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Abstract
While histological studies and conventional magnetic resonance imaging (MRI) investigations have elucidated the trajectory of
structural changes in the developing brain, less is known regarding early functional cerebral development. Recent
investigations have demonstrated that resting-state functional connectivity MRI (fcMRI) can identify networks of functional
cerebral connections in infants. However, technical and logistical challenges frequently limit the ability to perform MRI scans
early or repeatedly in neonates, particularly in those at greatest risk for adverse neurodevelopmental outcomes. High-density
diffuse optical tomography (HD-DOT), a portable imaging modality, potentially enables early continuous and quantitative
monitoring of brain function in infants. We introduce an HD-DOT imaging system that combines advancements in cap design,
ergonomics, and data analysis methods to allow bedside mapping of functional brain development in infants. In a cohort of
healthy, full-term neonates scanned within the first days of life, HD-DOT results demonstrate strong congruence with those
obtained using co-registered, subject-matched fcMRI and reflect patterns of typical brain development. These findings
represent a transformative advance in functional neuroimaging in infants, and introduce HD-DOT as a powerful and practical
method for quantitative mapping of early functional brain development in normal and high-risk neonates.
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Introduction
Cerebral structure and function change continuously during

early brain development (Tau and Peterson 2010). While histo-

logical studies and conventional magnetic resonance imaging

(MRI) techniques have elucidated the trajectory of early structural

changes in the developing brain (Hill et al. 2010; Jernigan et al.

2011; Dubois et al. 2014), much less is known about early func-

tional cerebral development. Recent investigations have demon-

strated that resting-state functional connectivity MRI (fcMRI),

which investigates the temporal correlations in low-frequency

(<0.1 Hz) fluctuations in blood oxygen level-dependent (BOLD)
signal, is a technique well suited to investigations of infants.
This modality has been used to identify immature forms of net-
works of functional cerebral connections that reflect known spa-
tial and functional gradients of cortical gray and white matter
development (Fransson et al. 2007; Doria et al. 2010; Smyser
et al. 2010). However, substantive technical and logistical chal-
lenges frequently limit the ability to perform fcMRI scans readily
and longitudinally in infants, particularly in populations at great-
est risk for adverse neurodevelopmental outcomes (Glass et al.
2010). Novel approaches that enable early and continuous

© The Author 2015. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com

Cerebral Cortex, April 2016;26: 1558–1568

doi: 10.1093/cercor/bhu320
Advance Access Publication Date: 16 January 2015
Original Article

1558

http://www.oxfordjournals.org


assessment of cerebral function may help to improve our under-
standing of the processes underlyingnormal and aberrant neuro-
development and provide opportunities for improvement in
clinical care.

Bedside optical imaging systems based onnear-infrared spec-
troscopy (NIRS) principles can provide continuous longitudinal
measures of brain function. These systems are well suited for
neonatal populations not only because near-infrared light pene-
trates to deeper brain regions in smaller heads with thinner
skulls, but also because this technology is quiet, portable, and po-
tentially less vulnerable to motion artifacts. The vast majority of
pediatric optical systems employ sparse arrays of optical probes.
This approach, however, suffers from poor image quality, low
resolution, and physiological noise contamination that affect
the overall reliability. Recent advances in the application of high-
density diffuse optical tomography (HD-DOT) in adults have ad-
dressed these limitations with dense overlapping measurements,
providing improved spatial resolution and better separation of
cerebral signals from superficial confounds (Boas et al. 2004; Zeff
et al. 2007; Eggebrecht et al. 2012, 2014; Habermehl et al. 2012).

As optical methods can measure similar hemodynamic con-
trasts to fMRI-BOLD signals, the extension of functional connect-
ivity techniques to HD-DOT maps is relatively direct. However,
translation of HD-DOT techniques to neonates involves addition-
al challenges such as cap ergonomics that maximize comfort
while improving coupling between the optical probes and the in-
fant’s scalp and neonatal head modeling that provides accurate
tomographic reconstruction and anatomical registration. Here,
we introduce a portable HD-DOT imaging system that combines
extended field of view, ergonomics, and realistic head modeling
to enable mapping of functional connectivity resting-state net-
works (RSNs) of the newborn brain at the bedside within the
first days of life.

