlz Fallgatter et al. (1997) 10 Yes No O2Hb, HHb No Yes No 1 No 246
DemAlz Hock et al. (1997) 19 Yes No O2Hb, HHb No No No 0.5 No 24
LIS Chaudhary et al. (2017) 4 No Yes O2Hb, HHb No Yes No 6.25 No 3468
LIS Naito et al. (2007) 17 Yes No O2Hb No Yes No 5 or 10 No 268
Neurologic speech Caliandro et al. (2013) 29 Yes No O2Hb, HHb No No No 2 No 124
Stroke/aphasia Hara et al. (2017) 8 No Yes O2Hb No No No n/r No 3
Stroke/aphasia Sakatani et al. (1998) 10 Yes No O2Hb, HHb No No No n/r No 24
TBI Rodriguez Merzagora

et al. (2014)
6 Yes No O2Hb, HHb No No No 2 No 24

Adult CI users 1 2 3 4 5 6 7 8 n/a 12345678
D/CI Anderson et al. (2017) 15 Yes Yes O2Hb, HHb Yes Yes No 10 n/a 234568
D/CI Bisconti et al. (2016) 14 Yes Yes O2Hb, HHb Yes Yes No 20 n/a 234568
D/CI Olds et al. (2016) 32 Yes Yes O2Hb, HHb Yes Yes No 6.25 n/a 1234568
D/CI van de Rijt et al. (2016) 5 Yes No O2Hb, HHb Yes Yes No 10 n/a 24568
Infants, children 1 2 3 4 5 6 n/a 8 9 12345689
ASD Edwards et al. (2017) 21 Yes Yes O2Hb, HHb Yes Yes n/a 10 No 1234568
ASD Lloyd-Fox et al. (2017) 5 Yes Yes O2Hb, HHb Yes Yes n/a n/r No 23456
ASD Keehn et al. (2013) 27 Yes Yes O2Hb, HHb Yes Yes n/a 10 No 1234568
ASD Kawakubo et al. (2009) 27 Yes No O2Hb, HHb No No n/a 2 No 124
ASD Minagawa-Kawai

et al. (2009)
9 Yes No O2Hb Yes No n/a 10 No 258

DLD/D Fu et al. (2016) 15 Yes Yes O2Hb, HHb Yes Yes n/a n/r Yes 234569
DLD/D Song et al. (2014) 20 Yes No O2Hb, HHb No No n/a 1 No 124
Stuttering Hosseini et al. (2018) 30 Yes Yes O2Hb, HHb Yes Yes n/a 25 Yes 12345689
Stuttering Walsh et al. (2017) 16 Yes Yes O2Hb, HHb Yes Yes n/a 25 Yes 2345689
Stuttering Sato et al. (2011) 23 No No HbTotal Yes No n/a n/r Yes 159
Child CI users 1 2 3 4 5 6 n/a 8 n/a 1234568
D/CI Sevy et al. (2010) 40 Yes Yes O2Hb, HHb Yes Yes n/a n/r n/a 123456

Note. ROI = region of interest; Oxy = oxygenation; Motion removal correc = removal or correction of motion artifacts from the data; Syst phys removed = removal of systemic physiology
from the signal; Short sep = use of short separation detectors; 3D dig = 3D digitization; ASD = autism spectrum disorder; O2Hb = oxygenated hemoglobin; HHb = deoxygenated
hemoglobin; DLD/D = developmental language disorder/dyslexia; D/CI = deafness/cochlear implant; DemAlz = dementia/Alzheimer’s (including mild cognitive impairment [MCI]); LIS =
locked-in syndrome; TBI = traumatic brain injury; CI = cochlear implant; n/a = not applicable, n/r = not reported.
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Discussion
The results of this systematic review suggest that fNIRS

is feasible with individuals with speech and language im-
pairment across a wide range of ages and categories of im-
pairment. In this section, we discuss the potential clinical
applications of fNIRS.
What Are the Clinical Applications
of fNIRS in Assessing and Treating
Speech-Language Impairment?

