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ABSTRACT OF THE DISSERTATION
Application of Photoacoustic Imaging in Understanding Connective Tissue Remodeling
by
Yuan Qu
Doctor of Philosophy in Biomedical Engineering
Washington University in St. Louis, 2020
Professor Lihong Wang, Co-Chair
Professor Yong Wang, Co-Chair
Photoacoustic Imaging (PAI) as an imaging method in biomedical research can provide high
spatial resolution, various contrasts, great detection sensitivity, and deep penetration. These
advantages are attributed to the combination of optical excitation and acoustic detection, which
releases PAI from the ballistic limit faced by other optical imaging technique with high spatial
resolution. In this dissertation, we aim to apply this technique to understand the connective tissue
remodeling that is a ubiquitous physiological change in various medical complications.

Chapter 1 elaborates the mechanism of PAI as well as the motivation of my dissertation.

In Chapter 2, I introduce a new contrast mechanism for PAI, developed during this research. This
contrast mechanism enables PAI to image the alignment of collagen fibers that make up connective
tissue. Furthermore, the novel imaging method can measure both the amplitude of tissue’s
dichroism and the orientation of the optic axis of uniaxial dichroic tissue. I experimentally
demonstrate the performance of this method by imaging ex vivo connective tissue inside scattering
media and successfully detect the orientation of the optic axis of uniaxial dichroic materials beyond
viii

the ballistic limit. The results show that the proposed method will extend the capability of PAI to
imaging tissue absorption anisotropy.

Chapter 3 describes the development of a transvaginal acoustic-resolution photoacoustic
endoscope. The endoscope is 20 mm in diameter, rigid, and side-scanning. The scan is driven by
a servo motor which provides a 10 Hz B-scan frame rate with a 30˚ scanning angle. I demonstrate
the performance in phantom, ex vivo, and in vivo experiments. This device will be useful for
monitoring physiological change associated with variation of blood oxygenation.

Chapter 4 introduces a new method to quantify tissue hydration by measuring near-infrared
spectra. I first demonstrate this method in hydrogel phantoms as an analog of connective tissue.
Then, I apply this method to pregnant women in vivo, and observe an increase in the water content
of the cervix throughout pregnancy. The application of this technique in healthcare may advance
our understanding of connective tissue remodeling.

Chapter 5 presents a transvaginal fast-scanning optical-resolution photoacoustic endoscope with a
250 Hz B-scan rate over a 3 mm scanning range. Using this modality, I not only illustrate the
morphological differences of vasculatures among human tissues, but also show the longitudinal
and cross-sectional differences of cervical vasculatures in pregnant women. This technology is
promising for screening the visceral pathological changes associated with angiogenesis.

In chapter 6, I show how the tissue oxygenation, hydration, and vascularity change with cervical
remodeling through pregnancy. In the study, I observe an overall increase of tissue hydration. In
ix

contrast, the tissue oxygenation does not change much. As future work, a systematic study
illustrating the role of cervical remodeling in complications of preterm labor should focus on highrisk populations.

x

Chapter 1: Introduction
1.1 Photoacoustic Tomography
In the life sciences, imaging illuminates biological mechanisms from molecular to anatomical
levels. At the molecular level, optical microscopy can illustrate complicated genome
conformations [1] and subcellular skeletal structures [2], as well as the associated molecular
transports [3]. At the anatomical level, positron emission tomography and single-photon emission
computed tomography achieve high sensitivity and specificity by labeling receptors with
radioactive molecular probes. X-ray computed tomography, magnetic resonance imaging, and
ultrasound imaging can visualize the anatomy without labeling [4]. In general, the capability of
the foregoing imaging modalities is constrained at either the molecular level or the anatomical
level by their imaging contrast mechanisms. However, photoacoustic tomography (PAT) is an
exception: this special technology can image substances and structures from microscopic to
macroscopic scales.

PAT can image across multiple scales by acoustically detecting optical absorption contrast via the
photoacoustic (PA) effect, in which a laser pulse targeting one molecular characteristic absorption
band is converted into an ultrasonic wave freely propagating in an optically scattering medium.
This combination offers three advantages. First, PAT can provide anatomical and functional
imaging through endogenous contrast and for molecular and provide cellular imaging through
exogenous contrasts [5, 6]. Second, PAT's scalable spatial resolution can go beyond the ballistic
regime that constrains optical microscopy, but still provide optical contrast [5]. Third, PAT is
1

complementary to and compatible with other imaging modalities, augmenting their imaging
capability by adding more anatomic and functional information [6].

With these advantages, PAT can be implemented in two major forms [5]. The first form,
photoacoustic microscopy (PAM), detects the photoacoustic (PA) signal excited by one laser pulse
at a single spot and scans the spot across the entire field of view (FOV) with repeated excitations.
We can classify PAM into two categories, optical-resolution PAM (OR-PAM) and acousticresolution PAM (AR-PAM). OR-PAM detects the PA signal excited by a focused laser beam and
has an optical diffraction-limited lateral resolution, typically ~ 3 µm. AR-PAM, to achieve a larger
imaging depth than OR-PAM, detects the PA signal excited by diffused light and its lateral
resolution depends on the size of the acoustic focus, typically ~ 40 µm. The second form,
photoacoustic computed tomography (PACT), can be implemented by a transducer array, and the
resolution in the imaging plane is ~ 100 µm.

1.2 Motivation
This dissertation enriches our knowledge of connective tissue remodeling, which is a pivotal
biological mechanism involved in parturition [7], wound healing, fibrotic diseases [8], and tumor
invasion [9]. First, we demonstrate a new contrast mechanism that enables PAT to image collagen
fibers (Chapter 2), the building blocks of connective tissue. Second, we develop an endoscope that
can quantify oxygenation in connective tissue (Chapter 3). Many physiological processes are
associated with oxygen consumption, and connective tissue remodeling may be among these
processes. Third, we use near-infrared spectroscopy to illuminate the relation between connective
tissue remodeling and change of tissue hydration (Chapter 4). Fourth, we implement in vivo, non2

invasive angiography with capillary-level spatial resolution (Chapter 5), to validate the hypothesis
that angiogenesis accompanies the changes of extracellular matrix [10]. In the end, we combine
the information acquired by different devices to show how tissue changes during cervical
remodeling in pregnancy (Chapter 6).
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Chapter 2: Dichroism-sensitive Photoacoustic
Tomography
This chapter describes a new contrast mechanism for photoacoustic tomography, which used to
image the spatial distribution of optical absorption and regard the absorption coefficient as a scalar.
In fact, the absorption coefficients of many biological tissues exhibit an anisotropic property,
known as dichroism, which depends on molecular conformation and structural alignment. Here, I
present a novel imaging method called dichroism-sensitive photoacoustic computed tomography
(DS-PACT), which measures both the amplitude of tissue’s dichroism and the orientation of the
optic axis of uniaxial dichroic tissue. By modulating the polarization of linearly polarized light and
measuring the alternating signals through lock-in detection, DS-PACT can boost dichroic signals
from biological tissues.

2.1 Background
Medical imaging using non-ionizing radiation can discover and monitor diseases without hazard
to the human body [11, 12]. Photoacoustic (PA) tomography (PAT) combines non-ionizing
photons and low-scattering ultrasound to achieve high optical contrast and high spatial resolution
imaging at depths beyond the optical diffusion limit, given by the transport mean free path [13–
15]. Nevertheless, conventional PAT commonly treats the absorption coefficient as a scalar
variable, which does not take the absorption anisotropy of biological tissue into consideration. In
practice, however, many biological tissues exhibit dichroism, which means photons in different
polarization states traveling through the tissue experience different degrees of absorption.
4

Dichroism is related to molecular conformation and structural alignment. For example, amyloid, a
hallmark of a wide spectrum of protein aggregation disorders, is dichroic [16]. Because PAT
converts a small fractional change in the optical absorption coefficient to an equal fractional
change in the PA signal, the ratio of the latter to the former, defined as the relative sensitivity to
optical absorption, is 100%. Thus, it could be an ideal modality to study the dichroism of biological
tissues. Very recently, PA microscopy with optical resolution has demonstrated its capability to
image dichroism [16]. However, the demonstrated depth is within the ballistic regime, which is
too shallow for many preclinical and clinical applications.

PA computed tomography (PACT) is an embodiment of PAT that provides up to multiple
centimeters’ imaging depth in tissues with high spatial resolution [17–20]. Here, we present a new
approach, called dichroism-sensitive PACT (DS-PACT), which we developed by upgrading a
conventional PACT system [21] for dichroism measurement. Benefiting from the deep penetration
of PACT, the new approach can image the dichroism of biological tissue at depths beyond the
transport mean free path. Moreover, by modulating the polarization of linearly polarized light and
measuring the alternating signals through lock-in detection [22], DS-PACT can significantly
enhance the imaging contrast among biological tissues with different dichroism, and can also
image the orientation of the optic axis of uniaxial dichroic tissue. We first investigated the principle
of our approach, then we demonstrated it by imaging the dichroism of both plastic polarizers and
biological tissues (bovine tendon) buried deep inside scattering media.

5

2.2 Methods
The PACT system used in this study (Figure 2.1) was upgraded from that in our previous work
[21]. A frequency-doubled Nd:YAG laser (LS-2137, LOTIS) at 532 nm with a 10 Hz pulse
repetition rate was used for excitation. The output laser beam was vertically polarized. A halfwave plate was used to rotate the polarization of the linearly polarized laser beam. A stepper motor
triggered by a function generator rotated the half-wave plate so that the polarization angle of the
excitation light before entering the scattering medium was rotated with a period of 32.00 s
(corresponding to a rotation frequency 𝑓" = 0.03125 Hz). A concave lens then expanded the
incident light to a diameter of ∼2.5 cm on the sample surface. The maximum light fluence on the
surface of our sample was ∼15 mJ⁄cm2, within the American National Standards Institute safe
exposure limit [23].

6

Figure 2.1 Experimental setup of DS-PACT. The polarization of linearly polarized light is
modulated by a half-wave plate, which is driven by a stepper motor. The light is then expanded by
a concave lens. HWP, half-wave plate; CL, concave lens; DAQ, data acquisition system.

While illuminating the sample with polarization-rotated light, we collected a sequence of
conventional PACT images. The PA signals were detected by a full-ring ultrasonic transducer
array with a 5 cm diameter (Imasonic, 5 MHz central frequency, more than 80% one-way
bandwidth, and 512 elements). Each element (10 mm high, 0.3 mm pitch, and 0.1 mm interelement space) was arc-shaped to produce an axial focal distance of 19.8 mm in the imaging plane.
The imaging region at the center of the full-ring transducer array consisted of the foci of all 512
7

elements, and was approximately 20 mm in diameter and 1 mm in thickness. The in-plane
resolution was quantified as ∼100 µm [21]. The data acquisition system had 64 channels, with
eight-fold multiplexing. The cross-sectional imaging speed was 1.6 s per frame. To address the
acoustic inhomogeneity between the dichroic materials (DMs) and medium, the half-time image
reconstruction was applied in combination with the universal back-projection reconstruction
algorithm [24].

