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Abstract
Resting-state networks derived from temporal correlations of spontaneous hemodynamic
fluctuations have been extensively used to elucidate the functional organization of the brain in
adults and infants. We have previously developed functional connectivity diffuse optical
tomography methods in adults, and we now apply these techniques to study functional
connectivity in newborn infants at the bedside. We present functional connectivity maps in the
occipital cortices obtained from healthy term-born infants and premature infants, including one
infant with an occipital stroke. Our results suggest that functional connectivity diffuse optical
tomography has potential as a valuable clinical tool for the early detection of functional deficits
and for providing prognostic information on future development.
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Introduction
Survival rates for preterm infants have improved dramatically in recent decades due to
advances in perinatal and neonatal care. However, this reduction in mortality has not
translated into a reduction in neurodevelopmental morbidity (Fanaroff et al., 2003). More
than one half of preterm infants will suffer from neurobehavioral (or functional)
impairments in a broad range of motor, cognitive, and behavioral domains (Holsti et al.,
2002; Taylor et al., 2004; Woodward et al., 2009), placing a significant burden on families
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and society (Gilbert, 2006; Korvenranta et al., 2010). Furthermore, there is often a delay in
the recognition of functional deficits due to few early behavioral manifestations and a
paucity of effective early screening methods (Anderson et al., n.d.; Hack et al., 2005). While
recent neuroimaging research using magnetic resonance imaging (MRI) and cranial
ultrasonography has provided an understanding of the structural alterations associated with
adverse neurodevelopmental outcomes in preterm infants (El-Dib et al., 2010), prediction of
later disability remains modest. An enhanced understanding of the nature and timing of
alterations in cerebral development associated with preterm birth (and improved predictive
power for later disability) is likely to be achieved using methods based on cerebral function
rather than structure (Seghier and Huppi, 2010).

Novel imaging methods using functional connectivity MRI (fcMRI) have been employed to
define the brain’s functional network architecture (Biswal et al., 1995; Fair et al., 2007; Fox
et al., 2005; Fox and Raichle, 2007). These techniques are based on the synchronous,
spontaneous fluctuations of cerebral blood flow in different regions of the brain that are
functionally, yet not necessarily anatomically connected. These resting-state approaches
have the advantage of mapping many different networks simultaneously and (importantly
for infants) of not requiring the subject to perform tasks. Recent fcMRI studies have begun
to establish the patterns of longitudinal functional network development (Fair et al., 2007;
Fransson et al., 2007, 2009; Lin et al., 2008; Smyser et al., 2010). However, MRI techniques
pose significant logistical barriers for use in preterm infants, largely related to challenges in
transportation to the MRI scanner. Access is most difficult for the smallest and sickest
prematurely born infants; yet these infants are at greatest risk for adverse
neurodevelopmental outcomes. In addition, as cerebral structure and function are evolving
rapidly from 24 weeks postmenstrual age (PMA) to term equivalence, frequent serial
scanning (e.g., daily or weekly), which is not practical with MRI, may reveal the
development of disease or disability over the neonatal intensive care course. Thus, the
development of a bedside method to define functional networks in the preterm infant would
allow serial evaluation of functional cerebral development in all infants within the neonatal
intensive care unit setting.

Optical neuroimaging methods could potentially fulfill this role. Using a non-invasive
measurement of hemoglobin absorption spectra as used in pulse oximetry, optical systems
map the concentrations of both oxy- (HbO2) and deoxy- (HbR) hemoglobin. At its simplest,
this technique can be used with distinct (or “sparse”) source-detector pairs, each over a brain
region of interest—an implementation usually called near infrared spectroscopy (NIRS).
However, standard NIRS systems take only a few widely distributed measurements and are
thus limited with regard to comprehensive brain mapping. Additionally, they can suffer from
drawbacks. First, as every measurement is a mixture of hemodynamics occurring in multiple
tissue layers, it can be difficult to discriminate the brain signal of interest (Gregg et al.,
2010). Second, the large gaps between measurements result in low spatial resolution and a
decreased ability to correctly localize activations (White and Culver, 2010a).