The clinical translation of neuroimaging studies cur-
rently faces two major challenges: high costs (which have
not come down over time) and low ecological validity.
Shuster (2018) notes that the cost of a brain magnetic reso-
nance imaging may range between $1,000 and $5,000 ac-
cording to CostHelper Health (http://health.costhelper.
com). While the cost of a magnetic resonance imaging
machine is in the range of millions of dollars, fNIRS sys-
tems range in cost from $25,000 to $250,000, which could
translate to lower cost at a consumer level and greater
potential for clinical utility. Despite its growing use in re-
search, fNIRS is not yet widely applied in clinical settings
(Bortfeld et al., 2007; Lloyd-Fox et al., 2014; Mahmoudzadeh
et al., 2013; Olds et al., 2016; Villringer et al., 1993; Zaramella
et al., 2001). Though fNIRS is in its infancy as a neuroimag-
ing technique, it may be a clinically useful tool for the iden-
tification of biomarkers associated with patterns of deficits,
outcomes, or response to treatment. Like any new tech-
nique, however, it is important to establish the sensitivity
and specificity, which includes replication studies. Through
our systematic review, four main areas stood out in which
fNIRS may have important clinical applications: (a) early
and differential diagnosis, (b) response to treatment and
patterns of recovery, (c) neuroprosthetic functioning, and
(d) neurofeedback.
Early and Differential Diagnosis
Early detection and accurate diagnosis of speech and

language disorders is fundamental to treatment and recovery
outcomes. Biomarkers of speech and language impairment
based on patterns of brain activation may improve early
and differential diagnosis of speech and language impairment.
fNIRS has been used to reveal patterns of neural activation
that could serve as a potential biomarker of early MCI
(Katzorke et al., 2018) and ASD in very young infants
(Lloyd-Fox et al., 2017). Though fNIRS research with in-
fants at high risk for ASD is emerging, fNIRS (and EEG)
studies have begun to converge on potential biomarkers,
such as atypical functional connectivity (Keehn et al., 2013)
that could serve as a reliable diagnostic tool in very young
children (under the age of 3 years) with ASD (Zwaigenbaum
et al., 2016). The early detection of ASD significantly im-
proves prognosis (Reiersen, 2017), but it is complicated
by phenotypic and genetic overlap between neurodevelopmen-
tal disorders (Lichtenstein et al., 2010; Pettersson et al., 2013).
Downloaded from: https://pubs.asha.org Boston University on 10/09/2020
Response to Treatment
A fundamental question in speech-language pathol-

ogy is who will respond to treatment. A related question is
which regions of the brain support the changes brought
about by interventions when brain regions that typically
support speech and language are impaired. For example,
in an fMRI study of response to naming treatment in apha-
sia, researchers found that more highly preserved global
and left temporal lobe structural brain networks were asso-
ciated with better treatment outcomes (Bonilha et al., 2016;
see Kiran & Thompson, 2019, for an overview of neuro-
plasticity of language networks in aphasia for additional
examples).

Questions of response to treatment can uniquely be
addressed by longitudinal neuroimaging studies. Longitu-
dinal monitoring of brain changes in response to therapy is
highly compatible with fNIRS because repeated measure-
ments in close time intervals are affordable and well toler-
ated (Dieler et al., 2012; Keenan et al., 2002). fNIRS has a
range of clinical applications including providing neurobio-
logical information that could improve our understanding
of response to treatment.

