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In Phantom Validation of Time-
Domain Near-Infrared Optical 
Tomography Pioneer for Imaging 
Brain Hypoxia and Hemorrhage

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

Abstract

The neonatal brain is a vulnerable organ, and 
lesions due to hemorrhage and/or ischemia 
occur frequently in preterm neonates. Even 
though neuroprotective therapies exist, there 
is no tool available to detect the ischemic 
lesions. To address this problem, we have 
recently designed and built the new time-
domain near-infrared optical tomography (TD 
NIROT) system  – Pioneer. Here we present 

the results of a phantom study of the system 
performance. We used silicone phantoms to 
mimic risky situations for brain lesions: hem-
orrhage and hypoxia. Employing Pioneer, we 
were able to reconstruct accurately both posi-
tion and optical properties of these 
inhomogeneities.

Keywords

Time-domain near-infrared optical tomogra-
phy (TD NITOR) · Diffuse optical tomogra-
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· Tissue oxygenation · Preterm brain imaging

54.1	 �Introduction

The brain of extreme preterms is subject to inju-
ries due to the too low or too high oxygenation in 
the brain tissue. Both hemorrhage and ischemia 
occur frequently in preterm neonates. Happening 
early in life, they often lead to long-term disabili-
ties. Despite an improved survival rate (~80%), 
up to 25% of extremely preterm infants develop 
cerebral palsy or a low IQ, and a significant cog-
nitive delay is present in ~12% by school age [1, 
2]. Neuroprotective therapies exist and are avail-
able to clinicians. However, there is no tool that 
can detect ischemia or hypoxia at the bedside. 
Cranial ultrasound (cUS) is frequently applied in 
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neonatology, because the fontanel provides a 
window to the brain. Although cUS provides ana-
tomical images of the brain and cerebral blood 
flow velocity (CBFV), it is insensitive to hypoxia 
(low tissue oxygen saturation (StO2)). A lesion 
can be identified only once the tissue degraded. 
MRI measures cerebral blood flow (CBF), e.g., 
by arterial spin labeling, but StO2 cannot be 
determined, and the method is rarely applied in 
intensive care [3, 4], because it is not bedside, 
and requires a risky transport of the vulnerable 
patient.

The most promising noninvasive method so 
far is near-infrared spectroscopy (NIRS) [5–8], 
which measures the StO2, which reflects the pro-
portion of hemoglobin carrying oxygen in the 
field of view of NIRS. Even though NIRS pro-
vides StO2 values of brain tissue, the technology 
lacks spatial resolution. Thus, it cannot provide a 
full picture of cerebral StO2, since the hypoxia of 
brain is a localized event [9].

Another approach is time-domain near-
infrared optical tomography (TD NIROT) which 
provides 3D images of StO2. In TD NIROT, a set 
of light sources and detectors is arranged over the 
tissue. Light intensity and photon time-of-flight 
(ToF) between emission and detection are mea-
sured for each source-detector pair [10, 11]. The 
measured data is then fed into an image recon-
struction method based on a physical model for 
light propagation in tissue. It has been shown 
that, using short source detector distances and 
photons with “long” TOFs, TD NIROT is able to 
reach a depth of 60 mm [12].

State-of-the-art NIROT technology is cur-
rently based on photomultiplier tubes [13]. Due 
to the bulkiness of such systems, the number of 
detectors that can be used in a system is limited to 
a few dozen [13, 14], and it would be impossible 
to increase this number by a factor of 10. The 
next generation of detectors – single-photon ava-
lanche photodiodes (SPADs) – enables a signifi-
cant increase in the number of detectors, which 
leads to better spatial resolution [15–17].

To benefit from this new technology, we have 
recently designed and built the new TD NIROT 
system  – Pioneer [18]. It aims at imaging the 
brain of preterm neonates with a high spatial res-
olution and at detecting hypoxia and bleeding. 

Here the aim was to study the system perfor-
mance in a silicone phantom that mimics risky 
situations for brain lesions: hemorrhage and 
hypoxia. These are characterized by different 
optical properties and location.

