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Photoacoustic tomography has great potential to image dynamic functional changes in vivo. Many tomographic
systems are built with a circular view geometry, necessitating a linear translation along one axis of the subject to
obtain a three-dimensional volume. In this work, we evaluated a prototype spherical view photoacoustic
tomographic system which acquires a 3D volume in a single scan, without linear translation. We simultaneously
measured relative hemoglobin oxygen saturation in multiple placentas of pregnant mice under oxygen challenge.
We also synthesized a folate-conjugated indocyanine green (ICG) contrast agent to image folate kinetics in the

placenta. Photoacoustic tomography performed at the wavelength of peak optical absorption of our contrast
agent revealed increased ICG signal over time. Through these phantom and in vivo studies, we have demonstrated
that the spherical view 3D photoacoustic tomographic system achieves high sensitivity and fast image acquisi-
tion, enabling in vivo experiments to assess physiological and molecular dynamics.

1. Introduction

Photoacoustic Tomography (PAT) generates images of optically
absorbing chromophores within in vivo tissue. To produce a photo-
acoustic signal, a nanosecond laser pulse is used to irradiate tissue, the
tissue chromophores absorb the incident light energy and convert the
light into heat through nonradiative relaxation, resulting in rapid ther-
moelastic expansion and generation of a photoacoustic wave [1,2]. The
photoacoustic signal can be detected by a wide band ultrasound trans-
ducer and processed to form an image. Endogenous agents within tissue,
such as hemoglobin, melanin, and lipids, have a wavelength-dependent
absorption of light. Because of this wavelength-dependent absorption of
light, the generated photoacoustic signal can provide higher contrast
images of tissue composition and function in comparison to ultrasound
imaging alone. Photoacoustic imaging also provides higher spatial res-
olution in deeper tissue in comparison to optical in vivo imaging [3-5].
Due to these strengths, the use of photoacoustic imaging for in vivo
systems has potential to provide high resolution information about tis-
sue composition and function [6,7].

Small animal preclinical whole-body imaging systems have primarily
used a circular-view PAT design. Circular-view PAT acquires 2D images
of a slice of the animal, and then translates either the animal or the
transducer in the elevational direction to construct 3D volumes. There
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are currently two circular-view PAT systems available: the multispectral
optoacoustic tomography system (MSOT) [8] and a ring-shaped
confocal photoacoustic computed tomography (RC-PACT) [9]. Howev-
er, using a spherical geometry for image acquisition and reconstruction
can lead to 3D photoacoustic images with higher spatial and temporal
resolution. Spherical geometry PAT systems can acquire the PA signal
with either an arc shaped transducer array [10,11] or a hemispherical
transducer array [12-14] to generate an image of a 3D volume of tissue.
Typically, using a spherical-view PAT system, the object is mechanically
rotated in 360° and the entire 3D image is reconstructed from the
resulting photoacoustic signals.

Endogenous or exogenous contrast agents can generate photo-
acoustic signal, providing either functional, anatomical, or molecular
information about the imaged in vivo system. Hemoglobin generates a
very strong photoacoustic signal, which can be used to construct 3D
images of the vascular anatomy within the body, including highly vas-
cularized internal organs [15-17]. Additionally, due to oxygenated he-
moglobin (HbO2) and deoxygenated hemoglobin’s (Hb) distinct
wavelength-dependent absorption coefficients, by acquiring the photo-
acoustic signal at different wavelengths, the concentration of the chro-
mophores can be determined [1,10,16]. Using these imaging-based
measurements of the concentration of Hb and HbO,, the hemoglobin
oxygen saturation (sPO,) in tissue can be calculated. The ability to
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estimate in vivo hemoglobin sPO, has been used to monitor oxygenation
changes in tumor angiogenesis [18], reduced oxygenation in damaged
vessels of organs [19], and changes in oxygenation through gestation
[20]. Exogenous agents, with or without targeting moieties, can also be
introduced into the system to enhance photoacoustic image contrast.
Indocyanine green (ICG) dye, a widely used contrast agent in both
fluorescence and photoacoustic imaging [21], is an FDA approved dye
with high absorption in the near infrared (NIR) range. Free ICG has been
used in PAT imaging to observe blood perfusion [22], and pharmaco-
kinetic monitoring in multiple organs [23] and brain vasculature [24],
superficial human finger vasculature [25], placental perfusion [26].
Targeted ICG contrast agents have also been used to analyze passive ICG
accumulation in tumor microenvironment [27-30].

