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Abstract

We adapted and tested an innovative non-

contact speckle contrast diffuse correlation

tomography (scDCT) system for 3D imag-

ing of cerebral blood flow (CBF) variations

in perinatal disease models utilizing neona-

tal piglets, which closely resemble human

neonates. CBF variations were concurrently

measured by the scDCT and an established

diffuse correlation spectroscopy (DCS) during global ischemia, intraventricular

hemorrhage, and asphyxia; significant correlations were observed. Moreover,

CBF variations associated reasonably with vital pathophysiological changes. In

contrast to DCS measurements of mixed signals from local scalp, skull and brain,

scDCT generates 3D images of CBF distributions at prescribed depths within the

head, thus enabling specific determination of regional cerebral ischemia. With

further optimization and validation in animals and human neonates, scDCT has

the potential to be a noninvasive imaging tool for both basic neuroscience

research in laboratories and clinical applications in neonatal intensive care units.
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1 | INTRODUCTION

Perinatal diseases pose a tremendous threat to the survival
and normal development of neonates. Perinatal ischemia/
asphyxia is amajor cause of neonatalmortality andmorbidity,
occurring in 1 to 26 out of 1000 live births [1, 2]. Intraventricu-
lar hemorrhage (IVH) is a serious complication of prematurity
[3, 4], occurring in ~15 million children in the world every
year [5]. Infants that suffer from perinatal ischemia/asphyxia

or IVHmay have neurologic impairments in a broad range of
motor, cognitive, and behavioral domains [6–8], thus placing
a significant burden on families and society.

Perinatal diseases affect cerebral blood flow (CBF)
regulations in newborn infants. Studies using PET/CT/
MRI demonstrate that perinatal ischemia/asphyxia and
IVH are associated with reduced CBF in certain brain
regions and that patients who clinically respond to treat-
ments have improvements in CBF [9–14]. However, these

Received: 9 September 2020 Revised: 5 December 2020 Accepted: 6 December 2020

DOI: 10.1002/jbio.202000366

J. Biophotonics. 2021;e202000366. www.biophotonics-journal.org © 2020 Wiley-VCH GmbH 1 of 15

https://doi.org/10.1002/jbio.202000366

https://orcid.org/0000-0002-5260-9112
mailto:guoqiang.yu@uky.edu
mailto:lei.chen@uky.edu
http://www.biophotonics-journal.org
https://doi.org/10.1002/jbio.202000366
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbio.202000366&domain=pdf&date_stamp=2021-01-03


large neuroimaging modalities are not practical for fre-
quent use at the bedside of clinics due to their size, cost,
interference with therapy, and/or need for intravenous
radioactive tracer (PET/CT). Therefore, development of
portable, bedside, neuroimaging methods would allow
continuous assessment of brain development in newborn
infants to guide timely interventions in the neonatal
intensive care unit (NICU).

Portable near-infrared/diffuse correlation spectros-
copy (NIRS/DCS) and corresponding diffuse optical/cor-
relation tomography (DOT/DCT) have been tested for
continuous monitoring of cerebral hemodynamics at the
bedside [15–22]. However, these technologies employ
limited numbers of discrete sources and detectors, thus
lacking a combination of high tempo-spatial resolution
and wide field-of-view (FOV) needed to image spatially
distributed brain functions. Moreover, most systems uti-
lize a cap/helmet to hold numerous sources and detectors
on the fragile head of infants for contact measurements,
which poses challenges on head cap design and installa-
tion, and raises safety concerns [23, 24].

Use of a charge-coupled-device (CCD) or complementary-
metal-oxide-semiconductor (CMOS) camera with thousands
of 2D pixels and a continued illumination achieves fast, high-
resolution brain mapping. For example, laser speckle contrast
imaging (LSCI) [25–27] enables noncontact 2D mapping of
CBF on superficial cortices of small rodents. However, LSCI
has limited penetration depth (< 1 mm), and therefore it is
inadequate for noninvasive brain imaging of large animals
and human subjects.

Recent advancements in using focused-point near-
infrared (NIR) illumination and CCD/CMOS detection of
spatial/temporal diffuse speckle contrasts have facilitated
high-density imaging of blood flow variations in rela-
tively deep tissues (centimeters) [28–33]. These technolo-
gies, including diffuse speckle contrast analysis, speckle
contrast optical tomography, and speckle contrast diffuse
correlation tomography (scDCT), are inherently based on
the same concept despite differences in nomenclature
and technological evolution. Particularly, we have devel-
oped a fully noninvasive, noncontact, multiscale scDCT
(US Patent #9861319 [34]) that enables high-density 2D
mapping and 3D tomography of tissue blood flow distri-
butions. We have preliminarily tested the scDCT for
imaging blood flow distributions in tissue/head-
simulating phantoms, rodent brains, and other human
tissues including forearm muscles, burn wounds, and
mastectomy skin flaps under various medical conditions
[31, 35–37]. Very recently, we conducted a preliminary
study to test two preterm infant cases in the NICU by
scDCT [38]. However, no pathology can be induced in
human subjects to comprehensively test the feasibility
and accuracy of the device for continuous CBF imaging.