54.2	 �Methods

Pioneer is a TD NIROT system based on a time-
of-flight camera with 1024 pixels (Fig.  54.1). 
Each pixel comprises a SPAD with 116 ps time 
resolution and an unprecedented sensitivity of 
12% at 800  nm. This camera chip was specifi-
cally designed for NIROT by Biomedical Optics 
Research Laboratory, University of Zurich and 
University Hospital Zurich, Switzerland (BORL) 
and Advanced Quantum Architecture laboratory, 
School of Engineering, EPFL Lausanne, 
Switzerland (AQUA) [19]. Pioneer is equipped 
with a super continuum laser (SuperK 
Extreme-15, NKT, Denmark) connected through 
optical fibers to 11 light sources arranged in a 
circle around the field of view (FoV) (Fig. 54.1). 
Altogether, we employed almost 4000 source-
detector pairs. Emission wavelength can be set in 
a wide NIR range (650–950 nm); consequently, 
the system enables multispectral tomography of 
tissue. Thus, detection of multiple chromophores, 
such as oxy- and deoxyhemoglobin, fat, water, 
etc., is possible. Three wavelengths were 
employed in this work: 689  nm, 802  nm, and 
838 nm. For more details on Pioneer, consult our 
previous publications [18, 20, 21].

We created a silicone phantom with an inclu-
sion to test the system. The phantom has a 
cylindrical shape: Ø110  ×  62  mm3. It is large 
enough to ensure the absence of influence from 
boundaries on the light propagation. The inclu-
sion, a Ø10 × 30 mm3 cylinder, was located at 
15  mm depth at the center of the phantom 
(Fig.  54.2a). This phantom was manufactured 
in two steps: (i) the inclusion of desired shape 
was made out of silicone with certain inks 
added to achieve the optical properties [22]; (ii) 
after curing, the inclusion was placed in the 
mold for the phantom and fixed at the chosen 
location by fishing rope; then the mold was 
filled with silicone with bulk optical properties. 
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Once cured, we removed fishing rope from the 
phantom. Due to its flexibility and elasticity, 
the silicone expanded into the cavities and 
completely closed them.

Optical properties of the bulk and the inclu-
sion were measured with frequency domain 
NIRS Imagent (ISS; USA) [23]. We give these 
values in Table 54.1. Absorption of the bulk was 

Fig. 54.1  Pioneer tomography setup. The image shows 
schematic of Pioneer probe design (center), the actual sen-
sor placed inside neonatology intensive care unit (NICU) 

and applied to dummy baby head (left), and the overview 
of the whole system including bulky components placed 
next to the NICU (right)

Fig. 54.2  Schematic of silicone phantom with inclusion (left) and reconstructed 3D image (center and right): ground 
truth in red, reconstructed inhomogeneity in green
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constant at the wavelengths of interest, whereas 
absorption of the inclusion was wavelength 
dependent. It enabled us to achieve various con-
trasts between the inclusion and the surrounding 
media (see Table 54.1). Namely, the contrast var-
ied from 2× (hypoxia) to 7× (hemorrhage) 
depending on the wavelength. This high contrast 
is typical for hemorrhage lesion due to the high 
concentration of hemoglobin. Despite the 
wavelength-dependent absorption spectra of the 
inclusion, we did not aim at modeling an actual 
spectrum of tissue but rather created a model for 
several distinct cases of lesion. We also produced 
a homogeneous phantom with the same bulk 
optical properties and used it as a reference in the 
reconstruction, i.e., scaled simulated signal by 
the one measured on the homogeneous phantom 
to correct for artifacts related to hardware (e.g., 
intensity and time offset related to different 
sources).  Alternatively, wavelength normaliza-
tion method can be used instead, as it was recently 
reported [26, 27]. However, we did not employ 
the method in this work.