In this study, we implemented a spherical view 3D volumetric PAT
imaging system to monitor placental function in mice. Abnormal
placental function is a defining characteristic of many pathologies of
pregnancy, including preeclampsia [31], gestational diabetes [32], and
fetal growth restriction [33]. The placenta is the primary route of de-
livery of oxygen and nutrients to the fetus, and therefore placental
function is critical for fetal growth and viability. The goal of our work
was to evaluate the ability of a spherical view 3D PAT system to capture
the functional changes of the placenta in vivo in label free and targeted
contrast agent volumetric PA images. First, we measured relative
oxygenation changes by inducing a hypoxic condition in the pregnant
animal. Second, we monitored folate transport in the placenta by using a
folic acid-conjugated polyethylene glycol (PEG) modified ICG, designed
to target folate receptor alpha (FRa), which is highly expressed in
placental tissue [34]. We also assessed the sensitivity of the system to
different optical density of ICG dye with phantom and synthesized ICG
conjugated folate targeted contrast agent (FA-PEG-ICG) to study mo-
lecular bioaccumulation using volumetric PA images. Using the system’s
fast image acquisition and high sensitivity, we demonstrated that the
spherical view 3D PAT system is capable of monitoring functional
changes in the placenta in vivo.

2. Methods

A prototype photoacoustic/fluorescence tomography (PAFT) system
(PhotoSound Technologies, Inc., Houston, TX, USA) was used for all
image acquisitions. The system uses an arc transducer array with a
5MHz central frequency and 96 channels for photoacoustic signal
acquisition with an acquisition frame rate of 8.2 Hz. For generation of
the photoacoustic signals, an Opotek Phocus Benchtop laser (5—7 ns
pulses, 10 Hz repetition rate; Opotek Inc., Carlsbad, CA, USA) was in-
tegrated with the PAFT system; the OPO had a tuning range of
690 nm-950 nm and 1200 nm-2400 nm in 1 nm steps. The laser fluence
was measured at the output port of laser system using a power meter
(Ophir Technologies, West North Logan, UT, USA). The fluence at each
excitation terminal for 690 nm, 808 nm and 950 nm was 160.825 mJ/
cm?, 216.79 mJ/cm?, 141.75 mJ/cm? respectively. The fluence at the
surface of animal for each wavelength was 1.55 mJ/cm?, 2.089 mJ/cm?
and 1.3658 mJ/cm?. The calculation is included in the supplementary
data (Fig. S6). The schematic diagram of PAFT system is shown in Fig. 1.

In the PAFT system, two optical fiber terminals called orthogonal
excitation terminals were mounted in the imaging chamber orthogo-
nally to illuminate the object of interest, and two optical fiber terminals,
epi excitation terminals placed 30° with respect to vertical plane of
transducer array were used to deliver light at 532 nm wavelength. For
delivery of the isoflurane anesthetic, one end of nose cone was con-
nected to the gas supply through tube and the other end is attached to
the subject holder. A stepper motor was attached to the nose cone for
mechanical rotation of object. The position of the subject holder can be
adjusted in the elevational direction to shift the 3D field of view. In the
imaging chamber, deionized, degassed water was used as the acoustic
coupling medium. The temperature of water was maintained at 37°C.
The system had a field of view (FOV) of 30 x 30 x 30 mm with a spatial
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Fig. 1. Schematic diagram of prototype Photoacoustic/Fluorescence Tomog-
raphy (PAFT) system. (1) Ultrasound detector array, (2) Animal holder with
nose cone, (3) Water tank, (4) Heating pad, (5) Orthogonal excitation terminal
and (6) Epi excitation terminal.

resolution of 150 pm provided by manufacturer.