Unless otherwise stated, the DMs were embedded in agar gels (3% agar in distilled water). To
introduce scattering, on top of the gel, we stacked an additional layer of a scattering medium
(0.25% Intralipid and 3% agar in distilled water, with a reduced scattering coefficient of ∼0.25
mm−1 and a transport mean free path of ∼4 mm). By varying the thicknesses of the scattering layer
from 0 mm (no scattering medium) to 20 mm, we quantified the system performance at different
depths.

Here, we describe the operating principle of DS-PACT. When the excitation light has a
polarization angle 𝜙, the PA amplitude 𝑃𝐴(𝑟, 𝜙) defined in the imaging plane is a function of both
the spatial position 𝑟 and the polarization angle 𝜙. Mathematically, 𝑃𝐴(𝑟, 𝜙) can be represented
as the product of the optical absorption coefficient 𝜇4 (𝑟, 𝜙) of the biological tissue and the local
light fluence 𝐹(𝑟, 𝜙) [25]:
𝑃𝐴 𝑟, 𝜙 ∝ 𝜇4 (𝑟, 𝜙)𝐹(𝑟, 𝜙)

8

(2.1)

In our study, the DMs are assumed to be uniaxial. Thus, the absorption coefficient 𝜇4 (𝑟, 𝜙) in
Equation (2.1) along the polarization direction is [26]

𝜇4 𝑟, 𝜙 = 𝜇4,7 𝑟

𝑛9 𝑟, 𝜙
cos = (𝜙 − 𝜃(𝑟))
𝑛79 𝑟

+ 𝜇4,A 𝑟

(2.2)

𝑛9 𝑟, 𝜙
sin= (𝜙 − 𝜃(𝑟))
𝑛A9 𝑟

Here, 𝜃(𝑟) is the orientation of the optic axis of the biological tissue at the position 𝑟. 𝑛 𝑟, 𝜙 ,
𝑛7 𝑟 and 𝑛A 𝑟 , accounting for the refraction, are, respectively, the spatial distributions of the
real part of the refractive index along the polarization direction, the direction perpendicular to the
optic axis, and the direction parallel to the optic axis. 𝜇4,7 𝑟 and 𝜇4,A 𝑟 are the spatial
distributions of the absorption coefficient perpendicular and parallel to the optic axis, respectively.
The subscripts o and e stand for the words “ordinary” and “extraordinary.” For many anisotropic
tissues, such as tendon, the fractional change of the refractive index ∆𝑛/𝑛 = (𝑛7 − 𝑛A )/

FG HFI
=

is on the order of 10−4 [27]. Therefore, we assume here that 𝑛 𝑟, 𝜙 ≈ 𝑛7 (𝑟) ≈ 𝑛A (𝑟) and reduce
Equation (2.2) as follows:
𝜇4 𝑟, 𝜙 ≈ 𝜇4,7 𝑟 cos = 𝜙 − 𝜃 𝑟

=

+ 𝜇4,A 𝑟 sin= 𝜙 − 𝜃 𝑟 ,

𝜇4,7 𝑟 + 𝜇4,A 𝑟
𝜇4,7 𝑟 − 𝜇4,A 𝑟
+
cos 2 𝜙 − 𝜃 𝑟 ,
2
2

= 𝜇4 𝑟 1 +

∆𝜇4 𝑟
cos 2 𝜙 − 𝜃 𝑟
2𝜇4 𝑟

,

(2.3)
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where ∆𝜇4 𝑟 = 𝜇4,7 𝑟 − 𝜇4,A 𝑟 and 𝜇4 𝑟 =

KL,G M HKL,I M
=

, respectively, are the variation and

the average of the absorption coefficient. For tendon, ∆𝜇4 𝑟 /2𝜇4 𝑟 can be as high as 0.2 [27],
and thus induces easily detectable changes in the PA amplitude.

Because the fractional change of the refractive index is on the order of 10-4, we approximate
𝐹(𝑟, 𝜙) to 𝐹(𝑟). Providing that 𝜙 is rotated with a frequency of 𝑓" , Equation (2.1) can be rewritten
as

𝑃𝐴 𝑟, 𝜙 ∝ 𝐹 𝑟 𝜇4 𝑟 1 +

∆𝜇4 𝑟
cos 2 2𝜋𝑓" 𝑡 − 𝜃 𝑟
2𝜇4 𝑟

.

(2.4)

As we can see from Equation (2.4), the PA amplitude oscillates at a frequency of 2𝑓" . Here we
notice that the initial phase, 2𝜃 𝑟 , is twice the orientation angle of the optic axis.

Figure 2.2 is a schematic of the image reconstruction process of DS-PACT. First, as shown in Fig.
2.2(a), a sequence of conventional PACT images is acquired at a frame rate of 0.625 Hz. The
polarization of the incident light is rotated at 11.25°/s. Figure 2.2(b) then plots the PA amplitude

10

Figure 2.2 Schematic of image reconstruction. (a) A sequence of conventional PACT images is
acquired at a frame rate of 0.625 Hz, rotating the polarization of the incident light at 11.25°/s. (b)
Normalized PA amplitude as a function of time at one representative spatial point. PA(t) is
normalized with respect to its average. (c) Fourier spectrum of PA(t). The peak located at 0.0625
Hz corresponds to the alternating PA signals due to the modulated polarization. (d) DS-PACT
image reconstructed by the amplitude of the lock-in term in Equation (2.4). (e) Color-coded

11

orientation angle map of the sample, which is reconstructed from the phase of the lock-in term in
Equation (2.4).

at one representative spatial position along the time sequence. As shown in Fig. 2.2(b), the PA
amplitude oscillates with a period of 16 s, which corresponds to the frequency of 2𝑓" = 0.0625
Hz from Equation (2.4). The Fourier transform of the time sequence in Fig. 2.2(b) is shown in
amplitude in Fig. 2.2(c). The direct current term at zero frequency corresponds to 𝐹 𝑟 𝜇4 𝑟 in
Equation (2.4), while the peak located at the frequency of 0.0625 Hz corresponds to the alternating
current term in Eq. (4), and we will lock in to this term. By calculating the Fourier transform of
the PA amplitude from the sequence of reconstructed conventional PACT images [Fig. 2.2(a)]
pixel by pixel (over the entire field of view), we can obtain images representing the amplitude of
dichroism and the initial orientation angle of the optic axis. A reconstructed image based on the
amplitude of dichroism is shown in Fig. 2.2(d). The reconstructed image that denotes the
orientation angle 𝜃 𝑟 of the optic axis of the DM is shown in Fig. 2(e). To highlight the DMs in
Fig. 2.2(e), the orientation information is shown only at positions where the corresponding PA
amplitudes are above a certain threshold value. In our work, the threshold was set at four times the
noise level in the conventional PACT images, where the noise level was estimated as the standard
deviation of the background signal outside the object region. We also emphasize here that DSPACT has the potential to detect dichroism deep inside scattering media. The lock-in detection
strategy can theoretically scale the signal-to-noise ratio (SNR) with the number of frames 𝑁 as 𝑁
[28], so that we can detect a weak response to polarization below a thick scattering medium by
increasing 𝑁.
12

2.3 Results
Phantom Experiment
Having demonstrated the operating principle, we now quantify the performance of DS-PACT by
imaging the dichroism of linear polarizers. The sample was made by embedding two plastic linear
polarizers and two pieces of silicone rubber in the agar medium [Fig. 2.3(a)]. Then 900
conventional PACT images spanning 90 modulation cycles were collected. In the reconstructed
conventional PACT image [Fig. 2.3(b)], both the linear polarizers and silicone rubber can be
visualized. The PA amplitude ratio of the linear polarizers to the silicone rubber was approximately

13

Figure 2.3 DS-PACT of linear polarizers and silicone rubber. (a) Photograph of the sample without
any scattering medium. LP, linear polarizer; SR, silicone rubber. (b) Conventional PACT image
averaged over 900 frames. (c) Amplitude ratio of the linear polarizers to the silicone rubber in the
conventional PACT image and in the DS-PACT image. (d) Normalized PA amplitudes of the linear
polarizers and silicone rubber. (e) DS-PACT image reconstructed by the amplitude of the lock-in
term in Eq. (2.4). (f) Orientation angle map of the linear polarizers, in which two pieces of silicone
rubber are not shown.

14

equal to −12.04 dB [Fig. 2.3(c)]. Although the silicone rubber has a PA amplitude that is four times
the value of the linear polarizer, the PA amplitude of the silicone rubber did not vary with the
modulated polarization of the excitation light. In contrast, the PA amplitudes of the linear
polarizers were modulated by the polarization of the excitation light. Figure 2.3(d) shows the PA
amplitudes of these four objects. As we can see from the figure, the PA amplitudes of the two
linear polarizers have a π phase shift, because their optic axes are mutually perpendicular. The
reconstructed DS-PACT images are shown in Figs. 2.3(e) and 2.3(f). Figure 2.3(e) is the DS-PACT
image, reconstructed by the amplitude of the lock-in term in Eq. (2.4) and highlighting the spatial
distribution of the linear polarizers. In this image, the silicone rubber is much less prominent than
the linear polarizers because their PA amplitudes are not modulated by the polarization. The
temporal-frequency amplitude ratio at 2𝑓" of the linear polarizers to the silicone rubber was
approximately 17.58 dB [Fig. 2.3(c)]. Figure 2.3(f) is a color-coded orientation angle map of the
linear polarizers, reconstructed from the phase of the lock-in term in Eq. (2.4). Therefore, unlike
conventional PACT, DS-PACT can highlight the materials with dichroism and detect the
orientations of their optic axes, while suppressing the materials without dichroism. These results
are consistent with our hypotheses, supporting the operating principle.

