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Abstract. Patients with brain tumor or refractory epilepsy may be candidates for neurosurgery. Presurgical
evaluation often includes language investigation to prevent or reduce the risk of postsurgical language deficits.
Current techniques involve significant limitations with pediatric populations. Recently, near-infrared spectros-
copy (NIRS) has been shown to be a valuable neuroimaging technique for language localization in children.
However, it typically requires the child to perform a task (task-based NIRS), which may constitute a significant
limitation. Resting-state functional connectivity NIRS (fcNIRS) is an approach that can be used to identify lan-
guage networks at rest. This study aims to assess the utility of fcNIRS in children by comparing fcNIRS to more
conventional task-based NIRS for language mapping in 33 healthy participants: 25 children (ages 3 to 16) and 8
adults. Data were acquired at rest and during a language task. Results show very good concordance between
both approaches for language localization (Dice similarity coefficient ¼ 0.81� 0.13) and hemispheric language
dominance (kappa ¼ 0.86, p < 0.006). The fcNIRS technique may be a valuable tool for language mapping in
clinical populations, including children and patients with cognitive and behavioral impairments. © The Authors.
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1 Introduction
Brain localization and lateralization of language functions are of
great importance in the presurgical assessment of patients with
intractable epilepsy and brain tumor. Presurgical investigation
for language functions usually requires electrical stimulation
mapping (ESM), an intracarotid amobarbital test (IAT), also
known as the Wada test, and functional neuroimaging.1

Unfortunately, few of these techniques are suitable for children
due to their significant drawbacks. For instance, ESM and IAT
are highly invasive procedures that carry the risk of severe com-
plications, including stroke, hemorrhage, and infection (0.5% to
5% for ESM2 and 1% to 11% for IAT3,4). Furthermore, these
invasive procedures require the patient to remain alert for lan-
guage assessment, which is unfeasible in half of children with
intractable epilepsy due to cognitive and behavioral problems.1,5

Consequently, inconclusive results are reported in most patients
younger than age 10 for ESM (up to 81%) and for IAT (50%).5,6

In the past decade, noninvasive neuroimaging techniques,
including functional magnetic resonance imaging (fMRI)7–11

and magnetoencephalography (MEG),12–18 have been widely
used for language cerebral lateralization and mapping in adults
and children. These techniques show very good concordance
with invasive procedures (IATand ESM) for language dominance
and localization.19–23 However, as with ESM and IAT, these non-
invasive techniques are unsuitable for young children and patients

with severe cognitive or behavioral problems because their con-
fined environment often elicits anxiety in these patients. In addi-
tion, fMRI and MEG are known to be highly sensitive to motion
artifacts related to head movements or to muscle and articulatory
movements in language production aloud, which is crucial in
these populations to control for task performance.

Alternatively, near-infrared spectroscopy (NIRS) has also
been used for language localization and lateralization in healthy
and clinical populations. Analogous to fMRI, it measures changes
in cerebral blood volume and hemoglobin concentrations, includ-
ing oxy-hemoglobin (HbO) and deoxy-hemoglobin (HbR), which
are thought to be associated with neural activity.24 Multiple
studies25–27 have shown strong correlations between NIRS data
and fMRI, Single photon emission computed tomography,
IAT, and ESM results in patients with epilepsy, confirming the
usefulness of NIRS for presurgical mapping. NIRS is more suit-
able for young children and challenged populations28,29 than other
neuroimaging techniques due to its tolerance to movement.
Specifically, optical fibers are mounted on a helmet placed on
the patient’s head. Hence, regardless of head motion, the record-
ing sites remain unchanged. In addition, data can be acquired
while the child is performing a language task aloud, allowing
task performance to be measured. Another major advantage is
that the parent can stay with the child during data acquisition,
which may be very reassuring for young children or patients
with anxiety issues. Finally, NIRS is easily accessible since it
is portable and relatively low in cost.

