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Abstract

Functional near-infrared spectroscopy (fNIRS) is becoming a popular tool in developmental
neuroscience for mapping functional localized brain responses. However, as it cannot provide
information about underlying anatomy, researchers have begun to conduct spatial registration of
fNIRS channels to cortical anatomy in adults. The current work investigated this issue with infants
by coregistering fNIRS and magnetic resonance imaging (MRI) data from 55 individuals. Our
findings suggest that fNIRS channels can be reliably registered with regions in the frontal and
temporal cortex of infants from 4 to 7 months of age. Although some macro-anatomical regions
are difficult to consistently define, others are more stable and fNIRS channels on an age-
appropriate MRI template are often consistent with individual infant MRIs. We have generated a
standardized scalp surface map of fNIRS channel locators to reliably locate cortical regions for
fNIRS developmental researchers. This new map can be used to identify the inferior frontal gyrus,
superior temporal sulcus (STS) region [which includes the superior and middle temporal gyri
(MTG) nearest to the STS], and MTG and temporal-parietal regions in 4- to 7-month-old infants.
Future work will model data for the whole head, taking into account the properties of light
transport in tissue, and expanding to different ages across development.
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1 Introduction

The development of the new technology NIRS for the study of functional brain imaging in
infants has been rapid over the last 15 years, and has been a welcome addition to the very
limited choice of methods suitable for use in awake infants. Many believe that functional
NIRS (fNIRS) provides an essential bridge between our current understanding of cortical
activity in the developing brain, and our knowledge of adult human brain function. Much of
what we have learned about infant development has come from behavioral studies, which
use looking time paradigms, and the number of developmental cognitive neuroscience
studies still remains low. For many years, the primary choice for functional imaging in
awake infants has been electroencephalography (EEG), a noninvasive technique with high
temporal resolution but relatively poor spatial resolution. A major advantage of fNIRS
compared with EEG is that it is less susceptible to data corruption by movement artifacts.
For example, EEG data can be corrupted by movements, such as whole body movement,
blinks and horizontal eye movements and, therefore, usually requires a large number of trials
so that the signal can be averaged.! In contrast, fNIRS data are less affected by whole body
movements when the headgear is well-designed,? largely unaffected by eye movements,
involves the analysis of a far lower number of trials and has the potential to provide
individual measures of brain function.34 Furthermore, it offers more highly spatially
resolved images of activation which allows the localization of brain responses to specific
cortical regions. Moreover, fNIRS systems are relatively inexpensive and portable, can
accommodate a degree of movement from the infants enabling them to sit upright on a
parent’s lap, and can reveal spatially localized patterns of hemodynamic changes allowing
comparisons with functional magnetic resonance imaging (fMRI) data of adult human brain
function (for review see Refs. 2, 5, and 6).

With this optical technique, the light migrates from sources to detectors located on the head
by traveling through the skin, skull, and underlying brain tissue.”- In infants, the majority of
the light, measured by the detector in each channel (source-detector pair), has interrogated
cortex approximately midway between source and detector and half this distance in depth
from the scalp surface.® The attenuation (or loss) of this light (in the wavelength range 650
to 1000 nm) is due to both absorption and scattering effects within these tissues, which will
differ according to the age of the participant. Furthermore, the light transport properties of
tissue, and the thickness of the tissue and skull differ over development and as a
consequence light travels further, and will interrogate more of the brain, in younger
infants.®10 Blood oxyhemoglobin (HbO) and deoxyhemoglobin (HHb) chromophores have
different absorption properties of near-infrared light enabling blood oxygenation to be
measured. If scattering is assumed to be constant, the measured changes in the attenuation of
the near-infrared light can be used to calculate the changes in blood oxyhemoglobin (HbO5),
deoxyhemoglobin (HHb), and total hemoglobin (HbT = HbO, + HHDb) in the illuminated
tissue. The changes in concentration of these chromophores can be used as surrogate
markers of brain-blood oxygen level, and hence provide a means of investigating brain
function. Stimulus onset and neuronal activation induce an increase in the concentration of
HbO,, which is usually accompanied by a lesser decrease in HHb concentration. This
activation induced vascular response is known as the hemodynamic response function
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(HRF). The shape of the HRF may vary according to the evoking stimuli (i.e., differences in
amplitude are observed between brief and prolonged stimulus presentation) as well as the
underlying neural activity.

We anticipate that further refinement and application of fNIRS over the next 10 years will
significantly contribute to the advancement of our understanding of the developing brain.
Recent work in various research labs has already led to major progress in these areas. For
example, the development of multiple source-detector distance arrays to investigate depth
discrimination of the hemodynamic response; an ever-increasing number of channels
allowing for a wider coverage of the head; and advances in the design of the headgear
providing improved quality of the optical signals (for review see Ref. 2). Furthermore, the
number of research laboratories that have recently acquired, or are in the process of
acquiring, a system for fNIRS is increasing rapidly. However, even for experienced fNIRS
researchers, a major challenge remains: there is no capacity for measuring brain structure for
anatomical reference of the functional response.

fNIRS measurements are made from sensors on the surface of the scalp making it difficult to
establish the exact spatial origin within the brain of the measured hemodynamic response. In
fNIRS and EEG studies, it is standard practice to use the 10/20 system!! to standardize
regions of the scalp for sensor placement using external landmarks. These coordinates have
been colocalized with underlying anatomy in infants and adults;12-14 however, this method
generally provides information about the broad underlying organization of the brain rather
than specific cortical regions. Furthermore, the coordinates used in adults do not always
overlie the same position in infants, for example, in infants the inferior frontal electrode lies
inferior to the frontal lobe as opposed to over that area in adults.12 Hence, developmental
fNIRS research can benefit greatly from the accurate information provided by structural
brain imaging techniques such as MRI. One might assume that we should prefer fMRI for
infant research when a localized cortical response is expected. However, though it has been
used successfully for some infant research (i.e., Refs. 15 and 16), fMRI is expensive, noisy,
and requires the participant to remain very still, usually swaddled or restrained. For this
reason, fTMRI has generally been restricted to the study of auditory stimuli in sleeping,
sedated or newborn infants. The combination of fNIRS functional paradigms and structural
MRI data acquired during sleep could, therefore, contribute crucial information about
functional cortical responses in awake infants, and the relative effects of changes in head
shape, brain size, and morphology in the early growth stages.

