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Abstract
Extremely preterm infants’ hemodynamic instability places them at high risk of brain injury.
Currently there is no reliable bedside method to continuously monitor cerebral hemodynamics in
the neonatal intensive care unit (NICU). This paper reports a feasibility study to adapt and test an
innovative speckle contrast diffuse correlation tomography (scDCT) device for noncontact,
high-density, 3D imaging of cerebral blood flow (CBF) in preterm infants. The scDCT scans a
focused point near-infrared illumination to multiple source positions for deep tissue penetration,
and controls an electron multiplying charge-coupled-device camera with thousands of pixels to
achieve a high-density sampling. The optimized scDCT for use in preterm infants was first
evaluated against an established diffuse correlation spectroscopy in an infant-head-simulating
phantom with known properties. The observed significant correlation between the two
measurements verified the capability of scDCT for transcranial brain imaging. The insignificant
influence of transparent incubator wall on scDCT measurements was then confirmed by
comparing adult forearm blood flow responses to artery cuff occlusions measured inside and
outside the incubator. Finally, the scDCT device was moved to the NICU to image CBF variations
in two preterm infants. Infant #1 with no major organ deficits showed little CBF fluctuation over
the first 3 weeks of life. Infant #2 showed a significant CBF increase after the 2 h pharmacotherapy
for patent ductus arteriosus closure. While these CBF variations meet physiological expectations,
the fact that no significant changes are noted with peripheral monitoring of blood oxygen
saturation suggests necessity of direct cerebral monitoring. This feasibility study with timely
technology development is an important and necessary step towards larger clinical studies with
more subjects to further validate it for continuous monitoring and instant management of cerebral
pathologies and interventions in the NICU.

1. Introduction

Approximately 15 million children are born prematurely in the world every year (Blencowe et al 2013).
Survival rates for preterm infants have improved dramatically in recent decades due to advances in perinatal
and neonatal care (Hinojosa-Rodriguez et al 2017). However, this reduction in mortality has not translated
into a comparable reduction in neuro-developmental morbidity. Approximately one half of extremely
preterm infants suffer from neurofunctional impairments in a broad range of motor, cognitive, and
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behavioral domains, thus placing a significant burden on families and society. Major contributors to their
brain injury and hemorrhage are frequent fluctuations in cerebral blood flow (CBF) and cerebral
oxygenation superimposed on an immature brain structure and function (Noori and Seri 2015). As new
interventions and bundles are developed to reduce brain injury, a reliable noninvasive method for frequently
assessing cerebral hemodynamics at the bedside in the neonatal intensive care unit (NICU) is imperative.

Currently, clinicians rely mainly on techniques that indirectly measure cerebral perfusion (e.g. blood
pressure, pulse oximetry) for day-to-day management in the NICU. While recent neuroimaging researches
using cranial ultrasonography (Park et al 2015) and magnetic resonance imaging (MRI) (Wang et al 2018)
have provided better understanding of structural alterations associated with adverse neurodevelopmental
outcomes in preterm infants, prediction of later functional disability remains modest. Moreover, large
neuroimaging tools such as MRI are not practical for frequent use due to their size and cost.

Near-infrared spectroscopy (NIRS) and relevant tomography technologies have been used for decades as
noninvasive bedside tools for continuous monitoring of cerebral oxygenation (Zaramella et al 2006,
Underwood et al 2007, Naidech et al 2008, Hyttel-Sorensen et al 2013, 2015, Severdija et al 2015, Greisen et al
2016, Banerjee et al 2016, Chock et al 2016, Kooi et al 2017). Another recently developed dynamic NIRS
method, diffuse correlation spectroscopy (DCS), provides noninvasive CBF measurements (Boas et al 1995a,
Boas and Yodh 1997, Shang et al 2009, 2011, 2014, Buckley et al 2009, Kim et al 2010, Durduran et al 2010,
Cheng et al 2012a, 2014). However, most systems lack the combination of spatial resolution and wide
field-of-view (FOV) to image spatially distributed brain functions and discriminate the brain signal from
overlaying scalp and skull. A few high-density tomographic systems use numerous discrete sources and
detectors coupled with fiber bundles to a head cap (Hebden et al 2002, White et al 2012, Ferradal et al 2016).
However, adjusting and maintaining a stable optical coupling of numerous fibers to a small fragile neonatal
head (i.e. a contact measurement) is labor-intensive and poses great challenges to head cap design with safety
concern.