The goal of the present study was to test the feasibility
of our scDCT for high-density imaging of CBF variations
in neonatal piglets with perinatal diseases (i.e., transient
global ischemia, IVH, and perinatal asphyxia). Small ani-
mal models (primarily rodents) have been extensively
used to study cerebral pathologies and interventions
[39–42]. However, results from small rodents may be dif-
ficult to translate to human infants due to substantial dif-
ferences in brain development and morphology.
Neonatal piglets are a better complementary model
because their head size and gyrencephalic brain anatomy
(Supplemental Figure 1), as well as their cerebral devel-
opment and pathology after IVH or asphyxia, are analo-
gous to human neonates [43–50]. In contrast to small
rodents, larger animals such as piglets are easier to imple-
ment surgeries for mimicking pathological conditions
and replicating clinical findings. This pilot preclinical
study in neonatal piglets with perinatal diseases moves
one more step forward towards translation of our innova-
tive scDCT technique to NICUs for continuous monitor-
ing and rapid management of cerebral pathologies and
interventions in human neonates with perinatal diseases.

2 | MATERIALS AND METHODS

All experimental protocols were approved by the Institu-
tional Animal Care and Use Committee (IACUC) at the
University of Kentucky. Figure 1 shows the experimental
setting. Perinatal diseases were induced in two neonatal pig-
lets, including transient global ischemia, IVH, and asphyxia.
As shown in Figure 1A, CBF variations were concurrently
monitored by the noncontact scDCT device and a contact
DCS probe throughout the experiments for comparisons.
Details about conventional DCS techniques for CBF mea-
surements are in our previous publications [51–57].

As shown in Figure 1B, some physiological parameters
were also recorded continuously by commercial devices
including an ICP Express Monitor (82-6634H8, Codman)
for intracranial pressure (ICP) measurements and a multi-
channel Respirator-Oximeter (8400, Smiths Medical) for
measurements of heart rate (HR), respiration rate (RR),
and arterial blood oxygen saturation (SaO2).

2.1 | scDCT technique for 3D imaging of
CBF distributions

Details about scDCT technique can be found in our
recent publications [31, 35, 37]. Figure 1A shows the
scDCT system for noncontact imaging of CBF distribu-
tion in a piglet. Briefly, an electrically controlled galvo-
mirror (switch time: 300 μs; GVS002, Thorlabs) delivered
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point NIR light (generated by a long coherence laser
module: @785 nm, CrystaLaser) to multiple source posi-
tions in an adjustable region-of-interest (ROI) for deep
tissue penetration. According to our simulation and mea-
surement results, the spot diameter of scDCT is ~0.3 mm.
The measured power of incident light is <0.5 mW, which
meets Accessible Emission Limit (AEL) Class 3R of
American National Standards Institute (ANSI) standard
(< 5 mW) for safety.

A scientific CMOS (sCMOS) camera (pixels:
2048 × 2048; frame rate: 30 Hz; ORCA-Flash4.0 V3, Hama-
matsu) detected spatial laser speckle contrasts resulting from
motion of red blood cells (i.e., CBF) in the detected tissue
volume. A zoom lens (Zoom 7000, Navitar) connected to the
sCMOS camera enabled the adjustability of ROI. The f-
number of the zoom lens was set up as 10 to balance
Nyquist sampling criteria and adequate photon collection.
All measurements in this study utilized an exposure time of
2 ms. A lever-actuated iris (SM05D5, Thorlabs) was installed
in the source path to confine the light spot and intensity for
adapting the dynamic range of sCOMS camera. A long-pass
filter (>750 nm, Edmund Optics) and a pair of crossed linear
polarizers (LPNIRE050-B and LPNIRE200-B, Thorlabs) were
utilized in the source/detector paths to block irrelevant spec-
tra and direct reflections from sources, respectively.

In this study, 25 (5 × 5) source positions formed a full
image circle in the selected ROI (Figure 2). Four intensity
images at each source position were collected sequen-
tially. The total sampling time for scanning over the
25 source positions was 40 seconds. After the correction
of dark and shot noises in the raw intensity image taken
by the sCMOS camera [31, 35], the spatial laser speckle
contrast Ks (r) at position r was quantified by calculating
the intensity ratio of standard deviation (σs) and mean
hIi: Ks (r) = σs/hIi in a window of 7 × 7 pixels with an
area of 0.04 × 0.04 mm2. To improve the signal-to-noise
ratio (SNR), Ks (r) values were averaged over 3 × 3 pixel-
windows (as one detector) and across 4 frames at each
source position.

Ks (r) is related to the normalized temporal electric
field autocorrelation function g1(τ, r) in Equation 1
[29, 31, 35]:

Ks rð Þ2 = 2β
T

ðT

0

1−
τ

T

� �
g21 r,τð Þdτ: ð1Þ

Where T is the camera exposure time and τ is the correla-
tion delay time. The coherence factor β relies on light source
and detection optics. For the semi-infinite geometry, we sub-
stitute the appropriate form of g1(r, τ) into Equation 1 to
obtain a nonlinear relationship between a blood flow index
(BFI(r)) and Ks(r), i.e., K2

s rð Þ= f αDB,T,μa,μ
0
s,λ,β,k0,r

� �
.

Step-by-step derivations of this nonlinear relationship are
found from Supplementary Material – Appendix A in our
previous publication [35].

The combined term, αDB, is referred to BFI(r) in bio-
logical tissues and is commonly used to calculate relative
changes in blood flow. DB is the effective diffusive coeffi-
cient (cm2/s). In general, biological tissues contain both
relatively static scatterers (e.g., mitochondria) and
dynamic scatterers (e.g., moving red blood cells). The

FIGURE 1 Experimental Setup for Continuous Monitoring of

Neonatal Piglets with Perinatal Diseases. A, The noncontact scDCT

was used for 3D imaging of CBF distributions in piglets. DCS and

ICP probes were used to record CBF and measure intracranial

pressure, respectively. B, The Isoflurane anesthetized animal was

secured on a stereotaxic frame with a respirator-oximeter probe

clipped on the ear for continuous recording of HR, RR, and SaO2.