Light gradually loses its original polarization when propagating deeper and deeper in a scattering
medium. As a result, the amplitude of the lock-in term gradually decreases and is finally
overwhelmed by noise. Therefore, to investigate the performance of DS-PACT at different depths
in scattering media, we embedded five linear polarizers at different orientations in the agar medium
[Fig. 2.4(a)] and varied the thickness of the scattering layer above. We analyzed the modulation
depth ΔPA(D) as a function of the thickness D of the scattering medium. Here, ΔPA(D) is defined
15

as the difference between the maximum PA amplitude and the minimum PA amplitude divided by
the average PA amplitude in a single modulation cycle. The results of ΔPA(D), obtained by
averaging over 90 modulation cycles, are normalized by the largest value. As shown in Fig. 2.4(b),
ΔPA(D) decays exponentially with increasing thickness D, until it reaches D = 18 mm. The data
were fitted with a decay constant of 0.12 mm−1, which describes the speed of depolarization. This

Figure 2.4 DS-PACT of the linear polarizers. (a) Photograph of the sample without any scattering
medium. The sample contains five linear polarizers placed at different orientations. (b) Modulation
depth of the PA amplitude acquired as a function of thickness D of the scattering medium, up to
16

20 mm. The red solid line indicates the exponential fit to the measured data. The black dashed line
represents the noise level. (c) Conventional PACT images. (d) Amplitude images using DS-PACT.
(e) Orientation angle maps of the linear polarizers.

result indicates that DS-PACT can still function at a depth of 18 mm, because the local excitation
is still partially polarized. When the thickness reaches D = 20 mm, ΔPA(D) is dominated by noise,
which indicates the depth limit in our current experimental condition. For three representative
scattering media with thicknesses of D = 2 mm, 18 mm, and 20 mm, Fig. 2.4(c) shows the
reconstructed images using conventional PACT, and all the linear polarizers are visible in all three
images. We also reconstructed the images using DS-PACT. The amplitude image and the
orientation angle map are shown in Figs. 2.4(d) and (e). As we can see from the figure, even below
an 18 mm thick scattering medium, the linear polarizers are still visible, and the orientations of
their optic axes can still be detected. However, when D = 20 mm, the amplitude of the lock-in term
becomes too weak, so that the linear polarizers disappear from the DSPACT image [Fig. 2.4(d)],
and the orientation angle map is no longer correct [Fig. 2.4(e)]. Therefore, we conclude that under
our current experimental conditions DS-PACT can image linear polarizers at 18 mm deep, which
is approximately equal to 4.5 transport mean free paths.

Ex Vivo Experiment
To show that DS-PACT is suitable for biological applications, we also formed images of biological
tissue in scattering media. In experiments, we imaged two pieces of ex vivo bovine tendon [27]
[Fig. 2.5(a)], a typical dichroic tissue, at various depths below the scattering medium. Bovine
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tendon has a high concentration of collagen, which exhibits optical dichroism and absorbs strongly
at 532 nm. Figure 2.5(b) shows the normalized modulation depth ΔPA(D) for the bovine tendon
as a function of D, with a result similar to that in Fig. 2.4(b). ΔPA(D) decays exponentially until it
reaches D = 13 mm, and finally encounters the noise level at D = 15 mm. The decay constant of
the best-fitting line was 0.1 mm−1. For three representative scattering media with thicknesses of D
= 2 mm, 13 mm, and 15 mm, Fig. 2.5(c) shows the reconstructed images using conventional PACT,
and both pieces of bovine tendon are visible in all three images. We also reconstructed the images
using DS-PACT. The amplitude images and the orientation angle maps are shown in Fig. 2.5(d)
and (e), respectively. As we can see from the figure, the bovine tendons are still visible when the
scattering medium has a thickness of D = 13 mm, and the orientation of their optic axes can still
be detected. However, when D = 15 mm, the amplitude of the lock-in term becomes too weak, so
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Figure 2.5 DS-PACT of bovine tendons. (a) Photograph of the sample without any scattering
medium. The sample contains two pieces of bovine tendon, which are placed perpendicular to each
other. (b) Modulation depth of the PA amplitude acquired with increasing thickness D of the
scattering medium, up to 15 mm. The red solid line indicates the exponential fit to the measured
data. The black dashed line represents the noise level. (c) Conventional PACT images. (d)
Amplitude images using DSPACT. (e) Orientation angle maps of the two pieces of bovine tendon.
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that the two pieces of bovine tendon disappear from the DS-PACT image [Fig. 2.5(d)], and the
orientation angle map is no longer correct [Fig. 2.5(e)]. Thus, the deepest penetration of DS-PACT
demonstrated using the bovine tendon in our experiments was 13 mm, approximately equal to 3.25
transport mean free paths.

2.4 Discussion
In conclusion, we have developed a new approach to image the dichroism of biological tissues and
detect their orientations at a depth much beyond the ballistic regime. This approach introduces
new possibilities for biomedical applications of PACT. For example, the disruption of cell polarity
is a hallmark of carcinomas [29], and conventional optical polarization imaging can image this
phenomenon [30] with only shallow penetration. DS-PACT may hold a potential for quantifying
carcinoma invasion. Further development of our imaging modality could include the use of nearinfrared light illumination and a long acquisition sequence to extend the penetration depth. Also,
the development of this technique towards clinical application in the next step should focus on
integrating this method with a PA endoscope.
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Chapter 3: Transvaginal acoustic-resolution
photoacoustic endoscope for functional
imaging
This chapter introduces the development of photoacoustic endoscopy for human cervical imaging.
The side-scanning photoacoustic probe is 20 mm in diameter and has an ~10 Hz B-scan rate. Here,
we describe the mechanical design and present in vivo experimental results suggesting its potential
for clinical applications.

3.1 Background
Nowadays, the imaging instruments used to diagnose urogenital diseases, such as endometrial
cancer, cervical cancer, and prostate cancer, are inadequate [31]. More effective tools are desired
to achieve accurate medical assessments. As an emerging imaging modality [13], photoacoustic
endoscopy (PAE) use a photoacoustic (PA) tomography system in a miniaturized probe to enable
high-resolution imaging of internal organs with optical absorption contrast. PAE is good at
visualizing blood vasculature as well as dye-labeled lymph vessels, providing structural and
functional information in vivo [32-34]. The imaging capability of PAE can be extended to
acquiring other physiological information, for example, glucose metabolism and microhemodynamics, as demonstrated by tabletop systems [35,36]. PAE can also reveal angiogenesis
and abnormal metabolic rates, both of which are common harbingers of neoplasms. Therefore, the
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information from PAE can potentially benefit diagnosis and treatment monitoring for many
diseases.

Many PAE systems have been demonstrated for intravascular [37], urogenital [38], and
gastrointestinal [33] imaging, but only two imaging probes have reported in vivo imaging with a
fully encapsulated probe, a feasible size for endoscopy, and a fast scanning speed [33,34]. Other
reported probes have not shown in vivo images. Moreover, the flexible imaging probes reported in
Refs. [33,34] are not suitable for transvaginal imaging, which requires a rigid structure.
Furthermore, the small diameter of endoscopic probes (< 4 mm) is unnecessary in this
environment, considering the extensive use of large-diameter ultrasound probes for many
urogenital disease diagnoses [39]. Here, we implement a new endoscopic probe with improved
sensitivity and a higher frame rate. In our design, the ultrasonic transducer faces towards the tissue
surface so that we successfully avoid the loss of acoustic energy due to reflection [33]. The high
imaging speed is attributed to the miniaturized servo motor which drives the mechanical scanning,
covering ± 15°.

3.2 Methods
Figure 3.1(a) shows a schematic of our imaging system. The light source is a dye laser (Cobra,
Sirah Lasertechnik) that tunes the wavelength between 562 nm and 578 nm. The beam passes
through an iris which helps control the light power. In the optical setup, a beamsplitter reflects
10% of the light energy to a photodiode that monitors the power fluctuations pulse by pulse. The
rest of the energy is coupled into a multimode optical fiber. We wrote a custom LabVIEW program
22

to control the whole system through a computer and a control box. To stabilize the mechanical
scanning, we employ a proportional-integral-derivative (PID) microcontroller (Arduino Mega
2560) in the control box, based on the feedback from a rotary encoder (Fig. 3.1b). To record PA
signals, we utilize a high-speed digitizer (ATS9350, Alazar Technologies). A multifunction data
acquisition card (PCI-6221, National Instruments) in the control box controls the peripheral system
and records the output of the photodiode. We record 423 A-lines per B-scan, which yields an
angular step size of 0.072°.

We fabricated the probe housing from a medical-grade stainless steel tube (MicroGroup) with an
outer diameter of 20 mm and a length of ~20 cm. The handle of the probe (Fig. 3.1b and c) contains
a servo motor (G330, GSI group) for scanning, a rotary encoder (HEDS-9100, Avago
Technologies) for stabilizing the scanning in operation, and a signal amplifier. The insertion tube,
which is full of distilled water for PA imaging, is sealed to protect the electronics in the handle. In
the insertion tube, a custom ring ultrasonic transducer (Capistrano Labs) facing towards the tissue
can detect PA signals excited by the light delivered through the hole of the ring transducer. We
use an optically and acoustically transparent polyethylene terephthalate membrane (103-0227,
Advanced Polymers) as the imaging window. The diameter of the unfocused laser beam on the
tissue surface underneath the window is ~3 mm, so the spatial resolution of the PA imaging is
determined by the ultrasonic transducer. To image cervical vasculature, we set the working
distance at ~2 mm from the probe surface. For this target, light can penetrate only ~3 mm in
general, because a considerable number of blood vessels occupy the superficial layers in a cervix
and absorb most of energy in this region.
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Figure 3.1 Experimental setup. (a) Schematic of the PAE system. (b) Schematic of the PAE probe.
(c) Photograph of the PAE probe.

3.3 Results
Phantom Experiment
We tested the imaging performance of our acoustic-resolution (AR) PA endoscope. Benefitting
from the capacity of the servo motor, our endoscope’s scanning speed could reach 100 Hz. In
experiments to be presented later, however, we recorded images at a B-scan frame rate of 10 Hz,
which is enough to monitor the dynamics of hemoglobin [40] and oxygen saturation [14], because
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of the limited pulse repetition rate of our laser. For the resolution measurement, we utilized a
resolution chart provided by National Institute of Standards and Technology, as a target (Fig. 3.2a).

Figure 3.2 AR probe performance. (a) Photography of resolution chart. (b) PA B-scan image of
the resolution chart in the red circle highlighted in (a). (c) Lateral resolution test on the resolution
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chart. ESF, edge spread function; LSF, line spread function. (d) Hilbert-transformed PA A-line
signal for the resolution chart.

The imaged black stripes, 1 mm wide and 1 mm apart, have sharp edges and thicknesses on the
scale of nanometers. The corresponding PA B-scan image is shown in Fig. 3.2b. The lateral
resolution of the AR probe was quantified by analyzing the line spread function with respect to the
edge of a black stripe. The full width at half maximum (FWHM) of the line spread function is 120
µm (Fig. 3.2c). In comparison, Fig. 3.2d shows the Hilbert transformed PA A-line signal, whose
FWHM is 69 µm.

Human Experiment
This protocol was approved by the Institutional Review Board of Washington University in St.
Louis (IRB # 201505107). The purpose of this study is to apply novel PAE for cervical imaging
using recently developed photoacoustic imaging probes. PAE can obtain anatomic and functional
information about the cervical microenvironment that will permit early detection of preterm birth.