Recent development of a near-infrared (NIR) speckle contrast diffuse correlation tomography (scDCT,
US Patent #9 861 319, 2016–2036) (Yu et al 2016) provides a noninvasive noncontact optical tool for fast and
high-density 3D imaging of CBF distributions deeply into brains of rodents and neonatal piglets (Huang et al
2015a, 2017, 2019b, Yu et al 2016). This paper demonstrates the feasibility of adapting this innovative device
for noncontact 3D imaging of CBF distributions in preterm infants through the transparent incubator wall
in the NICU. An infant-head-simulating phantom with known optical properties were used to verify the
transcranial ability of scDCT against an established DCS. The incubator wall impact on the scDCT
measurement was evaluated by imaging forearm blood flow responses to artery cuff occlusions inside and
outside the incubator. Finally, the feasibility of scDCT use in the NICU was demonstrated by imaging CBF
variations in two preterm infants.

2. Methods

2.1. scDCT technology for 3D imaging of neonatal CBF
Details about the scDCT technology can be found in our previous publications (Yu et al 2016, Huang et al
2017, 2019b, Mazdeyasna et al 2018). As shown in figure 1(a), an electrically controlled galvo mirror (step
response time: 300 µs) scans coherent point light at 785 nm (DL785-100-S, coherence length >10 meters,
CrystaLaser) to multiple source positions on an adjustable region of interest (ROI). The power of incident
light from the scDCT on tissue surface is <0.5 mW (measured by a power meter), which meets Accessible
Emission Limit Class 3R of American National Standards Institute standard (<5 mW) for safety. An electron
multiplying charge-coupled devices camera (pixels: 1002× 1004; frame rate: 8 Hz, cascade 1 K,
Photometrics) is used to detect spatial speckle contrasts resulting from motion of moving scatterers (e.g. red
blood cells) in the selected ROI. A zoom lens (Zoom7000, Navitar) enables selection of the ROI and working
distance. The F number of the zoom lens was set to 8 to make the sensing meet Nyquist sampling criteria
(Boas and Dunn 2010). A long-pass filter (>750 nm, Edmund Optics) is installed in front of the zoom lens to
reduce ambient light. A pair of crossed linear polarizers are setting across the source and detector paths
respectively to block direct reflected rays from the source.

In the present study to balance the tempo-spatial resolution and ROI, 25 source positions were scanned
over an ROI of 40× 40 mm2 on infant’s forehead, which took about 20 s in total. The raw images were
collected via sequencing the source positions by the galvo mirror. Four frames were taken at each source
location for averaging to improve signal-to-noise ratio (SNR). Noises were first corrected from the raw
images including dark noise, shot noise, and the smear effect caused by frame transfer process (Huang et al
2015a, 2017). The spatial speckle contrast Ks (r) was quantified by calculating the light intensity ratio of
standard deviation (σs) and mean ⟨I⟩: Ks (r) = σs/⟨I⟩ in a defined detector on the camera that consisted of
7× 7 pixels at an area of 0.05× 0.05 mm2. Ks (r) values in adjacent 3× 3 detectors were then spatially
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Figure 1. Schematic of scDCT system. (a) Experimental setup for imaging an infant head. (b) Source-detector (S-D) arrangement
within the ROI of 40× 40 mm2. The 5× 5 sources (circles) and 21× 21 detectors (crosses) were evenly distributed on the
surface of the ROI to acquire boundary blood flow index data for 3D image reconstruction.

averaged to further improve SNR. A blood flow index (BFI(r)) at each source-detector (S-D) pair on the
measured tissue boundary was then extracted through a nonlinear relation between the boundary BFI(r)
and Ks (r) (Huang et al 2017).