In order to overcome these limitations, diffuse optical tomography (DOT) systems have
been developed (Bluestone et al., 2001; Hebden et al., 2004; Joseph et al., 2006; Wylie et
al., 2009; Zeff et al., 2007). Improved source and detection instrumentation allows
measurements that overlap both laterally and in depth. The entire set of measurements can
be inverted to create a 3D reconstruction of hemodynamic changes (in much the same way
as a CT scan is derived from multiple X-rays) (Arridge, 1999). DOT systems thus have
improved spatial resolution and the ability to distinguish superficial noise from the brain
signal of interest.
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As DOT combines the portability and cap-based scanning of EEG with spatial resolution
high enough to create detailed cortical maps (White and Culver, 2010a, 2010b), it has the
potential to be a powerful bedside clinical neuroimaging tool. Recently, functional
connectivity methods have been extended to high density DOT (fcDOT) in adults (White et
al., 2009) and have been subsequently developed with sparse NIRS topography in adults (Lu
et al., 2010) and infants (Homae et al., 2010). In this paper, we apply fcDOT to bedside
imaging of neonates within the first month of life, further developing pilot studies in infants
that have demonstrated the feasibility of high-density imaging arrays in the neonatal
environment (Liao et al., 2010). We show fcDOT images in both term and premature
infants. Additionally, we show how these maps can be disrupted through brain injury. As
these proof-of-concept results are extended, we expect that fcDOT can become an important
diagnostic and prognostic tool for neonatologists.

Materials and methods
Subjects

Subjects were recruited from the nurseries of Barnes-Jewish and St. Louis Children’s
Hospitals. Informed consent was acquired from the infants’ parents. The study was approved
by the Human Research Protection Office of Washington University in St. Louis. We
scanned three term-born and five premature infants. One preterm infant had a unilateral
occipital stroke. Another preterm infant had significant morbidities including extreme
prematurity (born at 23 5/7 weeks of gestation), chronic lung disease, high stage retinopathy
of prematurity, and bowel perforation. This infant had evidence of evolving grade III
intraventricular hemorrhage (IVH) on serial cranial ultrasounds, but the term-equivalent
MRI of the head showed only minimal anatomical abnormalities. All other preterm infants
had relatively less complicated hospital courses. The term-born infants were scanned within
the first three days of life. Each premature infant was scanned once, at a time point based on
availability during his/or hospitalized course (see Table 1 for specifics). Relevant
demographic and clinical information about the patients is included in Table 1. All infants
were scanned in their bassinets or incubators while quietly resting or sleeping (although
sleep state was not actively monitored) (Liao et al., 2010).

DOT data collection
For this study, we used a custom-built high-density DOT system (Zeff et al., 2007) with an
optode array consisting of 18 sources and 16 detectors (Fig. 1A) for 106 total measurements.
Each source position consisted of two near infrared wavelengths (750 nm and 850 nm) of
light emitting diodes (LEDs). The system operates in continuous-wave mode with a frame
rate of 10.78 Hz. The imaging cap consisted of flexible optical fiber bundles embedded in a
silicone array. This soft pad was held against the head using neoprene straps and Velcro.
The array was placed just superior to the inion, in order to be superficial to the occipital
(visual) cortex (Fig. 1B). All scans were taken within 2 h after feeding in an isolated, dimly
lit room either in the nursery at Barnes-Jewish Hospital or in the Neonatal Intensive Care
Unit (NICU) at St. Louis Children’s Hospital. The total duration of the resting-state data
acquisition ranged from 10 to 20 minutes depending on the cooperativeness of the infant.

Data pre-processing
Resting state data were acquired using the DOT system with good signal-to-noise well
above the noise floor (Fig. 1C). The data were cleaned of both motion artifacts and
superficial hemodynamic signals. Motion artifacts are visible as sharp changes in intensity
across many channels in the raw intensity measurements. Using this visual identifier of
motion, time periods with no visible artifacts were chosen for further analysis (yielding data
of lengths between two and eleven minutes). The source-detector data was converted to log-
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ratio data consistent with the tomographic data inversion routine (Rytov approximation) and
was filtered to the frequency band of 0.009 to 0.08 Hz following fcMRI and fcDOT
algorithms (Fox et al., 2005; White et al., 2009).