The initial step to successfully establishing functional con-
nectivity HD-DOT (fcDOT) as a tool for assessment of neonatal
brain function is to define normal fcDOT patterns in healthy,
term-born infants and to perform quantitative voxel-by-voxel
validation against the gold standard of fcMRI. By using light
propagation models derived from subject-specific structural
MRIs, we generated DOT maps that are coregistered to the indi-
vidual MRI space to allow cross-modality comparisons with
fcMRI results at the single-subject and group levels. The strong
spatial agreement between results obtained with each approach

demonstrates the improved accuracy, spatial localization, and
resolution afforded by fcDOT in comparison with existing optical
imaging techniques. These findings represent a critical step to-
ward establishing DOT as a clinical tool that allows accurate
and reliable continuous longitudinal investigation of cerebral
function at the bedside in normal and high-risk neonates.

Materials and Methods
Subjects

Fourteen healthy, full-term infants (gestational age at birth:
37–41 weeks) were recruited from the Newborn Nursery at
Barnes-Jewish Hospital in St Louis, Missouri, within the first
48 h of life. Parental informed consentwas obtained for each sub-
ject prior to participation in the study. All aspects of the study
were approved by the Human Research Protection Office of
Washington University in St Louis. All infants had no history of
in utero illicit substance exposure and no evidence of acidosis
(pH <7.20) on umbilical cord or arterial blood gas assessments
during the first hour of life. Infants were excluded if found
to have chromosomal abnormality or suspected or proven con-
genital infection (e.g., HIV, sepsis, toxoplasmosis, rubella, cyto-
megalovirus, and herpes simplex virus). The mean gestational
age at birth for the cohort was 39.2 weeks. Demographic informa-
tion for the cohort is provided in Table 1. Five subjects were ex-
cluded due to excessive motion during data acquisition: 3
infants during the DOT scan and 2 infants during the MRI scan.

DOT investigation was performed within the first 24–48 h of
life. Nonconcurrent MRI was performed within 1 day of the DOT
data acquisition. Infants were studied during natural sleep or
while resting quietly without sedatingmedications for both stud-
ies (Mathur et al. 2008).

HD-DOT Data Acquisition

High-Density DOT System
DOT data acquisition was performed using a continuous-wave
high-density DOT system with an optode array consisting of 32
sources and 34 detectors. Each source position consisted of light-
emitting diodes flashing at 2 near-infrared wavelengths (750 and
850 nm). Source-detector (SD) pair measurements at multiple dis-
tances (namely, first through fourth nearest neighbors at 1.0, 2.2,

Table 1 Demographic information for subjects

Subject Sex Birthweight (g) OFC (cm) GA at birth
(weeks)

PMA at DOT
(weeks)

PMA at MRI
(weeks)

Comments

1 F 2915 33.0 39 39 2/7 39 4/7 fMRI data did not pass noise threshold
2 F 3550 33.5 39 39 2/7 39 3/7 DOT data did not pass noise threshold
3 F 3420 33.0 39 39 2/7 39 3/7 DOT data did not pass noise threshold
4 F 2725 33.5 38 38 3/7 38 5/7 –

5 F 2670 33.0 39 39 2/7 39 3/7 –

6 F 2970 32.5 39 39 2/7 39 3/7 –

7 M 3316 34.5 37 37 2/7 37 3/7 fMRI data did not pass noise threshold
8 M 3230 36.0 39 39 2/7 39 3/7 –

9 M 3725 36.0 41 41 2/7 41 3/7 –

10 F 3215 34.5 41 41 2/7 41 3/7 –

11 M 2965 33.5 39 39 2/7 39 3/7 –

12 M 3140 34.0 40 40 2/7 40 3/7 –

13 F 3005 33.5 38 38 2/7 – DOT data did not pass noise threshold
14 M 3350 35.5 41 41 2/7 41 3/7 –

F, female; M, male; OFC, occipitofrontal circumference; GA, gestational age; PMA, postmenstrual age.
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3.0, and 3.6 cm, respectively) were sampled simultaneously at a
frame rate of 10 Hz.

The design of the DOT imaging cap focused on providing sta-
bility for efficient optical coupling and optimizing ergonomic
comfort for prolonged scanning sessions. During a scanning ses-
sion, the imaging cap was placed above the inion and extended
laterally above the subject’s ears (Fig. 1a). Based on the current
optode arrangement and ergonomic design, cap coverage in-
cluded the occipital, temporal, and inferior parietal cortices of
the infant’s head. The structural support of the cap was provided
by a layer of flexible plastic molded to fit the curvature of the in-
fant’s head. To enhance versatility with different head shapes
and sizes, the imaging cap was divided into 5 triangular patches
(Fig. 1b). All patches were held together by a neoprene headband
whichwas attached to the headwith Velcro straps. Flexible optic-
al fiber bundles were embedded in a soft silicone array to provide
additional support and prevent skin laceration (Fig. 1c). A set of
fiducial points (including nasion, inion, pre-auricular points,
and the outer lower corners of the optode array) were measured
at the end of the scanning session to determine the location of
the array relative to the head.