The traditional methods for placement of fNIRS channels (midpoint between a source and
detector optode) fall into two streams. Head-based fiducial locations—i.e., the 10 to 20
recording system or the position of external landmarks such as the ear/nasion—are measured
on individual participant heads and used to align the fNIRS optodes appropriately for each
individual.1718 fNIRS optodes are generally housed either in a flexible headgear (such as an
EasyCap or elasticized network that stretches to the head size and thus increases the
separation distance between source and detector), or within a structured array (with fixed
distance between source and detector) secured within a semiflexible headband (i.e., the front
of the headband may have a fixed distance between the glabella and optodes, while the
headband on the back of the head is adjustable; see Fig. 1). Commonly, for both forms of
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headgear fNIRS researchers use a range of differently sized caps or headbands for different
age groups. Measurements are then taken in relation to head size and external landmarks
such as the nasion/ear for each individual.1® The first type of design—based on a
proportional 10 to 20 system—makes the assumptions that the cortical regions in the
developing brain do not change location in relation to external landmarks or proportional
changes in head size as the individual ages, and that it does not matter whether the source-
detector distances, and, therefore, the depth of measurement differ across infants. Generally,
the cap is changed according to head size within one age group, thus the source-detector
distances may vary across infants. The second type of design—based on a fixed source-
detector distance system—ensures that the source-detector distances are equal across infants,
and the depth of measurement is approximately equal, but requires the headband to be
available in different sizes for different ages so that the position of the array aligns correctly
with the area of interest. Generally, the same headband is used for a range of infants within
one age group, thus the array may shift anterior-posterior depending on the size of the
infant’s head. Therefore, the two systems will result in two scales of differential positioning
of optodes on the head across participants. Neither approach places the optodes in
analytically identified locations on the scalp; some type of external measurement is
necessary to quantify channel location. A typical procedure in adults is to use a device to
locate the channels in three-dimensional (3-D) space on the participant’s head, e.g.,
photogrammetry (pictures around the head in 3-D space) or a radio frequency localizer (e.g.,
Polhemus Fasttrack digitizer, Colchester, Vermont). However, these methods are currently
largely unsuitable for awake infants as they either require the infant to be motionless, or they
take too much time to setup and administer and are, therefore, currently unsuitable for infant
participants. Instead developmental researchers can routinely record: (1) photographs of the
head from several angles (front, sides, top, and back) and (2) measurements of the infant’s
head circumference, distance between glabella, ears, vertex, pre-auricular points and inion,
and the location of the channels and arrays relative to these anatomical landmarks.

In recent work at the Centre for Brain and Cognitive Development (CBCD), we have
developed a database of infants who underwent both an MRI structural scan and took part in
an fNIRS study. We investigated the efficacy of fNIRS channel placement to anatomical
regions of interest (ROIs) by coregistering scalp locations with MRI volumes within the
same individual infants (for similar work in adults see Ref. 20). Technical challenges
include identification of the channel locations in space, registration between the fNIRS
channel space and the MRI space, and correct placement of the fNIRS sources and detectors
on the MRI volume. Recently, researchers have begun to coregister fNIRS channels to
standard brain space (i.e., Montreal Neurological Institute—MNI) using probabilistic
registration methods to identify associated anatomical regions.?1-23 However, there is a
paucity of research that directly compares fNIRS and MRI data within individuals to
confirm the reliability of this approach. Coregistration of individual fNIRS-MRI data has
been largely restricted to adult work,2% or with infants using adult standard brain space (see
Ref. 24 though Ref. 25 for fNIRS-MRI coregistration on a single infant). Therefore, there is
a great need for studies to be undertaken with multiple infant MRIs to assess the impact of
individual variations and age-dependent variations on cortical surface structures relative to
anatomical landmarks. This work could establish whether future fNIRS infant studies could
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use a referential age-appropriate map of underlying cortical regions relative to scalp fNIRS
coordinates rather than acquiring participant-specific MRIs which would be high cost and
unsuitable in many populations.

Several pediatric anatomical atlases are now available from MRIs taken over the first years
of life.26:27 Recently, for instance, Phillip et al.28-30 developed methods for creating
stereotaxic atlases for individuals and for age-specific MRI templates at 3, 4.5, 6, 7.5, 9, and
12 months of age. First, based on procedures developed for 2-year old participants, they
generated a stereotaxic atlas based on the LONI Probabilistic Brain Atlas project (56
manually delineated areas for 40 participants; LPBA4031) and one based on the Hammers
adult brain atlas (83 manually delineated areas for 30 participants; Hammers atlases;32-34),
This was done for each participant by registering the 40 manually segmented adult MRIs in
their native space (used to create the LPBAA40) to each participant, or the 30 manually
segmented adult MRIs from the Hammers atlas, and creating an individual stereotaxic atlas
for each participant. They found a very good correspondence between areas generated in the
automatic atlas and areas coming from manually segmented lobar areas.2%:30 Second, they
created a manually segmented lobar atlas for each of the age-specific MRI templates. This
atlas was transformed to individual participants and compared against manually segmented
lobar areas in individual participants. A good correspondence was found between the
transformed atlas and the manually segmented areas.?8-30 We, therefore, adopted their
procedure for generating individual participant LPBA40 atlases and so produced anatomical
labels for our individual infant MRIs. We also used the appropriate age-specific manual
lobar atlas from the average MRI template and transformed it by linear registration
techniques to each individual infant MRI.

There is a paucity of research that directly compares fNIRS and MRI data within
individuals, and coregistration of individual fNIRS-MRI data has been largely restricted to
adult work,29 or with infants using adult standard brain space (see Ref. 24 though Ref. 25
for fNIRS-MRI coregistration on a single infant). Hence, our study sought to answer several
questions. How similar are the coregistered anatomical locations of the fNIRS channels—in
the CBCD-designed headgear—across a group of 4- to 7-month-old infants? Can we use
individual infant coregistered fNIRS-MRI data to identify nearest neighbor fNIRS channel
scalp surface locations for cortical ROIs? How do changes in head size and age of infant
affect the reliability of the coregistration of fNIRS channels with underlying anatomy? Can
the use of an age-specific average MRI atlas give adequate information of fNIRS-MRI
registration for a given level of spatial resolution? Finally, can we generate a standardized
scalp surface map of fNIRS channel locators relative to cortical ROIs for developmental
fNIRS researchers for whom individual infant MRIs are not available?

2.1 Participants

The participants were retrospectively selected from a study conducted at the CBCD at
Birkbeck, University of London (Session 1) and the Institute of Psychiatry (IoP) at King’s
College London (Session 2). They were selected because they had both an MRI structural
scan (undertaken at the 10P) and had participated in an fNIRS study at CBCD. For the
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majority of the infants, these sessions were within 3 weeks of each other (median—5 days):
1 infant had the two sessions at 24 days apart (all analyses were also run with this infant
excluded, but results did not change so they were retained in the sample). Most participants
[N =55; 23 female; mean age 150.07 (SD 21.44), range 119 to 201 days] were recruited
from the CBCD participant database and were healthy 4- to 7-month-old infants. The infants
were from a varied ethnic and socioeconomic background, predominantly white European
(75%), black European (mixed white/African/African Caribbean) or Asian European (mixed
white/South Asian/Far Eastern Asian).3® Twenty-two of the infants were in an at-risk for
autism cohort, but this group did not differ significantly in head circumference and no gross
structural abnormalities were observed. All parents gave their written informed consent. The
Birkbeck, University of London and Institute of Psychiatry and South London and Maudsley
research ethics committees approved the study. A fuller description of the participants is
given elsewhere.315:36

2.2 Procedure

A fuller description of the methods for each session is given in the previous work.315:36