CBF, cerebral blood flow; DCS, diffuse correlation spectroscopy
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signals from static scatterers do not contribute signifi-
cantly to the temporal decay of the autocorrelation func-
tion. To account for this effect, a unitless factor, α, is
introduced to represent the fraction of light scattering
events from dynamic scatterers. The BFI(r) is not a mea-
sure of absolute blood flow in the strict sense. For exam-
ple, BFI(r) has a unit of cm2/s. However, the relative
change in BFI(r) has been repeatedly shown to be a
quantitative measure of relative blood flow. Particularly,
it has been shown that αDB is proportional to the abso-
lute blood flow measured by arterial spin-labeling MRI
(ASL-MRI) [58], transcranial Doppler ultrasound [59,
60], and Xenon computed tomography (Xenon-CT) [61].
In some studies, DCS has been combined with NIRS in
hybrid instruments to simultaneously measure tissue
blood flow and oxygenation, which allows for the deriva-
tion of metabolic rate of tissue oxygen consumption
[60, 62–65].

The remaining parameters in the nonlinear function
include tissue optical properties (i.e., tissue absorption
coefficient μa(r) and reduced scattering coefficient μ0s rð Þ),
source laser wavelength λ, and wavenumber k0. All
parameters are known in the sense of being measured or
taken from literature [35], except BFI(r). The difference

between the measured and theoretical speckle contrasts
is then minimized to obtain BFI (r).

In total, 441 (21 × 21) detectors were evenly distrib-
uted between the 25 sources in the selected ROI for 3D
image reconstruction. The boundary values of BFI(r) at
effective source-detector (S-D) pairs with the SNR larger
than 3 were input into a modified near-infrared fluores-
cence and spectral tomography (NIRFAST) program for
expedient finite-element-method (FEM) based tomo-
graphic reconstructions [31, 35, 55]. The node distance of
the FEM mesh was set as 1 mm uniformly throughout
the reconstruction volume. Due to the lack of available
data regarding piglet brain properties, we assumed
homogenous optical properties based on the literature for
human infants: absorption coefficient μa = 0.05 cm−1 and
reduced scattering coefficient μs0 = 8 cm−1 at the wave-
length of 785 nm67. The relative changes in CBF (rCBF)
were calculated by normalizing the reconstructed BFI(r)s
at the mesh nodes to their corresponding baselines before
physiological manipulations. Since all measurements in
this study are continuous, β is constant and divided out
in rCBF normalization. All rCBF data were smoothed
using a 5-point median filter in MATLAB (Mathworks).
Based on diffuse optical tomography theory [66], the

FIGURE 2 The scDCT Setup

for 3D Imaging of CBF in Piglet #1

with Transient Global Ischemia, A,

B, and Piglet #2 with IVH, C, D. A,

An ROI of 40 × 40 mm2 was

projected on the piglet head with

the intact scalp for scDCT. An ICP

probe was inserted into the right

lateral ventricle for ICP monitoring

while a conventional DCS fiber

optic probe was secured next to it

for CBF monitoring. B, The 5 × 5

sources and 21 × 21 detectors were

distributed evenly in the

40 × 40 mm2 ROI for scDCT. C, An

ROI of 20 × 20 mm2 was projected

on the left skull. An ICP probe was

inserted into the right lateral

ventricle while a DCS fiber optic

probe was secured next to it to

continuously monitor CBF

variations for comparisons. D, The

5 × 5 sources and 21 × 21 detectors

were distributed evenly in the

20 × 20 mm2 ROI. CBF, cerebral

blood flow; DCS, diffuse correlation

spectroscopy
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spatial resolution of scDCT was approximately 20% of the
penetration depth (~1/2 of the S-D distance).

2.2 | Animals and experimental
preparations

We examined 4 birth-dead piglet carcasses to obtain ana-
tomical data and coordinates to guide surgeries and brain
hemodynamic monitoring. Supplemental Figure 1A
shows skulls of a piglet (birth-dead), adult rodents
(3 months), and a human infant (31 weeks after fertiliza-
tion) illustrating the similarity in head sizes. Supplemen-
tal Figure 1B shows a side-view comparison between the
neonatal piglet and human infant. Supplemental
Figure 1C shows the gyrencephalic piglet brain.

For in vivo studies, two female neonatal Yorkshire
piglets (postnatal day 9) were purchased from the Oak
Hill Genetics and housed in a designated room for swine.
Animals were kept in a warmed and ventilated animal
incubator and fed with artificial swine milk every
4 hours. The piglets were fasted for at least 4 hours before
surgery to avoid reflux of stomach contents. Animals
were induced with 5% Isoflurane inhalation in a custom-
ized anesthesia chamber, and then intubated with a pedi-
atric endotracheal tube (internal diameter: 3 mm) and
maintained with 1.5% to 2% Isoflurane (Figure 1B). The
anesthetized animal was placed prone and its head
secured on a customized stereotaxic frame. Animal's body
was wrapped with an electrical heated blanket under the
surveillance of rectal thermometer to avoid hypothermia.
A multi-channel Respirator-Oximeter sensor was clipped
on the tongue (pulled out of its mouth) and ear alter-
nately every 30 minutes (avoiding long-time compression
on the same spot) to record HR, RR, and SaO2.

