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Abstract. Advancements in antenatal and neonatal medicine over the last few decades have led to significant
improvement in the survival rates of sick newborn infants. However, this improvement in survival has not
been matched by a reduction in neurodevelopmental morbidities with increasing recognition of the diverse cog-
nitive and behavioral challenges that preterm infants face in childhood. Conventional neuroimaging modalities,
such as cranial ultrasound and magnetic resonance imaging, provide an important definition of neuroanatomy with
recognition of brain injury. However, they fail to define the functional integrity of the immature brain, particularly
during this critical developmental period. Diffuse optical tomography methods have established success in imaging
adult brain function; however, few studies exist to demonstrate their feasibility in the neonatal population. We
demonstrate the feasibility of using recently developed high-density diffuse optical tomography (HD-DOT) to
map functional activation of the visual cortex in healthy term-born infants. The functional images show high con-
trast-to-noise ratio obtained in seven neonates. These results illustrate the potential for HD-DOT and provide a
foundation for investigations of brain function in more vulnerable newborns, such as preterm infants. © 2012 society
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1 Introduction

Although increasing numbers of infants now survive preterm
birth, the risk of long-term disability in this population has
remained constant over the last two decades.! To date, structural
neuroimaging studies have demonstrated only modest correla-
tion with neurodevelopmental outcomes, and the major patho-
physiological mechanisms leading to adverse outcomes are not
yet fully understood. Characterization of the maturation of func-
tional neural networks may provide new insights that better
define the functional “lesions” associated with prematurity
that lead to neurodevelopmental impairments. Recent investiga-
tions with functional connectivity magnetic resonance imaging
(fcMRI) have established the patterns of functional network
development in preterm infants and demonstrated marked dif-
ferences in functional connections between preterm infants at
term equivalent postmenstrual age and term control infants.>>
However, there are challenges in acquiring fcMRI in premature
infants due to risks associated with transportation to a remote
scanner. Furthermore, frequent scanning is required to capture
the rapid evolution of brain development. Thus in order to better
understand the nature and timing of alterations in cerebral func-
tion, bedside methods for evaluating brain function are needed.

Noninvasive optical neuroimaging methods offer bedside
availability, and new advances with high-density diffuse optical
tomography (HD-DOT) now provide improved image quality.**
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Recently, functional connectivity methods have been extended
to DOT (fcDOT) in adults.” Parallel pilot studies have recently
demonstrated the feasibility of imaging infants with fcDOT.®
While resting state imaging methods have advantages in infants
that can generally perform few tasks, stimulus-related imaging
studies are needed for validation and interpretation of resting
state analyses.” Activation studies are used routinely in conjunc-
tion with resting state functional connectivity evaluations to
establish functional landmarks that locate or affirm seed posi-
tions used in correlation analysis.” Moreover, they can be used
to query the sensory input portions of the central nervous system
that are bypassed in cortical-cortical functional connectivity
analysis.' In adults, HD-DOT activation imaging has been
established using sensorimotor''"!? and visual stimulus para-
digms.® In infants, sparse near-infrared spectroscopy (NIRS)
studies have shown that the visual evoked response can be
recorded in sleeping neonates'® and awake infants.'*!> Although
promising, the sparse NIRS approaches suffer from methodolo-
gical issues related to the ability of effectively distinguishing
evoked-responses from confounding hemodynamic signals
localized to superficial tissue layers.'®!7 Alternatively, HD-DOT
can sample tissue at different depths within the field of view of
the imaging array, allowing for superficial signal regression pro-
cedures that help to minimize the influence of physiological
noise.*'®!° In this paper, we use an extended field of view sys-
tem that samples the majority of the primary visual cortex and
establish the capability of HD-DOT imaging arrays to image the

0091-3286/2012/$25.00 © 2012 SPIE

August 2012 « Vol. 17(8)


http://dx.doi.org/10.1117/1.JBO.17.8.081414
http://dx.doi.org/10.1117/1.JBO.17.8.081414
http://dx.doi.org/10.1117/1.JBO.17.8.081414
http://dx.doi.org/10.1117/1.JBO.17.8.081414
http://dx.doi.org/10.1117/1.JBO.17.8.081414
http://dx.doi.org/10.1117/1.JBO.17.8.081414

Liao et al.: High-density diffuse optical tomography of term infant visual cortex in the nursery

hemodynamic response in the occipital cortex to visual stimulus
in term-born infants at the bedside.