During Session 1 the infants participated in an fNIRS study at CBCD using the UCL-fNIRS
system37 and custom built CBCD-fNIRS headgear (used in previously published
work3419). The CBCD fNIRS headgear houses three arrays to form up to 33 channels. The
two lateral arrays contain 10 optodes each (five sources and five detectors) to form 26
channels (2-cm distance). The frontal array has six optodes (three sources and three
detectors) to form six channels (two at 2 cm, four at 2.5-cm distance). The headgear consists
of a fixed length headband with the three arrays (frontal, left lateral, and right lateral)
attached within this headband in fixed positions. The frontal array is positioned so that the
midpoint of the array is aligned with the center of the forehead, directly above the glabella
(midpoint between the eyebrows). The lateral arrays are fixed so that they are positioned
with the middle optode (third furthest from anterior) over the tragus (see Fig. 1) on an
average 5-month-old infant. The distance from the glabella to this optode on the headband is
constant across participants—211 cm back from the glabella—as this was found to be the
average distance in this age range (measured on 300+ infants at CBCD). The position of the
source and detector optodes can be calculated for each infant as they are held within fixed
arrays, which are contained within a fixed length of headband (from the glabella to arrays).
The headgear is placed on the head so that the midpoint of the headband is aligned with the
glabella, and the lateral arrays sit on the scalp where the top of the ear joins to the head
(therefore, the midpoint of the middle optode is 1 cm above the join between the top of the
ear and head). The position of the fNIRS headgear on the head was recorded in the
following steps. The head circumference (H-C), the lateral semicircumference (LSC) from
ear to glabella to ear, the central semicircumference from nasion to inion, and the
semicircumference from ear to vertex to ear were measured. After the infant was fitted with
the fNIRS headgear, photographs were taken from the front and to the left and right. These
pictures recorded the positioning of the fNIRS arrays and headgear relative to the nasion,
ears, and other fiducials.
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During Session 2 infants participated in an MRI study at the 1oP.15 All scanning sessions
were scheduled around each infant’s nap time. Upon arrival, the families were situated in a
quiet room where the infant would fall asleep on the MRI examination bed. When asleep,
the infant was swaddled, the MedVac Vacuum Immobilization Bag (CFI Medical Solutions,
Fenton, Michigan) was fastened and sound attenuation devices were attached (Natus
MiniMuffs Noise Attenuators and MR-compatible piezoelectric headphones, San Carlos,
California; MR confron GmbH, Magdeburg, Germany). MRI data were acquired on a GE
1.5 T Twinspeed MRI scanner (General Electric, Milwaukee, Wisconsin). A T2 weighted
fast spin echo (FSE) dataset was acquired (256 x 168 rectangular matrix, 2-mm slice
thickness, 0-mm slice gap, field of view = 18 cm, TR = 4500, TE = 113 ms, echo train
length = 17). The FSE images were reviewed by a pediatric neuroradiologist to screen for
any abnormalities. Gradient rise times were limited in order to reduce the noise of the pulse
sequences to approximately 70 dB. Daily quality assurance was carried out to ensure high
signal-to-ghost ratio, high signal-to-noise ratio and excellent temporal stability using an
automated quality control procedure.38 The body coil was used for RF transmission and an
8-channel head coil for RF reception.38 An experimenter and a parent stood in the scanner
room to observe the infant’s behavior at all time and the infant’s heart rate was monitored
using a pulse oxy-meter secured on the toe. The session ended if the infant awoke and
showed discomfort.

2.3 Data Processing and Analysis

2.3.1 MRI average templates—For each participant, we identified the MRI average
template that was closest in age to the participants (at the time of the MRI session), and the
participant was assigned to either a 4.5- or 6-month group. This resulted in 36 infants in the
4.5-month group [mean age—137.25 days (119 to 157 days); mean H-C—41.6 cm (38.5 to
44.8 cm)] and 19 infants in the 6-month group [mean age—174.4 days (160 to 201 days);
mean H-C—42.1 cm (38.3 to 44.3 cm)].

Average MRI templates constructed from the USC-MCBI MRI volumes were used (for
details of MRI data acquisition see Refs. 39 and 40; see available online in Ref. 41). The
scans had 1 mm3 resolution and a sufficient field of view to cover from the top of the head
down to the neck. The templates were constructed with an iterative procedure.3%-43 This
procedure created a tentative average volume from the individual participants of a specific
age, registered individual participants’ MRIs to the tentative average volume, transformed
the individual volumes in size and orientation with nonlinear registration (using ANTS,*
“Advanced Normalization Tools”), and then reconstructed the average from the transformed
files. For the present study, we used only the templates created from the 3.0 T MCBI MRIs.
The average MRI templates had associated stereotaxic atlas MRI volumes (lobar, LPBA40).

2.3.2 File preparation, scalp and skull volume, stereotaxic atlases—The
individual MRI volumes and average MRI templates were prepared for analyses in three
steps. First, the brain was extracted from the whole-head MRI volume using procedures
adapted from the brain extraction tools of FSL.45-47 Because the participant MRIs in this
study were T2-weighted scan, the brain extraction procedure was supplemented by also
identifying the cerebrospinal fluid (CSF) in the T2W volume by thresholding the voxel
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values to identify the CSF, and then removing the CSF from the extracted brain to identify
the non-CSF aspects in the brain volume. Second, the scalp surface was identified with the
betsurf procedure.*® This program uses a brain mesh with voxel values around the brain to
establish approximate masking levels for the skull and scalp surfaces, and provides an MRI
volume mask of the outer surface of the scalp. Third, a scalp surface volume was
constructed from the scalp mask by eroding the scalp mask by 2 mm and using the
difference between the original mask and the eroded volume. The same procedure was used
to construct the cortical surface.

Two stereotaxic atlases were constructed for each participant MRI. These stereotaxic atlases
consisted of an MRI volume that identifies anatomical areas and can be used for automatic
MRI procedures to identify anatomical locations on the brain extracted from the MRI
volume. The first atlas was a macro-anatomical atlas constructed on each individual
participant MRI using the LONI Probabilistic Brain Atlas (LPBA40;3! which is based on
manual delineation of 40 adults resampled into common space). We adopted the adult-brain
atlas for the infant MRIs as it has been shown that the relative macro-structural anatomical
pattern of the infant cortex is similar to adults.*8 This was done by an established procedure
(for details of the use of this method for 2-year-olds see Ref. 27 and for infants see Refs. 28—
30) that used the 40 adult-manually segmented brains from the LPBAA40 atlas and registered
these brains to an individual infant participant, transforming the adult volume to the
individual infant’s MRI space. Then, we used a majority-vote fusion procedure, which
combines the 40 labeled MRI adult volumes to each individual infant to identify a macro-
anatomical area for each brain voxel in the individual infant MRI volume (following
methods used in Refs. 26 and 27). This fusion-based approach has been shown to be more
efficient than direct warping.334° This procedure also results in a good correspondence
between the automatically generated atlas and manually segmented lobar areas.28-30 The
second atlas was a lobar atlas that identified the major cerebral lobes, some sublobar areas,
and subcortical areas.28-30 This atlas was constructed by manual segmentation of the major
lobes on average MRI templates in infants. The individual participant MRI was linearly
registered to the age-appropriate average MRI template, and the age-appropriate lobar atlas
was transformed by the linear registration matrix into the MRI space. This approach has
been shown to result in a good correspondence between the transformed atlas and manually
segmented lobar areas.?8-30 The procedures for generating macro-anatomical and lobar
atlases have also been recently used across a range of individual infant MRIs and age-
appropriate templates from 3 to 12 months of age.28-30 Figure 2 shows a 6-month-old age-
appropriate MRI template*© and the lobar and LPBA40 atlases overlaid on this template.