All scans were performed within 1 h after feeding in an iso-
lated, dimly lit room in the nursery. Total duration of the data ac-
quisition ranged from 20 to 60 min depending on each infant’s
tolerance of scanning.

HD-DOT Data Quality Assessment
Acquiring quality data required in situ optimization of cap fit. To
evaluate raw data quality, we developed real-time and off-line vi-
sualizations of measurement quality. Average light levels for
each SD pair measurement were displayed on an unwrapped
and flattened view of the cap (Fig. 1d). A satisfactory cap fit exhib-
ited a homogenous distribution of light levels across the entire
cap. Noise levels across channels were displayed on a flattened
view of the cap (Fig. 1e). Measurements exhibiting a variance
lower than the noise threshold (channels with standard devi-
ation <7.5% of the mean signal) were shown as green lines be-
tween optodes. The temporal mean of SD pair measurements
across the cap had a light level fall-off that was logarithmically
related to the SD pair separation distance (Fig. 1f ). Off-line visua-
lizations provided a broader assessment of data quality and aided
in the selection of noisy segments during data preprocessing.
After cropping the noisy segments, most measurements exhib-
ited a variance lower than the noise threshold (Fig. 1g). Power
spectra for second nearest-neighbor measurements at both wa-
velengths showed a clear peak at the pulse frequency as well as
strong power in the functional connectivity frequency band
(Fig. 1h).

MRI Data Acquisition

MRI scans were performed on the second or third day after
birth, following the DOT scan. MR imaging was performed on
a Siemens Magnetom Trio 3T scanner. Each infant was accom-
panied to the MRI scanner by a research nurse. Pulse oximetry
was used to monitor heart rate and oxygenation throughout
the study. Structural and functional images were acquired
using the following sequences: (1) T1-weighted, magnetiza-
tion-prepared rapid gradient echo [MP-RAGE; time repetition
(TR)/time echo (TE) 1550/3.05 ms, voxel size 1.0 × 1.0 × 1.3 mm3],
(2) T2-weighted, turbo spin echo (TR/TE 8210/161 ms, voxel size
1.0 × 1.0 × 1.0 mm3), (3) T2*-weighted, gradient echo planar im-
aging (EPI) (TR/TE 2910/28 ms, voxel size 2.4 × 2.4 × 2.4 mm3),
and (4) gradient echo field map (TR/TE 400/7.65 ms, voxel size

2.4 × 2.4 × 2.4 mm3). A total of 250 frames were collected for
each resting-state functional sequence (T2*-weighted gradient
EPI). Total scan time for acquisition of all sequences was ap-
proximately 50 min.

HD-DOT Data Analysis

Neonatal Head Modeling
To complement the improvements in instrumentation and data
quality assessment, a processing pipeline for modeling light
propagation in neonatal heads was developed (Supplementary
Fig. 1). Subject-specific head models were created using T1- and
T2-weighted images (Fig. 2a). Automatic brain extraction and seg-
mentation were performed using the ANTs software (Avants
et al. 2011). The brain segmentation pipeline combines a multi-
variate expectation–maximization algorithm and a prior based
on a T2-weighted neonatal template composed of 20 subjects.
A mask corresponding to extracerebral tissue was extracted
from the T1-weighted images using thresholding and morpho-
logical operations. Owing to the poor contrast of neonatal MR
images with respect to bone, the extracerebral tissue mask com-
bined scalp and skull tissue (Fig. 2b). A finite elementmodel (FEM)
was created from the segmented images using the Nirview soft-
ware (Jermyn et al. 2013) (Fig. 2c). The imaging array was mapped
onto the FEM using the anatomical measurements obtained dur-
ing theDOT scanning session (Fig. 2d). Optical propertieswere as-
signed to each node according to the tissue type determined by
the segmentation mask (see Supplementary Table 1). A subject-
specific sensitivity matrix was obtained using the Nirfast light
modeling software (Dehghani et al. 2008; Fig. 2e). Note that the
sensitivity profile decays as a function of depth, limiting the ef-
fective penetration to approximately 2 cm below the head
surface.