A number of epilepsy clinics around the world now use fMRI,
MEG, and NIRS, which, in some patients, reduce the need for
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invasive investigation or the extent of the brain area studied using
intracranial mapping. Although these noninvasive neuroimaging
techniques have many advantages, they require the patient to per-
form a task during recording (for instance, a verbal fluency task
for identifying language areas), which can take up to 45 min of
data recording and is difficult to perform for young children and
individuals with moderate or severe cognitive and behavioral
impairments. As a result, these methods are often not available
to these patients, which may rule out surgical treatment or
increase the risk of postoperative deficits.5,30

Resting-state functional connectivity is an alternative neuro-
imaging approach that is not subject to the limitations described
above. It is a relatively a modern method for evaluating the
regional interactions that occur in the brain when a subject is
not performing an explicit task. With this approach, specific
cognitive networks in the brain, such as the language network,
can be identified without stimulation or active subject participa-
tion by localizing temporally correlated brain signals at rest.31

This makes the technique ideal for use with children and cog-
nitively challenged populations, as it does not require the par-
ticipant to perform a task or follow instructions during data
acquisition. Although it can be applied to most neuroimaging
techniques, it was first demonstrated in fMRI, where temporal
correlations in spontaneous blood oxygen level-dependent sig-
nal oscillations were detected between regions while subjects
were resting quietly in the scanner.32 Temporally correlated sig-
nal fluctuations are presumed to reflect intrinsic functional con-
nectivity. By recording the participant at rest for several minutes,
it is thus possible to study and identify various functional net-
works, including language (see Ref. 33 for review).

As with fMRI, studies have confirmed the feasibility of apply-
ing resting-state functional connectivity to NIRS (fcNIRS) in order
to investigate language networks in healthy adults and children at
rest, without performing a task.34–37 Brain mapping with fcMRI
and fcNIRS has shown good spatial correlations,38,39 and good
test–retest reliability has been reported with fcNIRS.40 The higher
temporal resolution of NIRS (∼1 ms) as compared to fMRI (sec-
onds)41 may prevent confounding of physiological noise, such as
respiratory and cardiovascular activity, with intrinsic activity.42–44

The goal of this study is to assess the utility of fcNIRS for
language brain mapping in children by comparing language net-
work maps at rest, using fcNIRS, and while participants perform
a language task, using task-based NIRS. As such, we present a
comparison of fcNIRS and task-based NIRS approaches for
language mapping in children.

2 Materials and Methods

2.1 Participants

In total, 33 participants were recruited for the study. Twenty-five
healthy French-speaking children, ages 3 to 16, were recruited
and assigned to an age-specific group. In addition, a group of
eight young adults (ages 18 to 30) was included to measure
mature language networks. Groups were defined based on pre-
vious studies,45,46 allowing for the investigation of fcNIRS appli-
cability at various developmental stages: early childhood (ages 3
to 6; n ¼ 6), late childhood (ages 7 to 10; n ¼ 8), adolescence
(ages 11 to 16; n ¼ 11), and early adulthood (ages 18 to 30;
n ¼ 8). Exclusion criteria were preterm birth (gestational age
<37 weeks) or history of known congenital, neurologic, develop-
mental, psychiatric, or metabolic disorders. Demographic data for
participants are presented in Table 1. This project was approved

Table 1 Demographic information.

Participant Group Age (yr) Gender Handedness

1 Early childhood 3 F R

2 Early childhood 4 M R

3 Early childhood 4 F R

4 Early childhood 5 M R

5 Early childhood 6 F R

6 Early childhood 6 F B

7 Late childhood 7 M B

8 Late childhood 8 F R

9 Late childhood 8 F R

10 Late childhood 8 M R

11 Late childhood 9 F R

12 Late childhood 10 M R

13 Late childhood 10 M R

14 Late childhood 10 F R

15 Adolescence 11 F R

16 Adolescence 13 M B

17 Adolescence 13 F R

18 Adolescence 14 M R

19 Adolescence 14 F R

20 Adolescence 15 M R

21 Adolescence 15 M R

22 Adolescence 15 M R

23 Adolescence 15 F R

24 Adolescence 16 M R

25 Adolescence 16 F R

26 Adulthood 20 M B

27 Adulthood 23 F R

28 Adulthood 23 M R

29 Adulthood 23 F R

30 Adulthood 26 F R

31 Adulthood 28 M R

32 Adulthood 25 F R

33 Adulthood 30 M R
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by the Institutional Ethics Committees, and written informed
consent was obtained from all participants or their parents (for
children and adolescents under 14 years).