Neuroprosthetic Functioning
Neuroprosthetic devices, such as CIs, require initial

and repeated calibration to support proper functioning.
fNIRS may be a promising clinical tool to guide postim-
plant programming that could improve the speech and
language outcomes of CI recipients (Basura et al., 2018;
Saliba et al., 2016). These authors note that, for a child
who is a CI recipient, fNIRS could help indicate that the
language areas of the brain are appropriately activated,
which could then improve the child’s chances for learning
speech and language. Similarly, it could aid in early detec-
tion of child CI recipients who may be on a suboptimal
language development trajectory. fNIRS could also im-
prove neuroprosthetic functioning for young infants who
are CI recipients and not yet able to provide a verbal or
behavioral response, which is required for current calibra-
tion techniques. In this way, fNIRS could provide an ob-
jective measurement of brain activation in speech-related
areas to monitor and predict language development in very
young CI users (Saliba et al., 2016). Given that fNIRS is
safe, noninvasive, low cost, and portable, it is compatible
with repeated measurements that would be required of CI
calibration and ongoing recalibration. Saliba et al. (2016)
discuss fNIRS as an “exciting possibility” in current clini-
cal practice of CI programming and speech and language
therapy for CI recipients.

Neurofeedback
A person’s ability to make use of real-time visual

neurofeedback to exercise voluntary control over their own
brain activation would have useful therapeutic applications
in the future given stronger evidence of the effectiveness
in clinical practice. Because of increased accessibility,
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increased portability, and lower cost of fNIRS compared to
fMRI, there is growing interest in fNIRS-based neurofeed-
back. Mihara et al. (2012) used fNIRS in a neurofeedback
application with participants who got real or sham feedback
about changes in blood oxygenation during a motor imag-
ery task. They found that participants who got real feed-
back showed significantly greater activation compared to
participants who got sham feedback. Kober et al. (2014)
replicated the Mihara et al. study to investigate the efficacy
of fNIRS-based neurofeedback training over eight training
sessions. They found that participants who received real
neurofeedback showed more specific (vs. diffuse) brain
activation, which increased in specificity over the eight
training sessions compared to participants who got sham
feedback over eight sessions. Though fNIRS is very new
as a therapeutic tool for neurofeedback, so far, the find-
ings suggest that it may be a promising tool for increasing
voluntary control over specific brain regions. The clinical
applications of fNIRS for neurofeedback could increase
the effectiveness of treatment, but more evidence is needed
to evaluate the feasibility and effectiveness.

Limitations of This Study
Because fNIRS is an emerging neuroimaging technique,

many of the studies included in this review are feasibility
studies that have a low number of participants, may lack a
control group, and use descriptive rather than analytic or
predictive data analysis approaches. fNIRS methods and
data analysis techniques are quickly advancing and have
changed markedly over the past 5–10 years (Tak & Ye,
2014). This posed particular challenges to carrying out
the quality analysis, so our quality analysis appraises the
methodological quality rather than directly assessing the
evidence, but we think it is an important first step. Though
the authors have expertise across different etiologies and
different ends of the life span, a more complete discussion
of the clinical applications of fNIRS across the broad range
of speech and language impairments and levels of severity is
beyond the scope of this review. In addition, some etiologies
that are within the scope of practice of speech-language pa-
thology fell out of the scope of this review. Finally, a more ob-
jective approach to deciding which studies to include in the
first phase of this systematic review could have been adopted.

Conclusion
In this systematic review, we analyzed 34 empirical

studies that examined the neural correlates of speech and
language impairment using fNIRS. These 34 studies span
nine different categories of speech or language impairment
across the life span. Despite inherent challenges in adapt-
ing and using a new technique such as fNIRS and specific
challenges for using it with an individual with speech or
language impairment, the results of this systematic review
suggest that it is feasible with a range of ages across diverse
categories of speech-language impairment. Our quality
analysis showed that there is a lot of variation in the
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methodological quality of fNIRS studies, which may affect
the interpretation of the results. We outlined ways in which
future fNIRS studies can improve in quality. Despite chal-
lenges, fNIRS has the advantages of affordability and
suitability for repeated measurements in close intervals. It
can be used in ecologically valid contexts and with popula-
tions that are incompatible with other neuroimaging tech-
niques. fNIRS may have a range of clinical applications
including providing neurophysiological evidence that could
improve early detection, response to treatment, neuro-
prosthetic functioning, and neurofeedback, but much
more research is needed to evaluate the evidence in these
areas.
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