2 Methods

2.1 Subjects

We recruited 11 healthy term-born infants (>37 weeks com-
pleted gestational age) in the first two days of life from our
newborn nursery at Barnes-Jewish Hospital. The study was
approved by the Human Research Protection Office of the
Washington University School of Medicine, and informed con-
sent was obtained from the parent(s) of each participating infant
before scanning. The characteristics of each subject are summar-
ized in Table 1. A physician examined each infant and reviewed
the medical chart prior to the study to ensure overall health. All
infants were observed to be resting or sleeping comfortably in
their bassinets during the entire scanning sessions.

2.2 [Instrumentation

We previously developed a high-density, multi-channel, contin-
uous wave, diffuse optical imaging system using light emitting
diode (LED) sources and avalanche photodiode detectors. Each
source position consisted of two near-infrared wavelengths (750
and 850 nm) of light emitting diodes (LEDs). The system oper-
ates in continuous wave mode with a frame rate of 10.78 Hz.
This simple and modular instrumentation provides scalability
to construct a portable system with a capacity of 18 source posi-
tions and 16 detector positions, providing a total of 168
measurements (48 first nearest-neighbor, 58 second nearest
neighbor, 14 third nearest neighbor, 36 fourth nearest neighbor,

Table 1 Clinical characteristics of each subject.

Gestational Age at Mode

age at birth scan of
ID Gender Race (weeks) (days) delivery
1 F AA 37 4/7 1 Vag.
2* F AA 383/7 2 Vag.
3* M AA 390/7 2 C/S
4 F AA 38 6/7 1 Vag.
5 F C 390/7 2 C/s
6* F AA 400/7 2 Vag.
7 M AA 386/7 1 Vag.
8* F Hisp. 382/7 2 Vag.
9 F AA 40 3/7 1 C/S
10 M AA 40 3/7 2 Vag.
11 M C 390/7 2 C/s
Mean — - 390/7 1.7 -

%M = male; F=female; AA = African American, C = Caucasian,
Hisp. = Hispanic, C/S = Cesarean-section, Vag. = Vaginal delivery).
*Data from these infants were excluded from further analysis due to
excessive noise level likely from motion artifact.
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and 12 fifth nearest neighbor pairs). Flexible optical fibers with a
diameter of 2.5 mm were used to carry light signals. The ima-
ging pad consists of a high-density source-detector fiber array
held in a soft neoprene/silicone cap strapped by elastic neo-
prene/Velcro material to the back of the infant’s head (Fig. 1).