2.3.3 Scalp surface locations projection to cortex and cortical areas for
projections—A series of fiducial measurements were made on each of the individual
infants’ T2W MRI volume.30 First, the anterior commissure (AC) was manually identified
in the image. The location of the AC was defined in meter coordinates and was used as the
3-D origin of the MRI volume.>! The AC location was marked on a 3-D rendered volume
using MRIcron®2 by placing a 2-mm spherical mask on the location.>3 Preauricular points
were also defined at the anterior roots of the tragi on MRI slices in addition to the nasion (a
dent at the upper root of the nose bridge) and the inion (an external occipital
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proturberance).> In infants, these scalp markers are used in lieu of external markers (such as
vitamin-E capsules or digitized channel recordings) so they should be detectable both on the
participant’s head from the photographs and on his/her MRI.20 Then, the position of the
fNIRS channels relative to these scalp landmarks were recorded for each infant using the
following procedure. The head measurements and photographs of the infants wearing the
fNIRS arrays and headgear (see earlier section for further details) were used to identify four
fiducial landmarks on the 3-D-rendered MRI volume of the infant head (for similar work
coregistering EEG electrodes see Ref. 53). Fiducials were placed as spherical masks (i) on
the MRI volume at the front of the headgear over a centered marker on the headband which
was aligned with the nasion, (ii) on the right and left sides at the lower-middle optode
location which on an average 4- to 6-month-old infant are aligned with the preauricular
points (or T3 and T4: 10 to 20 system), and (iii) over the rear at the location where the
bottom of the headband met the medial location on the head. To verify these positions, they
were compared against the head measurements of each infant (from the 3-D MRI volume)
and the known dimensions of the fNIRS headgear. For example, on the fNIRS headgear
used in this study the centered marker on the forehead is at a fixed distance of 11 ¢cm from
the lower-middle optode on each lateral array—which is positioned above the ear. This
measurement was crosschecked on the MRI volume with the location identified from the
photographs. Once these fiducials were identified, software was used to construct the fNIRS
headgear on the MRI volume from these locations and the known dimensions of the
headgear in relation to these (see Fig. 3). Optode locations were defined using the position
of the fiducials and the known rigid geometry of the sensor arrays. Finally, channel locations
were defined as occurring on the scalp midway between optode source/detector locations.
Once the channels were located on the head, the 3-D coordinates of the fiducial relative to
the AC were recorded. As a final step, we referred back to the photographs of the individual
infants to check whether the headgear was placed correctly, although it should be aligned
with the glabella and ears along the referential axial curve, though human error during
placement may have caused misalignment. Reliability of fNIRS headgear placement was
recorded for each infant to inform later analyses. A recent methodological paper?® used
similar procedures to identify fiducials of known anatomical landmarks on one 12-month-
old infant MRI volume to project 10 to 20 coordinates and then a virtual fNIRS holder onto
the surface of the head and coregister with macro-anatomical positions from the LPBA40
atlas (as used in the current work).

The scalp location for each channel was projected from the scalp surface volume to the
cortical surface volume using the “balloon” method.%® This method expands the area in the
scalp surface volume around a scalp location until the expansion reaches the nearest point on
the cortical surface volume (“balloon” expansion). The cortical areas for each projection
point on the cortical surface were used to identify the closest segmented area in the two
stereotaxic atlases. Each projected location on the cortical surface volume was used in a
look-up procedure to find the closest lobar or macro-anatomical site in the stereotaxic
atlases. For the LPBA40 atlas, each location on the cortical surface corresponded to a voxel
on the extracted brain volume, and each voxel of the brain volume was identified in the
stereotaxic atlas. Figure 3 shows a step-by-step flowchart of the processes described in this
section: photo of a single infant; the scalp surface volume from their MRI with fiducial
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markers for the fNIRS headgear, optode, and channel locations; the cortical surface volume
with the channel locations projected down from the scalp surface volume; and the channel
locations on an age-appropriate average template.

3.1 Comparison of the Coregistered MRI Anatomical Regions and the Location of the
fNIRS Channels

For each infant, we collated data on the position of the fNIRS channel using the two
stereotaxic atlases outlined in Sec. 2. Table 1 lists the fNIRS channels and the corresponding
lobar areas from the lobar atlas, and macro-anatomical locations from the LPBAA40 atlas for
the 55 infants. The proportion of infants with a particular channel lying over a particular
cortical region is given in brackets (%). It can be seen that differing channels could be
described as having “stable” (over 80% of group) and “unstable” locations in the lobar atlas.
The unstable locations occur in channels that sit near the lateral sulcus between frontal,
temporal, and parietal regions (see Fig. 4). These are reflected in the variability seen in the
macro-anatomical atlas.

The fNIRS channels were also projected onto the 4.5- and 6-month average MRI templates
using the positioning method and fixed measurements from the CBCD-headgear (i.e.,
middle lateral optode 11 cm from glabella). Table 2 outlines the channels and corresponding
macro-anatomical locations (from the LPBAA40 atlas). As with the individual infant MRI-
fNIRS data, there are some unstable channels over the lateral sulcus which are found
between the frontal and temporal lobes where the anatomical location of the channel shifts
across the younger and older templates. However, the difference in the coregistration of
fNIRS channels and anatomy between the 4.5- and 6-month template is minimal (only three
channels have differing anatomical labels in each of the lateral frontal-temporal fNIRS
arrays).

3.2 Identifying Nearest Neighbor fNIRS Channel Scalp Surface Locations Over Regions of
Anatomical Interest

This dataset of MRI and fNIRS data on each individual infant allows us to identify target
regions of anatomical interest and assess the variability of the position of nearest neighbor
fNIRS channels across infants. The two lateral CBCD arrays are designed to be positioned
on the scalp surface over frontal and temporal cortical regions. Therefore, we undertook an
analysis on three cortical surface ROIs within the social brain network: the inferior frontal
gyrus (IFG), the superior temporal sulcus (STS), and the temporoparietal junction (TPJ).