2.1. Synthesis of contrast agent

Polyethylene glycol (PEG)-linked folate was conjugated to ICG dye
following previously published methods [35]. In brief, 10 mg ICG in
1mL anhydrous Dimethyl sulfoxide (DMSO) was reacted with 6 mg
dicyclohexyl carbodiimide (DCC) and 6mg N-Hydroxysuccinimide
(NHS) at room temperature for 6 h in the dark. Folate-PEG2000-NHy
(JenKem Technologies, Plano, TX, USA), in pH 9 sodium carbonate/
bicarbonate media was mixed with the activated ICG and stirred for 8 h
in dark, then dialyzed against deionized water for 2 days. The solution
was filtered by passing through a PD-10 desalting column containing
Sephadex G-25, equilibrated with phosphate buffered saline (PBS) at pH
7.4 and lyophilized for long-term storage. The optical density (OD) of
the resulting FA-PEG-ICG was measured using a SpectraMax i3x plate
reader (Molecular Devices, San Jose, CA, USA).

2.2. Determining PAFT system sensitivity

To assess the sensitivity of the PAFT system, six polyethylene tubes
(0.89 + 0.05 mm inner diameter, 101.6 mm length), attached to a cir-
cular disc, were filled with free ICG diluted in phosphate-buffered saline
(PBS) to varying ODs. Imaging was performed at 780 nm, matching the
peak optical absorption of free ICG with 48.65 mJ energy at the fiber
bundle input of laser. The acquired images were reconstructed with the
PAFT integrated software, which uses a modified back projection algo-
rithm [36]. The parameters required to reconstruct 3D volume of PA
data included azimuthal and elevational angle of each transducer
element to calculate solid angle, 3D array of photoacoustic data, speed
of sound (SoS) and radial distance of transducer elements from the axis
of rotation. Due to the dependence of SoS on temperature, we recon-
structed 2D slice (z = 150) image with varying speed of sound. Then we
measured the tube diameter from the reconstructed images. The SoS
which produced a tube diameter which most closely matched the actual
tube diameter was 1.482 mm/ps, which was used to reconstruct all
images for further analysis. After reconstruction, the image data was
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corrected for the wavelength-dependent absorption coefficient of water,
the measured laser fluence, and the user-set gain of the transducer in
MATLAB (Natick, MA, USA). The signal intensities of each tube con-
taining varying concentrations of ICG were averaged from the
cross-sectional area of the central 2D slice of the reconstructed image.

2.3. In vivo imaging of placental oxygenation

All animal imaging was performed following a protocol approved by
the Tulane University Institutional Animal Care and Use Committee
(IACUC). Pregnant CD 1 mice at mid gestation were anesthetized with
1.5 % of isoflurane mixed with 100 % oxygen at a flow rate of 1 L/min.
The fur from lower abdomen region, torso and hind limb were removed
by shaving and applying depilatory cream. The limbs and tail of each
mouse were taped to the restrainer with medical tape. The animal was
then placed in the imaging chamber and the torso of the animal sub-
merged in the deionized, degassed water bath, which was heated to
37°C to maintain body temperature. A nose cone attached to the
restrainer provided a constant flow of anesthesia and acted as diving bell
under water.