As shown in figure 1(b), 21× 21 detectors were defined in the selected ROI for 3D image reconstruction.
With this S-D configuration, the distance between two adjacent detectors was 2 mm, which allowed
arrangement of 441 detectors without overlaps in the ROI on the infant’s forehead. The boundary BFIs
obtained from the effective S-D pairs ranging from 7 to 17 mm were used for image reconstruction,
according to our previous testing results (Huang et al 2017). Based on photon diffusion theory, penetration
depth of NIR light into biological tissues is approximately one half of the S-D distance (Irwin et al 2011,
Huang et al 2017). Therefore, the selected S-D pairs allow to catch photons from a maximum depth of
∼10 mm, reaching the infant brain.

The boundary BFIs were then implanted into a modified near-infrared fluorescence and spectral
tomography program that was developed previously by our group for expedient finite-element-method
(FEM)-based scDCT tomographic reconstructions (Lin et al 2014, Huang et al 2015a, 2017). The image
reconstruction was processed in a 60× 60× 30 mm3 slab with total mesh nodes of 20 K. The relative CBF
(rCBF) at each mesh node (light blue dots in figure 1(b)) was calculated by normalizing the BFIs to its
baseline value before physiological changes. Images are displayed with ParaView (Kitware), an open source
visualization tool.

2.2. Experimental design
2.2.1. Infant-head-simulating phantom tests
To address whether scDCT can be performed transcranially through the infant skull, we conducted
comparison flow measurements against the established conventional DCS in an infant-head-simulating
phantom (figure 2(a)). An infant skull (31 weeks after fertilization, from Evolution Store) was inverted and
filled with a liquid tissue phantom that consisted of distilled water, India ink (Black India) and Intralipid
particles (Fresenius Kabi). Concentration of Intralipid particles controls light scattering while concentration
of India ink controls light absorption. Brownian motion of Intralipid particles inside the liquid phantom
mimic diffusive movements of red blood cells (i.e. blood flow) in a bulk tissue volume (Boas et al 2016).
Based on phantom recipe, baseline optical properties of the Intralipid phantom at the room temperature
were set as: absorption coefficient µa = 0.05 cm−1 and reduced scattering coefficient µ ′

s = 8 cm−1 at the
wavelength of 785 nm. These optical properties at 785 nm were close to the reported values in the infant
brain measured at 788 nm (µa = 0.078 cm−1 and µ ′

s = 9.16 cm−1) (Zhao et al 2005).
Data were collected concurrently by the noncontact scDCT from the outer skull surface, and a contact

fiber-optic DCS probe placed directly on the surface of interior liquid phantom through the foramen
magnum. For the scDCT measurements, the ROI was reduced to 30× 30 mm2 to adapt the small area of
infant frontal skull. The skull thickness at the ROI was∼2 mm. Details for the DCS technology can be found
in previous publications (Boas et al 1995a, Boas and Yodh 1997, Cheung et al 2001, Durduran et al 2010,
Huang et al 2015b, 2015c, Agochukwu et al 2017). The DCS device used in this study consists of a
long-coherence-length (>10 m) NIR laser diode (785 nm, 100 mW, CrystaLaser), a single-photon-counting
avalanche photodiode (APD, Perkin Elmer), and a correlator board (correlator.com). Coherent light is
delivered to the phantom through a multimode source fiber (diameter: 200 µm) coupled to the laser diode.
The motion of moving Intralipid particles in the liquid phantom results in light intensity fluctuation, which
is collected by a single-mode detector fiber (diameter: 5 µm) coupled to the APD. The detected temporal
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Figure 2. Experimental setups to test the scDCT. (a) Test of scDCT with the infant-head-simulating phantom against DCS. The
scDCT scanned over an ROI of 30× 30 mm2 on the frontal head of the infant skull. A DCS probe was installed on the surface of
Intralipid phantom through foraman magnum. (b) Test of scDCT with the human forearm through the incubator wall, with an
ROI of 40× 40 mm2 on the forearm. (c) Test of scDCT with an infant in the NICU, with an ROI of 40× 40 mm2 on the infant
head.

intensity fluctuation is input to the correlator, yielding an autocorrelation curve. Blood flow index is
extracted by fitting the autocorrelation curve, whose decay rate depends mainly on motion of moving
Intralipid particles. For comparisons, the S-D separation in the DCS is set as 15 mm to match the S-D range
of 7–17 mm used in the scDCT.