For each infant, the positions of the ROIs were identified on their own MRI either by
registering an age-appropriate MRI ROI to each infant’s TPJ or by using the participant’s
own atlas defined using the lobar, LPBA40 and Hammer atlases (IFG, STS). The TPJ was
defined as the posterior superior temporal and middle temporal gyrus bordering with the
inferior supramarginal and angular gyrus,* in accord with the broad area identified in a
meta-analysis of research in adults by Overwalle and Baeten.>® The three cortical surface
ROls and the location of the channels in the left and right hemispheres on the cortical
surface volume are illustrated in Fig. 5. Following this, the minimum distance between the
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closest part of each ROI and each channel location on the cortical surface volume (projected
down from the scalp surface volume) was calculated for each infant. The results for the three
nearest channels for each ROI in each hemisphere are given in Table 3 for the group of
infants, and in Table 4 for the 4.5- and 6-month-old MRI average templates. For the age-
appropriate templates, the location of the six nearest neighbor fNIRS channels on the
cortical surface volume were directly over the IFG for both the 4.5 and 6 month versions,
and ranged from 4 to 14.3 mm for the TPJ and from 0 to 3.31 mm for the STS. The range of
values was similar across the two templates. For the group of infants, the median distance
from the cortical ROIs to the nearest neighbor fNIRS channels ranged from 2.37 to 3.37 mm
for the IFG ROI, 0.71 to 8.46 mm for the TPJ ROI and 2.01 to 4.6 mm for the STS ROI. For
the IFG ROI, analyses showed that over 80% of the infants had the six nearest neighbor
fNIRS channels positioned at a maximum of 5 mm from the IFG. For the TPJ ROI, the
nearest neighboring fNIRS channel in the left hemisphere was within 2 mm of the ROl in
84% of infants, dropping to 58% in the right hemisphere. The remaining four fNIRS
channels (second and third nearest) were on average further away from the TPJ ROI with
65% of the group of infants within 10 mm of the ROI. Finally, for the STS ROI 83% of the
infants had the two nearest neighboring fNIRS channels within 6 mm of the ROI in the left
hemisphere, dropping to 68% in the right hemisphere. The third nearest fNIRS channels
were on average further away from the STS ROI with 80% of the group within 10 mm of the
ROI.

To illustrate these distances relative to the position of the fNIRS channels on the scalp
surface volume, for each channel the group median distance from each ROI in relation to the
distance of the channel from the glabella is illustrated in Fig. 6. As expected, the channels in
the anterior portion of the fNIRS arrays are closest to the IFG while the channels in the
posterior portion of the fNIRS arrays are closest to the STS and TPJ.

3.3 Cross Reliability of fNIRS Channel Locations: Assessing the Effect of Age and Head

Size

The group of infants ranges in age from 119 to 201 days (median = 148). Head
circumference varies between 38.29 and 44.78 cm (median = 41.75), with the LSC from ear
via glabella to ear varying between 19.23 and 23.90 cm (median = 21.43) (measurements
taken from the 3-D reconstructed MRI images of each infant head). The latter two are highly
correlated (r =0.717, p < 0.001). Age and head circumference are also correlated (r = 0.322,
p < 0.001), though to a lesser degree.

To investigate the reliability of the location of the fNIRS channels over anatomical regions,
we conducted a multiple linear regression analysis. The model was designed to examine
whether age, head circumference, and LSC were significant predictors of the distance of the
channels from each ROI (IFG, TPJ, and STS). Including the LSC allowed us to investigate
whether the location of the fNIRS channels in the lateral arrays over underlying cortical
regions was related to the position of the ear, as researchers often align fNIRS channels with
this external landmark when positioning on the head. For these analyses, we only included
the infants with fNIRS headgear precisely aligned with the midpoint of the frontal array
directly above the glabella (N = 32; if headgear was misaligned by more than 0.5 cm the
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infant was excluded from these analyses). Using the multiple linear regression enter method,
a significant model emerged. Overwhelmingly, age was found to be a significant predictor
of distance across the three ROIs. In summary, for the distance to IFG the regression
coefficients of 15 channels had a p-value of <0.01 and a further five had <0.05; for TPJ 16
channels had a p-value of <0.01 and a further 10 had <0.05; and for STS two channels had a
p-value of <0.01 and a further 17 had <0.05. The majority of the fNIRS channels that were
lying directly over or nearest to the ROIs (according to the macro-anatomical atlas; see Fig.
4 and Table 1) were not predicted by age (IFG—channels 1,2,3,4, 14, 15, and 16; TPJ—
channels 12, 13, 22, 23, 25, and 26; the pattern is less clear for STS). The variation
explained by the linear model (for age as a predictor) ranges from 18.1 to 54.2% (R?). Note
that when the residuals were plotted the majority of the channels with significant predictors
of age displayed normal distribution and constant variance (homo-scedasticity). Overall, in
the IFG analysis, age is negatively correlated [with the distance between the anatomical ROI
on their MRI (IFG) and the location of the fNIRS channel] in channels, which are located
over the temporal cortex. For the TPJ analysis, age is positively correlated [with the distance
between the anatomical ROI on their MRI (TPJ) and the location of the fNIRS channel] in
channels, which, for the majority, are located over frontal and anterior temporal cortex (see
Fig. 7 for example plots of the correlations). There were also three channels in the STS
analyses that reported head circumference as a significant predictor (and LSC for two of
these); however, these results should be treated with caution given that it is unlikely that
they would pass a test for multiple comparisons.

4 Discussion

fNIRS is a neuroimaging method that can measure localized functional brain responses.
However, as fNIRS cannot provide anatomical information, it has been difficult for
researchers to claim precision when localizing the response to known brain regions.
Recently, researchers have investigated spatial registration of fNIRS channels to cortical
anatomy in adults, both for individual MRI-fNIRS data and using standardized MRI
space.20 However, resources and limitations have thus far prevented this work in infants and
children, where developmental change in brain anatomy and function is at its greatest. The
current work coregistered fNIRS scalp-surface and MRI anatomical information of infants
from 4 to 7 months of age using two anatomical atlases (lobar?8 and LPBA4031). Photos and
measurements were taken of the head while the infant took part in an fNIRS study; fiducial
markers for the headgear, optode, and channel locations were identified on the scalp surface
volume from their MRI; the channel locations were projected down from the scalp surface
volume to the cortical surface volume; and the channel locations were projected onto age-
appropriate average templates.

