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Probe Design Optimization
for Time-Domain NIROT “Pioneer”

System for Imaging
the Oxygenation of the Preterm

Brain

A. Di Costanzo-Mata, J. Jiang, S. Lindner, C. Zhang,
E. Charbon, M. Wolf, and A. Kalyanov

Abstract

In preterm infants, there is a risk of life-lasting
impairments due to hemorrhagic/ischemic
lesions. Our time-domain (TD) near-infrared
optical tomography (NIROT) system “Pioneer”
aims at detecting both disorders with high spa-
tial resolution. Successfully tested on phan-
toms, ‘Pioneer” entered the phase of
improvements and enhancements. The current
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probe (A-probe) was adapted for an optoacous-
tics instrument. A new probe (B-probe) opti-
mized for TD measurements is required. Our
aim is to determine the optimal arrangement of
light sources in the B-probe to increase the sen-
sitivity and the resolution of Pioneer and to
improve the ability of the system to detect both
ischemia and hemorrhage. To do this, we simu-
lated TD-NIROT signals in NIRFAST, a
MATLAB-based package used to model near-
infrared light propagation through tissue. We
used 16 x 16 detector array, with ~2.2 mm dis-
tance between the detectors. Light sources were
arranged around the field of view (FoV). We
performed forward simulations of light propa-
gation through a “homogeneous case” (HC) tis-
sue (W =5.6 cm™, p, = 0.07 cm™!). Next, we
simulated light propagation through “inhomo-
geneous case” -tissue’ (IC) tissue by adding
ischemia (W, = p, - 2.5 cm™') or hemorrhage
(Ma = Mg * 50 cm™!) to HT as a spherical inclu-
sion of 5 mm radius at different depths in the
FoV center and identified the source location
that provides the higher contrast on the FoV:
max; ¢ | (FoVContrastsoyrce). It was found that
sources located closer to the FoV center gener-
ate greater contrast for late photons. This study
suggests the light sources in B-probe should be
closer to the FoV center. The higher sensitivity
is expected to lead to a higher image quality.
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57.1 Introduction

Worldwide, ~15 million infants are born preterm
every year, and this number is rising. This repre-
sents ~10% of the total births [1]. Preterm infants
are delicate, and in particular, the brain is vulner-
able to lesions, and these do not heal well. Long-
term cognitive, sensory, motor, and/or behavioral
impairments affect up to ~50% of preterm born
patients at school-age [2]. In addition, these life-
time disabilities may lead to significant health-
care costs [3]. Brain lesions are probably often
caused by hypoxia or hyperoxia, which may lead
to hemorrhage and infarction and ultimately
white matter injuries (WMI).

Magnetic resonance imaging (MRI) is a pow-
erful neuroimaging tool for detecting brain struc-
tural lesions, i.e., white matter injury [4].
Nonetheless, MRI is unable to detect hypoxia or
ischemia causing the WMI. In addition, MRI
requires a risky transport of these delicate
patients. Therefore, a bedside method is required.
Ultrasound (US) is a bedside instrument and
detects hemorrhagic lesions immediately.
However, US is unable to measure oxygenation
and detect hypoxia.

Near-infrared spectroscopy (NIRS) detects
hyperoxia, hypoxia, or ischemia, but it is not spa-
tially specific. Near-infrared optical tomography
(NIROT) is still at the research stage, but has the
potential to fulfill all the requirements, i.e., to
become a bedside tool able to measure the oxy-
genation with high-spatial resolution [5].
Therefore, it is expected to the early detect and
possibly prevent hemorrhage, hypoxia, and
ischemia.

Recently, we introduced “Pioneer” as a time-
domain (TD) NIROT imaging system [6]. Tests
detecting ischemic-like inclusions inside phan-

toms have been successful. Now, ‘“Pioneer” has
entered the phase of improvements and
enhancements.