Relative change in the oxygenation of the placenta of pregnant mice
at gestational day 14 (n = 3) was assessed through an oxygen challenge.
To induce different oxygenation conditions, the ratio of the anesthetic
carrier gases (oxygen and nitrogen) was varied from 100 % oxygen, 0%
nitrogen gas (hyperoxic) to 20 % oxygen and 80 % nitrogen gas (nor-
moxic), while maintaining an overall flow rate of 1.5L/min. After sta-
bilization, a pulse oximeter (Med Associates, Inc., Fairfax, VT, USA) was
placed on hind limb to measure the arterial oxygenation of the mice
prior to immersion in the water tank. For spectral photoacoustic imaging
(sPAI), photoacoustic signals were acquired using the laser tuned to
690 nm, 808 nm and 950 nm, representing an optical absorption peak of
Hb; the isosbestic point of Hb and HbOy; and an optical absorption peak
of HbOj, respectively. Also, laser light at 532 nm was used to acquire
photoacoustic signal from the skin vasculature. Image reconstruction
and data correction were performed as described above for the phantom
experiments. Estimations of the concentrations of Hb and HbO, for the
whole 3D volume were calculated using a linear least-squares spectral
unmixing algorithm [20,37]. From the estimated concentration of Hb
and HbO,, we calculated relative sPO, following Eq. (1):

[HbO,]

Relative sPO, = W
b

x 100% (€D)

The calculation of relative sPO, and the pseudo color display of the
relative sPO; of each pixel was implemented following our previously
developed methods for 2D display [38]. For 3D display, grayscale
volumetric images of mice were rendered using Amira (Thermo Fisher
Scientific, Waltham, MA, USA). Placental tissues were segmented
manually from the 3D images rendered in Amira, and the average signal
intensity of each segmented region was determined through the Amira
software. The expected kidney-shape and anatomical dimensions of the
placentas were used to identify and segment them from the PAFT im-
ages. The field of view of PAFT imaging system was focused on lower
abdomen of the animal where majority of PA signal was generated from
the placentas due to their high vascularity. The 2D segments of placentas
from three different planes (xy, xz and yz) along with the 3D volume
were used to identify the boundaries of the placentas. These 2D seg-
ments of the placentas are provided in the supplementary file.

2.4. Imaging placental transport

To monitor the kinetics of folate transport, images were acquired of
pregnant CD 1 mice at gestational day 17. 3D Images were taken at
808 nm to provide an anatomical reference, and 740 nm to match the
peak absorption of the FA-PEG-ICG contrast agent. FA-PEG-ICG, pre-
pared as described above, was diluted to optical density (OD) 1 at peak
absorption 740 nm in PBS, pH 7.4, and filtered to sterilize. A bolus of
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0.1 mL of folate-PEG-ICG (OD =1) was injected into the blood stream
through a tail vein injection. At 5min post injection, images were ac-
quired at 740 nm, continuing to acquire images at intervals for a total
duration of 90 min. The gain of the system was adjusted to prevent
saturation of the photoacoustic signal during imaging.

To measure the changes in signal intensity in placental tissue due to
FA-PEG-ICG uptake, three placentas from each mouse were segmented
manually in 2D slices, and the average signal intensity of the selected
placentas was calculated.

3. Results

The phantom experiment was performed to demonstrate system
sensitivity by measuring the acquired signal intensity of ICG, which is
commonly used to generate photoacoustic imaging contrast. Fig. 2(a)
shows the cross-sectional view of tube phantom filled with different ODs
of ICG. The reconstructed PA image at slice z =150 is shown Fig. 2(b).
The brightest signal in the image corresponds to OD 1. There is no signal
observed for tube of OD 0. The variation of signal intensity with optical
density is shown in Fig. 2(c); the system was able to detect PA signal
from ICG dye solution with an OD as low as 0.0625. A relatively linear
response of the system to OD was observed (R? value of 0.985).