The endoscopic system provides anatomic information about the human cervix, covering an
approximately 7 mm wide, 3 mm deep region (Fig. 3.3a). We reconstructed the PA image from
data acquired at a 562-nm laser wavelength in which the photoacoustic signal is proportional to
the total hemoglobin concentration. Both the ex vivo (Fig. 3.3a, left) and in vivo (Fig. 3.3a, right)
images show blood vessel distribution. In the images, it seems that the hysterectomy cervical
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sample has more blood in the entire field of view. This phenomenon may be attributed to bleeding
in the hysterectomy and angiogenesis in the development of cervical cancer. Beyond anatomic
information, the endoscope also provides functional information, such as the saturation of oxygen
(sO2). To reconstruct the sO2 distribution over the scanned area (Fig. 3.3b), we spectrally analyzed
dual-wavelength PA images. The ex vivo sample shows a relative hypoxic state, because there was
no blood flow for an hour after the hysterectomy (Fig. 3.3c). The experiment clearly illustrates that
our endoscope can image blood distribution and sO2 in tissues.
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Figure 3.3 (a) PA and (b) oxygen saturation images from a hysterectomy sample ex vivo (left) and
a human cervix in vivo (right). (c) Comparison of oxygen saturation levels in the hysterectomy
sample (blue) and human cervix (red).

3.4 Discussion
In this study, we designed and implemented a dual-wavelength PAE for human transvaginal
imaging and demonstrated its endoscopic capability through ex vivo and in vivo experiments. The
endoscopic probe enabled functional PA imaging with a B-scan frame rate of 10 Hz, which is fast
enough to monitor the dynamics of hemoglobin and oxygen saturation. In comparison with our
previous stepper-motor-based endoscope [41], the current design positions the transducer directly
facing the tissue, which improves the PA detection sensitivity, and the servo motor is mounted in
the probe handle. This arrangement better separates the scanning components from the water that
fills the probe and increases the reliability and longevity of the probe. By relocating the signal
amplifier to the handle, the signal-to-noise ratio of the imaging system is further improved.
Although the endoscope’s design probably needs to be modified for specific applications, the
general concept and scanning mechanism presented here will be useful for various other
applications, for example a hand-held PA probe [42].

The limited imaging depth of this endoscope in the in vivo experiment, ~ 3 mm, is the main
technical challenge to clinical applications, because many capillaries are distributed near visceral
surfaces and they dissipate most of the energy in the light. For this prototype, the limited focal
zone of the transducer yields poor spatial resolution. Applying the concept of photoacoustic
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computed tomography [21,43] could improve the transverse resolution over the entire field of
view. Our next goal is to apply this endoscope to monitor the change of oxygen saturation in tissue
throughout pregnancy.
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Chapter 4: In vivo characterization of
connective tissue remodeling using infrared
photoacoustic spectra
In chapter 4, I elaborate a method to quantify tissue hydration using photoacoustic endoscopy.
Premature cervical remodeling is a critical precursor of spontaneous preterm birth, and the
remodeling process is characterized by an increase in tissue hydration. Nevertheless, current
clinical measurements of cervical remodeling are subjective and detect only late events, such as
cervical effacement and dilation. Here, we present a photoacoustic endoscope that can quantify
tissue hydration by measuring near-infrared cervical spectra. We quantify the water contents of
tissue-mimicking hydrogel phantoms as an analog of cervical connective tissue. Applying this
method to pregnant women in vivo, we observe an increase in the water content of the cervix
throughout pregnancy. The application of this technique in maternal healthcare may advance our
understanding of cervical remodeling and provide a sensitive method for predicting preterm birth.

4.1 Background
The cervix is a remarkable structure with diametrically opposite functions: it maintains pregnancy
by remaining closed and then, in a process called remodeling, softens and dilates to allow delivery
of the fetus in labor [7]. Premature cervical remodeling is a critical indicator of impending
spontaneous preterm birth. Preterm birth can occur with a remodeled cervix even in the absence
of uterine contractions, but uterine contractions do not lead to delivery if the cervix is firm [4430

46]. Nevertheless, current clinical measurements of cervical remodeling are largely obtained by
digital examinations, which are subjective and detect only late events, such as cervical effacement
and dilation.

The cervix remodels progressively via incompletely understood mechanisms, such as degradation
of extracellular matrix proteins and inflammation [47,48]. These physiological changes are
associated with increased tissue hydration [49,50]. Therefore, a method that can accurately
measure cervical hydration during pregnancy has the potential to facilitate our understanding of
cervical remodeling and permit more accurate prediction of preterm birth.

Near-infrared spectroscopy is routinely used in industrial applications to quantify the water content
in various products, because this method is nondestructive and does not require sample preparation
[51,52]. As an embodiment of near-infrared spectroscopy, spectroscopic photoacoustic
tomography has been demonstrated in the quantification of various biochemical constituents [5356]. However, the previous applications used tabletop systems, which precluded in vivo use in the
gastrointestinal tract and urogenital tract. Photoacoustic endoscopy (PAE) incorporates an acoustic
detector, optical components, and electronic components in a millimeter-diameter-scale probe to
image tissue that is inaccessible by tabletop systems [32-34,41,57,58].

For the quantification of the water content of the cervix in a pregnant woman, the combination of
PAE and near-infrared spectroscopy provides an optimal solution. However, the task is nontrivial,
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because PAE needs an acoustic coupling medium, which generally contains water as well. The
photoacoustic signals emitted by the acoustic coupling medium are not easily separable from the
signals emitted by the tissue in the near-infrared wavelength range. This challenge so far has
precluded the use of near-infrared spectroscopic PAE for the quantification of water content.

Here, we present a near-infrared spectroscopic PAE system that transmits acoustic waves from the
tissue to the acoustic detector through an N-BK7 pentaprism. We analyze the measured
photoacoustic near-infrared (PANIR) spectra by linear regression. We demonstrate that this
method successfully quantifies the water contents of tissue-mimicking phantoms made of gelatin
hydrogel. Applying this method to the cervixes of pregnant women, we observe their physiological
water contents and a progressive increase throughout gestation.

4.2 Methods
We developed the PANIR system shown in Fig. 4.1(a). The system is controlled by a customdesigned program written in LabVIEW (National Instruments). A frequency-tripled Nd:YAG laser
(Quantel, Q-smart 450), operating at 355-nm wavelength with a 20-Hz pulse repetition rate, pumps
an optical parametric oscillator (GWU-Lasertechnik, basiScan). A stepper motor moves the optical
parametric oscillator so that the idler light can be scanned from 1000 to 2000 nm. After passing
through the oscillator, the remaining energy of the pump light is absorbed by a longpass filter. The
idler light is selected by a dichroic mirror and then coupled into a multimode fiber, which guides
the light to the PANIR probe [Fig. 4.1(b)]. An iris between the dichroic mirror and the fiber coupler
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controls the delivered optical energy, keeping the optical fluence (mJ/cm2) on the tissue surface
below the American National Standards Institute safe exposure limit [23].

Figure 4.1 PANIR system. (a) Setup of the PANIR system. BB, beam block; CS, control system;
DM, dichroic mirror; FC, fiber coupler; LF, longpass filter; Nd:YAG, Nd:YAG laser with a
frequency tripling module; OPO, optical parametric oscillator; SM, stepper motor. (b) Photograph
of a PANIR probe. (c) Schematic of the components in the probe. BC, beam combiner; MMF,
multimode fiber; PD, calibrated photodiode; UT, ultrasonic transducer.
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The internal structure of the PANIR probe, which is 30 cm in the length and 2 cm in the diameter,
is shown in Fig. 4.1(c). The idler light from the multimode fiber is projected onto the tissue surface
by a plano-convex lens and a prism and is absorbed by the tissue below the optical-acoustic beam
combiner—a custom-designed pentaprism. The backward photoacoustic wave propagates through
the beam combiner toward an ultrasonic transducer (2.25-MHz central frequency). The
configuration of all these optical and acoustic elements reduces the amount of light absorbed by
the ultrasonic transducer to a negligible level. While the idler light is sweeping over the entire
spectral range, the detected photoacoustic signal is always overwhelmed by noise when only air is
underneath the beam combiner. The InGaAs photodiode (FD10D, Thorlabs) in the probe
continually measures the energy of the idler light to correct for its energy fluctuations in
subsequent data processing. Furthermore, every day, we calibrate the PANIR system with distill
water to correct for instrument drift.

We validated the PANIR system by measuring the PANIR spectrum of distilled water at 37.5°C.
Fig. 4.2(a) shows the water spectra measured on three dates, and Fig. 4.2(b) shows the respective
PA signals measured at a representative wavelength. We did not observe significant instrument
drift as the measured spectra were stable.
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Figure 4.2. Assessment of data quality. (a, b) Longitudinal stability of PANIR measurements. We
measured distilled water on three dates. The spectra (a) and the photoacoustic signals (b)
demonstrate the longitudinal stability of our measurements. (c, d) Sensitivity of PANIR
measurements to the boundary condition. We measured human skin in good contact (red) and in
bad contact (blue) with the probe window. The boundary condition imposed by the bad contact
distorts the spectrum (c) and the photoacoustic signal (d). As a result, the data quality is degraded.
(e, f) Sensitivity of PANIR measurements to the types of tissue. The human lip and tongue have
different spectra, however, their photoacoustic signals still strongly correlate to the photoacoustic
signal from the distilled water (f). (g) Spectra of the Pearson correlation coefficient. By quantifying
the similarity in terms of the Pearson correlation coefficient, we can screen the measurements for
data analysis.

The predominant factor that affects the PANIR spectral shape is the contact between the probe
window and the tissue. A good contact requires the entire window to be directly contacted by the
tissue. Any air bubble or liquid in between is likely to distort the detected acoustic wave [Fig.
4.2(d)] and the measured spectrum [Fig. 4.2(c)]. In contrast, although human tissue has
microstructures that are obviously much more complicated and heterogeneous than distilled water,
and their PANIR spectra are totally different [Fig. 4.2(c)], their PA signals actually share a very
similar waveform at the same wavelength when the tissue is in good contact with the probe window
[Fig. 4.2(d)]. This similarity reveals three facts in the PANIR measurement. First, the waveform
of the excited acoustic wave strongly relates to the spatial profile of the incident laser pulse.
Second, the change of the spatial profile between each laser pulse at a given wavelength is too
small to significantly distort the waveform. Third, the PA signals emitted by water and by various
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tissues at a given wavelength show a remarkable similarity, because their acoustic impedances,
that is, the imposed boundary condition on the probe window, are approximately equal [59], as
demonstrated in Fig. 4.2(c) and (f). Using the human lip and tongue as examples, although their
spectra are different [Fig. 4.2(c)], the waveforms detected from them are still similar [Fig. 4.2(f)].
These results suggest that an algorithm quantifying the similarity of waveforms can help to
evaluate the data quality.