In this work, coregistration of fNIRS-MRI demonstrated which CBCD fNIRS channels were
positioned over stable regions of the head across the group of 4- to 7-month-old infants. The
fNIRS channel position within the lateral arrays could effectively predict the anatomical
label from the MRI to a high degree, particularly for lobar labeling. For both the 4.5-month-
olds and the 6-month-olds, in 20 out of the 26 channels the lobar atlas label was the same
across =75% of the group of infants. For the macro-anatomical atlas, the number of channels
with the same label across =75% of the group of infants dropped to seven channels for the
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4.5-month-olds and 12 channels for the 6-month-olds. This is not surprising given that the
macro-anatomical labels define more precise localized areas within regions while the lobar
labels define larger areas of the cortex. From these atlas findings, we can conclude that the
channels that are positioned over the lateral sulcus between the frontal and temporal lobes
are the most unreliably placed for prediction of underlying anatomy as the likelihood of the
channel being in either lobe can drop to a chance level. Furthermore, the precise macro-
anatomical atlas labels within the temporal cortex (i.e., the difference between the superior,
middle, and inferior temporal gyri) are more difficult to estimate for the 4.5-month-olds than
the 6-month-olds, particularly in the right hemisphere. In addition to the individual infant
MRI volume coregistration, we also coregistered the position of the CBCD fNIRS channels
on the scalp surface with underlying anatomy on the age-appropriate average MRI
templates. It was found that the position of the channels in the age-appropriate average
templates and those identified in the individual infant MRIs were highly similar for the
stable regions of the head described above. These findings suggest that for at least certain
regions of the frontal and temporal cortex, fNIRS channels could be reliably placed over
ROIs within this age range using age-appropriate templates without the need for individual
infant MRIs (though when available, individual MRIs will always give superior resolution
as the age and head size of a participant will not always correspond to the average age and
head size of the average MRI templates). We should note that these analyses have been done
for the CBCD-designed fNIRS headgear using one type of lobar atlas and one type of
macro-anatomical atlas. If we extend these analyses to a second macro-anatomical atlas
(Hammers32) then different proportional labeling of regions are found for some channels.
For example, rather than the majority of the infants being allocated a definition of IFG for
the anterior lateral channels, the registration reports an equal split across the group for IFG
and MFG. Further, for the channels which lie over the superior, middle, and inferior
temporal gyri according to the LPBAA40 atlas, the Hammers atlas defines these according to
anterior, central divisions within these gyri, or posterior temporal lobe depending on the
position along the anterior-posterior axis. Therefore, while the lobar definitions are more
consistent, the macro-anatomical definitions of channel locations may vary according to the
atlas used.

Using the social brain network as a model of interest, we also investigated whether we could
identify fNIRS channels which were nearest neighbors to anatomical ROIs of either a gyrus
(IFG), a sulcus (STS), or an area between two lobes (TPJ). Overall, the coverage of the
CBCD-fNIRS channels allowed measurement of brain responses directly over all of these
ROls for the majority of infants. Furthermore, these broadly corresponded with the nearest
neighbor channels identified for the age-appropriate MRI templates. Given that there were
some discrepancies between the individual infant data and the MRI templates, we advise the
use of two-three nearest neighbor ROI channels when using the age-appropriate templates to
calculate the location of target fNIRS channels in situations when corresponding individual
infant MRIs are not available, as was implemented in a recent work.*

Interestingly, the linear regression model suggested that age was the most reliable significant
predictor of changes in the distance between the anatomical ROl on individual infants’

MRIs and the location of the fNIRS channel on their heads, though note that this predictor
only explained between 10% and 50% of the variance. Conversely, head circumference and
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LSC from ear to ear via forehead were not significant predictors, suggesting (i) that changes
in head circumference alone (in other words an increase in the circumference of the axial
plane), or (ii) the position of the ears relative to the head circumference, did not significantly
impact on the location of the fNIRS channels relative to the underlying anatomy across the
group of 4- to 7-month-olds. These findings suggest that changes in the head circumference
in the axial plane within this age range do not significantly affect scalp surface relations with
underlying cortical anatomy, and neither does the position of the ear.

We have generated a standardized scalp surface map of fNIRS channel coordinates for the
most stable cortical regions within the frontal and temporal lobes from our infant MRI and
fNIRS data. This standardized map could be applied across a range of fNIRS systems by
fNIRS developmental researchers interested in these cortical regions and infants in this age
range. The set of coordinates provided in Fig. 8 can be used to identify regions of frontal and
temporal cortex of infants from approximately 4 to 7 months of age and/or with a head
circumference within the range of 39 to 45 cm. The regions provided are the IFG, STS
region [which includes the superior and middle temporal gyri (MTG) nearest to the STS],
MTG and the temporoparietal region (which includes the STG and parietal cortex nearest to
the lateral sulcus). The fNIRS channels that have been identified as being positioned on the
scalp surface over these cortical ROIs exhibit a high tolerance of change across our group of
infants. Researchers can use the scalp surface coordinates provided in Fig. 8 to target these
ROls for the study of localized group responses, and during the investigation of individual
infant responses the channels will be positioned over these target regions for 75% to 100%
of the infants. This standardized surface map may be utilized by researchers using a wide
range of fNIRS headgear and arrays. To calculate appropriate scalp surface locations for
fNIRS channel placement in this age group, researchers can measure the distance from the
glabella to the fNIRS channels along the referential axial curve (between the glabella and
the point at which the top of the ear joins the head) in the headgear that they use with their
fNIRS system. If the arrays of sources and detectors are at a fixed distance from the glabella
as with the CBCD headgear then this can be measured once and used across the group of
infants for one study. If the array of sources and detectors provided with the fNIRS system
change with the size of the infants head (i.e., housed within a different EasyCap for each
head size, i.e., 39 to 45 cm) then reference channels should be measured in relation to the
glabella across the range of caps used. With this information researchers can then refer to
this standardized map to identify ROIls. Note that the anatomical definitions may vary
according to the atlas used, and that these macro-anatomical definitions have been provided
by the LPBA40 atlas.3! In future work, we could extend our standardized scalp surface map
by virtually modeling 10 to 10 positions on each infant MRI. This would allow the
investigation of cross-reliability of the anatomical atlas labels for each 10 to 10 position
across the group of infants, and provide a set of stable and unstable coordinates for fNIRS
channel placement over a range of target regions of the brain. Furthermore, the degree of
tolerance of change in both age and head size could be modeled across the whole head rather
than just along the axial plane.
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4.1 Limitations of the Current Work

A major limitation of this study is that we have only investigated these effects within 4- to 7-
month-old infants without gross abnormalities in brain development. Future work should
extend this to the investigation of MRI-fNIRS data on younger and older infants to examine
a wider spectrum of developmental change, although we note that approximately 50% of
published infant fNIRS studies study this age range (i.e., Refs. 2 and 57; also see the
Database of Infant functional NIRS studies).>® Furthermore, we were limited to conclusions
regarding the cortical surface regions of the frontal and temporal lobes. To build on the
current findings, models of light transport should be incorporated into the current dataset to
provide a more accurate estimate of the penetration of fNIRS light into the infant head. In
most fNIRS work, we rely on the approximation that the maximum likelihood of the origin
of the light measured by detectors is halfway between the source light and detector pair, and
half this distance in depth from the scalp surface (i.e., the majority of light measured by a 20
mm channel would be from a depth of 10 mm). Our study provides a unique dataset of over
50 sets of infant MRI-fNIRS data. Furthermore, the fNIRS arrays in the CBCD
configurations allow for measurement of longer separations of source-detector pairs and,
therefore, allows investigation of depth related change in functional activation,59:60
Therefore, we could use measures from the structural MRIs of skull and CSF thickness
variation both within and across infants to inform models of light transport and investigate
depth related anatomical ROls. In future work, we should also consider undertaking a direct
comparison of fNIRS headgear that places arrays of fixed source-detector channels over
ROls, in contrast to headgear that expand proportionally with increases in head size (thus
source-detector channel sizes change), to see how these factors effect coregistration with
underlying anatomy and light transport models.