2.3 | Transient global ischemia model in
Piglet #1

The transient global ischemia modeling was created in
Piglet #1 through adapting our established methods used
in rodents [37]. After hairs on the head and ventral cervi-
cal area were shaved with a clipper and cleaned with hair
cream, the skin was sterilized with betadine and wiped
with 70% Ethanol. The animal was laid supine and a
5 cm midline incision was made in the cervical area. The
skin was extracted with four customized surgical hooks
for better exposure of the surgical area. The underlying
tissue was separated with blunt dissection until both
common carotid arteries (CCAs) were exposed
(Supplemental Figure 2A). A braided 6 to 0 sterile surgi-
cal suture was placed around each CCA, and a loose knot

was made on each suture without disrupting blood flow
to the brain. The piglet was then laid prone. A small inci-
sion was made on the scalp above the right temporal
skull, on which a small hole (3 mm in diameter) was
drilled. With ultrasound imaging guidance and metal sty-
let assistance, an ICP probe was slowly inserted into the
brain until its tip entered the right ventricle. The ICP
probe position was confirmed by withdrawal of clear
cerebrospinal fluid (CSF). Finally, a DCS probe with one
pair of S-D fibers at the distance of 15 mm was installed
next to the ICP probe (Figure 2A). The DCS probe was
located >30 mm from the ROI of scDCT to avoid interfer-
ence between two measurements (Figure 2C).

After a baseline measurement for 1.5 minutes, the
knot on the right CCA was tightened to occlude the right
CCA for ~7 minutes, followed by tightening the left knot
for ~2 minutes to induce a transient global ischemia
(Supplemental Figure 2B). The left and right knots were
then released sequentially, allowing restoration of blood
flow to the brain.

Perinatal asphyxia potentiates systemic and neuro-
logic impairments from original diseases. After the resto-
ration of CBF from transient global ischemia, the piglet
received a hypoxic challenge before sacrifice. The inhal-
ing gas was gradually manipulated over ~8 minutes from
100%O2/0%CO2 to 5%O2/95%CO2 through a Y-shape con-
nector with regulatory valves [67].

Throughout experimental procedures, CBF variations
were continuously monitored by the scDCT device and a
custom-made DCS instrument [53, 68] for comparisons
(Figure 2A). For scDCT imaging, a ROI of 40 × 40 mm2

was selected to cover both two hemispheres (Figure 2B).
The effective S-D distances ranging from 7 to 19 mm
were used for 3D image reconstruction [35] of rCBF dis-
tribution in a slab mesh of 50 × 50 × 15 mm3 with total
mesh nodes of 30 K. Selection of the mesh volume was
based on piglet head volume (dimensions: 60 (length) x
50 (width) x 40 (depth) mm3). The DCS data, sampled at
2 Hz, were normalized to the baseline to generate rCBF.
DCS data were averaged at corresponding scDCT imag-
ing periods to match data density in the time domain.
Linear regression and Pearson's correlation coefficient
r with 95% confidence interval (CI) were calculated to
investigate correlations between the scDCT and DCS
measurements. A value of p < .05 was considered a statis-
tically significant correlation between the two
measurements.

2.4 | IVH model in Piglet #2

IVH was induced in Piglet #2 following previously
established methods [43, 45, 69, 70]. Briefly, the piglet's
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scalp was sterilized with betadine and wiped with 70%
Ethanol, followed by a 40-mm midline incision to expose
the skull (Figure 2C). A 3-mm hole was drilled on the
right frontal bone (L: 22 mm and P: −5 mm from
bregma), through which the ICP probe was inserted until
its tip entered the right lateral ventricle, confirmed by
withdrawal of clear CSF. The baseline ICP reading was
1 to 2 mmHg. A DCS probe with one pair of S-D fibers at
the distance of 15 mm was installed next to the ICP
probe. The piglet was stabilized for 30 minutes. Then
1-ml heparinized autologous blood was gradually injected
through the ICP probe catheter over 5 minutes to simu-
late IVH, followed by intermittent saline injections of

total 6 mL in ~60 minutes to keep the ICP elevated to
~4 mmHg above its baseline. After a 30-minute recovery
from the IVH (i.e., ICP returned to 1–2 mmHg), Piglet #2
received the same hypoxic challenge (via manipulating
gas inhalation) as Piglet #1 before euthanasia (see
Section 2.3).

CBF variations were continuously monitored by
scDCT and DCS (Figure 2C) before and during the blood
and saline injections for ~32 minutes in total. For scDCT
imaging, an ROI of 20 × 20 mm2 was selected to cover
the left hemisphere (Figure 2D). The effective S-D dis-
tances ranging from 5 to 15 mm were used for 3D image
reconstruction of CBF distribution in a slab mesh of

FIGURE 3 Measurement Results from Piglet #1 during Global Ischemia. A, Cross sectional views of 3D images of CBF at depths of

3 mm (scalp/skull) and 7 mm (cortex). Two regions of 20 × 10 mm2 were used to average CBF values in left and right hemispheres and

marked with two dashed rectangles, respectively. T1: Baseline; T2: Right CCA ligation; T3: Bilateral ligation; T4: Releasing left ligation; T5:

Releasing both ligations & recovery. B, Time-course of rCBF changes were measured concurrently by the scDCT and DCS. The dashed boxes

represent the time points (T1 to T5) to take these images in Figure 3A. Error bars represent standard deviations of spatial rCBF values in the

selected region. C, and D, Time-course of changes in ICP, SaO2, HR and RR. E, The linear regression between the scDCT and DCS

measurements of rCBF in the cortex. CBF, cerebral blood flow; DCS, diffuse correlation spectroscopy
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24 × 24 × 15 mm3 with total mesh nodes of 8 K. DCS
data were sampled continuously at 2 Hz.