We calculated the Pearson correlation coefficient [60] between the detected waveform and the
reference waveform measured from distilled water at each wavelength. Fig. 4.2(g) shows an
example, the correlation spectra calculated for the measurements shown in Fig. 4.2(c) and (d).
When the operator positions the PANIR probe in good contact, the correlation spectrum is like a
horizontal line close to 1 over the entire wavelength range. Bad contact, on the other hand, results
in a correlation spectrum wandering between -1 and 1 over this range.

Participants in our preclinical study were recruited from the patient population attending the
Obstetrics and Gynecology Clinic and the Women’s Health Center in the Barnes-Jewish Hospital
Center for Outpatient Health. Eligibility requirements included an age of 18 or older, the capability
of informed consent, and a gestational age of <16 weeks. Exclusions included potential participants
who were non-English speaking, unwilling to participate, carrying a twin pregnancy, or showing
evidence of major fetal anomalies.
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Prior to measuring the cervix, the operator placed a speculum in the vagina, exposing the cervix
for PANIR measurements. The PANIR spectrum has a spectral resolution of 5 nm and a scan of
one spectrum takes 10s. All experimental procedures were carried out in accordance with the
protocols approved by the Institutional Review Board of Washington University in St. Louis. All
participants signed informed consents before inclusion in the study.

4.3 Results
Phantom Experiment
We first quantified the water content in phantoms made of hydrogel because of its similarity to
connective tissues [61-63]. In phantom preparation, a beaker filled with a mixture of gelatin and
distilled water was placed on a hot plate and heated to 90°C. A stir bar stirred the mixture at a
constant speed. After the gelatin powder was completely dissolved in the mixture, we let the
mixture solidify in a Petri dish at room temperature (20°C). When we measured the PANIR
spectrum of the phantom, it was kept at 37.5°C to mimic the temperature of the human cervix, and
its weight was measured every hour to track the change of water content due to evaporation. Figure
4.3(a) shows typical phantoms’ PANIR spectra, which move upward as the water content
decreases.

To quantify the water content, we fitted a single-wavelength linear regression model based on the
empirical calibration because the intercorrelation effect of multiwavelength models led to strong
instability [51]. To minimize the correlation between our measurements and any variation in the
environment, we collected PANIR spectra by random sample selection for both the calibration set
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and the validation set. The calibration set and the validation set each included 350 PANIR spectra,
measured from phantoms whose compositions covered the entire range of water contents in soft
human tissues (70% to 100%) [64]. We tested our method at two wavelengths, 1460 nm,
corresponding to the first overtone of O─H stretching, and 1940 nm, corresponding to the second
overtone of O─H bending [65]. Figures 4.3(b) and 2(c) show the results and confirm that the
measurements of water content agree with the preset values. As the water content in the hydrogel
decreased, the standard deviation of our measurements increased, because the gel network became
more heterogeneous [66], causing the local water content to fluctuate. At either wavelength, the
model provided high and similar prediction accuracies.

Figure 4.3 PANIR spectra quantify the hydration of hydrogel. (a) PANIR spectra measured from
hydrogel phantoms made of water and gelatin with different fractions. (b) and (c) Water contents
measured at (b) 1460 nm and (c) 1940 nm versus the preset values.

Simulation of Scattering Effect
For human cervical tissue, we must consider the effect of scattering, which distorts the PANIR
spectrum [67]. To understand this influence, we compared our measurements with the results from
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a Monte Carlo simulation [68] that used the optical properties of human tissue [69]. Figure 4.4(a)
shows the distortion of the water spectrum by scattering, comparable with the degree found in
human skin. In the wavelength range of 1000 to 1300 nm, where the absorption coefficient (µa ≤
1 cm−1) was smaller than the reduced scattering coefficient (µs' ≈ 12 cm−1), the PANIR spectrum
was raised [Fig. 4.4(a)] because more photons were absorbed by water than transmitted [Fig.
4.4(b)]. However, in the neighborhood of 1460 nm, the absorption coefficient (µa ≈ 28 cm−1) was
so large that the scattering (µs' ≈ 11 cm−1) caused only a small perturbation in the distribution of
fluence [Fig. 4.4(b)]. As a result, the scattering has little influence on the amplitudes in this
neighborhood [Fig. 4.4(a)]. Without correcting the PANIR spectrum for scattering, the water
content of a scattering medium would be underestimated, but only by ∼1% [Fig. 4.4(c)]. This
underestimation can be neglected as long as the typical change of water content in a physiological
process is much >1%. In addition, the standard deviation of water contents caused by the crosssectional change of scattering among the tissue samples was about one order smaller than the
underestimation.

Figure 4.4 Effects of scattering simulated by the Monte Carlo method. (a) Effect of scattering on
the spectrum. We measured the PANIR spectrum of distilled water (blue) and calculated its
spectrum distorted by scattering (red), comparable with the degree found in human skin. (b) Effect
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of scattering on the distributions of fluence in a medium. The absorption at 1460 nm is so strong
that the scattering leads to only a small perturbation of the distribution of fluence. S1180, simulated
at 1180 nm in the scattering medium; S1460, simulated at 1460 nm in the scattering medium;
T1180, simulated at 1180 nm in the transparent medium; T1460, simulated at 1460 nm in the
transparent medium. For illustrative purposes, T1460 and S1460 are divided by a factor of two.
(c) Quantified water contents for the human tissue and the hydrogel phantoms. The transparent
model underestimates the water content of the scattering medium by ∼1%. The red error bar and
the black error bar, respectively, show the standard deviations contributed by the cross-sectional
change of scattering among the tissue samples (n = 16) [69] and by the heterogeneity of the
hydrogel phantoms (n = 10). SP, scattering phantom; TCS, tissue corrected for scattering; TP,
transparent phantom; TUCS, tissue uncorrected for scattering. ***, P < 0.001. NS, nonsignificant.

Furthermore, we compared the simulation to a phantom experiment in which we made one
transparent phantom (hydrogel with 18% gelatin) and one scattering phantom (hydrogel with 1%
Intralipid and 17% gelatin). The linear regression model underestimated the water content by ∼1%
in the scattering phantom, where the reduced scattering coefficient approximated the values used
in our simulation. The underestimations in the phantom experiment and in the simulation were
consistent. Meanwhile, the heterogeneous gel network resulted in a larger standard deviation of
water contents in the measurement, in comparison with the cross-sectional change of scattering in
the simulation. These results suggest that scattering will have a minor effect, and the heterogeneity
of human tissue will dominate the variation of measured water contents in application.
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Clinical Experiment
We validated this method in serial and cross-sectional human studies (Fig. 4.5), based on the
assumption that the hydrogel and the cervical connective tissue were so similar that the regression
model derived from one could be applied to the other [61-63]. Figure 4.5(a) shows the PANIR
spectra of a pregnant woman at five gestational time points. The PANIR spectra of the cervix
showed little change before 20 weeks’ gestation and then dropped to a lower level at the end of
the second trimester.

Figure 4.5 PANIR spectra quantify cervical remodeling. (a) PANIR spectra measured from the
cervix of a pregnant woman at five gestational time points.

4.4 Discussion
We have developed in vivo PANIR endoscopy that measures the cervical PANIR spectra of
pregnant women. With this new technique, we observed serial and cross-sectional changes in
PANIR spectra and cervical hydration in pregnancy. Moreover, the measured cervical hydration
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was consistent with empirically measured values [70]. Measurement of PANIR spectra and the
cervical hydration levels by our system introduces new possibilities for studying preterm birth.
They have the potential to explain how environmental or patient-specific factors increase the risk
of preterm birth [71-75].

Further research and development of our technology could include direct analysis of PANIR
spectra using comprehensive machine learning models, which might reveal other phenomena
latent in the spectra beyond human perception [76,77]. In addition, the reconstructed PANIR
spectrum was a mean spectrum from the area under the beam combiner because the photoacoustic
signal was detected by a single-element transducer. As a result, the current lateral spatial resolution
is ∼2.5 mm. Employing a transducer array and photoacoustic computed tomography [17,20] may
enable mapping the PANIR spectrum over the same area with a 100 µm spatial resolution. Other
optical methods for quantifying cervical remodeling in pregnant women are being developed [7882]. Comparing all optical methods in a large-scale preclinical study would advance our
understanding of cervical remodeling from multiple aspects and maximize the prediction accuracy
of premature cervical remodeling and preterm birth.
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Chapter 5: Transvaginal fast-scanning
optical-resolution photoacoustic endoscopy
Photoacoustic endoscopy offers in vivo examination of the visceral tissue using endogenous
contrast, but its typical B-scan rate is ∼10 Hz, restricted by the speed of the scanning unit and the
laser pulse repetition rate. In this chapter, we present a transvaginal fast-scanning opticalresolution photoacoustic endoscope with a 250-Hz B-scan rate over a 3-mm scanning range. Using
this modality, we not only illustrate the morphological differences of vasculatures among the
human ectocervix, uterine body, and sublingual mucosa but also shows the longitudinal and crosssectional differences of cervical vasculatures in pregnant women. This technology is promising
for screening the visceral pathological changes associated with angiogenesis.

5.1 Background
Vasculatures enable nutrient transportation, waste disposal, and immune surveillance. Due to the
diverse functions of blood vessels, abnormally morphological vascular changes are often
associated with the development of various diseases, including tumor growth and metastasis
[83,84], inflammatory disorders, and pulmonary hypertension [85], to name just a few. Many
models linking vascular morphogenesis to the development of a particular disease have been
developed for prognosis, diagnosis, or disease management [86]. To apply these models in clinical
assessment, however, a tissue biopsy from the lesion is needed. Because tissue biopsy is invasive
and often not clinically feasible [87], technologies that provide in vivo noninvasive examination

44

of vascular networks are clinically useful [88], but generally do not have enough resolution and
specificity to resolve microcirculation vessels.

Optical-resolution photoacoustic microscopy using endogenous optical absorption contrast
enables in vivo vascular imaging with a capillary-level spatial resolution, and it has emerged as a
major tool for inspecting morphological changes in the vascular network [89]. Photoacoustic
endoscopy (PAE), by miniaturizing the tabletop setup of photoacoustic microscopy, can reach
organs in body cavities and noninvasively acquire visceral vascular images [32-34]. These
endoscopic devices use rotary scanners, which enable a large angular field of view, up to ∼310
degrees, but also constrain the B-scan rate to ∼10 Hz. As a result, motion artifacts due to the
natural in vivo movement of tissue (breathing movement, peristalsis, etc.) often appear in the
endoscopic images. Thus, the development of new PAE systems with higher imaging speeds is a
top priority to broaden its clinical application. Microelectromechanical system (MEMS) scanning
mirrors have demonstrated their superior scanning speed, high accuracy, and simple system design
in various biomedical imaging modalities [90,91]. A water-immersible version with a small
footprint has the potential to increase the imaging speed of PAE by an order of magnitude.