HD-DOT Data Preprocessing and Reconstruction
Visible noisy segmentswere croppedmanually from each SDpair
measurement aided by off-line visualizations of SD pair meas-
urement time traces (as described in the “HD-DOT Data Quality
Assessment” subsection). Log-ratio data were bandpass filtered
to 0.009–0.08 Hz. Superficial and systemic hemodynamic artifacts
were regressed. Only first and second nearest-neighbormeasure-
ments that passed the noise threshold (i.e., measurements that
exhibited a standard deviation <7.5% of the mean signal) were
used for the image reconstruction. A minimum of 5 min of low
motion data were required for each subject. Subjects that did
not meet these criteria were excluded due to excessive motion.
The average length of the DOT time series included in the ana-
lysis was 7.2 min.

Volumetric reconstructions of absorption coefficients at both
750 and 850 nm were obtained using the inverted sensitivity
matrix computed for each subject. Three-dimensional maps of
concentration changes of oxyhemoglobin (ΔHbO2) and deoxyhe-
moglobin (ΔHbR) were computed using the extinction coeffi-
cients of each hemoglobin species (Wray et al. 1988).

fcMRI Data Analysis

fcMRI Data Preprocessing
Standard preprocessing of the BOLD data was performed to ex-
clude signal change caused by non-neuronal causes and to cor-
rect for head motion [for further details, see Smyser et al.
(2010)]. T2-weighted images were aligned with a full-term neo-
natal target and the first BOLD framewas coregistered to the cor-
rected T2-weighted image. Fieldmap correction was then applied
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Figure 1. DOT data acquisition. Neonatal imaging cap: The neonatal imaging cap was designed to provide comfort while maximizing coupling between the optodes and

the infant’s scalp. (a) During a scanning session, the capwas placed on the back of the head, above the inion, and extended laterally above the infant’s ears. (b) To improve

ergonomics, the cap was divided into 5 patches of flexible plastic molded to fit the infant’s head curvature. All patches were attached to a neoprene headband that is

wrapped around the infant’s head using Velcro straps. (c) Silicone nubs (6 mm diameter) were attached to the fiberoptic tips through rubber rings to avoid scratches

and increase comfort. Data quality assessment: (d) Average light levels for each optode position were displayed on an unwrapped and flattened view of the cap.

(e) Measurements that passed the noise threshold were shown as green lines between optodes. (f ) The temporal mean of measurements across the cap had a light

level fall-off that was logarithmically related to the SD pair separation distance. (g) After cropping the noisy segments, most measurements exhibited a variance lower

than the noise threshold (7.5%). (h) Power spectra for second nearest-neighbormeasurements at bothwavelengths showed a clear peak at the pulse frequency (∼2.2 Hz) as

well as strong power in the functional connectivity frequency band (0.009–0.08 Hz).
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to compensate for spatial distortions caused bymagnetic field in-
homogeneities. Temporal bandpass filtering from 0.009 to
0.08 Hz was applied to the BOLD data. Linear regression was per-
formed using the following nuisance regressors: (1) Global brain
signal averaged over the brain region in the atlas space, (2) mo-
tion estimates (including translations, rotations, and derivatives
in the 3 orthogonal directions), and (3) white matter and cerebro-
spinal fluid (CSF) regressors (computed as an average of multiple
regions of interest (ROIs) identified in the coregistered T2-
weighted images). Frames corrupted by motion were excluded
from further analysis using an established motion detection
strategy (Power et al. 2012) and stringent data quality criteria
[i.e., frames with framewise displacement >1 mm and root-
mean-squared BOLD signal intensity change (DVARS) >1% were
removed from the fMRI time series]. A minimum of 5 min of
usable fMRI data were required for inclusion in subsequent ana-
lyses. Subjects that did notmeet these criteriawere excluded due
to excessive motion. The average number of frames used across
subjects after motion detection was 143 (∼7 min).

fcDOT and fcMRI Functional Connectivity Analyses

Spatial Smoothing and Normalization
DOT data have a spatial resolution of approximately 10 mm,
whereas the fMRI data have a slightly higher resolution (∼6 mm
in 3T scanners). Prior to correlation analysis, both data sets
were spatially smoothed using a smoothing kernel that matches
the spatial resolution of each modality [i.e., full-width-at-half-
maximum (FWHM) = 10 mm for HD-DOT and FWHM= 6 mm for
fMRI]. Both DOT and fMRI-BOLD volumes were realigned to the
representative adult template used at theWashington University
Neuroimaging Laboratory (Smyser et al. 2010). This target is
based on T1-weighted images from 12 normal subjects and con-
forms to the Talairach atlas (Talairach and Tournoux 1988).
After spatial normalization, all volumes were resampled to
3 mm isotropic voxels.

