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Abstract: Few technologies are capable of imaging in vivo function during development. In
this study, we have implemented spectral photoacoustic imaging to estimate tissue
oxygenation longitudinally in pregnant mice. We used the spectral photoacoustic signal to
estimate hemoglobin oxygen saturation within intact, in vivo mouse concepti from
developmental day (E) 8.5 to E16.5—a first step towards functional imaging of the maternal-
fetal environment. Future work will apply these methods to compare longitudinal functional
changes during normal vs abnormal development of embryos, fetuses, and placentas.
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1. Introduction

To study developmental abnormalities, researchers have made significant discoveries using
simpler models of the in vivo system—such as in vitro culture or ex vivo tissues to study
changes in genetic and protein expression profiles [1]. However, in vivo function—the
production and transport of nutrients, oxygen, and signaling molecules—remains difficult to
study and incompletely understood in the maternal-fetal environment. We have implemented
ultrasound-guided spectral photoacoustic imaging to measure longitudinal in vivo hemoglobin
oxygen saturation as a first step towards imaging function during development.

Several imaging modalities provide the high contrast and centimeter-scale imaging depth
necessary for in vivo studies of function during development—micro-magnetic resonance
imaging (UMRI), high frequency ultrasound, and photoacoustic imaging. Optical imaging
methods that are dependent upon coherent light have limited depth of imaging due to light
scattering, while embryonic and fetal tissues provide minimal x-ray contrast [2]; due to these
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limitations, most optical and x-ray based imaging methods are limited to ex vivo tissue
analysis. pMRI provides high resolution images of anatomical structure [3]—in vivo brain
sparing has been assessed using blood oxygenation level dependent (BOLD) puMRI [4].
However, real-time measurements are critical for characterization of in vivo function, while
clinical applications of MRI during pregnancy are limited due to instrumentation cost and the
inability to use the system at bench-side. Ultrasound provides high spatial resolution for
structural phenotyping [5—11] and has provided new insights on the functional effects on the
heart of teratogen exposure [12]. Photoacoustic imaging—using a short laser pulse to
generate ultrasound transients from optical absorbers—improves image contrast while
maintaining many advantages of ultrasound imaging. Introduction of targeted contrast agents
for photoacoustic imaging provides information about molecular composition of in vivo
tissues [13, 14]. Imaging of function is a particular strength of photoacoustic techniques—
measurements of hemoglobin oxygen saturation (sO,) been demonstrated in phantoms [15]
and preclinical models [16—18].

In this work, we demonstrate the combination of ultrasound-guided spectral photoacoustic
as a preclinical method to analyze the maternal-fetal environment—specifically, sO, of the
conceptus tissues—Ilongitudinally over an extended period of development. Previously,
photoacoustic methods have been used to image mouse developmental anatomy either ex vivo
or in situ by exteriorizing the uterus [19, 20]. The single reported image of an E15.5
conceptus in an intact mother acquired photoacoustic signal within a relatively small field of
view [16]; without ultrasound images of anatomy for guidance, distinction between the
maternal and fetal contributions to the signal can be challenging. In addition to providing
ultrasound-guidance, we extend the application of photoacoustic imaging to the functional
maternal-fetal environment, using a 2D linear phased array transducer for acquisition of both
ultrasound and photoacoustic signals of intact, in vivo pregnancies. We apply spectral
photoacoustic imaging methods to measure sO, similar to those used in preclinical models of
cancer—scanning the wavelength of the laser and acquiring photoacoustic images at each
wavelength of light, then using linear least squares to fit the resulting photoacoustic signal
intensity to the characteristic absorption spectra of oxy- and deoxyhemoglobin to generate
maps of sO, [18, 21, 22]. Additionally, we calibrate our fit of sO, using data obtained from a
phantom of porcine blood. Quantitative measurement of the concentration of blood sO,
remains a challenge [22, 23], since the local laser fluence is difficult to measure and model
due to the complex scattering and absorption properties of in vivo tissues [24]. This complex
optical scattering and absorption leads to “spectral coloring”. However, assessment of
qualitative or relative changes in sO, can provide insight on underlying mechanisms of
normal and abnormal development. Ongoing advances in spectral photoacoustic imaging and
quantitative analysis methods make our approach a viable and timely strategy for tracking
functional development during pregnancy.