The Intralipid particle flow was manipulated by changing phantom temperature from 48 ◦C to room
temperature (23 ◦C). Particle flow was intermittently measured at six temperatures with each measurement
of∼1.5 min. Data were normalized as relative flow to the step of room temperature (23 ◦C) and presented as
percentage changes. Pearson’s correlation coefficient and corresponding 95% confidence interval (CI) were
calculated to investigate correlations between the scDCT and DCS measurements. A value of p < 0.05 was
considered a statistically significant correlation between the two measurements.

2.2.2. In-vivo adult forearm tests
This in-vivo test was approved by the University of Kentucky (UK) Institutional Review Board (IRB). The
written IRB consent was obtained before participation. One healthy adult participated in this pilot study.

To assess the impact of transparent incubator wall to blood flow measurements, we tested our scDCT for
continuous imaging of blood flow changes during artery cuff occlusion in an adult forearm measured inside
and outside the incubator in the NICU (figure 2(b)). The occlusion protocol included a 4 min baseline, a
4 min artery cuff occlusion, and a 4 min recovery. A tourniquet with a pressure of 230 mmHg was applied on
the upper arm to occlude blood flow to the forearm. Continuous imaging was performed in the ROI of
40× 40 mm2 on the forearm. Data were normalized to the baseline and presented as relative percentage
change of blood flow (rBF). Pearson’s correlation coefficient and corresponding 95% CI were calculated to
investigate correlations between the two scDCT measurements inside and outside the incubator. A value of
p < 0.05 was considered a statistically significant correlation between the two measurements.

2.2.3. In-vivo neonatal brain tests
With IRB approval of UK, two extremely preterm infants were imaged by scDCT through transparent
incubator wall (figure 2(c)). Infant #1 was born at 25 1/7 weeks gestation with the birth weight of 815 grams,
and imaged at 1, 2, and 3 weeks of life. Infant #2 was born at 26 5/7 weeks gestation with birth weight of 995
grams, imaged at 8 days-of-life during patent ductus arteriosus (PDA) pharmacotherapy. Infant #2 was
imaged at the beginning and after 2 h indomethacin treatment for PDA closure. The rationale for Infant #2
was to measure changes in rCBF associated with PDA constriction from treatment. Both subjects were male
with no significant complications.

The sleeping infant was continuously imaged by the scDCT over∼5 min during each measurement
(figure 2(c)). The reconstructed CBF values at different time points were normalized to the first
measurement (as the baseline) to obtain rCBF. No motion artifacts were observed during each of the
measurements over the short period of 5 min. One-way ANOVA was used to compare rCBF values at 1, 2
and 3 weeks of life for Infant #1. Student’s t-test was used to compare rCBF values before and after the
pharmacotherapy for Infant #2. A value of p < 0.05 was considered a statistically significant difference.
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Figure 3. Distributions of digital electrical counts (I) in log scale (a) and SNRs (b), measured by the scDCT in the
infant-head-simulating phantom.

Figure 4. Testing results of the scDCT against DCS in the infant-head-simulating phantom. (a) The Intralipid particle flow
(mean± standard deviation) decreases with the decrease of phantom temperature. The error bars represent temporal variations
in scDCT and DCS, respectively, over the period of 5 min in each measurement. (b) Scatter plot of boundary (solid blue dots) and
reconstructed (circle red dots) flow data of scDCT against the DCS flow data. The blue and red lines are fitted by linear regression.
r represents Pearson’s correlation coefficient.

3. Results

3.1. Infant-head-simulating phantom test results
Figure 3(a) shows digital electrical count (I) distribution in the infant-head-simulating phantom, measured
by the detectors located at 0–17 mm away from the central source. The averaged digital counts were 59 172
and 4128 at S-D separations of 0 mm and 17 mm, respectively, which are much higher than the average dark
count (808) of the camera. The SNR was calculated by the I/Inoise, where Inoise denotes the dark noise
intensity of the camera. Figure 3(b) shows averaged SNR distribution across all effective S-D pairs with the
separations of 7–17 mm. The SNRs distributed evenly ranging from 5.1 to 6.4, which were sufficient for
extracting flow information, based on our previous study (Huang et al 2019a).