Seed-Based Correlation Analysis and Group Averaging
Seed regions were 6 mm radius spheres centered on ROIs se-
lected by a neuroradiologist (J.S.S.) based on prior studies (Smy-
ser et al. 2010; Zhang and Raichle 2010). Three pairs of seeds
located in the visual (Vis), middle temporal visual area (MT),
and auditory (A1) cortices (Supplementary Table 2) were chosen

based on the DOT field of view (Fig. 3a). Time series were ex-
tracted for all seed regions and cross-correlated with all other
voxels in the field of view to generate correlation maps using
the standard Pearson product moment formula. Individual cor-
relationmaps for eachmodality were converted to a normal dis-
tribution by Fisher’s z-transformation (Jenkins and Watts 1968)
and averaged across subjects. Average maps were converted to
Pearson’s correlation coefficients for visualization purposes.
Amean ROI-to-ROI correlationmatrix including all seed regions
was created.

Independent Component Analysis
The FastICA toolbox (Hyvarinen 1999)was employed as described
previously (White et al. 2011). Eleven to 15 independent compo-
nents (ICs) were extracted depending on the subject. From each
data set, 3 ICs were chosen based on bilateral patterns that re-
sembled those of the visual, middle temporal, and auditory
RSNs. To generate group IC maps, each individual IC result
was normalized to its maximum value and averaged together
(Calhoun et al. 2001).

Results
Functional Connectivity Mapping

Seed-based correlation analysis, employing ROIs selected ac-
cording to the subject-specific field of view, was used to create
correlation maps for both DOT and fMRI data (Fig. 3a). DOT
maps demonstrated strong interhemispheric correlation be-
tween homotopic counterparts for each of the 3 ROIs, indicating
well-developed functional connectivity (Fig. 3b and Supplemen-
tary Fig. 2). Limited intrahemispheric connectivity was present.
Subject-specific neonatal head modeling enabled direct spatial
comparisons to nonconcurrent fcMRI data obtained in the same
subjects. Qualitatively, there is strong spatial agreement in cor-
relationmaps betweenmodalities for all hemodynamic contrasts
at the individual level (Supplementary Fig. 3).

Using spatial normalization methods, individual results were
mapped to a term neonatal template andmean correlationmaps
were created for each modality (Fig. 4). To visualize their spatial
extent over the cortical surface, voxel maps were projected
onto an average surface-based neonatal atlas (Van Essen et al.
2001). Following normalization, qualitative comparison of group

Figure 2.Neonatal headmodeling. (a) AnatomicalMR images (T1-weighted and T2-weighted) obtained for each individual infantwere used to create a subject-specific head

model. (b) The MR images were first segmented into 4 tissue types, namely, graymatter (GM), white matter (WM), CSF, and extracerebral tissue (scalp and skull). (c) A FEM

was created using the Nirview modeling software and then optical properties were assigned to each node according to the tissue type determined by the segmentation.

(d) The optode grid was placed over the headmodel based on the fiducial points measured during the DOT scanning session. (e) A subject-specific sensitivity matrix was

calculated using the NIRFAST light modeling software.
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mean correlation maps shows high spatial correspondence be-
tween fcDOT and fcMRI results (Fig. 4a). Similarities were also ap-
parent in the ROI-to-ROI correlationmatrices corresponding to all
seed pairs generated for both modalities (Fig. 4b).

Quantitative comparison of the interhemispheric correlation
between homotopic counterparts showed similar regional pat-
terns across hemodynamic contrasts (Fig. 4c). Specifically, aver-
age homotopic interhemispheric correlation coefficients for
ΔHbO2, ΔHbR, ΔHbT, and BOLD, respectively, were 0.24, 0.21,
0.21, and 0.22 for MT seeds, 0.33, 0.33, 0.33, and 0.38 for auditory
seeds, and 0.73, 0.57, 0.57, and 0.66 for visual seeds. Note that the
regional differences in the interhemispheric correlation coeffi-
cients are strongly matched across fcDOT and fcMRI maps and
within all of the fcDOT hemoglobin contrasts.

fcDOT and fcMRI Comparisons

fcDOT and fcMRI results were also interrogated on a voxel-by-
voxel basis. The similarity of group results generated using
each voxel as a seed location (as measured by the spatial correl-
ation of 2 images) is relatively smooth and even, with decreasing
values toward the edges of the field of view (Fig. 5). In particular,
the spatial correlation values obtained for the seed regions were
0.57 and 0.58 for left and right MT seeds, 0.61 and 0.62 for left and
right auditory seeds, and 0.68 and 0.64 for left and right visual
seeds. Note that DOT and fMRI data were preprocessed using dif-
ferent smoothing kernels (FWHM = 10 mm for DOT; FWHM = 6
mm for fMRI), which may affect the similarity maps (or spatial
correlation measures) obtained between modalities.