Here, we present a fast-scanning optical-resolution PAE (fsOR-PAE) that uses a custom-designed
MEMS scanning mirror. The B-scan rate can reach 250 Hz over a 3-mm range, faster than the
previous device by a factor of 10 [41]. This imaging speed allowed us to acquire visceral vascular
images in humans in vivo, with a volumetric imaging speed of 0.75 Hz.
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5.2 Methods

Figure 5.1 Schematic of the fsOR-PAE probe and its peripheral systems. (a) Setup of fsOR-PAE.
CS, control system; GGD, ground glass diffuser; NDF, variable neutral density filter; PD,
photodetector. (b) Photograph of the fsOR-PAE probe. A linear actuator in the white housing
drives the azimuth scanning. (c) Schematic of the acoustic-optical coaxial confocal alignment in
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the probe. MEMS drives the scanning parallel to the cylindrical axis. AW, acoustic wave; LB,
laser beam; MEMS, microelectromechanical system scanning mirror; SMF, single-mode fiber;
UT, ultrasonic transducer.

Figure 5.1 is a schematic of our fsOR-PAE system. The system [Fig. 5.1(a)] is controlled by a
custom-designed program written in LabVIEW (National Instruments). A fiber laser (V-Gen,
VPFL-G-20) operates at 532-nm wavelength with a 500-kHz pulse repetition rate. We control the
laser pulse energy by tuning a variable neutral density filter so that the optical fluence on the tissue
surface is ∼17 mJ⁄cm2, below the American National Standards Institute safe exposure limit [23].
A photodetector (Thorlabs, PDA36A) detects the light reflected from the neutral density filter, and
a voltage comparator connected to the photodetector generates a trigger for each laser pulse to
synchronize the whole system. The laser beam is spatially filtered by a 50-µm diameter pinhole
(Thorlabs, P50CH) before being coupled into a single-mode optical fiber (Thorlabs, S405-XP).
The fiber guides the light to the fsOR-PAE probe with an insertion tube 20 cm in length and 20
mm in diameter [Fig. 5.1(b)].

In the probe, the laser beam from the single-mode fiber is focused by a set of doublets (Thorlabs,
AC064-015-A) and then transmitted through the center of a custom-designed focused ultrasonic
ring transducer (40-MHz central frequency), achieving an acoustic-optical coaxial confocal
alignment [Fig. 5.1(c)]. To optimize the optical and acoustic transmittances through the imaging
window, a polymethylpentene membrane (CS Hyde, 33-3F-24) seals the imaging window,
preventing leakage when the chamber of the probe is filled with distilled water for ultrasound
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coupling. A MEMS scanning mirror drives the focal spot scanning parallel to the cylindrical axis
of the probe [Fig. 5.2]. It has two hinges (0.75 mm in length, 0.5 mm in width, and 0.2 mm in
thickness) supporting a mirror plate (7 mm in length, 5 mm in width, and 1 mm in thickness),
which consists of a polished silicon substrate, an aluminum reflective layer (200 nm), and a SiO2
protective overcoat (20 nm). The fast scanning is attributed to the oscillation of the mirror plate: a
pair of permanent magnets fixed on the back of the mirror plate oscillate around the hinges in
response to a sinusoidal current applied to the static inductor coil (inductance: 1 µH) in the MEMS
device. The azimuthal scanning, with a step size of 3 µm, is driven by a linear actuator (Haydon
Kerk, 21F4AC-2.5) in the white housing of the probe.

Figure 5.2 Scanning mechanism of the fsOR-PAE probe.

5.3 Results
Phantom Experiment
To test the performance of the fsOR-PAE system, we imaged tissue-mimicking phantoms. The
lateral resolution of fsOR-PAE was quantified by imaging the edge of a sharp blade. From the
edge spread function, the line spread function was computed and found to have a full width at half
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maximum of 3.1 µm, which represents the lateral resolution [Fig. 5.3(a)]. The axial resolution was
estimated to be 46.5 µm, based on the photoacoustic signal detected from a tungsten wire
(diameter: 14 µm) [Fig. 5.3(b)]. A metal grid (127-µm pitch and 37-µm bar width) [Fig. 5.3(c)]
was imaged [Fig. 5.3(d)], and the average signal-to-noise ratio (SNR) was 33.2 dB. Figure 5.3(e)
is a B-scan image in the plane highlighted by the dashed line in Fig. 5.3(d). Because the angular
scanning of fsOR-PAE maps the detected photoacoustic signal in polar coordinates, we transform
the data to Cartesian coordinates in image reconstruction [91]. These results suggest that the fsORPAE system is capable of imaging structures on the micrometer scale.

Figure 5.3 Characterization of the fsOR-PAE probe. (a) Lateral resolution test on a sharp edge.
ESF, edge spread function; LSF, line spread function derived from ESF. (b) Axial resolution test
on a tungsten wire. (c) Photograph of a metal grid. (d) Maximum amplitude projection image
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computed from the region enclosed by the red rectangle in (c). (e) B-scan image in the plane
highlighted by the blue dashed line in (d).

Figure 5.4 Ex vivo fsOR-PAE images of (a) the human ectocervix, (b) the serosal layer of the
uterine body, and (c) the sublingual mucosa. (d) Standard hematoxylin and eosin histology of the
ectocervix conducted after fsOR-PAE imaging, showing no tissue damage.
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We then imaged various human tissues to demonstrate the imaging capability of fsOR-PAE. All
the human experiments followed protocols approved by the Institutional Review Board
administered by the Human Research Protection Office at Washington University in St. Louis.

Ex Vivo Experiment
In an ex vivo demonstration, we imaged a uterus obtained from hysterectomy. Figures 5.4(a) and
(b) show the vascular networks in the ectocervix and the serosal layers of the uterine body,
respectively. A volume-rendered image is shown in Fig. 5.5. Viewed as a projection on the coronal
plane, the blood vessels in the ectocervix are more likely to have a small aspect ratio and to be
oriented toward the sagittal plane. In addition, the morphology of the vascular network clearly
varies from one tissue to another. For example, blood vessels longer than 2 mm are absent in the
ectocervix [Fig. 5.4(a)], but these long blood vessels can be easily found in the human sublingual
mucosa [Fig. 5.4(c)]. Additionally, we carefully investigated the imaged tissue to demonstrate the
safety of fsORPAE. Standard hematoxylin and eosin stain on the imaged area after fsOR-PAE
imaging showed no evidence of tissue damage, necrosis, or heat injury [Fig. 5.4(d)].
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Figure 5.5 Volume-rendered image.

In Vivo Experiment
After we validated the imaging capability and safety of fsOR-PAE, we tested this imaging
modality in vivo on human subjects. Previous studies found that cervical remodeling during
pregnancy was associated with increased vascularity [79,92]. We enrolled (n = 2) pregnant women
and imaged the anterior surface of the ectocervix for our study. The first pregnant woman was
imaged at 32 weeks of gestation [Fig. 5.6(a)] and again at 36 weeks of gestation [Fig. 5.6(b)]. In
this subject, we did not observe a perceptible change of vascular aspect ratio or blood vessel
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orientation over this time frame. This patient is 30 years old, had two prior deliveries, and had an
operative vaginal delivery for nonreassuring fetal status at 39 weeks of gestation in our study. We
imaged a second subject to perform a between-subject comparison and noted that blood vessels in
the ectocervix of subject 2 had a smaller aspect ratio than in subject 1 at the same gestational age
(36 weeks) [Fig. 5.6(c)]. This patient is 24 years old, had one prior delivery, and labored at 38
weeks of gestation in our study.

Figure 5.6 In vivo fsOR-PAE images acquired from the first pregnant woman at (a) 32 and (b) 36
weeks of gestation. (c) In vivo fsORPAE image acquired from the second pregnant woman at 36
weeks of gestation.

To explore what physiological features can be quantified from the fsOR-PAE images, we
extrapolate from the two vascular parameters [86] that could have close relationships with cervical
remodeling: (1) the microvessel density (the number of vessels per unit area) and (2) total
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microvascular area (the percentage of area occupied by blood vessels) as shown in Fig. 5.7. Each
parameter was calculated from five images measured from different areas. In the analysis, the
blood vessels were segmented in three-dimensional (3-D) space, using a threshold set at three
times the noise level, estimated as the standard deviation of the background signal outside the
imaged region. The segmented outcomes were visually inspected and corrected if necessary. Our
results show that the microvessel density is the more promising parameter for identifying the
progress of cervical remodeling [Fig. 5.7(a)]. The total microvascular area, however, is a more
discriminatory parameter for classifying the type of tissue [Fig. 5.7(b)]. Of course, these
conclusions require validation in larger, blinded preclinical studies.

Figure 5.7 Box plots for the histomorphological quantities calculated from the fsOR-PAE images.
Five images were analyzed for each subject. (a) Microvessel density and (b) total microvascular
area. EC A32, the ectocervix of the first patient at 32 weeks of gestation; EC A36, the ectocervix
of the first patient at 36 weeks of gestation; EC B36, the ectocervix of the second patient at 36
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weeks of gestation; EC S, the ectocervix specimen; SM S, the sublingual mucosa specimen; UB
S, the uterine body specimen. *P < 0.05, **P < 0.01 in t-tests.

5.4 Discussion
In summary, we have developed an fsOR-PAE system that can achieve a 250-Hz B-scan rate over
a 3-mm scanning range. This research presents the first high-resolution in vivo imaging of the
vascular network in the human cervix, and its capillary-level spatial resolution is beyond the scope
of current clinical methods [88]. Further improvements could include minimizing the size of the
probe to reach smaller cavities in the human body and exploiting a dual-wavelength light source
to quantify oxygen metabolism [93]. Furthermore, with the development of artificial intelligence,
emerging classification models may divulge latent information beyond human recognition, but
more valuable for diagnosis than the conventional histomorphological quantities in the fsOR-PAE
images [94,95].
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Chapter 6: Physiology of Cervical
Remodeling during Pregnancy
Cervical remodeling is a necessary step preceding both term and preterm vaginal birth, and it is a
critical common pathway linking multiple etiologic factors to spontaneous preterm birth, a leading
cause of death among children under 5 years old. Even though preterm birth claimed
approximately 1 million lives worldwide in 2015, the physiological pathway behind cervical
remodeling is not fully understood. In this chapter, we summarize the physiological processes that
we have observed in pregnant women by using photoacoustic techniques over the last three years.
The results show that the overall oxygen saturation and vascularity in tissue do not change
significantly throughout gestation. In contrast, the increase of tissue hydration is statistically
significant. In the end, I will discuss the technical challenges encountered in this study and suggest
potential solutions.