Figure 4(a) shows the reduction of Intralipid particle flow with the decrease of temperature, quantified
concurrently by the scDCT and DCS devices. Average results in the boundary flow and reconstructed flow at
the depth of 5 mm by the scDCT were compared respectively to the ‘true flow’ values measured by the DCS.
As expected, a better correlation against DCS flow was observed (figure 4(b)) with the reconstructed flow
from the deep ‘brain’ (Pearson’s correlation coefficient r = 0.95, 95%CI= (0.62, 0.99), and p= 0.003),
compared to the boundary flow without correction of partial volume artifact from the skull (r = 0.79,
95%CI= (−0.05, 0.98), and p= 0.059).

3.2. In-vivo adult forearm test results
Figure 5(a) displays reconstructed rBF images at the baseline (T1), artery cuff occlusion (T2), reactive
hyperemia (T3), and recovery period (T4); data were acquired by scDCT through transparent incubator wall
and in free space. Figure 5(b) shows comparison of rBF changes in time course at the center of tissue volume
(blue dot in figure 5(a)), measured inside and outside the incubator, respectively. Although variations exist,
time-course changes in rBF agreed very well (figure 5(c)) between the two measurements (r = 0.91,
95%CI= (0.78, 0.96), p < 10–5).
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Figure 5. Testing results of the scDCT in an adult forearm during artery cuff occlusion. (a) Reconstructed rBF images at baseline
(T1), artery cuff occlusion (T2), reactive hyperemia (T3), and recovery period (T4), measured through incubator wall (top) and
in free space (bottom), respectively. (b) Comparison of time-course changes in rBF (mean± standard deviation), measured
through incubator wall (blue curve) and in free space (red curve), respectively. The error bars represent spatial variations over the
selected nodes in the central blue dot. (c) Scatter plot of scDCT data, obtained through incubator wall and in free space. The solid
line is fitted by linear regression. r represents Pearson’s correlation coefficient.

3.3. In-vivo neonatal brain test results
Figure 6(a) shows the cross-sectional views of 3D images of reconstructed rCBFs at the depths of 6 mm in
week 1 to week 3 measurements of Infant #1. The Infant #1 shows little variations in rCBF over the first
3 weeks of life, with mean± standard deviation among images of 100.0± 1.4%, 98.4± 1.1%, and
99.6± 1.6%. No significant difference was found among measurements at 1, 2, and 3 weeks of life (one-way
ANOVA, p= 0.14).

Figure 6(b) shows the cross-sectional views of 3D images of reconstructed rCBFs at the depths of 6 mm
before and after the pharmacotherapy of Infant #2. Infant #2 shows a significant increase in rCBF, with
mean± standard deviation among images of 100.0± 5.4% and 110.5± 3.8%, respectively before and after
the pharmacotherapy. Infant #2 shows a significant increase in rCBF (Student’s t-test, p= 0.0003) between
the measurements before and after the pharmacotherapy. The rCBF increase corresponded to a significant
increase in blood pressure from 51/25 to 59/31 mmHg after the 2 h PDA pharmacotherapy. No significant
changes were noted in peripheral oxygen saturation, measured by a finger pulse oximetry.

4. Discussion and conclusions

4.1. Study motivations and innovations
To date, there is no established bedside method for continual monitoring of cerebral hemodynamics to guide
day-to-day management in NICUs. NIRS/DCS technologies have been used at the bedside of clinics for
continuous measurements of cerebral oxygenation and CBF variations (Yu et al 2003, Cheng et al 2012a,
Scholkmann et al 2014, Buckley et al 2014, Durduran and Yodh 2014, Jain et al 2014, Lynch et al 2014).
However, most systems lack the combination of temporal/spatial resolution and wide FOV sufficient to
rapidly image distributed brain functions. As every measurement is a mixture of hemodynamics occurring in
multiple tissue layers (scalp, skull, brain), it is difficult to discriminate the brain signal of interest. Recent
advances in application of high-density diffuse optical tomography systems have largely improved spatial
resolution and better separation of cerebral signals from superficial confounds (Hebden et al 2002, White
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Figure 6. Testing results of the scDCT in two extremely preterm infants. (a) Slight variations in rCBF were observed over the
3 weeks of life in Infant #1. (b) A significant elevation in rCBF was observed after pharmacotherapy, correlating with an increase
in blood pressure, in Infant #2. The reconstructed images of rCBF values shown in (a) and (b) were from only one layer at the
depth of 6 mm beneath the scalp. Standard deviation represents temporal variations over 5 min in each measurement. (c) An ROI
of 40× 40 mm2 was selected on the infant’s head for boundary data collection, which corresponded to the ROI in the
reconstructed image (a).