We performed two types of reconstructions. 
First, we reconstructed spatial distribution of 
absorption coefficient within the phantom based 
on 689 nm data. We chose this wavelength due to 
the highest contrast. This reconstruction was per-
formed in the NIRFAST package for Matlab 
(finite element method FEM) [24]. Next, we seg-
mented the model based on this reconstruction. 
All nodes with absorption below a certain 
threshold were assigned to segment 1 (bulk), 
whereas nodes above the threshold were assigned 
to segment 2 (inclusion). The threshold was set as 
50% difference between maximum and mini-
mum reconstructed absorption. Finally, we per-
formed a hard prior reconstruction on the 
segmented mesh at all three wavelengths based 
on MCX (Monte Carlo MC) [25][28].

54.3	 �Results and Discussion

54.3.1	 �No-Prior Reconstruction

Reconstruction of an inclusion position without 
prior information is not trivial, since the problem 
is ill posed. Nevertheless, Pioneer provides a rich 
set of data, which enable us to reconstruct the 
inclusion inside the phantom.

The reconstructed inhomogeneity agrees with 
the inclusion in both shape and location (Fig. 54.2). 
However, we noticed a mismatch on both sides of 
the cylinder due to its length exceeding the field-
of-view (FoV) of Pioneer (Fig. 54.2a). Please note 
that we reduced the reconstructed region as com-
pared to the real phantom in order to achieve faster 
reconstruction. This is not expected to affect the 
reconstruction quality since the reconstructed 
region is large enough to avoid the influence from 
boundaries.

The no-prior reconstruction was run on the 
data acquired at 689 nm. At this wavelength, the 
phantom has 6.7× contrast between bulk and 
inclusion absorption coefficients. This contrast is 
well within physiological values. A hemorrhage, 
i.e., a volume with a high hemoglobin concentra-
tion, has a contrast of a factor 50 compared to the 
bulk tissue.

54.3.2	 �Region-Based Reconstruction

In a region-based reconstruction, the problem is 
simplified by implementing a known geometry 
and structure of the object. Such information can 
be employed by the no-priors reconstruction. An 
area with similar optical properties is treated as a 
single region. Therefore, the number of unknowns 
is limited by the number of regions. In our case, 
we had only two regions (bulk and inclusion).

Table 54.1  Optical properties of the phantom and the MC reconstructed values

λ Inclusion Contrast μs′ [cm−1] μa bulk [cm−1] μa of inclusion [cm−1]
[nm] Type Bulk/inclusion Targetb Meas Diff Targetb Meas Diff
689 Hemorrhage 7× 8.1/9.5 0.055 0.050 −10% a0.366 0.320 −14%
802 – 3× 6.9/8.3 0.055 0.054 −2% 0.187 0.187 0%
838 Hypoxia 2× 6.7/8.0 0.055 0.069 21% 0.124 0.162 24%

μs′ reduced scattering coefficient, μa absorption coefficient
aMeasured with ±15% accuracy due to high μa
b±10% error
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We performed a MC reconstruction of absorp-
tion for three wavelengths: 689, 802, and 838 nm. 
The results are presented in Table  54.1. We 
achieved good agreement for shorter wavelengths 
at which the contrast between the inclusion and 
the bulk was high: 6.7× at 689 nm and 3.4× at 
802 nm. At 838 nm, the contrast was only 2.3×. 
Here we observed an offset. It has to be consid-
ered that the true values were measured with an 
error of ±10%.

As expected, a priori structural information 
enabled accurate reconstruction of optical prop-
erties. The low contrast case, which imitated 
hypoxia, demonstrated an increased relative error 
(Table  54.1), whereas, the error was ≤10% for 
the high contrast cases, which is similar to a 
hemorrhage.

54.4	 �Conclusions

The new high-resolution time-domain near-
infrared optical tomography system Pioneer was 
built and tested on a silicone phantom. We were 
able to achieve good agreement in the geometry 
and optical properties between the reconstructed 
image and the ground truth. Thus, an important 
step in the translation of Pioneer to detect isch-
emia and hemorrhage in the brain of preterms 
was mastered.
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