2. Methods
2.1 In vivo model

Inbred SWV mice were allowed free access to food and water, and maintained in a closed
breeding colony at the Dell Pediatric Research Institute Vivarium. Nulligravid females, 2-3
months of age, were bred overnight to males and examined the following morning for the
presence of vaginal plugs. The presence of vaginal plugs indicated copulation, using 1 am the
previous night as the start of gestation. Mice were handled and housed following protocols
approved by the University of Texas Institutional Animal Care and Use Committee.

2.2 Ultrasound-quided spectral photoacoustic imaging, calibration, and analysis

Ultrasound and photoacoustic images were acquired using a Vevo LAZR small animal
imaging system. We used an LZ-550 transducer—axial resolution of 44 um, lateral resolution
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of 90 um at geometric focus, broadband frequency of 32 MHz to 55 MHz with a center
frequency of 40 MHz—to acquire photoacoustic images from 780 nm to 820 nm in steps of
10 nm. For mice, this transducer provides good resolution at the earlier gestational stages,
while having a depth of field sufficient to capture larger fetuses at later stages of
development. We used the same transducer and positioned the conceptus of interest
approximately 1 cm beneath the transducer face when collecting longitudinal images to
ensure comparable fluence in all imaging sessions. Mice were anesthetized with isoflurane—
2-2.5% carried with 1.5 mL/min of oxygen gas—and placed supine on a heated physiological
monitoring stage. Depth of anesthesia was monitored and isoflurane was adjusted as needed
to maintain 50-60 breaths per minute. Images were acquired every other day from gestational
day E8.5 to E18.5. Each animal was anesthetized for a maximum of 3 hrs per day.

The image data from the Vevo LAZR imaging sessions was processed to calculate the
s0,. The image data was first exported and parsed into a data matrix for subsequent analysis.
At each pixel, the variation in the photoacoustic signal intensity vs wavelength was fit to the
optical absorption spectra of oxy- and deoxyhemoglobin using linear least squares [25], as
shown in Fig. 1. A limitation of this analysis method is that it neglects wavelength-dependent
variation in fluence. To calibrate our fitting algorithms, we acquired photoacoustic images of
a tube phantom containing heparinized porcine blood. We flowed oxygen to the blood, while
stirring, and recorded the partial pressure of oxygen of the solution (NeoFox, Ocean Optics).
The blood was pulled, using a syringe, through polymer tubing with inner diameter of 0.86
mm, suspended in water, 9 mm away from the transducer. Photoacoustic images at
wavelengths from 680 to 970 nm in steps of 1 nm were acquired at oxygen partial pressures
varying from 0 mmHg to 140 mmHg.

The phantom data was used to correct the linear fit of the hemoglobin oxygen saturation,
by first fitting the sO, calculated from the blood phantom to a sigmoidal curve then scaling to
a sigmoidal curve fit of tabulated oxyhemoglobin dissociation data [26]. The corrected sO,
was then displayed using a red-blue color map, where red represents fully oxygenated
hemoglobin while blue represents fully deoxygenated hemoglobin, with varying proportions
of red and blue represented using a 255 value colormap. In the final images, the ultrasound
image was used to segment the anatomy of interest, and the transparency of the sO, map was
scaled to the original photoacoustic signal intensity in the 2D images. All programming was
implemented in Matlab software.
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Fig. 1. Linear least squares fitting of 2D images of photoacoustic signal intensity variation with
laser wavelength to the optical absorption of oxy- and deoxyhemoglobin, to generate 2D
images of sO,. (a) photoacoustic images acquired at multiple laser wavelengths; (b)
photoacoustic signal at each pixel is fit to the optical absorption coefficient of oxy- and
deoxyhemoglobin to generate a 2D map of sO; (c).
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3. Results and discussion