Physiological noise was reduced using a superficial signal regression procedure (Gregg et
al., 2010). The source-detector measurements with the shortest separations (called first-
nearest neighbors) are separated by 1 cm and are primarily sensitive to the scalp and skull.
Second-nearest neighbors (2.2 cm separation) have significantly greater sensitivity to the
brain. To remove systemic and superficial hemodynamics we linearly-regressed out an
average of the first-nearest neighbor measurements from all of the individual measurements
(Gregg et al., 2010; Saager and Berger, 2005, 2008; Zeff et al., 2007). In order to reject
measurements with motion artifacts or poor optode coupling to the head, source-detector
channels with high standard deviation (>7.5%) are excluded from further analysis. An
average first-nearest neighbor measurement had a standard deviation of 1.6%, and an
average second-nearest neighbor, 3.0%. So, the adopted standard deviation threshold can
exclude abnormally large variations while preserving normal physiology. Within a range,
the reconstruction is relatively insensitive to the exact threshold chosen. Across all sessions,
this procedure kept 98% of first-nearest neighbor signals and 96% of second-nearest
neighbor signals.

DOT head modeling and image reconstruction
Homogeneous head models with estimated optical properties have been widely used in
previous evoked and resting-state studies (Hebden et al., 2002; Zeff et al., 2007) in both
infants and adults. This approach is supported by studies showing that the use of differential
measurements minimizes the errors introduced by either incorrect baseline optical properties
(Strangman et al., 2003) or by a heterogeneous/homogeneous structural model mismatch
(Gibson et al., 2005). While semi-infinite (Abdelnour et al., n.d.) or hemispherical models
(Zeff et al., 2007) are common geometries for NIRS analysis, here we have developed a
more realistic head model derived from a head atlas consisting of twelve T2-weighted MR
images of healthy term-born infants. Using Mimics 3D modeling software, we segmented
the outer surface of the MRI atlas and created a finite-element model consisting of 43,410
nodes and 260,246 tetrahedral elements (Fig. 1A). Homogeneous optical properties
(absorption coefficient: μa and reduced scattering coefficient: μ′s) were assumed for the
whole head (μa=0.19 cm−1 μ′s=12 cm− at 750 nm and μa=0.19 cm−1 μ′s=11 cm−1 at 850
nm, obtained from Strangman et al. (2003)). While these values were obtained from adults,
studies comparing optical properties in adults and infants have generally shown similar
optical properties in both groups (Fukui et al., 2003), and most NIRS/DOT studies of infants
use adult values for relevant head-averaged optical constants (Gibson et al., 2003;
Franceschini et al., 2007).The optode array was placed over the back of the head model just
superior to the inion, as shown in Fig. 1A. Based on the anatomical model and the optode
positions, a sensitivity matrix was generated using NIRFAST light modeling software
(Dehghani et al., 2003). Volumetric reconstructions of absorption coefficient at both 750 nm
and 850 nm co-registered with the anatomical MRI atlas were obtained. Three dimensional
maps of concentration changes of HbO2 and HbR were computed using the extinction
coefficients of each hemoglobin species (Wray et al., 1988).

An average surface-based atlas of the neonatal cortex derived from the same cohort of term-
born infants was used to perform 3D visualization of reconstructed DOT data. The surface
was created following the method described in Hill et al. (2010), while the surface mapping
was performed using Caret software (Van Essen et al., 2001).
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Functional connectivity analysis
We analyzed resting-state brain functional connectivity in two manners. First, 6 mm spheres
in the visual cortex were chosen as regions of interest (ROIs) based on anatomic landmarks
(the inion and the calcarine sulcus). From these ROI positions, seed time traces were
extracted for each of the three hemodynamic contrasts. These time courses were then
correlated with every other voxel within the field of view to generate correlation (r) maps.

Second, we performed independent component analysis (ICA). After the imaging described
above, we used FastICA (Hyvarinen, 1999) to perform temporal ICA on the sequence of
images, with the same preprocessing steps and non-linearity function as were used in our
previous study of adult visual activations (Markham et al., 2009). For each data set, we
extracted between 10 and 20 independent components, from which components
corresponding to the visual resting-state network were chosen. For the independent
component (IC) selection, we followed an fcMRI approach in which templates are used to
identify network patterns (Damoiseaux et al., 2006). Our IC selection is similar with the
exception that a smaller number of independent components were estimated due to our
smaller field of view. In particular, we used a bilateral template to identify the IC located
over the visual cortex. If a bilateral pattern was not present, we identified the most defined
unilateral response. In order to validate our selection, we analyzed the spectrum of the
associated time course and verified that it exhibited high power within the functional
connectivity frequency band (0.009 to 0.08 Hz). The excluded components exhibited
patterns that can potentially be associated with artifacts such as head motion and
physiological noise (Beckmann et al., 2005). This method to sorting ICs is similar to that
used in fcMRI studies using ICA (Damoiseaux et al., 2006). The contribution of each IC to
every voxel’s time course is described by a weighting matrix that can be displayed as an
image showing how the particular hemodynamic activity of that IC is spatially distributed
through the brain. Whenever we display images of “independent components” we are
actually displaying this weighting. As independent components are only unique up to a
multiplicative constant, we normalize the maximum amplitude of each such image to one.