In vivo 3D PAT imaging of mice shows the anatomical structure of
placentas in abdominal region. As 808 nm is the isosbestic point for both
Hb and HbO,, images acquired at this wavelength of laser capture the
structures of organs with blood supply, regardless of the oxygenation
status of that blood. Fig. 3(a-d) shows a representative image of a 3D
volume of a pregnant mouse abdomen at gestational day 12, allowing
distinction of multiple placentas and the uterine artery. A 3D recon-
struction at gestational day 17 is shown in Fig. 3(e). The spiral arteries
feeding the conceptus were separately identified from placental vascu-
lature. The vasculature of skin was imaged by tuning the laser to a lower
wavelength (532nm). The image of the skin provided the useful
anatomical boundary of the mouse.

To test the ability of the system to detect changes in Hb and HbO,
concentration in placental tissue in vivo, the oxygen challenge experi-
ment was performed. By varying the ratio of oxygen in the anesthesia
carrier gas, a normoxic condition was induced. Three wavelengths
690 nm, 808 nm and 950 nm were used to perform sPAI Performing a
linear least square spectral unmixing algorithm, the estimated concen-
tration of Hb and HbO, was calculated from the images. From the
concentration of Hb and HbO,, we calculated the relative sPO,. Three
placentas and the common iliac arteries were segmented, and the
average relative sPOy, was calculated. Fig. 4(a) shows the estimated
oxygenation colormap for the 3D volume. The oxygenation colormap
appears red and blue in different regions which indicate higher and
lowered relative hemoglobin sPO; respectively in the tissue regions. The
readings from the pulse oximeter also confirms the varying maternal
sPO at varying hypoxic conditions were induced. Fig. 4(b,c) shows a
plot of calculated relative sPO; of the placenta and common iliac artery
versus measured arterial oxygenation by pulse oximeter respectively.
Estimated relative sPOy of common iliac arteries from PA images
decreased with the decreasing arterial oxygenation measured by pulse
oximeter even though accuracy was poor. On the other hand, relative
sPO, of placentas showed relatively constant value at different arterial
oxygenation.

Longitudinal monitoring of folate uptake in placental tissue was
performed to observe placental accumulation of FA-PEG-ICG in the
placenta. FR-a has a high affinity for folic acid. Due to the high
expression of folate receptors such as FR-a, the placental intervillous
blood has higher concentration of folate than the maternal blood supply
[40]. Since the acquisition time of PAT system for each scan is 365, it
was possible to monitor dynamic changes in the estimated concentration
of the contrast agent semi-continuously. PA image at 808 nm, before the
intravenous injection of the FA-PEG-ICG contrast agent, showed the
highly vascularized anatomical structures including placentas, common
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Fig. 2. (a) Schematic diagram of cross-sectional view of tube phantom filled with different OD of ICG dye. (b) Cross sectional view of reconstructed PA image
(z=150) of tube phantom. (c) Plot of photoacoustic signal intensity versus optical density with R* value of 0.985 when a linear fit is applied. Scale bar is 3 mm.

Fig. 3. (a) Reconstructed 3D volume of PA data of mouse lower abdomen at 808 nm at gestational day 12. Here two placentas were indicated as p and common iliac
arteries were indicated as ca. (b) The skin vasculature of mouse at same field of view of (a), acquired at 532 nm. (c) Overlay of (a) and (b) rendered at Amira. (d)
Spine with abdominal aorta (aa) of the mouse indicated by yellow box. (e) PA image of spiral arteries (sa) and placenta (p) at gestational day 17. (f) Our observation
of the two separate vascular components of the uterine vasculature — spiral arteries and placenta — corresponds to the vasculature revealed through a latex cast of

the rat uterine vasculature of the pregnant horn (PH) [39]. Scale bar in the photoacoustic images is 3 mm. Videos of reconstructed 3D volume of the PA images are
provided in Supplementary.
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Fig. 4. (a) Image of relative hemoglobin oxygenation measured using PA data at 100 % oxygen supply. In the colormap, red indicates oxygenated, and blue indicates
deoxygenated hemoglobin (GD 14). (b) Plot of mean relative sPO, of placentas (n =3 per animal) with standard deviation and (c) Plot of mean relative sPO, of