The current Pioneer probe (A-probe setup)
comprises a ring structure with 11 sources
~23 mm away from the field-of-view (FoV) cen-
ter. The FoV has 32 x 32 SPAD detectors array
(camera), with ~1.1 mm distance between the
detectors. The A-probe was adapted from a mul-
timodal optoacoustic-NIROT instrument [7].

A new optimized Pioneer probe (B-probe) is
required to increase the sensitivity to the late-
arriving photons (LAPs) [8], which will enable
higher image quality and sensitivity to deep hem-
orrhage, hypoxia, or ischemia.

The aim is to investigate the optimal arrange-
ment of light sources in the B-probe to increase
the sensitivity for LAPs, hemorrhage, and
hypoxia.

57.2 Method

The metric which we used to identify which
source locations will enhance the signal sensitiv-
ity was the contrast ratio between the time-point
spread functions (TPSF) and, in particular, the
LAPs, from a simulated “healthy” tissue, i.e., a
homogeneous case (HC), against tissue including
a localized ischemia or hemorrhage, an inhomo-
geneous case (IC).

The light propagation in tissue was simulated
by NIRFAST [9]. A mesh was generated to mimic
tissue and to implement the FoV of Pioneer
(detectors set). The mesh has dimensions of
100 x 100 x 50 mm (“xyz-axis”) with 0.6 mm
nodal distance. Virtual detectors (D) were placed
as a 16 x 16 squared grid at “z = 0” and centered
over the “xy-axis.” Detectors were separated by
2.2 mm between them {D € N> D = (1, ---,
256)}. Nine virtual sources (S) were placed cov-
ering an octant external to the FoV {S € N°|
S =(1, -, 9)} (Fig. 57.1a). The mesh optical
properties were p’s = 5.6 cm~! and p, = 0.07 cm™,
which are optical properties of an infant’s head
for the HC [10]. Ischemia ([, ischemia = Panc * 2-5)
and hemorrhage (W, hemorrhage = Manc ~ 50) were
modeled as spherical inclusions of 10 mm diam-
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Fig. 57.1 Simulated mesh sources and detector posi-
tions. In blue, 16 x 16 squared grid of detector array with
2.2 mm separation distance between them. In red, nine
sources with 5 mm x-axis equidistant separation between
them. Highlighted in yellow, the selected source locations
yielding a greater contrast for different ischemic inclusion
depth (Table 57.1) and for hemorrhagic inclusions
(Table 57.2)

eter. Mesh simulations with these inclusions rep-
resent the IC. Each IC mesh has an inclusion
placed at a different depth below the center of the
FoV.

NIRFAST TD computational modeling gener-
ated TPSF data for the HC and IC. The simulations
covered a 6 ns time window with a sampling rate of
0.1 ns, resulting in 61 time-bins (TB), {TB € R¢!|
TB=(0,0.1, ---,6)}. We considered the LAPs to be
present in the time-bins from TB,y = 2.8 ns to
TBy = 6 ns, {LAPseI* ILAPs =(29,---,61)}.
The LAP’s interval represents the photons reaching
~15 mm depth and below [11].

To calculate the intensity I over the time inter-
val of the LAPs, we employ

Lisr,,  (LAPS) = % TPSE o, L (57.1)

where S is the selected source, D is the selected
detector, and TPSF represents the simulated TD
data matrix {TPSFs p 15 € R% 661},

The contrast C represents a percentage differ-
ence between the IC intensity (I;c) and the HC
intensity (Iyc) in the time interval of the LAPs:

(selected S = max, (FoVC, (LAPS))). Such a
“selected S” xyz-location is retrieved from the
mesh design parameters (Fig. 57.1). Finally, we
calculate the Euclidian distance of the “selected
S’ against the closest boundary to the FoV perim-
eter and to the FoV center. Such distances iden-
tify the location where the sources generate a
higher system sensitivity to a deep inclusion
below the FoV center.