In these studies, we acquired ultrasound-guided spectral photoacoustic images of pregnant
SWYV mice longitudinally throughout the late embryonic and fetal stages of development. The
photoacoustic imaging instrumentation used in these studies consisted of a 2D linear array
ultrasound transducer, designed for small animal imaging, integrated with a tunable
nanosecond laser. Performing ultrasound and photoacoustic imaging with the same transducer
co-registers the two images. Additional advantages of the ultrasound-guided photoacoustic-
enabled 2D transducer array system include fast imaging speed (real time 2D imaging),
imaging at significant tissue depth, and the ability to correlate anatomical features on
ultrasound with the photoacoustic signal [21, 27, 28]. Co-registration of the anatomy and the
contrast from the photoacoustic signal provides anatomical guidance for functional
characterization. Ultrasound provided high-resolution images of the developing anatomy from
E8.5 to E16.5 (Fig. 2(a)), allowing the identification of major features of the developing
conceptus—the uterine wall, embryo/fetus, and placenta. An overlay of ultrasound and
photoacoustic images provides guidance for identification of the anatomical origin of the
photoacoustic signal (Fig. 2(b)); in each image, the median photoacoustic signal was used as a
threshold for display of photoacoustic signal—above this threshold, the photoacoustic signal
is displayed, below this threshold the ultrasound signal is displayed. Each photoacoustic
image is scaled to the maximum photoacoustic signal in that image. Light traveling through
tissue is absorbed and scattered such that light transmission diminishes exponentially with
depth [24]; as expected, strong photoacoustic signal is seen in vasculature close to the tissue
surface—as in the placenta in Fig. 2(a)—indicating high optical absorption due to increased
concentration of hemoglobin.

Fig. 2. Longitudinal ultrasound-guided photoacoustic images of development. The ultrasound
(a-e) provides high resolution images of the anatomy. The photoacoustic signal, overlain on
the ultrasound images (f-j) shows signal in tissue which is highly absorbing due to the presence
of hemoglobin. All images were acquired with a 40 MHz transducer, and the photoacoustic
signal was acquired at 810 nm. Scale bars = 2mm. Uterus (u), embryo (em), fetus (f) and
placenta (p) are labeled in the ultrasound images. Photoacoustic skin artifacts have been
manually segmented and removed from images.

To compare the photoacoustic signal to the development of vasculature and hematopoietic
vessels, microscopy images of whole-mount concepti were acquired. In the E10.5 conceptus,
PA signal appears in areas where blood supply is increased—the uterine wall and decidua
(Fig. 3(a)). The corresponding microscopy images (Fig. 3(b)) shows vessels supplying the
uterine wall and decidua. Additionally, the Reichert’s membrane is a source of blood contrast
(Fig. 3(c)). Vasculature from yolk sac (Fig. 3(d)) and embryo (Fig. 3(e)) is present but has
less blood—and therefore less photoacoustic signal—in comparison to the maternal tissues at
this stage. At later stages of development—E14.5—fetal vasculature is discernable (Fig. 3(f)-
3(i)). The placenta is distinguishable both in the ultrasound and photoacoustic images and the
fetal body has sufficient vasculature to generate photoacoustic signal (Fig. 3(f)). Some
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smaller vessels can be seen, as well as potentially the yolk sac vessels (Fig. 3(h)). Increased
signal is seen within the fetus tissue—more signal is generated within the abdominal region of
fetus from the liver (Fig. 3(i)). The anatomy and photoacoustic signal generation is consistent
with what is understood about embryonic and fetal hematopoiesis and vasculogenesis [29].
Red blood cells derive from hematopoetic progenitors from the endothelium of arteries—
vitelline artery, umbilical artery, and dorsal aorta—as well as the heart and yolk sac [30].
Distribution of light is likely to vary from position to position in tissue, which our algorithms
and reconstruction methods do not currently account for.

Fig. 3. Endogenous photoacoustic contrast in E10.5 and E14.5 concepti. (a) ultrasound-guided
photoacoustic image, (b) excised gravid uterine horn segment, (c) Reichart’s membrane (d)
yolk sac; and (e) embryo of E10.5 conceptus. (f) ultrasound-guided photoacoustic image, (g)
excised gravid uterine horn segment, (h) yolk sac and (i) fetus of E14.5 conceptus. Scale bars =
2mm. placenta (p) and fetus (f) are labeled in the images.