At the end of the experiments, both piglets were
euthanatized with pentobarbital overdose, and their
brains were harvested after transcardiac perfusion of hep-
arinized saline and 4% paraformaldehyde. The brains
were fixed overnight at 4 �C and then sliced into coronal
sections at a thickness of 5 mm.

3 | RESULTS

3.1 | Piglet #1 with transient global
ischemia and hypoxic challenge

Figure 3A shows the transverse cross-sectional views of
3D images generated by scDCT at the depth of 3 mm and
7 mm beneath the intact scalp during the transient global
ischemia induced by unilateral and bilateral CCA liga-
tions. Based on the piglet head anatomy, the depth of
3 mm detects the skull/scalp whereas the depth of 7 mm
reaches the brain cortex. Figure 3B shows the time-
course of changes in rCBF detected concurrently by the
scDCT and DCS during transient global ischemia. The
sequential right and bilateral CCA ligations resulted in
larger rCBF reductions in the brain cortex layer (7 mm
depth) of corresponding hemispheres than those in the
shallow scalp/skull layer (3 mm depth), illustrating the
ability of scDCT to differentiate superficial and brain
parenchyma flow variations. During right CCA occlusion
(T2), rCBF in the cortex declined, reaching 67 ± 5%
(mean ± standard deviation, representing the spatial var-
iation in the selected region and depth of 3D
reconstructed rCBF values) of the baseline (T1) in the
right hemisphere before further decreasing during bilat-
eral ligations (T3) to 46 ± 4% and 50 ± 4% in right and
left hemispheres, respectively. After sequentially releas-
ing the right ligation (T4) and left ligation (T5), immedi-
ate, but transient reactive hyperemic responses in the
cortex were detected in corresponding hemispheres
(rCBF: 125 ± 4% in right hemisphere and 110 ± 7% in left
hemisphere).

The DCS probe positioned at the right hemisphere
revealed similar temporal changes in rCBF as measured
by scDCT, detecting a maximal depression during bilat-
eral ligations (Figure 3B). A significant correlation
(Figure 3E) was observed between the scDCT and DCS
measurements of rCBF changes in the cortex of the right
hemisphere (r = 0.63, 95% CI = [0.32 0.82], p = .0006).

Figure 3C and Figure 3D show fluctuations of ICP,
SaO2, HR, and RR during transient global ischemia by
manual recordings. Among these four measured parame-
ters, ICP and HR varied considerably. As expected, the

release of CCA ligations resulted in transient increases of
rCBF (hyperemia), thus leading to increased blood vol-
ume and pressure in the cranial cavity, evidenced by the
ICP elevation (from T3 to T5).

Figure 4A shows the transverse cross-sectional views
of 3D images generated by scDCT at the depths of 3 mm
and 7 mm during asphyxia. Figure 4B shows the time-
course of changes in rCBF detected continuously by
scDCT and DCS during asphyxia. The minimum rCBF
values at the end of measurement (T3) were 29 ± 10%
and 30 ± 10% in left and right hemispheres of the cortex,
respectively. The minimum relative blood flow values at
T3 were 29 ± 10% and 29 ± 10% in left and right hemi-
spheres of the scalp/skull, respectively. The DCS probe
placed above the right temporal cortex detected declining
rCBF, reaching a nadir of 15% at the end of measure-
ments (Figure 4B). A significant correlation (Figure 4E)
was observed between the scDCT and DCS measure-
ments in the cortex (r = 0.88, 95% CI = [0.62 0.97],
p = .0002).

Figure 4C and Figure 4D show manual recordings of
ICP, SaO2, HR, and RR during asphyxia. Asphyxia was
induced by gradually increasing the concentration of CO2

from 0% to 95% in the inhalation gas. The increased CO2

concentration along with the reduced O2 concentration
inhibited respiratory and cardiac functions, thus leading
to large drops in rCBF, ICP, SaO2, and HR. These physio-
logical variations resulting from the hypoxic challenge
agreed with the pathophysiological processes.

Animals were euthanatized at 3 hours after asphyxia.
Acute brain autopsy revealed no overt gross anatomic
changes such as brain edema, hemorrhage, and
deformation.

3.2 | Piglet #2 with IVH and hypoxic
challenge

Figure 5A shows the transverse cross-sectional views of
3D images reconstructed with scDCT data at the depths
of 1 mm and 5 mm before, during IVH and at end of IVH
measurement. Based on the anatomy of piglet head with-
out scalp, the depth of 5 mm beneath the skull reaches
the brain cortex whereas the depth of 1 mm detects the
skull. Figure 5B shows the time-course of changes in
rCBF detected concurrently by the scDCT and DCS dur-
ing IVH. rCBF and relative blood flow reached the lowest
values of 73 ± 2% in the cortex (5 mm depth) and 87
± 3% in the skull (1 mm depth) at the end of measure-
ments (T3). The DCS probe at the right hemisphere also
detected a similar reduction over time of rCBF, which
eventually reached the lowest rCBF value of 71% at the
end of measurement (Figure 5B). DCS data (2 Hz
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sampling rate) in this subject showed large variations/
oscillations, likely due to the periodic intraventricular
saline injections indicated by the green triangles in
Figure 5B and competitive effects from sympathetic ner-
vous system activation. By contrast, scDCT data did not
show large variations, likely due to its low sampling rate
(40 seconds per image) with spatial data averaging. Nev-
ertheless, a significant correlation (Figure 5E) was
observed between the scDCT and DCS measurements in
the brain cortex (r = 0.63, 95% CI = [0.42
0.78], p < 10−5).