2.2 Near-Infrared Spectroscopy Data Acquisition
and Procedure

NIRS recording parameters and fibers montage were the same
for fcNIRS and task-based NIRS. The only methodological
differences between the two approaches were the duration of
the data acquisition periods and, most importantly, further
data analyses (see details below).

To compare fcNIRS and task-based NIRS language mapping,
NIRS data were acquired at rest and during an expressive lan-
guage task in a single recording session. For both fcNIRS and
task-based NIRS, data acquisition was performed using a fre-
quency-domain device (Imagent, ISS Inc., Illinois) equipped
with 8 detectors and 64 sources (32 at 690-nm wavelength and
32 at 830 nm). Optical intensity (DC), modulation amplitude
(AC), and phase data were obtained at an acquisition rate of
19.5312 Hz. Light sources and detectors were held in place
using a comfortable, age-adapted helmet. Source–detector distan-
ces were set between 2 and 5 cm, optimizing recording of the
brain signal from various depths in the regions of interest. A stan-
dard montage was created and adapted for each age group accord-
ing to the 10–20 system and the corresponding Brodmann areas
(BA). NIRS fibers covered bilateral frontal and temporal areas so
as to record brain activity in anterior and posterior language-
related regions, Broca’s (BA 44 and 45) and Wernicke’s (BA
22, 39, and 40) areas, respectively [Fig. 1(a)], and their right hemi-
sphere counterparts. For each participant, the accurate localization
of each source and detector, as well as four fiducial points (nasion,
left and right preauriculars, and tip of the nose), was digitized and
recorded with the stereotaxic system Brainsight™ Frameless 39
(Rogue Research Inc., Montreal, Quebec, Canada) allowing for
individual registration and reconstitution of the montage on an
MRI template (Colin27, see Ref. 47).

NIRS data were acquired at rest (fcNIRS) and during a lan-
guage task (task-based NIRS) in all participants, with periods of
rest and language task acquired alternatively. A total of at least
12 blocks, including rest and language task, were recorded.
Each block lasted 90 s, which included a 30-s rest period fol-
lowed by 30 s of language task and another 30-s rest, allowing
the hemodynamic response to return to the baseline before the
next block (see Fig. 2 for block timeline).

For fcNIRS, the last 25 s of data were extracted from the first
30-s rest period of each block (see * in Fig. 2). The first 5 s were
excluded as they often include trigger artifacts (2 s of machine
drift). A total of 5 min (12 blocks × 25 s) of fcNIRS data was
recorded while participants were resting with eyes open to pre-
vent drowsiness. The participants’ alertness was monitored
through an infrared camera during the recording session.
During rest periods, participants were instructed not to think
or rehearse the items produced in the previous task-based
block, but to relax, stay quiet, and gaze down at a fixation
cross on the computer screen. In addition to the last rest period
(60 to 90 s of each 90-s block), which allowed residual activa-
tion from the language task to return to the baseline, a break of 2
to 3 min between blocks was introduced to clear participants’
minds from rehearsing the previous category noun.

For task-based NIRS, the expressive language task was a cat-
egorical verbal fluency one (in a given time, saying as many
words as possible within a given category, such as colors,
toys, animals, and so on) that was used in many of our previous
studies.25,46,48–50 It was performed overtly to ensure that the par-
ticipant was doing the task correctly. Using the Presentation
software (Neurobehavioral Systems Inc., California), semantic
categories were successively and visually presented on a mon-
itor in a block-design paradigm. All participants were given
practice sessions before the recording; in addition, nonreader
children received an auditory assistance for the category
nouns at the outset of each stimulus block. All participants com-
pleted at least 12 periods of language task, each associated with
a different semantic category meaningful to young children.