5 Conclusions

The current study sought to answer several questions about the accuracy with which fNIRS
headgear channels map onto specific cortical areas. This work crucially underpins the
confidence with which conclusions can be drawn about fNIRS cortical activation patterns.
We describe how when fNIRS channels are carefully placed in relation to skull landmarks,
the identification of underlying anatomy as measured using structural MRI can be obtained
from age-appropriate templates and atlases. Further, individual infant coregistered fNIRS-
MRI data can be used to identify nearest neighbor fNIRS channel scalp surface locations for
cortical ROIs. With our dataset, differences in the age of infants between 4 and 7 months
affected the coregistration of fNIRS channels with underlying anatomy more than other
variables. In correspondence with this, an age-specific average MRI atlas was as effective
for identifying the correct lobe of fNIRS measurement on the surface of the head as
implementing the procedure with an individual participant MRI. Finally, we generated a
scalp surface map of fNIRS channel locators that maps onto cortical “social brain” ROIs for
future studies in which individual infant MRIs are not available.
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Head circumference

Central semi-circumference from nasion-inion

Lateral semi-circumference from ear-nasion-ear

—"— Central semi-circumference from ear-vertex-ear

E Position of array of NIRS channels

Position of center optode on lateral array on average . Positi f fiducial i
osition of fiducial markers

5mth old above the pre-auricular point (T3/T4)

Fig. 1.
Functional near-infrared spectroscopy (fNIRS) headgear on an average 5-month-old head,
the head measurements taken during the study and the position of the fiducials on the head.
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Average MRI template for 6-0 months

Manual stereotaxic anatomical atlas

Fig. 2.
A 6-month-old age-appropriate magnetic resonance imaging (MRI) template?° and the lobar

and LPBA40 atlases overlaid on this template (adapted from Ref. 28).
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Fig. 3.
A step-by-step guide to coregistration of scalp surface fNIRS channels with underlying

anatomy. Photos and measurements taken of the head-fiducial markers for the holder,
optode, and channel locations are identified on the scalp surface volume from their MRI; the
channel locations are projected down from the scalp surface volume to the cortical surface
volume; and the channel locations can also be projected onto an age-appropriate average
template.
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@ Frontal @ Temporal O Temporal or frontal
or parietal
O Frontal or temporal @ Temporal or parietal

Fig. 4.
The fNIRS channels are projected onto a three-dimensional reconstruction of an infant. The

red dashed lines and markers identify the position of the fNIRS headband on the infant head.
For each fNIRS channel located within this headband, the identity of the underlying lobe
(using the lobar atlas) is illustrated according to whether or not—when the channel was
projected onto the cortical surface—over 75% of the group had a common region (frontal/
temporal) or whether or not the identified region was split across the group with 30% to
60% in each of two to three lobes. The white markers indicate the position of the nasion,
inion, and preauricular points on the infant head. Note that for the infants in the 4.5- and 6-
month group all channels have the same majority identity accept for channel 5 and 25 (see
Table 1).
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Inferior frontal
gyrus (IFG)

Temporo-parietal Superior temporal
junction (TPJ) sulcus (STS)

Fig. 5.
fNIRS channel locations and the three brain regions used for the regions of interest (ROIs)
analysis projected onto the 4.5-month template.
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The median distance of each channel from each ROI (IFG, TPJ, STS) plotted in relation to
the distance of the fNIRS channel from the glabella in the axial plane. The channel numbers
are labeled on each plot. Standard error bars showing the interindividual differences are
included, however as the maximum SE was 1.41 mm, they may not be clear for some data

points.
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Fig. 7.
Correlations of the individual infants’ distance between the anatomical ROl on their MRI

(IFG or TPJ) and the location of the fNIRS channel on their scalp surface, compared with
their age for (a) channel 13 which is situated over the left posterior middle temporal gyrus
and (b) channel 14 which is located over the right inferior frontal gyrus.
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4 to 5.5 month olds

y = Distance
from top of
ear where it
joins the
head (cm)

x = Distance from
glabella (cm)

5.5 to 7 month olds

y = Distance
from top of
ear where it
joins the
head (cm)

x = Distance from

across group

glabella (cm)
D Superior frontal B Superior - Middle . Inferior frontal gyrus . Superior temporal . Middle temporal
gyrus frontal gyrus - Precentral gyrus sulcus region gyrus No majority
[T Middle frontal [l 'nferior frontal [l Temporo-parietal [l Superior temporal [l Middle - Inferior
gyrus gyrus region gyrus temporal gyrus
Fig. 8.

Reference maps for ROIs in the frontal, temporal, and parietal cortex for placement of
fNIRS channels in infants of 4 to 5.5 months (a) and 5.5 to 7 months (b). The regions
highlighted were identified during the atlas projections in 75% to 100% of the 55 infants
tested. The distances given are relative to a referential axial curve between the glabella and
the point at which the top of the ear joins the head. Note that for the superior temporal sulcus
and temporoparietal locators these are defined as regions as the identity across the group
was split between the superior temporal-middle temporal gyri and superior temporal-
postcentral gyri respectively (the atlases do not define sulci). The positions with a purple
marker are closest/overlapping with the temporoparietal junction (median distance of
channel from TPJ is <2 mm). The white markers indicate the position of the nasion, inion,
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and preauricular points and the red dashed lines and markers identify the position of the
fNIRS headband on the infant head.
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Page 29

Atlas locations of the functional near-infrared spectroscopy (fNIRS) channels across the group of infants that
were assigned to (a) the 4.5-month-old age-appropriate template and (b) the 6-month-old age-appropriate
template. The label of the channel is followed by (%) of infants with this region. Regions are reported when
the number of allocated infants =20% of the group. The italicized labels are those with a differing majority
lobar or macro-anatomical region between the two groups of infants (4.5- versus 6-month-olds). Note that the
groups match if you allow any channel label where the group scores >20% (i.e., channel 9: 4.5 months—
superior temporal gyrus 44%, postcentral gyrus 36%; 6 months—superior temporal gyrus 37%, postcentral

gyrus 53%).

fNIRSchannels Lobar atlas

Macro-anatomical atlas (L PBA40)

(a) Infants with the 4.5 month old template
Left lateral fNIRSarray

1 Frontal (89)

2 Frontal (100)

3 Frontal (100)

4 Frontal (86)

5 Temporal (81)

6 Frontal (79)

7 Temporal (61), frontal (36)

8 Temporal (100)

9 Parietal (47), temporal (31)
Frontal (22)

10 Temporal (97)

11 Temporal (100)

12 Temporal (86)

13 Temporal (88)

Right lateral fNIRSarray

14 Frontal (83)

15 Frontal (100)

16 Frontal (100)

17 Frontal (83)

18 Temporal (67), frontal (31)

19 Frontal (78), parietal (22)

20 Temporal (64), frontal (31)

21 Temporal (100)

22 Parietal (47), temporal (39)

23 Temporal (97)

24 Temporal (97)

25 Temporal (67), parietal (33)

26 Temporal (81)

Frontal fNIRSarray

27 Frontal (100)

28 Frontal (100)

Inferior frontal gyrus (78)

Inferior frontal gyrus (100)