Low frequency power analysis
The measurement of resting-state networks (using either seed-based or ICA methods) could
be a powerful method for determining whether functional connections are developing
normally. However, they inherently discard the magnitude of the spontaneous fluctuations.
To provide a more comprehensive assessment, we also spatially map the magnitude (power)
of the variance in the low-frequency band. In principle, the strength of the variance in the
hemodynamic signals is related to the local strength of intrinsic brain activity. Thus, we
generated spatial maps of the measured variance of the hemoglobin time traces within each
voxel over time (again, filtered to the 0.009 to 0.08 Hz frequency band associated with
resting brain activity). Methods similar to this have recently been developed for examining
brain aging with fMRI (Garrett et al., 2010).

Results
Data from the healthy term-born infants showed strong correlations between the two visual
seeds in all three hemodynamic contrasts (Table 2). When the seed was placed in the left
visual cortex, maps of correlation coefficients for each seed showed ipsilateral correlations
as well as correlations with the contralateral visual hemisphere (Fig. 2A). Symmetric
patterns were seen with the seed in the right visual hemisphere (Fig. 2B). Similar bilateral
correlation patterns were seen in the visual cortices of premature infants with less
complicated hospital courses (Figs. 2C-D). Correlation maps obtained for these six healthy
subjects using right seeds in the visual cortex show a similar bilateral network (Fig. 3).
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We also scanned two premature infants with complicated clinical courses. One had a large
left hemisphere occipital stroke (Fig. 4A). In this infant (preterm5), seeds placed in either
the right visual cortex or on the left side of the imaging domain (where an operator naïve of
the stroke would expect the left visual cortex) generated only unilateral correlation patterns
(Fig. 4B). In all three contrasts, the two seeds were uncorrelated (Table 2). This result shows
that fcDOT can be sensitive to neuronal injury. We also performed fcDOT on a second
prematurely born infant who had a complicated clinical course (preterm4), including
prolonged mechanical ventilation, bowel perforations requiring multiple surgeries, and high
grade retinopathy of prematurity requiring laser eye surgery. This infant had early evidence
of grade III intraventricular hemorrhage (IVH) on serial cranial ultrasounds, but had
minimal anatomical abnormalities noted on term-equivalent MRI (Fig. 5A). In this case, the
analysis showed similar connectivity patterns in the visual network to those in healthy
infants (Fig. 5B) and strong inter-hemispheric correlation coefficients (Table 2). A
comparison of correlation values for all infant groups is shown in Fig. 6.

The seed-based method allows us to measure specific correlations, but can be sensitive to
the exact placement of the seed location. To provide a complementary analysis without use
of seeds, we also evaluated the visual resting-state network using ICA. Although
quantitative comparisons between both methods are difficult due to differences in the data
processing involved in each technique, the functional maps obtained using either ICA or
correlation analysis show remarkably similar results. Bilateral components were found for
both healthy term-born infants (Fig. 7A), preterm infants with relatively less complicated
clinical course (Fig. 7B), and Preterm4 (the infant with the complicated clinical course
without anatomical brain injury, Fig. 7C). ICA of the images from the preterm infant with
the occipital stroke (Preterm5) showed only unilateral patterns. As expected, the right
hemisphere correlation map resembles the ICA result (Fig. 7D). We also found a separate
component that resembles the correlation map obtained with a seed placed over the left
hemisphere. However, no ICs were found for Preterm5 that exhibited bilateral patterns as in
the case of healthy infants.

Both ICA and seed-based methods are able to find correlated structures that in principle map
functional connections. However, based on the data presented in this paper, we cannot make
any claims about functional connectivity networks or correlations being different between
premature and term infants. These results rather seem to show overall that (in the visual
network at least) both groups of infants have similar correlation patterns and strength. While
there are certainly small differences, we suspect that these are either due to physiological
noise or instrument noise.