Independent Component Analysis

To evaluate results independent of ROI selection, we also ana-
lyzed fcDOT data using independent component analysis (ICA).
This approach revealed ICs corresponding to visual, MT, and
auditory RSNs for individual subjects. These ICs were also spa-
tially normalized and averaged to generate group results for

each network. Although quantitative comparisons between
methods are limited by differences in data processing, qualitative
comparisons between ICA and seed correlation analysis results
reveal strong spatial agreement (Fig. 6).

Discussion
Summary of Findings

Our results demonstrate successful bedside mapping of multiple
RSNs in healthy, full-term infants using fcDOT. While previous
applications of this modality in hospitalized neonates had been
limited to only mapping the occipital cortex (White et al. 2011),
the present work extends these methods to include multiple
functional regions and enables quantitative evaluation of region-
al patterns in functional connectivity. Furthermore, our results
show strong qualitative and quantitative agreement with those
obtained using fcMRI at both the individual and group levels, in
contrast to findings fromother optical imaging techniques. Final-
ly, and perhapsmost interestingly, the strength of the connectiv-
ity patterns measured using both fcDOT and fcMRI exhibits
regional variability that is consistent with the typical trajectories
observed in cortical maturation.

HD-DOT System Improvements and Advantages

The fcDOT methods applied in this investigation combine high-
density arrays and superficial signal regression methods to sep-
arate cerebral signals from systemic artifacts (Gregg et al. 2010;
Saager et al. 2011; Gagnon et al. 2012). While high-density arrays
provide improved brain specificity and image resolution, they
also introduce additional challenges related to cap ergonomics
and management of fiber bundles. To ensure satisfactory optical
coupling between fibers and scalp while providing sufficient sup-
port and comfort for extended scanning sessions in any clinical
setting, a neonatal imaging cap was designed using a combin-
ation of silicone fiber feedthroughs and anatomically formed

Figure 3. Single subject fcDOT and fcMRI comparisons. Resting-state functional connectivity maps obtained for a single infant. (a) ROI locations used in present analyses

overlaid on subject-specific DOTfield of view (blue). (b) Individual fcDOT correlationmaps illustrating identified networks. (c) fcMRI results from comparable analysis. Note

the high degree of spatial agreement between the fcDOT and fcMRI results. All results are overlaid onto sagittal, coronal, and axial slices of the infant’s T2-weighted MRI

volume centered at each seed location. Color threshold r > 0.2 (Vis, visual; MT, middle temporal; A1, auditory).
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plastic tiles integrated into a conformable neoprene headband
(Fig. 1). In addition, to manage and optimize the cap fitting
procedure, real-time visualizations of raw data quality were
used to track and correct poor fiber-scalp coupling and subject
motion issues. Motion artifacts are a frequent source of spurious

correlations in functional neuroimaging investigations that re-
quire identification and censoring to ensure fidelity of results
(Power et al. 2012).

Improvements in instrumentation and data quality motivate
advancements in realistic forward light modeling. An early

Figure 5. Voxelwise comparisons. Spatial correlations (Pearson’s r) of correlationmaps (ΔHbO2 vs. BOLD) calculated for each possible seed located within the DOT field of

view. The DOT field of view was defined as the intersection of the individual field of view (defined in the atlas space) corresponding to each subject.

Figure 4. Group comparisons. (a) Average correlation maps for a group of 9 healthy, full-term infants. All maps are displayed on an average surface-based atlas of the

neonatal cortex. (b) ROI-to-ROI correlation matrices for fcDOT (left) and fcMRI (right) group maps. Seeds are organized from left (l) to right (r). (c) Average

interhemispheric correlations for each pair of seeds and contrasts (i.e., oxygenated hemoglobin, deoxygenated hemoglobin, total hemoglobin, and BOLD). Error bars

denote standard error across subjects.
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example of infant DOT demonstrated the three-dimensional cap-
abilities of finite element modeling (Hebden et al. 2002; Gibson
et al. 2006). While a number of papers have reported sparse op-
tical imaging in infants, the use of subject-specific, neonatal
headmodels with anatomically derived interior tissue structures
has been limited to simulation studies (Heiskala, Hiltunen, et al.
2009; Heiskala, Pollari, et al. 2009; Dehaes, Grant, et al. 2011;
Dehaes et al. 2013). The lack of optical in vivo reports of fcDOT
with anatomic head models is presumably due to the need for
high-resolution neonatal MRI data and the limited availability
of tools for automatic segmentation of neonatal brains. In this
study, our neonatal head modeling pipeline enables accurate re-
construction of DOT data that is automatically coregistered with
the infant’s brain anatomy (Fig. 2). This approach facilitates spa-
tial comparisons with other imaging modalities including fMRI
(Figs 3 and 5), allows for spatial normalization and group aver-
aging (Figs 4 and 6), and enables the use of standardized seed
locations for functional connectivity analyses.