2.3 Protocol

The center of the imaging pad was positioned slightly above the
inion, over surface landmarks for the visual cortex (Fig. 1). All
scans were taken within 2 h after feeding in an isolated and
dimly lit room in the well infant nursery at Barnes Jewish
Hospital, St Louis. The timing of the scan was chosen to max-
imize infant cooperation. Visual stimulation was provided by
a 19-inch liquid-crystal-display monitor at 20 cm away from
the infant’s face. The visual stimulus consisted of two coun-
ter-phase checkerboard patterns containing 10 rows and 10 col-
umns of squares (total luminance of 50%) and an alternating 0%
flat luminance pattern. A full one-second stimulus included a
sequence of checkerboard, flat, counter-phase checkerboard,
and flat frames. Note that the visual stimulus used was designed
to work in a broader range of situations than encountered in the
current study. Changes in the net luminance between the dark
screen and the checkerboard patterns stimulate visual responses
in subjects with closed eyes, while the reverse checkerboard pat-
terns provide strong visual responses in awake subjects. In this
particular study, since the infant’s eyes were closed, the stimulus
was due to the change in luminance at 4 Hz. Each block of visual
stimulus was defined by 10 s of stimulus followed by 20 s of
black screen. The stimulus block was repeated for approxi-
mately 15 min, depending on the infant’s cooperativeness.
Although the infants’ eyes remained closed throughout the
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Fig. 1 Our high-density diffuse optical tomography system. (a) Sche-
matic diagram showing the placement of the imaging array over the
occipital cortex of an infant. (b) Schematic diagram showing the
arrangement of first- and second-nearest neighbors within a subset of
this array. (c) A cross-sectional view of source-detector relationship
with the first-nearest neighbor source-detector pair sampling mostly
superficial signal coming from the scalp/skull and the second-nearest
neighbor source-detector pair sampling a mixture of signals (both
from the superficial layer and the brain activity). Signals from the super-
ficial layer can then be regressed out of the deeper mixed signals, there-
fore improving the system’s brain specificity. (d) A picture showing a
term-born healthy infant comfortably wearing our imaging cap over
the occipital cortex during a scanning session.
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scans, previous studies using similar visual simulation patterns
have demonstrated the feasibility of measuring visual evoked
responses in sleeping newborn infants,'>2%2!

2.4 Data Analysis

A possible way to evaluate the performance of our imaging
method is by comparisons with standard sparse NIRS analysis.
Therefore, two reconstruction approaches were considered in
the present study: a) single source-detector (SD) pair NIRS ana-
lysis without superficial signal regression (sparse NIRS); and b)
tomographic reconstructions with superficial signal regression
(high-density DOT).

Several pre-processing steps are common to both reconstruc-
tion approaches. First, the detector light levels were decoded to
SD pair data (considered to be a single channel). We took the
logarithm of the ratio of each channel’s level to its mean, which
yielded time traces of differential light intensity for each wave-
length. The log-ratio data was band-pass filtered (0.02 to 0.5 Hz)
to remove long-term drift and pulse artifacts. The filtered SD
pair measurements were then divided into stimulus blocks.
Stimulus blocks that exhibited high temporal variance (>7.5%)
were considered to be corrupt (likely due to motion artifacts)
and were excluded from further analysis.

For sparse NIRS analysis, the log-ratio data was converted to
absorption changes using the modified Beer-Lambert law. For
the differential path length factor, we used values reported in
Ref. 22) of 5.11 and 4.67 for 750 and 850 nm, respectively.
Although the reported values were measured at 744 and
832 nm, this level of approximation is appropriate because
the hemoglobin spectrum does not show high variability in these
regions (744 to 750 nm and 832 to 850 nm). Furthermore, since
the full-width half maximum bandwidth of the LED spectra is
30 nm, any spectral change within this range will be effectively
smoothed. Concentration changes of oxy- (AHbO,), deoxy-
(AHbBR), and total hemoglobin (AHbT) were computed using
the extinction coefficients of both hemoglobin species.”®

Our high-density array allows us to obtain measurements at
multiple distances (Fig. 1). Thus for the DOT analysis, we focus
on the first- and second-nearest neighbor pairs with a SD pair
distance of 1 and 2.2 cm, respectively. First-nearest neighbor
measurements are primarily sampling superficial hemodynamic
signals from the scalp and skull, while second-nearest neighbor
measurements are also sensitive to brain hemodynamics. In
order to minimize systemic and superficial contamination, we
regressed out an average of the first-nearest neighbor measure-
ments from all of the individual measurements.'®!">*