We also evaluated the utility of mapping the magnitude of the local variance in the low
frequency band. Examination of the power spectrum of resting-state time traces of the left
and right seeds showed that, in a healthy infant, the pattern of a 1/f curve (<0.1 Hz), and a
pulse peak (2–3 Hz) is almost identical in both hemispheres (Fig. 8A). However, in the
infant with the unilateral stroke, pulse was seen in both hemispheres, but the low frequency
content was lower in the affected hemisphere (Fig. 8B).

Maps of the relative power in the frequency band corresponding to resting-state brain
activity (0.009–0.08 Hz) showed highly bilateral patterns of resting-state brain activity in the
healthy term-born infants (Fig. 9A) and as well as in preterm infants with less complicated
clinical courses (Figs. 9B-C). However, in the infant with the stroke, we see an asymmetric
pattern with attenuated power in the stroke area (Fig. 9D).
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Discussion
In this paper, we have shown the results of functional connectivity analysis in the occipital
cortex using both seed-based methods and ICA. Although quantitative comparisons between
both methods are difficult due to differences in the data processing involved in each
technique, the functional maps obtained using either ICA or correlation analysis show
remarkably similar results. These analyses demonstrate strong bilateral functional
connectivity within the visual network in both healthy preterm and term infants. While not
all functional connectivity networks are fully-formed in preterm and term neonates, previous
fMRI results have shown that bilateral occipital connections occur at all ages that we have
measured here (Fransson et al., 2007; Smyser et al., 2010; Doria et al., 2010). Thus, this
network is a good model system for the proof-of-principle of bedside mapping with optical
neuroimaging. While our results exhibit small differences between individual neonates,
further studies with larger populations are needed to allow full statistical analysis of any
differences and to separate the contribution of various physiological noise sources. Such
statistical methods, including Fischer z-transformations have been developed for fcMRI, and
these techniques will need to be adapted for future fcDOT analysis.

The fcDOT results in the infant with the stroke demonstrate the feasibility of detecting
ischemia. Correlation analysis shows only unilateral connectivity for the infant with an
infarcted left occipital cortex. ICA supports this result, demonstrating only unilateral
independent components. That we continue to see connectivity within the left hemisphere is
likely due to correlated noise within the infarct. Each voxel is required to have a correlation
value of 1 with itself. Due to DOT having a point-spread function about the same size as our
seed-averaging ROI, any seed will be surrounded by an area of high correlation even if the
signal is just noise. That the region of correlation extends beyond this point spread function
is due to either contamination by superficial signals into deep signals or due to correlated
motion of the infarcted tissue. In neither case would the correlation be due to neural signals
since there are no functional neurons in the tissue volume. Furthermore, this result is not
affected by the exact ROI chosen.

In total, we have shown how functional connectivity can be acquired at the bedside in the
nursery and neonatal intensive care unit with diffuse optical tomography. The visual
networks that we have found extend our preclinical work in healthy adults and represent the
first diffuse optical tomography of resting-state networks in infants. Our results are in
agreement with previous fcMRI literature of infants (Fransson et al., 2007, 2009; Lin et al.,
2008; Smyser et al., 2010), where although there is controversy about unilateral
sensorimotor networks, the visual network is always reported as bilateral. These results
serve to validate neonatal fcDOT in a well-studied network against the gold standard of
fcMRI.

In contrast, in an fcNIRS study of infants (Homae et al., 2010), the authors only found a
bilateral visual network develop at 3 months of age. It might be that their study did not see a
visual network due to contamination from superficial artifacts, which are of major concern
in NIRS studies and can lead to spurious reporting of hemodynamic signals. The
methodology used in this paper, including superficial signal regression and tomographic
image reconstructions, has been shown to have better brain specificity than NIRS (Gregg et
al., 2010; Liao et al., 2010; Saager and Berger, 2008; Boden et al., 2007). Within the context
of functional connectivity, in our earlier study of adults, we did see that, when linear noise
regression methods were not used, networks could be hidden by artifacts from both
superficial/systemic contaminants and noise from optode motion (White et al., 2009).
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Although the visual cortex was a good starting point, it is not a cortical area that is
especially vulnerable to injury in premature infants. Despite these limitations, the results
shown here do demonstrate the promise for the clinical utility of fcDOT. The bilateral
correlation pattern seen in healthy infants is disrupted specifically within a subject with
occipital cortex injury. Future work is needed to extend fcDOT imaging to brain regions that
are more clinically relevant, especially the motor network (of relevance to cerebral palsy)
and the default mode network (which has seen growing interest in cognitive neuroscience).
As DOT is limited in its depth of penetration, it will thus most likely be unable to map the
entirety of these networks (for example, it might not be able to detect the cingulate portions
of the default network). However, while not a full mapping, even a limited evaluation of
these connections would hopefully yield information about the state of various brain
networks, white matter integrity, and ischemia. Bedside measurements, even with limited
field-of-view, could serve as a screening test to select at-risk infants for a more complete
anatomic and functional MRI evaluation.