57.3 Results

The simulations have sources placed from
21.43 mm to 44.44 mm away from the FoV cen-
ter and 5.05 mm to 21.11 mm away from the FoV
perimeter (edge). According to the index value
obtained from max,, (FoVC, (LAPS)), the most
sensitive contrast for LAPs is for the sources near
the FoV perimeter and to the FoV center. The
“selected source” metrics for different ischemic
inclusion depth are in Table. 57.1 and for hemor-
rhagic inclusions in Table 57.2 (Fig. 57.1).

To generate data diversity, three lines of
three sources were simulated. The sources had
5 mm separation between them and away from
the FoV in the x-axis. Each line of sources had
an angular displacement of £22.5° starting at
£180° relative to the FoV center. It was
observed that sources located near the FoV
perimeter deliver a higher FoVCg(LAPS) val-
ues (Fig. 57.2a), and the highest FoVCs(LAPS)
was for the source nearest to the FoV center
(Fig. 57.2b).
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Table 57.1 Selected source S data table for ischemic inclusion at different depths (Fig. 57.1)

Selected S-FoV S-FoV
Inclusion depth S# Max (Cs# p(LAPs)) | center dist. edge dist. FoVC(LAPS)
10 mm 1 80.3% 21.43 mm 5.05 mm ~76.95
20 mm 1 72.2% 21.43 mm 5.05 mm ~66.19
25 mm 1 61.1% 21.43 mm 5.05 mm ~48.43
30 mm 1 39.0% 21.43 mm 5.05 mm ~30.64
Table 57.2 Selected source S data table for hemorrhagic inclusion at different depths (Fig. 57.1)
Selected Max (Csy. S-FoV S-FoV
Inclusion depth S# p(LAPs)) center dist. edge dist. FoVCs(LAPS)
10 mm 1 84.59% 21.43 mm 5.05 mm ~96.96
20 mm 1 87.43% 21.43 mm 5.05 mm ~85.79
30 mm 1 55.47% 21.43 mm 5.05 mm ~42.77
40 mm 1 14.41% 21.43 mm 5.05 mm ~11.06
1@ i
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Fig. 57.2 Plot of summated contrast ratio (FoVC) for a
hemorrhagic inclusion 40 mm deep (a) versus the distance
of each source from the perimeter of the FoV (b) versus

57.4 Discussion

Pioneer time-domain data enables to resolve
deeper anomalies (~3 cm) in tissues, with short
S-D distances (~2 cm), which is not possible by
continuous-wave (CW) NIROT. This depth reso-
lution is relevant, because tissue consists of lay-
ers with different optical properties (skin, skull,
muscle, brain) and because it enables to obtain
the optical properties of the layer of interest (e.g.,

the distance of each source from the center of the
FoV. Each source is represented as a red dot. In yellow is
the selected source yielding a greater contrast

the brain). This layered structure was not repre-
sented in our phantoms. However, due to the high
contrast of the lesions (e.g., hemorrhage is
50 times more absorbant than the surrounding
tissue), the difference between the other tissue
layers may be neglected as a first approximation.
The A-probe had a comparably long distance to
the FoV of the detectors. For the B-probe, the
sources were close (~5 mm) to the FoV perime-
ter. This small distance yielded the greatest con-
trast for all 1024 detectors. In addition, in the A
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Fig.57.3 Simulated contrast map in the field of view for an ischemic inclusion 30 mm deep for the source ~5 mm away
from the detector edge and ~21.5 mm from the FoV center yielding the highest contrast ratio

probe a high number of 700 detectors was not
sensitive to the light, i.e., inactive. The higher
contrast and number of active detectors provides
a higher signal-to-noise ratio and more informa-
tion for the image reconstruction. The A-probe
showed a contrast of ~20% for ischemia 30 mm
deep using ~330 detectors [6]; with the B-probe,
we achieved a contrast ~39% using 1024
detectors.

57.5 Conclusion

To achieve a high contrast for the LAPs, the
B-probe sources must be close to the FoV perim-
eter and the center for ischemic or hemorrhage
deep inclusions (Fig. 57.3). The higher sensitiv-
ity is expected to lead to a higher image quality.
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