For the DOT reconstructions, a finite-element forward model
derived from a two-layer hemispherical model was used to gen-
erate a sensitivity matrix.”> The mesh contained 22,731 nodes,
and after light modeling the sensitivity matrix was interpolated
to a 2 mm square voxel-grid. Optical properties (absorption
coefficient: u, and reduced scattering coefficient: u.) for the
two-layer hemispherical model were obtained from Ref. 26.
We used g, = 0.15 cm™', y! = 8.4 cm™! at 750 nm and u, =
0.17 cm™!, u! = 7.4 cm™" at 850 nm for the outer scalp/skull
layer. Similarly for the inner brain layer, we used pa =
0.19 cm™!, us’ =12 em™! at 750 nm, and pa = 0.19 cm™!,
us’ =11 cm™" at 850 nm. While these values were obtained
from adults, studies comparing optical properties in adults
and infants have generally shown similar optical properties in
both groups,”” and most NIRS/DOT studies of infants use
adult values for relevant head averaged optical constants.?3
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The sensitivity matrix was inverted once per subject per run in
order to account for first- and second-nearest neighbor channels
corresponding to the stimulus blocks that passed the earlier noise
threshold (i.e., blocks that exhibited a temporal variance <7.5%).
Using the inverted sensitivity matrix, log-ratio data was converted
into volumetric reconstructions of absorption changes for both
750 and 850 nm. Tomographic maps of AHbO, and AHbR
were then computed using the same extinction coefficients.

As we were interested in hemodynamic responses within
the cortex, we selected a cortical shell (1 c¢cm thickness) from
within our three-dimensional (3-D) data set and averaged across
the thickness of the shell. All HD-DOT images displayed are
posterior coronal projections of this cortical shell (i.e., we
have averaged along the anterior-posterior axis), resulting in a
point-of-view as if looking at the head from behind with the skin
and skull removed. The field of view is 13 cm in width and 4 cm
in height; each pixel is 2 by 2 mm. DOT simultaneously creates
images of AHbO,, AHbR, and AHbT. For simplicity, all images
shown here are AHbO,. The images in the other contrasts are
qualitatively similar (i.e., increasing and decreasing trends in
AHDBT and AHDR, respectively).

To perform a direct comparison between the NIRS and DOT
approaches, we compared the temporal traces. For DOT, a
region of interest (ROI) was defined based on the 1 cm? volume
with the maximum response (between 10 and 14 s post stimulus)
in the AHbO, maps. Temporal traces extracted from this ROI
were averaged for AHbO,, AHbR, and AHbT concentration
changes. For sparse NIRS, we only considered second-nearest
neighbor measurements, which are sensitive to the brain. Thus
the single second-nearest neighbor measurement with the great-
est sensitivity to the peak DOT response was selected for com-
parison with the averaged temporal traces obtained from the
DOT maps.

For statistical analysis, hemoglobin time traces were down
sampled to 0.2 Hz (5 s intervals). The changes at the peak
were compared to the 5 s baseline around stimulus onset using
a Student’s t-test. The z-statistic was converted to a p-value
using both tails of the distribution (i.e., no directionality to
the response was assumed). Significance was inferred for all
p-values with a < 0.05.

To have an objective measure of signal quality, we also
calculated contrast-to-noise ratios (CNR) for tomographic data
and sparse NIRS data for each subject. CNR was calculated as
the ratio of the peaked signal intensity (averaged over multiple
stimulus presentations) and the baseline noise (given by the
standard deviation in the pre-stimulus baseline).

3 Results

We were able to obtain diffuse optical tomography images of the
visual cortex in response to the flashing visual stimulus in seven
out of the 11 infants recruited for this study. The data from four
infants did not pass the predetermined noise threshold tests in
our noise detection algorithm and were excluded from further
processing (Table 2). A typical spatiotemporal hemodynamic
response for AHbO, in a single infant is shown in Fig. 2(a).
A bilateral increase in AHbO, concentration in response to
the 10 s visual stimulus can be observed. The response peaked
between 10 and 14 s and then slowly decayed towards the base-
line. We observed the same general pattern in most of the infants
as shown in Fig. 3. However, infants four and six showed asym-
metrical activations of the visual cortices, and infants three and
five showed prolonged activations.
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Table 2 Contrast-to-noise ratios obtained for NIRS and DOT reconstruction for each subject.