While, in the case of the occipital stroke, the stroke is immediately obvious from a structural
MRI, relying on structural MRI for diagnosis is not an ideal clinical scenario. First, it is
extremely difficult to predict when a future injury will occur. Thus, a method which can
offer imaging at multiple time points at the bedside holds more promise for detecting
potential indicators of developing injury. With longitudinal imaging, pre-injury conditions
might be able to be detected before they have progressed to such an irreversible stage, thus
allowing early intervention. Additionally, functional connectivity measurements might be
able to detect more subtle injury, such as lower correlations due to white matter injury that
could progress to cognitive deficits, but are not noticeable on anatomic imaging until far
advanced.

In addition to functional connectivity, we also studied the possible role of low frequency
power maps. We hypothesized that such a measure provides an alternate metric of each
cortical area’s function and might detect regions of injury independent of seed placement.
As there are non-neuronal physiological processes that also have 1/f spectra, we would not
expect low frequency power to be completely abolished in the affected area. With this
metric, we also saw bilateral patterns in healthy infants. In the infant with the occipital
stroke, low frequency power was stronger in the healthy hemisphere. Differences in the low
frequency power spectrum between subjects can also be noticed. It may be that these
differences relate to changes in neurovascular coupling, cerebral blood flow (CBF), or
cerebral blood volume (CBV) during development. A quantitative analysis of power
spectrum differences will require studies with greater numbers of subjects. We expect that
the power mapping technique could be a helpful clinical tool along-side more common
functional connectivity measures. Low frequency power could be measured continuously in
all cortical locations without need for user input. More detailed measures of functional
connectivity, checking for the integrity of networks, could be performed at various
longitudinal time points or when deficits in intrinsic brain activity are suspected from the
power maps.

The brain’s resting state can be studied both through the connections between regions and
through metabolism. While, we have studied purely the former in this paper, recent research
(Vaishnavi et al., 2010) has shown that brain networks can be intimately linked to metabolic
variations. Optical imaging has a long history of studying CBV, tissue oxygenation (StO2),
CBF, and the cerebral rate of oxygen metabolism (CMRO2) (Bouchard et al., 2009; Culver
et al., 2003, 2009; Devor et al., 2003; Dunn et al., 2005; Siegel et al., 2003; Villringer and
Chance, 1997). Recent studies in neonates have shown that baseline hemodynamics evolve
throughout early development (Roche-Labarbe et al., 2010). One of the advantages of
functional correlation analysis is that it inherently normalizes out absolute differences in
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parameters such as signal intensity. Thus, global differences in CBV and the strength of
neurovascular coupling should not affect the results presented in this paper, especially as we
examine only one region of cortex. However, as multiple regions of the brain might develop
at different rates, this effect might become more important in future investigations.

In the current study, we restricted the measurements to a small cortical area (visual cortex)
in order to provide higher imaging quality. However, with this limited brain coverage, we
cannot explore interesting issues such as negative correlations, as in several fMRI studies
(Fox et al., 2009). While some works argue that anticorrelations are caused by the global
signal regression method involved in the standard fMRI analysis (Birn et al., 2006;
Weissenbacher et al., 2009), others believe that these anti-correlated networks have an
underlying physiological meaning (Fox et al., 2005; Fox and Raichle, 2007). By expanding
the field of view, we would expect to be able to begin interpreting these negative
correlations in the fcDOT maps.