Comparison of fcDOT and fcMRI Results

There is remarkable qualitative and quantitative agreement be-
tween the functional connectivity measures obtained using
fcDOT and fcMRI despite differences in spatial resolution.
(fcDOT spatial resolution is ∼10 mm, whereas fcMRI spatial reso-
lution is ∼6 mm.) Whereas both modalities enabled quantitative
and qualitative assessment of investigated RSNs across all sub-
jects with satisfactory data quality, HD-DOT provided thesemea-
sures from testing performed at the bedside. The technical
advances incorporated in the current systemensure this technol-
ogy can be translated readily to any medical setting, from the
normal newborn nursery to complex environments such as
the neonatal intensive care unit (NICU). Thus, infants can under-
go serial investigations of functional cerebral development

throughout their nursery course, assessments not technically
and logistically feasible for many neonatal clinical populations
of interest using existing MRI technology.

In addition, due to the sensitivity to oxygenated and deoxyge-
nated hemoglobin, NIRS techniques such as DOT can potentially
provide information on regional changes of tissue oxygena-
tion (StO2) and oxygen extraction fraction in the infant brain
(Franceschini et al. 2007). Recent efforts have demonstrated the
feasibility and utility of measuring cerebral blood flow dynamics
using laser speckle techniques (Durduran and Yodh 2014). When
flow is combined with measures of OEF, the cerebral metabolic
rate of oxygen consumption (CMRO2) can be calculated (Culver
et al. 2003; Durduran et al. 2004; Roche-Labarbe et al. 2010).
These studies complement our studies of functional connectiv-
ity, particularly the work in infants which show that baseline
hemodynamics change as a function of gestational and chrono-
logical age (Roche-Labarbe et al. 2012; Lin et al. 2013). This is par-
ticularly relevant to the study of infants born prematurely orwith
cerebral injury who might show atypical hemodynamic re-
sponses because their vasculature, and consequently their neu-
rovascular coupling, is either not fully mature or injured
(Colonnese et al. 2008; Arichi et al. 2012; Colonnese and Khazipov
2012; Kozberg et al. 2013).

Developmental Implications

Importantly, the interhemispheric correlation results for both
fcDOT and fcMRI exhibit different strengths based on the region
investigated (Vis > A1 >MT,whereVis, A1, andMT refer to the vis-
ual, auditory, and middle temporal visual cortical areas, respect-
ively). These measures presumably reflect differential rates of
RSN development, concordant with prior investigations in in-
fants (Doria et al. 2010; Lagercrantz 2010; Smyser et al. 2010). It
is assumed that the development of RSNs is dependent on

Figure 6. Seed-based versus ICA fcDOT groupmaps. Meanmaps projected on the average surface-based neonatal atlas obtained using (a) seed-based correlation analysis

and (b) ICA exhibit remarkably similar spatial patterns for 3 investigated resting-state networks.
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synchronous maturation of cortical gray and white matter, with
identified patterns reflecting known spatial and temporal gradi-
ents in early structural cerebral development. Formation of
RSNs is dependent on normative cortical development, begin-
ning with subplate synaptogenesis and formation of thalamo-
cortical connectivity. These procedures are programmatically
followed by the establishment of cortical connections and prolif-
eration of axons and glia. Synaptogenesis and overproduction of
dendritic spines follow in a region- and cortical layer-specific
manner, with increases in synaptic density and dendritic arbor-
ization leading to thickening of the cerebral cortex. Anatomic dis-
tance plays a key role in establishment of these early cortical
connections. This cortical expansion is offset by programmed
neuronal apoptosis and a protracted process of pruning and re-
organization of weaker synapses and dendritic spines (Mrzljak
et al. 1992; Petanjek et al. 2008, 2011; Lagercrantz 2010). Myelin-
ation, critical for enhancing propagation of action potentials,
also begins during this period. This process also proceeds in an
orderly manner, progressing outward from the central sulcus
toward the poles, with posterior sites preceding frontotemporal
locations. These structural processes are gradually shaped by
emerging, spontaneous neuronal activity and external stimuli
(Shatz 1996; Petanjek et al. 2011). Early development in the pri-
mary motor and sensory cortices (e.g., visual cortex) has been
well described, while maturation in areas of association cortex,
such as those located in the parietal or frontal lobes, occurs rela-
tively slowly (Meyer 1961; Sidman and Rakic 1982; Lagercrantz
2010; Petanjek et al. 2011). The ranking of correlation coefficient
magnitudes in this investigation is consistent with these pat-
terns and suggests that fcDOT, similar to fcMRI, is sensitive to
these neurodevelopmental changes (Smyser et al. 2016).