NIRS DOT Fold-improvement

ID AHbO, AHbR AHbT AHbO, AHbR AHbT AHbO, AHbR AHbT
1 0.88 0.92 0.81 2.10 0.64 2.10

2 * * * * * * * * *
3 * * * * * * * - *
4 1.80 0.18 1.60 5.70 0.96 6.40

5 0.97 1.30 1.20 2.10 1.30 1.00

6 * * * * * * * * *
7 2.20 3.10 1.20 4.70 1.00 4.30

8 * * * * * * * " *
9 1.20 4.00 0.61 1.90 2.10 1.30

10 3.10 3.30 1.80 3.10 3.60 1.20

11 2.00 -1.10 2.00 2.00 0.70 1.70

Mean 1.46 1.67 0.97 3.09 1.47 2.57 2.12 0.88 2.63

?NIRS = near-infrared spectroscopy; DOT = diffuse optical tomography.
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Fig. 2 DOT response in a healthy full-term infant. (a) Spatiotemporal hemodynamic response for AHbO,. Note the bilateral pattern in response to the

10-second visual stimulus. (b) to

(c) Average temporal traces for the 1 cm® volume with the maximum response in the AHbO, maps versus single

channel measurement over a span of five stimulus blocks. Note that some of the original blocks were removed due to noise thresholds. Dashed lines

denote processed blocks that are not temporally adjacent. (d) to

(e) Block average time trace of the peak 1 cm? ROl versus single channel measurement.

Error bars mark standard deviation and asterisks indicate statistically significant deviation from baseline (two-tailed Student’s t-test, a < 0.05).

We also examined the temporal traces extracted from the
maximal responses for both tomographic images and single
source-detector pair (channel) NIRS measurements. Figure 2(b)
displays the averaged temporal traces of the maximum 1 cm?
ROI for the three hemodynamic contrasts and multiple blocks,
while Fig. 2(c) displays the temporal traces associated to the
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single channel with the greatest sensitivity to the peak voxel
in the tomographic images. Similarly, block averaged temporal
traces of the peak voxels and single channel measurements are
shown in Fig. 2(d) and 2(e), respectively. It is worth to notice
that the processed blocks are not necessarily temporally adja-
cent. Some of the original blocks were removed due to noise
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Fig. 3 DOT response in the visual cortex for a cohort of seven healthy, term-born infants. The imaging contrast is given by changes in oxy-hemoglobin
concentration (AHbO,). In general, we see a bilateral pattern of activation in response to the visual stimulus as confirmed by the group-averaged

images.

thresholds. Therefore, the sharp changes that occur between
some blocks do not reflect high-frequency noise, and the time
courses average out predictably during the block averaging.
In addition, note that there is an almost two orders of mag-
nitude difference between the traces obtained with the NIRS and
DOT approaches. These differences can be explained as a partial
volume effect that the NIRS method suffers due to its limited
spatial resolution relative to the focality of the hemodynamic
response. This effect has been observed and described in pre-
vious NIRS studies (please see Ref. 30 for a thorough analysis).
These results show the ability of the DOT reconstruction to
reduce noise (error bars denote standard error for multiple
blocks), improve statistical significance (asterisks mark sig-
nificant deviation from baseline p < 0.05) and qualitatively
improve the shape of the hemodynamic response. The improve-
ment in DOT versus NIRS signal quality is also evident in terms
of the contrast to noise ratio as shown in Table 2. For the tomo-
graphic imaging, the average CNR is 3.09, 1.47, and 2.57 for
AHbO,, AHbR, and AHbT, respectively. For the single channel
measurements, the corresponding CNR values are 1.46, 1.67,
and 0.97. These results show a clear CNR increase of the
DOT signals in comparison to the NIRS data for AHbO, and
AHDbT. However, this improvement is not evident in the case
of AHbR, where CNR for NIRS and DOT are comparable.