Future DOT systems will involve greater numbers of optodes, and thus be able to combine
high quality imaging with larger fields of view which, in turn, will allow the study of more
functional networks and their interactions. Although new developments can potentially
provide whole-head coverage, certain challenges such as ergonomics and inversion
problems will need to be considered. Regarding ergonomics, one must build a cap to fit a
certain number of fibers optics on the head. Multiple labs are working on developing
improvements to make whole-head, high-density imaging and we suspect that it will occur
in the near future. A second difficulty will then be computing power. The inversion problem
is already computationally intense even with the limited number of measurements and
voxels currently involved in regional imaging. Multi-scale techniques or other methods of
reducing the matrix size in the inversion step will probably need to be adapted for use in
whole-brain functional imaging.

The choice of the appropriate head model to use for any optical neuroimaging study is a
tradeoff between algorithmic simplicity and reconstruction accuracy. The ideal geometry
would be an anatomic model of the scalp, skull, CSF, and brain with individual optical
properties for each region. The majority of NIRS and DOT studies have instead used
simplified geometries (semi-infinite or hemispherical) with homogeneous or two-layered
optical properties. These methods have worked well in adult populations. However, as we
expected neonatal heads to depart more from these geometries, we used an MRI-derived
atlas of the neonatal head surface. While segmentation algorithms have been developed for
adult anatomic MRIs to assign optical properties to individual voxels, such methods have
not yet been derived for infants, due to relatively lower resolution and differences in T1- and
T2-contrast sensitivity of the brain. Thus, we used a homogenous model. The utility of
homogeneous optical properties is supported by several studies showing that ratiometric data
(signal variance divided by the average baseline value) mitigates potential model mismatch
(Gibson et al., 2005; Strangman et al., 2003). Further, the correlation method used in
functional connectivity divides out the magnitude of the variance in the data. Thus, the
current results are less sensitive to errors in the magnitude of the response. Nonetheless,
tissue-specific head modeling is becoming more accessible and future work will likely
provide improved imaging performance (Custo et al., 2010; Heiskala et al., 2009).

A potential challenge in imaging infants is the variable sleep states encountered. On the one
hand, recent work with fMRI has shown that within three primary sensory networks (visual,
auditory, and somatomotor) and three association networks (attention, default, executive),
functional connectivity is maintained throughout wakefulness to light sleep (Larson-Prior et
al., 2009). On the other hand, during deep sleep, some reduction in connections within the
default network has been observed (Horovitz et al., 2008). Studies in infants have shown no
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differences between functional connectivity in deep sleep and sedation (Doria et al., 2010).
Sleep state variances in our study are most likely between stages of light sleep and are
unlikely to influence the visual network results of this paper. However, future fcDOT studies
would benefit from monitoring the sleep state by EEG in order to account for a potential
source of variability between and within groups.