Fig. 1 Language mapping in all participants (n ¼ 33) using fcNIRS and task-based NIRS. (a) Schematic
view of the brain regions covered by the montage. Source (small dots, combined 690 and 830 nm) and
detector (red big dots) locations over bilateral frontal and temporal areas (only left hemisphere is shown)
are projected on anMRI-template three-dimensional reconstruction. (b) Averaged fcNIRS languagemap-
ping in the left (top) and right (bottom) hemispheres reveals a left-hemispheric dominance for language
networks. (c) Averaged language cerebral response during a verbal fluency task using task-based NIRS.
(d) A picture of a participant wearing a helmet including probes setup. Similarly to fcNIRS findings, results
show stronger brain activation in the left (top) compared to the right (bottom) hemisphere using this
approach.
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NIRS data that were recorded between 5 and 30 s of the 30-s
language task periods were used for further task-based NIRS
analyses (see ** in Fig. 2). Exclusion of the first 5 s after stimuli
onset ensures that HbO and HbR changes reflect the partici-
pant’s verbal production and not the auditory effect from the
auditory assistance in nonreader children.

During the testing session, the participant was seated in a
comfortable chair, placed ∼45 in. from a 20-in. computer
screen. For children, parents were permitted to stay in the
recording room if necessary. Prior to data acquisition, manual
dominance was assessed using the Edinburgh inventory51 and
a child-friendly homemade version of the Edinburgh inventory
for participants younger than 10 years.

2.3 Near-Infrared Spectroscopy Data Analyses

A homemade graphical user interface program designed with
MATLAB® (The MathWorks, Inc., Massachusetts) was used
to analyze fcNIRS and task-based NIRS data. Optical intensity
(DC) data were normalized by dividing each value by the mean
value across time points for each block and channel. Artifact
rejection (�10% variation from normalized intensity) was
applied to remove motion artifacts. Artifact-free data were
then filtered for the effects of respiratory and cardiac signal
with a cutoff frequency of 0.2 Hz. HbO concentrations were cal-
culated for each channel using the modified Beer–Lambert law
with a differential path length adjusted to participants’ age.52,53

HbO data, which are highly correlated with cerebral blood flow
and have a better signal-to-noise ratio than HbR data, were used
for fcNIRS and task-based NIRS analyses and comparisons.54,55

2.3.1 Specific functional connectivity near-infrared
spectroscopy analysis

A seed-based correlation approach was used for resting-state
language network mapping. The “seed” was identified as the
most central channel in Broca’s area and its right counterpart
region (left or right frontal inferior gyrus). Temporal correlations

among HbO concentration changes were extracted from the
seed, and all other channels were calculated for each block.
Correlation matrices obtained from all 12 blocks were
averaged.56 To obtain language functional connectivity maps,
HbO correlation results were coregistered and projected on
an age-matched MRI template.57,58

Individual hemispheric language dominance for resting-state
functional connectivity data was also identified using laterality
indices (rs-fc LIs). The rs-fc LIs were calculated from HbO data
by comparing the correlation strengths of the two brain hemi-
spheres using the seed placed either in the left (L) or right (R)
frontal inferior gyrus. For each participant, a difference map was
calculated on the correlation between the left hemisphere seed
and the left hemisphere target regions (LL), the left hemisphere
seed and the right hemisphere target regions (LR), and the right
hemisphere seed with homologous (RR) and contralateral (RL)
target regions. From these seed versus target correlations (LL,
RL, RR, and RL), rs-fc LIs were then calculated using the fol-
lowing equation:
EQ-TARGET;temp:intralink-;sec2.3.1;326;264

rs − fc LI ¼ ðLL − RLÞ − ðRR − LRÞ∕jLLj þ jLRj
þ jRRj þ jRLj;

where LL-RL is the left targeted region on the difference map
and RR-LR is the right targeted region on the difference map
(for detailed methodology, see Ref. 31). The values of rs-fc
LIs range between −1 and þ1, where positive values (0.10
to 1) indicate left language lateralization and negative values
(−1 to −0.10) indicate right dominance.59 Values between
−0.10 and 0.10 are considered bilateral language lateralization.