3.1 Longitudinal images of oxygen saturation

Spectral photoacoustic images of a phantom of porcine blood were used to calibrate the
spectral fitting of the in vivo images. We fit the spectral photoacoustic images acquired of
blood at varying partial pressure of oxygen to the optical absorption spectra of oxy- and
deoxyhemoglobin using a linear least squares algorithm [21]. The oxygen saturation plotted
versus the measured partial pressure of oxygen (ppO,) shows the expected sigmoid curve, but
with errors in estimation of the absolute value of sO,; Fig. 4(a) displays the measured sO,
calculated from the spectral photoacoustic signals using linear least squares (yellow circle
markers); the sigmoidal fit is overlain (purple solid line). Tabulated sO, at varying partial
pressures is plotted (orange circles) and the sigmoidal fit is overlain (blue line). We rescaled
our sO, maps by first calculating a sigmoidal fit to blood hemoglobin oxygen saturation data
from literature [31], and also calculating a sigmoidal fit to our phantom sO, versus ppO,. Our
sigmoidal fit to the measured phantom sO2 was used to calculate ppO, for a given pixel, then
the standard sigmoidal fit was used to convert the ppO, to sO,. Using human hemoglobin for
our sO, estimation could introduce a 10-20% error in the estimation of sO, [32]. The resulting
sO, maps, segmented to anatomy of interest, are shown in Fig. 4(b)-4(f). Rescaling our sO,
estimations attempts to correct for systems-level inaccuracies in the sO, values—for example,
unequal weighting of photoacoustic signal at particular wavelengths due to differences in
delivery of laser fluence. Though our sample size was too small to demonstrate statistical
significance, our calculated sO, segmented to the conceptus as shown in the example images,
was comparable to expected physiological values—0.44 at E8.5, 0.55 at E14.5, and 0.52 at
E16.5. For comparison, placental oxygenation was measured as 0.48 + 0.19 at E14.5 and 0.39
+ 0.17 at E17.5 using BOLD MRI [4]. Our spectral analysis algorithms do not correct for
wavelength-dependent differences in the optical scattering and absorption in tissues, which
change the spectral fluence at depth—future work will implement light scattering and
absorption modeling to improve quantification of sO,. Longitudinal tracking of conceptus
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oxygenation or placental hemoglobin oxygenation is a promising use of this analytical
method, segmenting the functional photoacoustic signal using ultrasound anatomy.
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Fig. 4. Longitudinal in vivo imaging of regional tissue sO, during development. a) A tissue
phantom of porcine blood at varying partial pressure of oxygen was used to generate spectral
photoacoustic images, which were fit using the spectral fitting algorithms (measured data). The
spectral fitting algorithm results were calibrated using tabulated sO, vs partial pressure of
oxygen (standard). b) The oxygen saturation values resulting from the calibrated fitting
algorithms are overlain on the ultrasound anatomy. Intensity of sO, signal in each image is
proportional to the photoacoustic signal intensity. Scale bars = 2mm.

4. Conclusions

In this work, we characterize the photoacoustic signal generation from endogenous
chromophores of a pregnant mouse model, and the ability of spectral photoacoustic
processing methods to generate maps of function—using ultrasound to segment anatomy, and
quantify photoacoustic signal and measure sO, longitudinally over time. We demonstrate the
ability of ultrasound-guided spectral photoacoustic imaging to conduct longitudinal studies of
development (from E8.5 to E16.5 in these studies). Imaging of function is an emerging area
of photoacoustic imaging, with applications in the study of many pathologies. Specific to
studying pregnancy, the oxygenation or function of the environment is critical to
understanding the development of many abnormal conditions—the study of genetic birth
defects, teratogens, preeclampsia and gestational diabetes. Since our imaging instrumentation
borrows many features from clinical ultrasound, future translation of ultrasound-guided
photoacoustic imaging to clinical use is on the horizon.
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