Figure 5C and Figure 5D show manual recordings of
ICP, SaO2, HR, and RR during IVH. The ICP was ele-
vated by the intra-ventricular injection of autologous

blood (from T1 to T2), and then maintained high by the
intra-ventricular saline infusion (from T2 to T3). The HR
followed the trend of ICP variation, which was likely due
to sympathetic nerve activation. The RR decreased during
IVH (from T1 to T3), which might be attributed to com-
pression of the brain stem respiratory center resulting
from herniation of the brainstem in response to
increased ICP.

Figure 6A shows the transverse cross-sectional views
of 3D images generated by scDCT at the depths of 1 mm
and 5 mm during asphyxia. Figure 6B shows the time-
course of changes of rCBF detected concurrently by
scDCT and DCS during asphyxia. rCBF and relative
blood flow reached the lowest values of 49 ± 2% in the

FIGURE 4 Measurement Results from Piglet #1 during Asphyxia. A, Cross sectional views of 3D images of CBF at depths of 3 mm

(scalp/skull) and 7 mm (cortex). Two regions of 20 × 10 mm2 were used to average CBF values in left and right hemispheres and marked

with two dashed rectangles, respectively. T1: Baseline before asphyxia; T2: During asphyxia; T3: End of measurement. B, Time-course of

rCBF changes measured by the scDCT and DCS. The dashed boxes represent the time points (T1 to T3) to take these images in Figure 4A.

Error bars represent standard deviations of spatial rCBF values in the selected region. C, and D, Time-course of changes in ICP, SaO2, HR

and RR. E, The linear regression between the scDCT and DCS measurements of rCBF in the cortex. CBF, cerebral blood flow; DCS, diffuse

correlation spectroscopy
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cortex and 75 ± 2% in the skull at the end of measure-
ment (T3). The DCS probe at right hemisphere detected a
similar decline in rCBF to a minimum of 46% at the end
of asphyxia (Figure 6B). A significant correlation
(Figure 6E) was observed between the scDCT and DCS
measurements in the brain cortex (r = 0.77, 95%
CI = [0.47 0.91], p = .0002).

Figure 6C and Figure 6D showmanual recordings of ICP,
SaO2, and HR during asphyxia. Note that the Respirator-
Oximeter accidentally did not report RR properly during this
session, possibly from the hypoxia-induced changes of breath

pattern and air flow. ICP, SaO2, and HR decreased continu-
ously along with rCBF reduction during asphyxia, indicating
the impact of hypoxic stress on the brain.

Figure 7A shows sliced coronal sections with 5 mm
thickness of the piglet brain after IVH. The injected
autologous blood was mostly found in the ipsilateral lat-
eral ventricle, with additional blood localized to the 3rd
and 4th ventricles. Figure 7B shows the enlarged lateral
ventricle with blood clot and the deflected midline,
which are consistent with the findings from the ultra-
sound image (Figure 7C).

FIGURE 5 Measurement Results from Piglet #2 during IVH. A, Cross sectional views of 3D images of CBF at depths of 1 mm (skull)

and 5 mm (cortex). The region of 15 × 15 mm2 used to average CBF values is marked with the dashed rectangle. T1: Baseline before IVH;

T2: During IVH; T3: End of measurement. B, Time-course of rCBF changes measured by the scDCT and DCS. The dashed boxes represent

the time points (T1 to T3) to take these images in Figure 5A. The green triangles represent the time points for saline injections. Error bars

represent standard deviations of spatial rCBF values in the selected region. C and D Time-course of changes in ICP, SaO2, HR and RR. E,

The linear regression between the scDCT and DCS measurements of rCBF in the cortex. CBF, cerebral blood flow; DCS, diffuse correlation

spectroscopy
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4 | DISCUSSION AND
CONCLUSIONS

4.1 | Study motivation and innovation

Newborn infants who experience perinatal asphyxia or
preterm birth are at high risk of cerebral hemodynamic
instability, which is often associated with brain injury.
Currently, there is no established bedside method to con-
tinuously monitor cerebral hemodynamics in the NICU
for timely diagnosis and day-to-day management. Our
innovative scDCT enables noninvasive and noncontact

imaging of CBF in neonatal brains with high sampling
density and flexible ROI. The scDCT scans focused point
NIR light for deep tissue penetration and collects high-
density images with a 2D camera. The rapid high-density
sampling improves tempo-spatial resolution and SNRs
(via spatially averaging multiple pixel windows). More-
over, scDCT allows customization of the ROI for imaging
different tissues/organs with varied scales/dimensions.
We have recently demonstrated the feasibility of scDCT
for 3D imaging of blood flow distributions in rodent
brains [37], and in human wounds [71] and reconstruc-
tive skin flaps [35, 36].

FIGURE 6 Measurement Results from Piglet #2 during Asphyxia. A, Cross sectional views of 3D images of CBF at depths of 1 mm

(skull) and 5 mm (cortex). The region of 15 × 15 mm2 used to average CBF values is marked with the dashed rectangle. T1: Baseline before

asphyxia; T2: During asphyxia; T3: End of measurement. B, Time-course of rCBF changes measured by the scDCT and DCS. The dashed

boxes represent the time points (T1 to T3) to take these images in Figure 6A. Error bars represent standard deviations of spatial rCBF values

in the selected region. C and D, Time-course of changes in ICP, SaO2, and HR. E, The linear regression correlation between the scDCT and

DCS measurements of rCBF changes in the cortex. CBF, cerebral blood flow; DCS, diffuse correlation spectroscopy
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This preclinical study was designed to adapt and test
the scDCT for high-density imaging of CBF variations in
neonatal piglets with perinatal diseases (transient global
ischemia, IVH, and perinatal asphyxia). We created peri-
natal disease models in neonatal piglets as they closely
resemble human neonates in terms of body and head
sizes, techniques utilized for supporting and monitoring,
and pathological measurements (see Supplemental
Figure 1 and Figure 7). Indeed, our vital surveillance and
pathological outcomes from these models reflected clini-
cal observations and characteristics of the diseases
(Figures 3-7), thus offering a research platform to opti-
mize the innovative scDCT for future translational appli-
cations in human subjects with perinatal diseases.