2.3.2 Specific task-based near-infrared spectroscopy
analysis

Variations in HbO concentrations associated with the language
task were averaged for each channel across blocks (5 to 25 s
from the 30-s language task periods). HbO values were

Fig. 2 Block timeline. Each NIRS recording block included periods of rest and language task allowing for
computation of fcNIRS and task-based NIRS analyses. Each block lasted 90 s, including a 30-s rest
period, followed by 30 s of language task, and another 30-s rest. fcNIRS data were 25-s periods extracted
from the first 30-s rest period of each block (see *). Task-based NIRS data were 25-s periods extracted
from 30-s language task periods (see **).
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coregistered and projected on an age-matched MRI template57,58

to create and visualize the functional language map. Task-based
laterality indices (task-based LIs) were also derived from HbO
data from the two hemispheres using the following equation:

EQ-TARGET;temp:intralink-;sec2.3.2;63;708task-based LI ¼ ðL − RÞ∕ðLþ RÞ;
where L is the maximal increase in HbO of all averaged chan-
nels covering Broca’s area during the expressive language task
and R is the maximal increase in HbO of all averaged channels
covering the homologous right area.25 Similarly to rs-fc LIs, the
values of task-based LIs range between −1 and þ1, where pos-
itive values (0.10 to 1) indicate left language lateralization and
negative values (−1 to −0.10) indicate right dominance.59

Values between −0.10 and 0.10 are considered bilateral lan-
guage lateralization.

2.4 Functional Connectivity Near-Infrared
Spectroscopy and Task-Based Near-Infrared
Spectroscopy Statistical Comparisons

The Dice similarity coefficient (DSC) was used to compare lan-
guage mapping obtained with each fcNIRS and task-based
NIRS approach. The DSC is a measure of overlap and similarity
between two maps (range: 0 to 1, where 0 = no overlap and 1 =
complete overlap).60 Based on the literature,60,61 a DSC ≥ 0.80
was deemed to reflect very good concordance between maps, a
DSC ≥ 0.70 was deemed to reflect good concordance between
maps, and a DSC < 0.70was associated with poor concordance.
A one-way ANOVA on DSC values was performed to compare
fcNIRS and task-based NIRS language mapping concordance
between groups.

Concordance between individual language lateralization
results was computed from both fcNIRS and task-based
NIRS approaches using kappa statistic, which consists of com-
paring the results of rs-fc LIs and task-based LIs.62

3 Results
All participants showed clear language brain networks with
fcNIRS as well as cerebral response to the language task in lan-
guage-related cerebral areas, including Broca’s and Wernicke’s
areas, with the task-based NIRS approach. Group and individual
language localization and lateralization results are described below.

3.1 Language Localization

Figure 1 shows averaged language maps from fcNIRS [Fig. 1(b)]
and task-based NIRS [Fig. 1(c)] for all participants. Comparing
fcNIRS and task-based NIRS approaches, very good concordance
(DSC ≥ 0.80)61 was found for language cortical mapping among
all participants (mean DSC ¼ 0.81� 0.13) as well as for
each age group: early childhood: mean DSC ¼ 0.73� 0.12,
late childhood: mean DSC ¼ 0.81� 0.15, adolescence: mean
DSC ¼ 0.83� 0.12, and early adulthood: mean DSC ¼
0.84� 0.13. The one-way ANOVA results showed no statistical
differences between groups for DSC (p ¼ 0.405). Overall, these
results show that fcNIRS and task-based NIRS provide similar
language mapping for all age groups from age 3 to early
adulthood.