4 Discussion

Our results show that high-density DOT can be successfully
applied in neonates at the bedside of the well-baby nursery
to image cerebral hemodynamic responses to stimulated brain
activity within a short scanning time (15 min). Previously,
we demonstrated the feasibility of using a high-density array
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in infants with a restricted field of view (4 sources X
10 detectors).”® By extending the coverage of our imaging pad
to 18 sources X 16 detectors, we were able to obtain diffuse
optical tomography images of the full occipital cortex in seven
full-term infants.

Functional NIRS studies conducted in infants have typically
interrogated primary sensory processes. In particular, visual'>>!
and auditory®? processes have been monitored using sparse
non-imaging arrays with SD-pair distances larger than 2.0 cm.
A work by Taga et al.' extended this approach by performing
NIRS imaging of the visual cortex in awake infants and, more
recently, Sato et al.** employed a whole-head optical topography
technique to study hemodynamic responses in neonates exposed
to speech sounds. A few recent studies have extended NIRS to
higher-order functions.**> The majority of these studies used
either solely time traces from single source-detector measure-
ments or images made with topographic back-projection meth-
ods. The sparseness of the imaging arrays limits resolution,
introduces uneven spatial sampling, and the data is often
obscured by superficial and systemic hemodynamic artifacts.*
Diffuse optical tomography addresses the limitations of NIRS
through a variety of methods. DOT of infant brain function
during passive motor activity has been demonstrated using a
time-domain DOT system.>® This work established the feasibil-
ity of sectioned imaging with DOT of brain activity in infants.
However, this method required an acquisition time of up to 2 h
per infant for obtaining enough measurements to perform a
tomographic reconstruction (generally, the speed of time-
domain DOT systems is relatively slow compared with con-
tinuous wave illumination systems). Alternatively, HD-DOT
systems can provide improved image quality but with the
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advantage of ~10 Hz full-frame imaging rates. The faster frame-
rate enables imaging of single activations within 10 s of stimulus
onset when signal to noise ratios are optimal.’

With previous studies having established HD-DOT in adults
for visual® and motor stimulations,'! the current results indicate
that HD-DOT can also improve imaging quality in infants. The
DOT responses to the visual stimulus exhibit a bilateral pattern
in the majority of the subjects. The bilateral spatiotemporal
maps show that the responses are localized to the occipital cor-
tex and are specific to the visual stimulus. These patterns have
been observed previously in BOLD-fMRI studies involving
young infants’”* and is thought to be an expected cerebral
hemodynamic activation response. In contrast, in a topography
study in older infants,'® the images appear to show unilateral
responses to visual stimulation. A possible explanation for the
absence of bilateral patterns is the lower spatial resolution of the
imaging array that did not discriminate left from right cortices as
well as contamination from superficial artifacts that might lead
to spurious reporting of hemodynamic signals. In addition, our
activation maps show increases in both AHbO, and AHbT, and
a decreasing trend in AHbR during visual stimulation. Although
there is some controversy in the literature related to infant
neurovascular coupling, our results are similar to previous stu-
dies in infants at term, when awake'® and sleeping/resting,'*!°
suggesting that, at term, this population has comparable visual
responses to healthy adult subjects.

Besides providing improved imaging capability, our results
show that the high-density approach can improve data quality in
terms of contrast-to-noise ratio improvements of up to 2x (in
AHDO,) in the visual responses of seven neonates. Moreover,
the DOT temporal responses obtained for each hemodynamic
contrast show smoother traces (denoted by smaller variance
across stimulus blocks) than the single channel measurements
and a stronger resemblance to the expected temporal responses
obtained in visual regions in adults and school aged children
with fMRI-BOLD.* The increases in AHbO, and AHbT
with respect to baseline are statistically significant consistently
across the seven subjects with sufficiently low noise levels. In
contrast, only two of the infants showed a statistically significant
decrease in AHbR. The AHbR results might be attributed to
either lower signal-to-noise ratio for AHbR or to greater varia-
bility in the AHbR response compared to the AHbT and AHbO,
responses.