4.2 | Comparisons with the established
DCS technique

Measurements of rCBF obtained by scDCT were com-
pared to concurrent measurements using the well-
established DCS approach. On the whole, the two
approaches revealed similar patterns and magnitude of
rCBF changes in response to several distinct neurological
challenges, including global ischemia, asphyxia and IVH.
In fact, statistically significant correlations between the
two measurements were observed (Figures 3E-6E), indi-
cating the capability of scDCT for transcranial brain
imaging.

Although rCBF responses measured by scDCT gener-
ally tracked those detected using DCS, some discrepan-
cies were observed (Figures 3B-6B) which may be related
to differences inherent in these methodologies. scDCT
uses a CMOS/CCD camera for 2D detection to measure
the spatial fluctuation of diffuse speckle contrast Ks with

an exposure time of a few milliseconds. In contrast, DCS
uses a high-speed, single-photon-counting avalanche
photodiode for 1D detection to measure the temporal
fluctuation of diffuse speckle contrast, which is typically
on the order of tens to hundreds of milliseconds. In addi-
tion, compared to the DCS with a sampling time of
0.5 seconds, the scDCT has a much longer scanning time
of 40 seconds, leading to averaging effects on scDCT
images. Although measurements were obtained concur-
rently, the scDCT light power (<0.5 mW, measured by a
power meter) is much lower than the DCS light power
(>10 mW) and should not affect DCS measurements at a
relatively long distance of 30 mm (Figure 2C). Indeed, no
obvious differences were observed in DCS raw data
obtained when the scDCT light was on versus off (data
not shown).

Conventional DCS employs a fiber-optic probe in con-
tact with the head for spectroscopic (not tomographic)
measurements of rCBF. One pair of S-D fibers at the dis-
tance of 15 mm was used in our DCS probe, allowing
detection of CBF at depths of up to ~8 mm (~1/2 of S-D
distance) [51, 53]. However, it is important to note that
DCS measures mixed signals of rCBF from the scalp,
skull and brain. In contrast, scDCT generates 3D images
of rCBF distributions at different depths, thus allowing
correction of partial volume effects by the overlaying
scalp/skull tissues. As a result, larger rCBF changes were
detected by scDCT in the cortex than the shallow scalp/
skull in the experiments that impacted layered tissues dif-
ferently (Figures 3B, 5B, 6B). Finally, differences in ana-
tomical location and tissue volumes sampled by scDCT
and DCS, necessitated by separating the two probes to
avoid physical conflict and optical interference
(Figure 2), may have contributed to differences in rCBF
changes detected by the two approaches. Comparisons of

FIGURE 7 IVH pathology in

Piglet #2. A and B Blood clots, a

histological characteristic of IVH,

are visualized in ipsilateral lateral

ventricle and 3rd ventricle. C, The

ventriculomegaly and midline shift

(yellow dotted line) shown in the

ultrasound image. Scale bar: 1 cm.

IVH, intraventricular hemorrhage
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scDCT with 3D imaging modalities (e.g., using the
ASL-MRI as a predicate modality) are needed to further
validate the accuracy of scDCT in resolving spatial differ-
ences in rCBF.

4.3 | Interpretation of rCBF responses in
piglets

Piglet #1: Global Ischemia Modeling. The scDCT mea-
surements showed that the sequential CCA ligations
induced cerebral ischemia first in the ipsilateral hemi-
sphere and then bilaterally. Brain perfusion relies mostly
on blood supplies by left and right CCAs, while scalp and
skull receive collateral blood flow from vertebral artery
and basilar artery. Moreover, the neonatal skull is still
filled with cranial bone marrow that has enriched micro-
circulation but relatively slower blood flow. In addition,
neonatal scalp has less density of blood vessels compared
to the brain. Taken together, scalp and skull were less
impacted by the transient CCA ligations than the brain
(Figure 3A and Figure 3B). As expected, rCBF recovered
gradually towards its baseline after releasing the
ligations.

During asphyxia, however, the animal suffered sys-
temic hypoxic stress and depressed cardiac function.
Therefore, rCBF and relative blood flow continuously
decreased to 25 ± 11% and 33 ± 12% in the cortex and
top scalp/skull, respectively (Figure 4A and Figure 4B),
suggesting its global impact on blood flow in all tissue
layers.

Piglet #2: IVH Modeling. ICP elevations (Figure 5C)
along with other characteristic features of IVH, including
blood clots in the lateral ventricle and ventriculomegaly
(Figure 7), indicated the success in establishing the piglet
model of IVH.