6.1 Background
Preterm labor is one of the most serious and unsolved problems in obstetric healthcare. It is a
leading cause of death among children under 5 years old and claimed approximately 1 million lives
among the 141 million babies born in the world in 2015 [96]. Many factors, such as
infection/inflammation, uterine over distension, decreased progesterone, cervical abnormalities,
and circadian rhythm disorders, are associated with this syndrome, mainly through three pathways
- rupture of membranes, uterine contraction, and cervical remodeling [97]. The mechanisms of
these pathways and their relations to etiologic factors have not been fully understood.
56

This chapter summarizes my research in the last three years on the physiology of cervical
remodeling. I used the three photoacoustic endoscopes (PAEs) introduced in the previous chapters.
My results show that the overall oxygen saturation and vascularity in tissue do not change
significantly throughout gestation. In contrast, the increase in tissue hydration is statistically
significant. The chapter concludes with a discussion of the technical challenges encountered in
this study and suggests potential solutions.

6.2 Methods
Study Participants
We performed a prospective cohort study of women longitudinally throughout pregnancy.
Participants in the preclinical study were recruited from the patient population attending the
Obstetrics and Gynecology Clinic and the Women’s Health Center in the Barnes-Jewish Hospital
Center for Outpatient Health. Eligibility requirements included an age of 18 or older, the capability
of informed consent, and a gestational age of enrollment <16 weeks, and singleton gestation.
Exclusions included potential participants who were non-English speaking, unwilling to
participate, carrying a twin pregnancy, or showing evidence of major fetal anomalies.

Obtaining cervical photoacoustic endoscopy measurements:
A clinically trained obstetric research provider or physician introduced a speculum into the vagina
to expose the cervix. Once the cervix had been visualized, the cervical photoacoustic endoscopy
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probe was placed on the anterior lip of the cervix, with the imaging window downward facing to
the anterior cervical tissue (Fig. 6.1). All three probes introduced in Chapter 3, 4, and 5 were used
to obtain cervical physiologic data. The operator had real-time feedback for assessment of
measurement quality. After the measurement, the speculum was removed from the vagina. All
experimental procedures were carried out in accordance with the protocols approved by the
Institutional Review Board of Washington University in St. Louis. All participants signed
informed consents before inclusion in the study.

Figure 6.1 Photograph of cervix. The red circle highlights the measured area in our exam. The
photograph is copied from www.beautifulcervix.com.

As of October 1, 2019, there were 522 participants with delivery data available for analyses.
Among these, 442 (85%) had full-term births, whereas 80 (15%) had preterm births, 39 of which
were spontaneous preterm births resulting from preterm labor or preterm rupture of membranes.
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Calculation of Oxygen Saturation
To calculate the hemoglobin oxygen saturation (sO2) in the blood, we used a conventional method
[98], based on the assumption that the dominant absorbing compounds in the visible wavelength
range are deoxyhemoglobin (HbR) and oxyhemoglobin (HbO2). Therefore, the blood absorption
coefficient 𝜇4 (𝜆R ) at a wavelength 𝜆R can be formulated as
𝜇4 𝜆R = 𝜀TUV 𝜆R HbR + 𝜀TUZ= 𝜆R HbO2 .

(6.1)

Here, 𝜀TUV 𝜆R and 𝜀TUZ= 𝜆R are the molar extinction coefficients of HbR and HbO2 at 𝜆R ,
respectively. In our experiment, we imaged the tissue at 562 nm and 578 nm. [HbR] and [HbO2]
correspond to the concentrations of deoxyhemoglobin and oxyhemoglobin, respectively. The
amplitude of the photoacoustic (PA) signal 𝑃𝐴 𝜆R is proportional to the absorption coefficient
𝜇4 𝜆R and local light fluence 𝐹 𝜆R . Therefore, the concentrations [HbR] and [HbO2] can be
calculated by

𝑀=

𝜀TUV 562 𝑛𝑚
𝜀TUV 578 𝑛𝑚

[HbR]
= 𝑀c 𝑀
[HbO2]

de

𝜀TUZ= 562 𝑛𝑚
,
𝜀TUZ= 578 𝑛𝑚
𝑀c

𝑃𝐴(562 𝑛𝑚)
𝐾,
𝑃𝐴(578 𝑛𝑚)

(6.2)

(6.3)

where K is a coefficient relevant to the acoustic properties of the tissue and the local light fluence.
Since K is unknown in general, the equation can provide only relative concentrations of HbR and
HbO2, but these suffice to calculate sO2:

sO2 =

[HbO2]
.
HbR + [HbO2]
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(6.4)

In practice, we calculate the sO2 only in regions occupied by blood vessels. To select these regions,
we use the AR probe to scan the resolution chart (Fig. 3.2) every day. The image obtained from
the resolution chart always contains a blank region above the stripe pattern, because the black
stripes are embedded underneath a layer of transparent polymer. A threshold level is set at three
times the noise level estimated as the standard deviation of the pixel values in this blank region.
In an acoustic-resolution (AR) image acquired in vivo, we assume that all the regions in which the
pixel values are above the threshold are occupied by blood vessels. Then, we reduced the map of
sO2 to a scalar, calculating the average sO2 value over all the occupied regions.

We also note that the calculated sO2 in the entire field of view (FOV) is quantitatively inaccurate,
because the AR image can show blood vessels multi-millimeters underneath the tissue surface. In
this case, the superficial vessels affect the amount of light that is absorbed by the deep vessels
underneath them, and we have not solved the problem of how to estimate the local light fluence in
the entire field. Therefore, the sO2 results that we show in this chapter are only qualitatively
meaningful.

Calculation of Water Content
To quantify the water content, because the intercorrelation effect of multiwavelength models led
to strong instability [51], we fitted a single-wavelength linear regression model based on the
empirical calibration. To minimize the correlation between our measurements and any variation in
the environment, we collected photoacoustic near-infrared (PANIR) spectra by random sample
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selection for both the calibration set and the validation set. The calibration set and the validation
set each included 350 PANIR spectra, measured from phantoms whose compositions covered the
entire range of water contents in soft human tissues (70% to 100%) [64]. Then we applied this
model to the spectra measured in vivo, based on the assumption that the hydrogel and the cervical
connective tissue were so similar that the regression model derived from one could be applied to
the other [61-63].

Calculation of Microvessel Density and Total Vascular Area
The blood vessels in the optical-resolution (OR) image are segmented by a global threshold. The
threshold level is set at three times the noise level estimated as the standard deviation of the
background signal. By tracking the cross-sections of each vessel throughout all the cross-sectional
images, we manually label and segment the vessels. The microvessel density corresponds to the
number of vessels in a unit area [86], and the total vascular area is equal to the number of pixels
above the threshold divided by the number of pixels in the FOV [86].

6.3 Results
Table 6.1 Baseline demographic and clinical characteristics in the analysis of oxygen saturation.
Age and body-mass index are examined in the t-tests. The other markers are examined in the Chisquared tests.
Preterm

Full-term

(n=10)

(n=10)
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P-value

Age – years
White race – no. (%)
Body-mass index
Previous full-term delivery – no. (%)

31.7±3.7

30.4±4.6

0.49

1 (10)

7 (70)

0.02

34.7±10.1

26.1±7.3

0.06

4 (40)

3 (30)

1.00

Change of Oxygen Saturation in the Cervix
In the analysis of how the oxygen saturation in the cervix changes with respect to the delivery
outcomes, we selected two groups of participants (Table 6.1), from the entire AR dataset (n = 493).
These two small groups corresponded to two opposite and extreme cases for gestation. If any
difference concerning cervical oxygen saturation associated with the delivery outcomes existed,
such a difference should be shown in the comparison between these two groups. The first group,
the preterm group, included ten participants with spontaneous preterm births, and these
participants had the shortest gestation in the entire AR dataset. The mean age of the participants
with preterm birth was 31.7 years, and the mean body-mass index was 34.7. Four participants had
at least one full-term delivery before they joined our study. The second group, the full-term group,
included ten participants who had the longest gestation in the entire AR dataset. The mean age of
the participants was 30.4 years, and the mean body-mass index was 26.1. Three participants had
at least one full-term delivery before they joined our study. In our study, gestation is divided into
three periods. The first trimester (T1) is between 1 and 13 weeks of gestation; the second trimester
(T2) is between 14 and 26 weeks of gestation; the third trimester (T3) is the period after 26 weeks
of gestation.
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Figure 6.2 A box plot for the average sO2 value measured in each study visit. F1, the full-term
group in the first trimester; P1, the preterm group in the first trimester; F2, the full-term group in
the second trimester; P2, the preterm group in the second trimester. The statistical results are shown
on the right.

In this analysis, we reduced the two-dimensional map of sO2 in tissue to a scalar, the average value
of sO2 in tissue (Fig. 6.2). Since none of the participants in the preterm group had a study visit in
their third trimester, we focused on the first two trimesters. First, the average sO2 values do not
differ between T1 and T2, with respect to either the full-term group (P = 0.38) or the preterm group
(P = 0.39) by the Student's t-test. Second, the average sO2 values in neither trimester (P = 0.37 in
T1 and P = 0.39 in T2) show a statistical difference between two groups of patients by the Student's
t-test.

63

Change of Tissue Hydration in the Cervix
Table 6.2 Baseline demographic and clinical characteristics in the analysis of tissue hydration. Age
and body-mass index are examined in the t-tests. The other markers are examined in the Chisquared tests.
Whole group

Preterm

Full-term

P-value

(n=295)

(n=44)

(n=251)

Age – years

29.8±5.3

30.0±6.2

29.8±5.2

0.81

White race – no. (%)

128 (43)

16 (36)

112 (45)

0.39

Body-mass index

28.7±8.4

31.4±9.8

28.3±8.1

0.02

Hypertension that predates
conception – no. (%)

20 (7)

6 (14)

14 (6)

0.10

Diabetes mellitus – no.
(%)

19 (6)

7 (16)

12 (5)

0.01

Previous full-term
delivery – no. (%)

150 (51)

17 (39)

133 (53)

0.11

Previous preterm delivery
– no. (%)

31 (11)

8 (18)

23 (9)

0.12

In the first step, we compared our data with a biochemical study [70]. Our data set was measured
from 295 participants who had more than one study visit and had delivery outcomes available
before Oct. 1, 2019 (Table 6.2). The mean age of the participants was 29.8 years, and the mean
body-mass index was 28.7. In this group, 128 participants were white, 31 participants had at least
one preterm delivery before they joined the study, and 44 participants had a preterm delivery
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during this study. Ref. 70 indicates that cervical hydration in non-pregnant women is about 75%
(±7%) and cervical hydration at the end of gestation is about 81% (±5%). The distribution of water
contents measured in our study is shown in Fig. 6.3. The mean value is 77%, with a standard
deviation 6%, which is consistent with a previously reported study [70].

Figure 6.3 Distribution of water contents measured from pregnant women in this study (n=295).