Relation to Previous Optical Studies of Functional
Connectivity in Infants

A small number of prior studies have evaluated functional con-
nectivity networks in healthy term (Homae et al. 2010) and pre-
term infants (Fuchino et al. 2013; Imai et al. 2014) using sparse
optical arrays with larger SD separations (∼2 cm). While the
head coverage was relatively comprehensive, the connectivity
analysis used the time series of single NIRS channels (i.e., SD
pair measurements) rather than voxel data. In contrast to prior
fcMRI investigations in neonates that demonstrated bilateral cor-
relation between homotopic counterparts in both term- and pre-
maturely born infants (Fransson et al. 2007, 2009; Lin et al. 2008;
Doria et al. 2010; Smyser et al. 2010; Gao et al. 2011), these sparse
optical studies reported only unilateral correlation patterns in
newborn infants (i.e., no correlations were evident between
homotopic regions). The reasons for the differences from fcMRI
are not clear, though potentially partial volume effects and/or
scalp contamination, both common in sparse optical array
data, may be contributing factors. In contrast to the previous
sparse optical studies, the congruence of these HD-DOT results
with the neonatal fMRI neuroimaging literature suggests that
HD-DOT imaging systems can provide image resolution sufficient
for accurate and quantitative mapping of distributed functional
networks.

Caveats and Limitations

The use of subject-specific structural MRIs validated the indivi-
dualized DOT reconstructions relative to subject-matched fMRI
maps. However, despite improved accuracy in forward head
modeling, this approach is not sufficient for some portable

applications (including serial fcDOT measurements) due to the
need for subject-specific MRI. For infants without MRI, subject-
specific headmodels can potentially be obtained by transforming
atlas head models, as has been demonstrated for adults (Custo
et al. 2010; Ferradal et al. 2014). The combination of atlas trans-
formation techniques with aged-matched neonatal templates
(Brigadoi et al. 2014) could provide realistic head models that
integrate the detailed internal structure provided by the anatom-
ical atlas and the subject’s external head shape by means
of a nonlinear warping procedure.

Owing to the poor image contrast of the very thin skull layer in
the structuralMRIs, headmodelswith a single extracerebral layer
that combined both skull and scalp optical properties were used.
While identifying the skull layer is of critical importance in EEG
forward modeling due to the electrical properties of bone, this
is not the case in optical imaging applicationswhere the neonatal
optical properties of scalp and uncalcified skull are not signifi-
cantly different (Heiskala, Pollari, et al. 2009; Dehaes, Kazemi,
et al. 2011). Extensions of this work will consider generic head
models with multiple extracerebral tissue layers, potentially
derived from existing combined MRI (soft tissue) and CT (bone)
data sets.

An obvious limitation of the current study is that the HD-DOT
system used does not provide full head coverage of the infants.
This limitation is faced byall current DOT systems.While healthy
adults have been imaged with a larger (>1200) SD pair measure-
ment system (Eggebrecht et al. 2014), for clinical imaging, the cur-
rent channel count (>300) represents the state-of-the-art. For the
purposes of establishing the regional correspondence between
quantitative functional connection strengths, the field of view
was sufficient. For more comprehensive mapping of the evolu-
tion of functional connectivity throughout development, an
HD-DOT system with greater coverage will be required.

Conclusions
Bedside application of fcDOT enables accurate assessment of
network-specific patterns of functional connectivity develop-
ment in infants. Results for cortical networks investigated with
fcDOT are similar to those obtained with fcMRI using qualitative
and quantitative comparison approaches. Correlation coefficient
magnitudes correspond to known rates of cortical maturation in
healthy, term infants. These advances in acquisition and ana-
lysis methods enable successful and relatively faster collection
of high quality fcDOT data in neonates in any medical setting,
from the newborn nursery to the NICU. Establishing the relation-
ship between fcDOT results, structural neuroimaging findings,
and neurodevelopmental outcome measures may provide novel
optical imaging biomarkers of brain injury and adverse neurode-
velopmental outcomes that enable improvements in clinical
care.
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