maternal common iliac arteries (n = 2 per animal) with standard deviation versus arterial oxygenation measured by pulse oximeter at GD 14. Scale bar is 3 mm. A
video of reconstructed colormap of 3D volume is provided in the Supplementary.
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Fig. 5. (a) Reconstructed 3D volume of PA data of mouse lower abdomen at GD 17 before injection of FA-PEG-ICG at 740 nm. (b, ¢) 3D volume of PA data at t=5 min
and t=90 min post injection, respectively. Accumulation of FA-PEG-ICG were colored green. Here the placenta (p) and spiral artery (sa) are labeled. (d) Plot of
normalized photoacoustic signal intensity of pre and post injection of segmented placentas (n = 3) versus time for 90 min time period. Here post injection PA signal

intensity is normalized by pre-injection PA signal intensity of each placenta. The PA signal started increasing 30 min of post injection. Scale bar is 3 mm. Videos of the
reconstructed 3D volumes of the PA images are provided in the Supplementary.
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iliac arteries in 3D volume. Also, acquired PA image at 740 nm before
injection provided reference point of PA signal intensity of placentas.
Fig. 5(a) shows the PA image of mouse lower abdomen pre-injection
(t=0). Fig. 5 (b), (c) shows the resulting PA images of the placentas
at the 5 and 90-minute timepoints after the injection of FA-PEG-ICG. In
Fig. 5(d), an increase in the placental PA signal normalized by
pre-injection placental PA signal is observed over time due to the
accumulation of ICG targeted to the FRa in placenta. This accumulation
can be quantified as an improved contrast to noise ratio. The time in-
tensity curve for selected 2D areas of the placentas in Fig. 5(d) showed
an increased signal intensity after 30 min of FA-PEG-ICG circulation, and
continued accumulation over the duration of the imaging time.

4. Discussion

In this work, we demonstrate that the 3D PAFT system is capable of
visualizing mouse abdominal anatomical structures and measuring
placental functional changes in vivo. The spherical configuration of the
PAFT system has the advantage of scanning the whole volume in a single
rotation, in comparison to circular array transducer-based photoacoustic
systems, which must use a linear motor to step in the third dimension.
This allows imaging of multiparous anatomy — mice can have up to ~ 15
placentas per pregnancy — and the acquisition of data simultaneously
from multiple regions. The tested system was able to acquire a 3D image
in 36 s. This temporal resolution makes it applicable for studies of blood
concentration and distribution, contrast agent accumulation, and other
functional changes in tissue over time.

The PAFT system used a modified back projection algorithm for
reconstruction of the PA images [36]. This modified back projection uses
an approximate algorithm of the exact solution of the inverse problem in
the time domain, which increases the computational speed in compar-
ison to an exact solution algorithm [36]. Other reconstruction methods
may be used, such as optimization-based or iterative image recon-
struction methods, with a trade-off expected in higher computational
demands. Optimization-based reconstruction methods could also be
implemented, however the choice of penalty function in optimization
based reconstruction method can highly influence the image quality
[41]. Therefore, for our initial evaluation, the modified back project is
seen as a compromise, but future work will optimize these reconstruc-
tion methods.

Our phantom study showed a linear response of the system with
increasing OD of dye. The system is sensitive enough to detect a PA
signal of ICG at OD 0.0625. In homogenous turbid medium, light fluence
decays exponentially with depth. Based on the minimum detectable OD
from a phantom acquired with the PAFT system, and this assumption of
a homogenous turbid medium, we estimate that at 1 cm depth, the
minimum detectable OD of ICG dye is 0.42. The phantom experiment
represents an idealized condition which does not fully replicate the in
vivo condition. In real tissue, the inhomogeneous optical and acoustic
scattering and absorption of the tissue reduces the sensitivity of the
system; however, to establish a reference condition, phantoms provide
useful information to characterize the system operating capabilities.