In conclusion, we have shown that bedside imaging of functional connectivity of both term
and preterm neonates is possible within the clinical environment. This methodology may
provide important diagnostic and prognostic information, allowing clinicians to identify
“functional lesions” and track functional development at the bedside. In addition, fcDOT
can be a useful tool to study the effects of various clinical interventions (such as ventilation
strategies, nutrition, and pharmacological therapies) and clinical risk factors (e.g., infections
and other co-morbidities) on the development of neural function during the initial
hospitalization. Functional along with anatomical lesions can further be used to better
predict future neurodevelopmental outcomes. Additionally, it might be possible to identify
optical imaging markers to define pre-injury conditions and allow early intervention before
damage has become more extensive. In these ways, fcDOT can complement the research
potential of fcMRI by adding longitudinal bedside imaging.
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Fig. 1.
Bedside functional imaging of infants with DOT. (A) Infant head model and visual cortex
imaging pad with 18 sources (red) and 16 detectors (blue), placed over the occipital cortex.
(B) Photograph of the optical probe on a premature infant in an isolette. (C) Detected light
level vs. source-detector separation on an infant. All first- and second-nearest neighbor pairs
were detected simultaneously and were well above the noise floor (shown by the horizontal
dotted line).
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Fig. 2.
Neonatal fcDOT using seed-based correlation analysis in the visual cortex (HbO2). (A, B)
Correlation maps using seeds placed in the left and right visual cortices of a healthy term
infant. Note the strong ipsilateral and contralateral correlations. (C,D) Correlation maps in a
preterm infant with relatively less complicated clinical course, which also show bilateral
correlation patterns. (All correlation images are scaled from r=−1 to 1 and have a threshold
at |r|>0.3. The area covered by the imaging pad is shown in cyan.).
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Fig. 3.
Correlation maps obtained for six infants without significant morbidities using right seeds in
the visual cortex (HbO2). (A) Individual correlation maps of three healthy term-born infants.
(B) Similar correlation patterns were obtained for three preterm infants with relatively less
complicated clinical courses.
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Fig. 4.
Neonatal fcDOT in a preterm infant with an occipital stroke (HbO2). (A) An axial slice
(neurological orientation) of a T2-weighted MRI of this infant done at approximately 36
weeks corrected gestational age, showing the stroke. (B) Correlation maps using seeds
placed where the left and right visual cortices are expected to be. In both cases, we see only
unilateral correlations. (All correlation images are scaled from r=−1 to 1.).
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Fig. 5.
Neonatal fcDOT in a preterm infant with a complicated clinical course. (HbO2). (A) An
axial slice (neurological orientation) of a T2-weighted MRI showing minimal anatomical
abnormalities at term-equivalent age, just prior to discharge. However, there appears to be
white matter changes in the periventricular regions. (B) Correlation maps using seeds placed
in the left and right visual cortices. We see the bilateral correlation patterns of a healthy
visual cortex (all correlation images are scaled from r=−1 to 1).
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Fig. 6.
Average interhemispheric correlation coefficients for all infant groups and all three
hemodynamic contrasts. Error bars show standard deviation over subjects (except for groups
with only one subject).
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Fig. 7.
Neonatal fcDOT using independent component analysis (HbO2). (A) Independent
component (IC) in a healthy term infant showing a bilateral pattern (similar to Figs. 2A-B).
(B) IC for a preterm infant with no significant anatomical brain injury (compare to Figs. 2C-
D). (C) IC for the preterm infant with a complicated clinical course (compare to Fig. 5B).
(D) Unilateral IC in the infant with the unilateral occipital stroke (compare to Fig. 4B). All
components are scaled to their maximum, keeping zero at the center of the color scale, and
the sign convention is that the strong “correlations” are positive; since ICA is unique only up
to a multiplicative constant. The color scale threshold is similar to seed-based analysis.
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Fig. 8.
Resting-state DOT power spectra in neonates (HbO2 and HbR). (A) In the healthy term-born
infant we can see a 1/f curve as well as pulse peaks in both visual hemispheres. (B) In the
infant with a left occipital stroke, we can still see systemic physiology in the affected
hemisphere (pulse, and some 1/f fluctuations), but low frequency power is markedly lower,
an indication of the lack of brain activity.
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Fig. 9.
Maps of resting-state low frequency power (HbR). (A) Maps of low frequency power in a
healthy term neonate. Note the bilateral pattern. (B, C) A similar bilateral power is seen in
preterm infants with no significant anatomical injuries. (D) In the low frequency power map,
power is only seen in the intact hemisphere in the infant with occipital stroke.
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Table 1

Subject demographic and clinical information.

Subject
code

Gestational age
at delivery

Gestational age at
DOT scan

Relevant clinical remarks

Term1 38 6/7 39 1/7 Healthy term infant

Term2 41 1/7 41 3/7 Healthy term infant

Term3 39 0/7 39 2/7 Healthy term infant

Preterm1 30 6/7 33 3/7 IUGR*, no known CNS injury

Preterm2 28 2/7 30 1/7
IUGR*, BPD

†
, grade I IVH**

Preterm3 24 6/7 32 5/7
BPD

†
, no known CNS injury

Preterm4 23 5/7 39 2/7
BPD

†
, intestinal perforation,

ROP
‡
, grade III IVH**

Preterm5 30 40
BPD

†
 left occipital hemorrhage

*
IUGR = intrauterine growth retardation

†
BPD = bronchopulmonary dysplasia

**
IVH = intraventricular hemorrhage

‡
ROP = retinopathy of prematurity.
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Table 2

Interhemispheric visual correlation values (Pearson’s correlations) in 8 infants.

Subject code HbO2 HbR HbT

Term1 0.84 0.93 0.75

Term2 0.68 0.56 0.73

Term3 0.65 0.90 0.68

Preterm1 0.76 0.77 0.55

Preterm2 0.57 0.46 0.74

Preterm3 0.80 0.79 0.74

Preterm4 0.82 0.72 0.61

Preterm5 0.19 −0.17 0.13

HbO2 = oxy, HbR = deoxy, HbT = total.
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