Visual evoked responses presented a “late overshoot” at the
end of the stimulus block in several subjects. This effect is not
uncommon in block design studies. A possible explanation is
that the inter-stimulus periods were not long enough to allow
for the hemodynamic response to completely return to baseline
before the next stimulus presentation. Extending the length of
the resting period could diminish this effect at the expense of
prolonging the overall length of the scanning session. In addi-
tion, recent studies*® have shown that attention-related oscillat-
ing neural signals, phased-locked with the attended stimulus,
can be entrained and added to evoked responses. Using experi-
mental paradigms that allow variable inter-block intervals, such
as event-related designs, could potentially help to reduce this
effect. Nevertheless, it is worth to note that this effect is not pre-
sent in the group-averaged maps. Further studies on this topic
would require larger number of subjects.

While HD-DOT caps enable image reconstructions with
improved functional localization, the design and implemen-
tation of high-density arrays for newborn infants involves
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challenges related to ergonomics of the imaging cap and bulki-
ness of the fiber bundles. These preliminary results demonstrate
the feasibility of using this device to detect brain activity in
term-born infants in the nursery during their first days of life.
Despite the high channel count of our current system (allowing
for 106 measurements for first- and second-nearest neighbor dis-
tances), we decided to keep high-density spatial sampling (1 cm)
in order to obtain good lateral resolution at the expense of a
broader field of view. Future implementations will consider
the expansion of the imaging cap to other brain regions (such
as frontal, parietal and temporal lobes) that will allow simulta-
neous evaluation of different functional processes.

In this paper, we used a simplified head model that has
demonstrated good performance in visual activation studies in
adults.®” Previous work had shown that anatomical head models
derived from high-resolution imaging modalities such as MRI
improve imaging and anatomical registration of brain activa-
tions in adults*' and neonates.*” Thus possible extensions of
this work would consider more realistic head models derived
from MRI-based atlases that capture the average geometry and
tissue properties of the neonatal head anatomy.

We chose to show feasibility of HD-DOT in infants using
visual brain activity since the occipital region has been exten-
sively studied in adults and children. The visual pathway is an
early and well-developed sensory area in term-born infants that
does not involve active or passive movement of the subject
under study (e.g., motor-evoked responses); therefore it is an
attractive region for evaluation of functional responses in new-
born infants. Yet, there are limitations to visual protocols,
mostly related to controlling the level of attention to the stimuli.
The variation in the visual cortical activation patterns (e.g., pro-
longed or asymmetrical activation patterns) seen from several
infants in the study may be due to the inherent difficulty in stan-
dardizing visual stimulus exposure in infants. Previous studies
conducted in awake older infants have used video recordings of
the infant’s gaze direction in order to identify data blocks in
which the infant did not attend to the visual stimuli.’> However,
in the case of evaluating newborns in the well-infant nursery, it is
not possible to implement this strategy since infants often keep
their eyes closed during a restful state throughout the scanning
session. An alternative way to test the infant’s level of attention/
consciousness may be to incorporate a control trial that involves
another type of stimulus (e.g., auditory stimulus), which is not
expected to activate the occipital cortex.

In conclusion, we have demonstrated the feasibility of per-
forming bedside imaging of evoked responses in neonates in a
clinical setting. A parallel study demonstrated that resting-state
functional connectivity maps of hospitalized infants can be
acquired using the same high-density array.® The combination
of both sets of data can significantly improve the robustness
and sensitivity of the assessments of the functional architecture
and functional connectivity of the infant brain at the bedside.
Since the scanning time required for the implementation of
each study is approximately 10 min, it is possible to integrate
both methodologies into a single protocol for routine clinical
use. In this way, HD-DOT has the potential to fulfill the clinical
need to provide bedside monitoring and early detection of func-
tional brain deficits in the neonatal population.
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