et al 2012, Ferradal et al 2016). However, expanding the FOV to cover a significant portion of the head
introduces great challenges in expensive high-channel-count instrumentation, difficult fiber-optic-scalp
contact coupling, and complex data quality management. Particularly, adjusting and maintaining a stable
optical coupling of numerous rigid and fragile optical fibers to a small neonatal head is labor-intensive and
poses significant challenges on head cap design (Hebden et al 2002, White et al 2012, Ferradal et al 2016).
These challenges are particularly difficult to overcome when adopting these contact measurement systems to
small and fragile heads of preterm infants for continuous and longitudinal monitoring.

Our novel scDCT technique presented in this manuscript provides many unique advanced features over
these NIR based technologies, which may impact current basic neuroscience research and clinical neonatal
applications. These advanced features include fully noncontact hardware, rapid data acquisition,
high-sampling density (using a camera), adjustable S-D patterns/density for high-resolution imaging over a
flexible FOV, FEM-based image reconstruction of objects with arbitrary geometries, and a simple low-cost
ergonomic instrument. The innovative noncontact hardware design not only eliminates probe-tissue
interaction/infection but also avoids the difficulty of cap/helmet fitting on the fragile neonatal infant head,
which is also time consuming. The 3D reconstruction of blood flow distribution allows for correcting partial
volume effects on the brain from the overlaying tissues (scalp and skull).

4.2. Interpretation of test results in the infant-head-simulating phantom and adult forearm
The goal of the present study was to adapt and test the scDCT for cerebral imaging of preterm infants in the
NICU. To achieve the goal, we optimized the S-D configuration and ROI to balance the tempo-spatial
resolution and wide FOV (figures 1 and 2). For validation, we conducted concurrent measurements by the
scDCT and established DCS in an infant-head-simulating phantom with known optical properties and skull
thickness (figures 3 and 4). Significant correlations were observed between the two measurements, verifying
the capability of scDCT for transcranial brain imaging. Compared to the boundary flow, which is a mixture
signal of skull and brain (Intralipid solution), 3D reconstructed flow in the brain (at the depth of 5 mm)
shows a better correlation with the true brain flow, measured directly on the liquid phantom (mimicking
brain) by the DCS. This result demonstrates the effectiveness of 3D reconstruction for correcting the partial
volume effect from skull.

We notice that there were reported small variations in phantom optical properties (µa and µ ′
s ) due to the

temperature change (Cletus et al 2010). In the future we may include concurrent measurements of optical
properties (by standard NIRS devices) and Intralipid particle flow in tissue phantoms to precisely evaluate
the influence of optical properties on scDCT measurements.

Another challenge with the use of scDCT in the NICU is to take noncontact optical measurements
through the wall of the incubator (for maintaining thermoregulation in preterm infants) without touching
the infant. The goal of the designed artery cuff occlusion experiment was to test the potential impact of
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transparent incubator wall on noncontact scDCT measurements. Artery cuff occlusion has been extensively
used to test NIRS/DCS devices in detecting dynamic changes in tissue hemodynamics (Yu et al 2007, Gurley
et al 2012, Shang et al 2013). The observed consistent rCBF responses during artery occlusions inside and
outside the incubator (figure 5) suggested insignificant impact of incubator wall on scDCT measurements.
Furthermore, the forearm blood flow variations during artery cuff occlusion were found to agree well with
those measured previously by DCS devices (Yu et al 2007, Gurley et al 2012, Shang et al 2013).