Our oxygen challenge experiment focused on measurement of
placental function using photoacoustic signal generated from endoge-
nous contrast agent. Hemoglobin provides label-free contrast for PA
imaging and allows for imaging of highly vascularized internal organs.
sPAIL, with a subsequent spectral unmixing method, provides estimates
of the concentration of Hb and HbO» in tissue, which allows for relative
estimations of sPOy in tissue. In this study, images acquired at 532 nm
revealed the surface skin vasculature to aid in identification of the sur-
face of the mouse. To identify different anatomical structures within the
mouse, the 808 nm the isosbestic point for Hb and HbO5 has been used.
At this wavelength, we identified anatomical features such as placentas,
the abdominal aorta, the left and right iliac artery and vein, and the
spine. We made an interesting observation that each vasculature feeding
the conceptus could be separated into two parts - the maternal spiral
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arteries, and the placental vasculature itself. These structures have
previously been clearly identified through latex casting of the placenta-
associated vasculature [42]. In addition to anatomical identification, we
performed sPAI of 3D volumes of the lower abdomen of pregnant mice at
hypoxic conditions. Using a linear spectral unmixing method, the rela-
tive concentrations of Hb and HbO, were calculated from 3D segmented
ROI of images at 690 nm, 808 nm and 950 nm. The sPO of the common
iliac artery trended with the maternal arterial oxygenation measured by
a pulse oximeter. We saw minimal changes in placental oxygenation at
different arterial oxygenations. Our PAFT data indicating that there
were minimal changes in the relative sPO;, of the placentas, in com-
parison to changes in the maternal common iliac artery, is different from
previously published photoacoustic imaging studies from Arthuis et al.
[43] and Basak et al. [26]. However, the Arthuis et al. group used 5%
oxygen to create a hypoxic condition which likely led to their observed
greater reduction in placental sPOy. The Basak et al. group induced
hyperoxia and normoxia conditions similar to ours, but instead alter-
nating each oxygenation condition every 2 min, while we applied the
hyperoxic and normoxic conditions for a much longer duration of
10min. It is likely that this longer incubation period allowed the
maternal system and placenta to compensate for the reduced oxygena-
tion. Our observation is consistent with a placental sparing mechanism,
which ensures constant supply of oxygen in the placenta, as previously
observed using BOLD MRI [43]. One of the tested animals achieved a
very low placental relative sPO5 (~25 %) while the arterial oxygenation
measured 60 % using the external pulse oximeter. It is likely that in this
case, the arterial oxygenation was too low for the placental sparing
mechanism to fully compensate for the reduced breathing gas oxygen-
ation. Pregnancy is a stress condition, and therefore it is to be expected
that we would observe a large physiological variation between study
subjects in response to oxygen challenges and due to the impacts of
anesthesia.