IVH resulted in gradual reductions in blood flow and
led to the lowest values of 73 ± 2% and 87 ± 3% at the
brain cortex and superficial skull layer, respectively
(Figure 5A and Figure 5B). During asphyxia, blood flow
decreased continuously to 49 ± 2% and 75 ± 2% in the
cortex and skull, respectively (Figure 6A and Figure 6B).
blood flow reductions were much higher in the cortex
than in the skull, as the IVH and asphyxia mostly
impacted the cortex with higher blood perfusion com-
pared to that of the skull.

rCBF response discrepancies during asphyxia
between the two piglets. In addition to individual heter-
ogenous responses, the discrepancy in rCBF responses to
asphyxia between the two piglets (Figure 4 and Figure 6)
was likely due to the influence of the scalp and differ-
ences in pathological stresses. Piglet #1 had an intact
scalp with a transient global ischemic challenge that

allows CBF restoration, whereas Piglet #2 had an exposed
skull with scalp retraction to induce IVH that leads to
CBF depression. The scalp has higher blood flow than
the skull and is more susceptible to global ischemia/hyp-
oxia. As such, Piglet #1 with global ischemia (Figure 4)
showed more synchronous decreases of rCBF in both
layers than Piglet #2 with IVH (Figure 6).

4.4 | Study challenges, limitations, and
perspectives

We recognize challenges and limitations of this pilot
study. One major limitation is the small number of ani-
mals (n = 2), which precludes any statements related to
the variation across animals in physiological responses to
induction of cerebral ischemia, IVH or hypoxia. Another
limitation is the lack of continuous and automatic record-
ing of vital signals, such as ICP, SaO2, HR, and RR. Also,
this acute nonsurvival study should be extended to a
long-term survival study to longitudinally monitor CBF
variations along with the progress of brain pathologies.
Moreover, scDCT yielded only relative CBF variations.
Nonetheless, we believe this pilot study in large animal
models (piglets) with timely technology development is
an important step towards future studies that would
enroll more animals with more extensive measurements
to further validate the innovative scDCT technique
against gold standards for absolute CBF measurements.

There are also technological challenges to be over-
come. While constant optical properties (μa(r) and μ0s rð Þ)
were assumed from the literature [72], they may vary
across different tissue layers and between animals. Also,
using a homogenous mesh with assumed optical proper-
ties to represent a head with layered tissues (scalp/skull
and brain) may result in reconstruction errors. Although
beyond the scope of this study, we may adapt a layered
mesh with measured optical properties and cerebral oxy-
genation using NIRS or multiple-wavelength scDCT in
the future to improve image reconstruction [73–75].
Moreover, simultaneous measurements of both CBF and
cerebral oxygenation allow the derivation of cerebral oxi-
dative metabolism [60, 63, 65], another important param-
eter for brain function assessment.

The limiting factors for temporal resolution of scDCT
include the number of source positions over the ROI and
SNR. In this study, 25 (5 × 5) source positions formed a
full image circle in the selected ROI. Four intensity
images at each source position were collected sequen-
tially for averaging to improve the SNR. Therefore, the
total sampling time for scanning over the 25 source posi-
tions was 40 seconds. While decreasing the number of
source positions and number of images at each source
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position would improve the temporal resolution, this
would reduce the sampling density and SNR. Alterna-
tively, we may implement a new reconstruction scheme
based on a moving window, where a tomographic image
is obtained as data from a new source position becomes
available [76]. As a result, the sampling time can be
shortened tens of folds (e.g., 1.6 seconds = 40 seconds/25
sources).

Traditional FEM-based reconstruction takes minutes to
hours depending on size of mesh nodes [52, 54, 55]. New
FEM-based frameworks collectively utilize parallelization
of fluence and Jacobian calculations across S-D pairs and a
reduced sensitivity matrix for rapid image reconstruction
in near real-time [77]. We expect to eventually adapt these
fast sampling schemes and reconstruction methodologies
to achieve near real-time cerebral imaging.

The ICP and vitals (SaO2, HR, and RR) were continu-
ously monitored by an ICP Express device and a
Respirator-Oximeter, respectively. Their outputs were
recorded manually and intermittently, with missing data
due to failures of reporting from these devices. In the
future, we may develop a computer-controlled interface
to automatically read the outputs from the two devices
and synchronize them with scDCT measurements.

In addition to this preclinical study, our scDCT has
been tested for noninvasive imaging of human preterm
brains [38] and human mastectomy skin flaps [36, 78, 79]
with a penetration depth of ~10 mm. This depth (10 mm)
enables penetrating deeply into human infant brains
[38]. We are currently optimizing the system
(e.g., wavelengths/powers of laser diodes and sensitivities
of cameras) to penetrate deeper with the goal of imaging
human adult brains.

5 | CONCLUSIONS

This pilot study adapted and tested our innovative scDCT
system for 3D imaging of CBF variations in neonatal pig-
lets, which closely resembled human neonates in terms
of head anatomy and brain pathology. Perinatal diseases
including transient global ischemia, IVH, and asphyxia
were induced in two neonatal piglets. CBF variations
were concurrently monitored by our noncontact scDCT
imaging device and a contact DCS probe throughout all
experiments for comparisons. Significant correlations
were observed between the scDCT and DCS measure-
ments in the brain cortex. Moreover, CBF variations dur-
ing perinatal disease processes associated reasonably
with vital pathophysiological changes (e.g., ICP, SaO2,
HR, and RR). In contrast to the DCS measurements of
mixed signals from local scalp/skull and brain, scDCT
generates 3D images of rCBF distributions at different

depths over a large ROI/FOV, thus enabling correction of
partial volume effects by the overlaying scalp/skull tis-
sues. Moreover, high-density sampling in a large
ROI/FOV by the scDCT enabled determination of
regional ischemia in the brain. With further optimization
and validation in animals and human neonates against
gold standards, we expect that the scDCT will become a
valuable noninvasive imaging tool for both basic neuro-
science researches in laboratories and clinical applica-
tions in NICUs to evaluate various cerebral pathological
conditions and interventions.
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