Individual results, shown in Table 2, revealed that 85%
(28∕33) of all participants showed good concordance
(DSC ≥ 0.70) between both fcNIRS and task-based NIRS lan-
guage mapping. Figure 3 shows individual results from one

Table 2 Comparison of language mapping and dominance using
resting-state functional connectivity and task-based approaches.
DSC values in bold represent participants with poor concordance
(DSC<0.70).N indicates the non concordance between laterality indi-
ces from both approaches (fcNIRS and task-based NIRS).

Participant DSC rs-fc LIs task-based LIs LI concordance

1 0.89 0.18 (L) 0.98 (L) Y

2 0.77 0.23 (L) 0.27 (L) Y

3 0.78 0.08 (B) 0.17 (L) N

4 0.70 0.12 (L) 0.90 (L) Y

5 0.54 0.29 (L) 0.41 (L) Y

6 0.71 0.15 (L) 0.20 (L) Y

7 0.96 0.37 (L) 0.92 (L) Y

8 0.94 0.11 (L) 0.96 (L) Y

9 0.69 0.11 (L) −0.13 (R) N

10 0.87 0.32 (L) 0.39 (L) Y

11 1 0.18 (L) 0.53 (L) Y

12 0.76 0.05 (B) 0.10 (L) N

13 0.64 0.24 (L) 0.30 (L) Y

14 0.62 0.31 (L) 0.27 (L) Y

15 0.97 0.06 (B) 0.10 (L) N

16 0.76 0.14 (L) 0.13 (L) Y

17 0.72 0.08 (B) 0.08 (B) Y

18 1 0.22 (L) −0.25 (R) N

19 0.73 0.12 (L) 0.26 (L) Y

20 0.87 0.04 (B) 0.08 (B) Y

21 0.71 0.21 (L) 0.32 (L) Y

22 0.76 0.16 (L) 0.62 (L) Y

23 0.92 0.06 (B) −0.07 (B) Y

24 1 0.08 (B) −0.10 (R) N

25 0.74 0.17 (L) 0.23 (L) Y

26 1 0.13 (L) 0.14 (L) Y

27 0.74 0.27 (L) 0.11 (L) Y

28 0.65 0.04 (B) 0.07 (B) Y

29 0.94 0.03 (B) 0.08 (B) Y

30 0.93 0.18 (L) 0.18 (L) Y

31 0.72 0.10 (L) 0.07 (B) N

32 0.78 0.08 (B) 0.2 (L) N

33 0.96 0.38 (L) 0.54 (L) Y
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participant in each age group and compares fcNIRS and task-
based NIRS language mapping.

3.2 Language Laterality

A comparison between laterality indices derived from fcNIRS
and task-based NIRS for each participant revealed comparable
hemispheric language dominance (kappa ¼ 0.86, p < 0.006).
Individual results (Table 2) show that for 76% (25∕33) of all
participants, there was agreement between the two approaches.
More specifically, 83% (5∕6) of early childhood participants,
75% (6∕8) of late childhood participants, 73% (8∕11) of ado-
lescents, and 75% (6∕8) of adults showed concordance between
LIs calculated from fcNIRS (rs-fc LIs) and task-based NIRS
(task-based LIs).

4 Discussion and Conclusions
Resting-state functional connectivity is a relatively modern
method for evaluating regional interactions that occur in the
brain when a subject is not performing an explicit task.
Compelling studies have reported a highly correlated signal

between left and right hemisphere cerebral regions comprised of
motor, visual, auditory, and high-order cognitive systems,63–67

allowing for identification of functional networks. Resting-state
functional connectivity can be investigated using various neuroi-
maging techniques including NIRS (fcNIRS). In the current
study, we assessed the utility of fcNIRS for language localization
in pediatric populations by comparing fcNIRS and task-based
NIRS for language brain mapping and dominance in healthy
participants.