The known challenge of spectral coloring has not been addressed in
this implementation. The wavelength-dependent fluence distribution,
which becomes more pronounced deep within tissue, can introduce
significant error in the estimation of sPOy using a linear unmixing
method. In our study, we observed large error in the accuracy of the
sPO, estimation due to the absence of a correction for fluence variation
within tissue. At 96 % arterial oxygen saturation, the estimated sPO, of
common iliac artery was 72 %, while when the arterial oxygen satura-
tion was 60 %, imaging estimated sPO3 was ~24 %. Imaging at deeper
region of tissue increases the error in estimation of sPO5 due to depth
dependency of fluence. Hochuli et al. [44] explained the effect of
spectral coloring in estimation of sPO, and showed that a fluence
correction along with careful choice of wavelength selection and
experimental condition can improve accuracy of sPO5 estimation using a
linear inversion. Numerical models-based fluence correction methods
such as Monte Carlo simulations [45,46], and finite element method
(FEM) of the diffusion approximation of radiative transfer equation
[47], can estimate the photon distribution in the tissue provided there is
prior knowledge of the optical properties of the tissue. Other groups
have applied model-based eigenspectra derived through principle
component analysis, requiring a training dataset to converge to the so-
lution [48,49] or iterative approaches to minimize cost function, also
requiring prior knowledge of optical properties of tissue to improve
accuracy of heterogenous tissue type [50]. As these models depend on
tissue optical properties, one needs anatomical references and accurate
optical properties to determine the fluence distribution in the in vivo
animal. The tested prototype was not equipped to collect soft tissue
anatomical information, for example through ultrasound imaging,
which limited our ability to accurately determine the tissue optical
fluence distributions using any of the above cited methods. In future
work, ultrasound images co-registered with photoacoustic images will
be implemented along with Monte Carlo modeling of light propagation
to improve the accuracy of estimation of the fluence within the tissue at
depth.
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Use of the 3D PAFT system to monitor ICG bioaccumulation was
demonstrated. As FR-a is highly expressed in placental tissue, targeting
this receptor, in combination with the fast acquisition speed, allows for
measurements of placental kinetics. We monitored the placental pho-
toacoustic signal intensity at the peak wavelength of the FA-PEG-ICG
post injection. From a time-intensity curve constructed from these im-
ages, we observed that signal intensity started increasing after 30 min of
injection. Typically, free ICG would circulate through body and be
excreted, primarily through the kidneys, from circulatory system within
30 min of intravenous injection [51]; PEGylation and FA targeting in-
crease this circulation and retention time.

In preeclampsia and fetal growth restriction, insufficient placental
perfusion leads to placental ischemia [33]. This system could be used to
monitor placental function to identify potential therapeutics for pre-
eclampsia or fetal growth restriction to reverse placental ischemia. We
have chosen to target our contrast agent to folic acid both due to the
expression of FRa on placental tissue, but also because disruptions in
fetal folate bioavailability unpin many congenital birth defects, such as
neural tube defects (e.g. spina bifida) [52]. In the future, photoacoustic
contrast agents could be conjugated with other important substrates
required for fetal development, for example glucose [53], and used to
understand how pathologies of pregnancy and environmental exposures
affect fetal development, as well as to provide preclinical evidence of
strategies to mitigate or prevent these effects. Clinically, treatment is
required when a patient’s arterial oxygen saturation falls 10 % below
normal levels (termed hypoxemia). In our oxygen challenge experiment,
we detected changes in sPO, from images of the common iliac artery
when the arterial oxygenation change, measured with the pulse oxim-
eter, was less than 10 %, indicating that the system has sufficient
sensitivity to detect hypoxemia. While it is unlikely that the tomo-
graphic form of photoacoustic imaging will be adaptable to imaging of
human placentas, the preclinical data obtained with such a system could
play a major role in the understanding of diseases of pregnancy, their
progression, and therapeutic response.

5. Conclusion

In this work, we investigate the use of spherical view 3D photo-
acoustic tomography to monitor functional changes in the placenta
through a dynamic in vivo oxygen challenge and through studies of folate
kinetics using an introduced contrast agent. Our in vivo oxygen challenge
experiments showed this tomographic system is sensitive to detect
changes in sPOy in placenta which correspond to changes in arterial
oxygenation as measured by pulse oximeter. The PAFT system is also
capable of measuring the temporal changes in signal intensity from a
contrast agent targeted to the placenta. Whole abdomen imaging and
high temporal resolution could be advantageous for simultaneous ki-
netic monitoring of internal organs and tumors. In conclusion, 3D PAFT
showed potential in preclinical small animal studies with high sensi-
tivity, fast acquisition and high spatial resolution. This system could be
used to characterize growth of intracranial tumors [54], breast cancer
[55], and lymph node metastases [37]. Scanning a large region of the
whole body in single rotation enables simultaneous monitoring of
multiple regions at a time, potentially reducing required animals and
providing information about within-animal variability.
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