4.3. Interpretation of test results in the preterm infants
Encouraged by the success of preliminary evaluations in the phantom and forearm, we tested the feasibility
of scDCT for imaging of CBF variations in two preterm infants in the NICU. Results from infant #1
(figure 6(a)) with no major organ deficits showed expected little fluctuation in rCBF over the first 3 weeks of
life. Results from Infant #2 (figure 6(b)) undergoing pharmacotherapy for PDA closure showed a significant
rCBF increase, which might be associated with the reduction of flow steal by PDA constriction. Moreover,
rCBF elevation in Infant #2 also corresponded to the increase in blood pressure. To further investigate
whether there is a significant increase in rCBF after pharmacotherapy for the general infant population,
studies on a cohort of infants need to be conducted in the future. While these dynamic changes in rCBF meet
physiological expectations, the fact that no significant changes are noted with peripheral monitoring of
blood oxygen saturation suggests necessity of direct cerebral monitoring.

4.4. Study challenges, limitations, and perspectives
While excited about our preliminary results, we recognize challenges and limitations in this pilot study. One
major limitation is the small number of subjects. However, we believe this feasibility study with timely
technology development is an important and necessary step towards larger clinical studies that would enroll
more subjects to further validate the innovative scDCT technique against gold standards.

There are some technological challenges to be overcome, including potential head motion artifacts and
influences from the head geometry and hairs. Our noncontact scDCT was designed for frequent checking of
CBF variations through the wall of a close incubator to minimize districting preterm infants. Since preterm
neonates slept majority of time, we did not observe motion artifacts during our measurements in 5 min. This
was one of the reasons that we chose preterm infants to test our scDCT over a short period of time (5 min).
In the future, we plan to use a video camera to continuously track head motions during scDCT
measurements. If images become corrupted by the motion, these will be excluded, and additional images will
be taken to compensate for loss.

Moreover, we have recently integrated a novel photometric stereo technology to our scDCT system to
obtain head surface geometry for CBF image reconstruction in heads with arbitrary geometry (Mazdeyasna
et al 2018). To reduce the hair influence on scDCT measurements, we may reduce the detector size on the
camera and increase the sampling density with a larger pixel number of camera to collect more photons
between hairs.

Supported by the National Institutes of Health, we are currently working in neonatal piglets to address
these potential influences. We are also working on the calibration of scDCT against standard perfusion MRI
in both piglets and preterm infants to obtain absolute CBF measurements. Furthermore, scDCT will be
extended to a multiple-wavelength system to image both CBF and cerebral blood oxygenation, which allows
for the derivation of cerebral oxidative metabolism.

4.5. Conclusions
This pilot study tested our innovative scDCT system for 3D imaging of CBF in preterm infants. With the
optimized ROI and S-D arrangement, the infant-head-simulating phantom test against the established DCS
verified the capability of scDCT for transcranial brain imaging. The comparison between measurements of
human forearm blood flow inside and outside the incubator resulted in well agreed blood flow changes,
demonstrating an insignificant influence of the incubator wall. Two infants were tested in the NICU; Infant
#1 without major organ deficits showed expected little fluctuation in rCBF during 3 weeks of life, while
Infant #2 undergoing pharmacotherapy for PDA closure showed an expected significant rCBF increase.
Although our scDCT is not designed for continuous cerebral monitoring, it can be easily used at the bedside
of clinics to frequently check CBF level/variation, a major factor impacting the brain function in preterm
infants. In the future, our noncontact scDCT may be used more frequently (at more time points) for rapid
neonatal brain assessment and management.

Preterm infants are ideal candidates for the use of noncontact scDCT because they have: (1) thin skulls,
which are easily penetrated through by the scDCT; (2) unstable cerebral hemodynamics due to frequent
bradycardia and oxygen desaturations events on top of often impaired cerebral autoregulation; and (3)
immature skin that may be sensitive to pressure, friction or heat accumulation with contact measurement
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options. Ultimately, we anticipate that such noninvasive, noncontact, frequent, and longitudinal cerebral
monitoring tools, will be able to guide clinicians during therapeutic interventions and will have both
diagnostic and prognostic applications in the NICU.
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