Inferior frontal gyrus (92)

Inferior frontal gyrus (69)

Superior temporal gyrus (67)

Inferior frontal gyrus (39), precentral gyrus (36)

Superior temporal gyrus (64)

Middle temporal gyrus (72), superior temporal gyrus (22)
Superior temporal gyrus (44), postcentral gyrus (33)

Superior temporal gyrus (61), middle temporal gyrus (36)
Middle temporal gyrus (83)
Superior temporal gyrus (64), middle temporal gyrus (25)
Middle temporal gyrus (83)

Inferior frontal gyrus (69)
Inferior frontal gyrus (92)
Inferior frontal gyrus (75)
Inferior frontal gyrus (64)

Superior temporal gyrus (44), middle temporal gyrus (25), inferior frontal gyrus (24)

Inferior frontal gyrus (42), precentral gyrus (33)

Superior temporal gyrus (53), precentral gyrus (25)
Middle temporal gyrus (64), superior temporal gyrus (33)
Superior temporal gyrus (42), postcentral gyrus (31)
Superior temporal gyrus (53), middle temporal gyrus (44)
Middle temporal gyrus (50), inferior temporal gyrus (42)
Superior temporal gyrus (50), middle temporal gyrus (31)
Middle temporal gyrus (50)

Superior frontal gyrus (92)
Middle frontal gyrus (78), superior frontal gyrus (22)
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fNIRS channels

Lobar atlas

Macro-anatomical atlas (L PBA40)

29
30
31
32
33

Frontal (100)
Frontal (100)
Frontal (100)
Frontal (100)
Frontal (100)

(b) Infants with the 6-month-old template
Left lateral fNIRSarray

© 00 N oo o A~ W N P

=
N O

13

Frontal (100)

Frontal (100)

Frontal (100)

Frontal (90)

Temporal (68), frontal (32)
Frontal (95)

Temporal (74), frontal (26)
Temporal (100)

Parietal (63), frontal (21)
Temporal (100)

Temporal (100)

Temporal (90)

Temporal (100)

Right lateral fNIRSarray

14
15
16
17
18
19
20
21
22

23
24
25
26

Frontal (95)

Frontal (100)

Frontal (100)

Frontal (95)

Temporal (68), frontal (32)
Frontal (95)

Frontal (53), temporal (47)
Temporal (100)

Parietal (53), frontal (26)
Temporal (21)

Temporal (100)

Temporal (100)

Temporal (79), parietal (21)
Temporal (95)

Frontal fNIRSarray

27
28
29
30
31
32

Frontal (100)
Frontal (100)
Frontal (100)
Frontal (100)
Frontal (100)
Frontal (100)

Middle frontal gyrus (94)

Superior frontal gyrus (94)

Middle frontal gyrus (100)

Superior frontal gyrus (81)

Middle frontal gyrus (56), superior frontal gyrus (44)

Inferior frontal gyrus (90)

Inferior frontal gyrus (100)

Inferior frontal gyrus (100)

Inferior frontal gyrus (90)

Superior temporal gyrus (63), inferior frontal gyrus (26)
Inferior frontal gyrus (53), precentral gyrus (42)

Superior temporal gyrus (68), precentral gyrus (26)
Middle temporal gyrus (74), superior temporal gyrus (26)
Postcentral gyrus (53), superior temporal gyrus (37)
Superior temporal gyrus (79), middle temporal gyrus (21)
Middle temporal gyrus (90)

Superior temporal gyrus (84)

Middle temporal gyrus (68), superior temporal gyrus (21)

Inferior frontal gyrus (74), lateral orbitofrontal gyrus (21)

Inferior frontal gyrus (100)

Inferior frontal gyrus (79), middle frontal gyrus (21)

Inferior frontal gyrus (95)

Superior temporal gyrus (63), inferior frontal gyrus (26)

Inferior frontal gyrus (58), precentral gyrus (37)

Superior temporal gyrus (42), precentral gyrus (26), inferior frontal gyrus (21)
Middle temporal gyrus (58), superior temporal gyrus (42)

Postcentral gyrus (42), superior temporal gyrus (32), preceontral gyrus (21)

Superior temporal gyrus (79), middle temporal gyrus (21)
Middle temporal gyrus (95)

Superior temporal gyrus (68)

Middle temporal gyrus (74), superior temporal gyrus (21)

Superior frontal gyrus (84)

Superior frontal gyrus (68), middle frontal gyrus (32)
Middle frontal gyrus (95)

Superior frontal gyrus (100)

Middle frontal gyrus (100)

Superior frontal gyrus (58), middle frontal gyrus (42)
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fNIRS channels

Lobar atlas Macro-anatomical atlas (L PBA40)

33

Frontal (100) Middle frontal gyrus (63), superior frontal gyrus (37)
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Table 2

Macro-anatomical atlas (LPBA40) regions for the projection of each fNIRS channel onto the cortical surface
for the 4.5- and 6-month MRI template. The italicized channels are those with a differing macro-anatomical
region between the two templates.

fNIRS channels  4.5-month template 6-month template

Left lateral fNIRSarray

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

1 Inferior frontal gyrus Inferior frontal gyrus

2 Inferior frontal gyrus Inferior frontal gyrus

3 Inferior frontal gyrus Inferior frontal gyrus

4 Superior temporal gyrus Superior temporal gyrus
5 Middle temporal gyrus Middle temporal gyrus
6 Superior temporal gyrus Postcentral gyrus

7 Middle temporal gyrus Middle temporal gyrus
8 Middle temporal gyrus Middle temporal gyrus
9 Superior temporal gyrus Superior temporal gyrus
10 Middle temporal gyrus Middle temporal gyrus
11 Inferior temporal gyrus Inferior temporal gyrus
12 Middle temporal gyrus Middle temporal gyrus
13 Inferior temporal gyrus Middle temporal gyrus

Right lateral fNIRSarray

14 Lateral orbitofrontal gyrus Inferior frontal gyrus
15 Inferior frontal gyrus Inferior frontal gyrus

16 Inferior frontal gyrus Inferior frontal gyrus

17 Superior temporal gyrus Precentral gyrus

18 Middle temporal gyrus Middle temporal gyrus
19 Precentral gyrus Precentral gyrus

20 Middle temporal gyrus Superior temporal gyrus
21 Middle temporal gyrus Middle temporal gyrus
22 Superior temporal gyrus Superior temporal gyrus
23 Middle temporal gyrus Middle temporal gyrus
24 Inferior temporal gyrus Inferior temporal gyrus
25 Middle temporal gyrus Middle temporal gyrus
26 Inferior temporal gyrus Middle temporal gyrus

Frontal fNIRSarray

27 Superior frontal gyrus Superior frontal gyrus
28 Middle frontal gyrus Superior frontal gyrus
29 Middle frontal gyrus Middle frontal gyrus
30 Superior frontal gyrus Superior frontal gyrus
31 Middle frontal gyrus Middle frontal gyrus
32 Middle frontal gyrus Superior frontal gyrus
33 Middle frontal gyrus Middle frontal gyrus
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