For task-based NIRS, the language task was a child-friendly
categorical verbal fluency task, which was used in many of our
previous studies on expressive language localization in children,
adolescents, and adults.25,48–50 Using this task, we showed sim-
ilar expressive language lateralization patterns among children
(ages 3 to 6 and 7 to 10), adolescents (ages 11 to 16), and young
adults (ages 19 to 30).46 More specifically, strong left hemi-
sphere responses along with weaker right hemisphere activation
were found in all groups. Moreover, younger children (ages 3 to
6) showed smaller hemodynamic responses than adolescents
and adults in both hemispheres, probably due to weaker perfor-
mance by the younger children on the task. Hence, in the present

Fig. 3 Individual language mapping using fcNIRS and task-based NIRS (during a verbal fluency task) for
each age group. (a) Cerebral localization of language function in a 3-year-old girl (participant 1 in the
tables) using resting-state fcNIRS and task-based NIRS (HbO concentration in Umolar) while the par-
ticipant performed a verbal fluency task aloud. For both techniques, language brain networks were local-
ized in typically expressive language-associated regions: left inferior frontal region or Broca’s area. Good
statistical concordance between fcNIRS and task-based NIRS maps was obtained in this participant
(DSC ¼ 0.89). (b) Language brain mapping in a 10-year-old boy (participant 12) reveals bilateral but
left-greater-than-right, language functions. Good concordance (DSC ¼ 0.76) is found when comparing
fcNIRS and task-based NIRS maps. (c) Very good concordance (DSC ¼ 0.97) is found between fcNIRS
and task-based language mapping in a 11-year-old girl (participant 15). Although bilateral brain
responses are found, both techniques revealed slightly left-greater-than-right hemispheric language acti-
vation in this participant. (d) Strong left hemisphere language dominance was found in a 30-year-old
woman (participant 33) using both techniques, fcNIRS and task-based NIRS. Good spatial concordance
was found for both mapping techniques (DSC ¼ 0.96).
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study, we compared fcNIRS with a well-known language
task-based paradigm to validate the reliability of the fcNIRS
approach.

Overall, results show very good concordance between fcNIRS
and task-based NIRS for language mapping in all age groups
(early childhood, late childhood, adolescence, and early adult-
hood). In addition, strong agreement was found for language lat-
eralization when comparing laterality indices derived from both
techniques. A left hemisphere dominance was found in most par-
ticipants, replicating the well-known left-lateralization phenome-
non of language functions.68–70 Overall, these findings suggest
that fcNIRS is a child-friendly approach that can be applied in
individuals of various ages, and as young as age 3, to localize
and lateralize language functions.

Although concordance between fcNIRS and task-based
results for language lateralization was found in most participants
(25∕33), inconsistencies were obtained in eight participants. We
believe that the relatively short duration of each resting-state
block (25 s) may account for these discrepancies. Although it
may be difficult to apply with the pediatric population, the con-
cordance ratio among language laterality indices may be
increased by extending the resting recording duration from 5
to 10 consecutive minutes, as in previous studies.35,37,39

Another limitation of this study is potential contamination of
the fcNIRS data by the language task activation. Although
multiple measures were taken to prevent contamination (specific
instructions given to all participants, fcNIRS data selected in the
first rest period preceding category noun presentations for each
block, a break of 2 to 3 min between blocks), the participants
may still have been rehearsing words from the previous category
or the residual HbO changes from the previous language task
may have still been present. As in previous studies (e.g.,
Ref. 37), recording all fcNIRS data prior to task-based NIRS
data would ensure that functional connectivity is measured with-
out any potential contamination from the language task.

With appropriate NIRS coverage, fcNIRS could be used not
only for language mapping but also to investigate other brain
networks, such as motor and sensory functions, as well as
default mode or executive control networks. This would be pos-
sible using NIRS data acquired with only a few minutes of rest
in various pediatric populations. Although fcNIRS constitutes a
useful and promising tool in clinical populations, including
young children and patients with cognitive and behavioral
impairments, further research is needed to validate its clinical
applications, such as presurgical investigation of language func-
tions in patients with brain tumor or intractable epilepsy.
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