After we confirmed the consistency of our data set with the biochemical study, we divided our
data set into two subsets - a preterm group and a full-term group - based on the clinical outcomes.
(Table 6.2). We then applied a generalized linear model [71] in the preliminary analysis. We
observed serial and cross-sectional changes in the measured cervical hydration in pregnancy (Fig.
6.4). The rate of cervical hydration increase in the preterm labor group is 0.35% per week,
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significantly higher than the 0.21% per week in the full-term labor group (P = 0.03). The
progressive increase of cervical hydration until delivery suggests a slow longitudinal maturation
of the cervix over the duration of the pregnancy, and this observation is also consistent with the
biochemical study [70].

Figure 6.4 Longitudinal changes of water contents in the cervixes of pregnant women (n = 295),
shown as gray lines. The red solid line indicates the fit at the unit level of the generalized linear
model to the data from the preterm group (n = 44), and the rate of cervical hydration increase is
0.35% per week. The blue solid line indicates the fit to the data from the full-term group (n = 251),
and the rate of increase is 0.21% per week.
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Figure 6.5 Survival analysis for the pregnant women (n = 295) with respect to their cervical
hydration. The intercept and slope for each woman were obtained from the generalized linear
model. (a) Two groups are separated with respect to the intercept. (a) Two groups are separated
with respect to the slope. A higher hydration in early pregnancy is significantly associated with
shorter gestational length. A faster increase in cervical hydration approaches, but does not reach,
statistical significance for shorter gestation.

In the survival analysis based on the generalized linear model, we tested two hypotheses. First, our
results suggest that the detectable difference in cervical hydration in early pregnancy was
associated with shorter gestational length (Fig. 6.5a). In this test, we separated the low intercept
group and high intercept group at 85% water content, where we obtained the strongest statistical
evidence to support the first hypothesis. Second, although a fast increase in the cervical hydration
(slope) is also correlated with early termination of gestation (Fig. 6.5b), no matter how we separate
the two groups with respect to the slope, the statistical result is always insignificant in the survival
analysis. We note that detectable differences in cervical hydration in early pregnancy are clinically
appealing, because the measurement is easily obtainable in early obstetric visits, and early
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detection is most useful for applying prevention strategies and performing risk stratification of
patients.

Table 6.3 Baseline demographic and clinical characteristics of the groups in the analysis of
vascular morphology. T1, first trimester; T2, second trimester; T3, third trimester; F2, second
trimester measurement, subsequent full-term delivery; P2, second trimester measurement,
subsequent preterm delivery; F3 third trimester measurement, subsequent full-term delivery; P3,
third trimester measurement, subsequent preterm delivery.
T1

T2

T3

F2

P2

F3

P3

(n=3)

(n=16)

(n=31)

(n=13)

(n=4)

(n=24)

(n=7)

Age – years

26.0±5.6

30.4±4.9

White race –
no. (%)

1 (3)

8 (50)

Body-mass
index

28.3±6.8

Previous
full-term
delivery –
no. (%)

1 (33)

29.7±4.5 31.1±4.7 28.3±5.9 29.9±4.4
13 (42)

7 (54)

1 (25)

11 (46)

30.1±11.4 29.5±8.4 31.7±11.9 25.1±9.1 28.6±8.1

10 (63)

15 (48)
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8 (62)

2 (50)

13 (54)

29.0±5.2
2 (29)

31.7±9.4

2 (29)

Figure 6.6 Box plots for the histomorphological quantities calculated from the OR-PAE images.
(a) Microvessel density and (b) total microvascular area with respect to gestation progress. T1,
first trimester; T2, second trimester; T3, third trimester. (c) Microvessel density and (d) total
microvascular area with respect to delivery outcomes. F2, full-term delivery in the second
trimester; P2, preterm delivery in the second trimester; F3 full-term delivery in the third trimester;
P3, preterm delivery in the third trimester. The statistical results are shown on the right.

Change of Vascular Morphology
In the analysis of vascular morphology, from the entire OR data set (n=389), we selected the
measurements from 37 participants who had 51 study visits in total (Table 6.3). Two exclusion
criteria were applied: (1) a contrast-to-noise ratio of less than 3 and (2) the existence of
misalignment artifacts. The mean age of the participants was 29.7 years, and the mean body-mass
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index was 30.5. Eighteen participants were white, twenty-one participants had at least one fullterm delivery before they joined our study, and ten participants delivered preterm in this study.

We tested whether microvessel density and total microvascular area have the power to identify the
progress of cervical remodeling or to predict the delivery outcome. We plotted these parameters
in box plots under different classifications (Fig. 6.6). The microvessel density shows a slight
increase throughout gestation, but the increase is statistically insignificant by the Student's t-tests
(Fig. 6.6a). In comparison, the total microvascular area does not show an upward trend across the
trimesters (Fig. 6.6b). These two plots in combination imply that the vascular network is more
likely to contain more bifurcations at the end of gestation than at the beginning. When we also
considered the delivery outcome of participants and distinguished the preterm group from the fullterm group, the microvessel densities measured from the two groups in the same trimester were
distributed in the same range, as were the total microvascular areas.

6.4 Discussion
In this primary analysis for our cervical remodeling study using PAEs, we observed a significant
change of cervical hydration, but the vascular morphology and the overall oxygen saturation did
not show significant changes. By comparing the cervical hydration, we successfully classified a
group of patients whose gestation was likely to terminate early. This result is encouraging, because
the measurement is easily obtainable in the early obstetric visits. Early detection is the most useful
for applying prevention strategies and stratifying patients.
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The PA techniques that we developed for this study are still in their primary stage. In the last three
years, we encountered numerous challenges that should be addressed in the next phase.

The first challenge is the complicated mechanisms involved in preterm birth. Preterm labor is
associated with three different physiological processes [97]: uterine contraction, rupture of the
chorioamniotic membrane, and cervical dilation. An abnormality in any one of these processes can
trigger preterm labor. Our methodology detects only cervical remodeling physiology which may
not be an etiologic factor in all preterm births. In our analysis, all patients with a spontaneous
preterm birth were classified into the preterm group, and the specific causes of their preterm birth
were neglected because of the small number of patients in the preterm groups with cervical dilation
- the only variable that our techniques can monitor. In the next stage, the study should recruit more
patients with a high risk of preterm birth, based on patients' medical records.

In addition, we stratified our analysis by trimesters, which are arbitrary units of time and do not
necessarily correlate with cervical physiology in an ordered categorical fashion. Instead, it would
be more useful to examine the change of physiology continuously over gestation. Categorization
by trimesters may have made some physiologic phenomena more difficult to detect.

In terms of the hardware, we need to reduce the 20 mm diameter of our endoscopes. In a study
visit, prior to measuring the cervix, the operator must place a speculum in the vagina, exposing the
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cervix for endoscopy. Once an endoscope has been moved into the vagina, the operator can no
longer visualize the cervix because it is blocked by the endoscope. This visual blockage is not very
important for the AR probe, because it has a large FOV (7 mm × 6 mm) and the operator can adjust
the position of the probe based on the AR images shown by the computer in real-time. This same
task, however, is not easy with the other two probes. The PANIR probe measures the spectrum
from a single point. Although our assessment program (Fig. 4.2) can provide measurement quality
feedback for the operator, this limited information cannot illustrate how the operator should move
the probe to improve the measurement quality. The story is similar for the OR probe, which has a
FOV of 3 mm × 1 mm × 1 mm, smaller than that of the AR probe. If blood vessels are outside the
FOV of the OR probe at the beginning, the operator will have to blindly search the imaging spot.
Our participants also often reported discomfort in the process of adjustment. Ideally, an endoscope
with a diameter smaller than 10 mm would allow the operator to see the cervix and the probe
simultaneously in the vagina.

How we injected distilled water into the AR and OR probes also needs to be improved. To protect
the transducer from degrading, every day we drained the water from the probe after the last exam
and re-injected new water into the probe before the first exam on the next day. Air bubbles were
often trapped in the probe in this procedure. As a result, when people moved the probe throughout
the day, the air bubbles also moved inside the probe. Sometimes the air bubbles attached on the
surface of the transducer, which affected the detection sensitivity of the probe. If the sensitivity
changes exam by exam, the PA amplitudes measured from different patients cannot be compared
directly, because a small PA amplitude may be associated with a low detection sensitivity rather
than the patient's physiology. So far, we have tried injecting water through micro tubing from both
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the top and the bottom of the probe, and neither position can guarantee that the chamber in the
probe will be free from air bubbles after water injection. Potential solutions for this problem could
involve (1) coating the surface of the transducer with a hydrophilic layer, (2) changing the
geometry of the probe so that all air bubbles are ejected from the probe in the process of water
filling, or (3) once there are no bubbles in the probe, leaving the water in the probe permanently.

In the analysis of the sO2 data measured by the AR probe, we realized two factors could lead to
inaccuracy. The first factor is the physiology of our participants. Our participants had various
genetic backgrounds, and many studies have shown that genetic characteristics give rise to
differences in tissue microstructures [99], influencing how photons propagate in the tissue [100].
Moreover, the process of cervical remodeling itself also changes the tissue microstructure [81]. In
this process, the collagen fibers in the extracellular matrix are aligned and straight at the early stage
of gestation. Later in the gestation, the fibers became more disordered, which changes the
scattering effect as well as the distribution of light fluence in the entire FOV. The second factor
relates to how the operator uses the probe. Five operators acquired the data in this study. When an
operator puts the imaging window on the cervix, the tissue is inevitably pressed and deformed.
This deformation also changes the environment in which the photons propagate. We do not yet
have a mechanism to quantitatively monitor the amount of pressure applied on the cervix, so
operator variability remains as a possible source of inaccuracy.

A few potential solutions could solve the problems in sO2 measurement. The deeper the light
propagates, the more influence the environment has on the light fluence, so using the OR probe to
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measure the sO2 is a potential solution to mitigate this uncertainty. Also, a tabletop PA system has
been demonstrated to measure sO2 with a fiber laser [93], and that design can be adopted by
upgrading the current OR system. To address the variation caused by tissue deformation, the next
generation probe could include a pressure sensor near the imaging window, so the operator can
control the applied pressure as well as the degree of tissue deformation with feedback from the
sensor. With accurate pressure control, measurements of sO2 should be more consistent over time.

We also recognized two major drawbacks in the current PANIR system. The first drawback relates
to the probe cover that must be used in the exam, required by the disinfection protocol. We used a
polyethylene probe cover (Eclipse, Parker Laboratories). Polyethylene itself is routinely used in
near-infrared spectral analysis [101], but the ultrasound transmission gel inside the probe cover is
a highly absorptive substance in the near-infrared wavelength range and causes a serious problem.
The probe cover is large, with a lot of room inside for the PANIR probe to move, and the operator
cannot guarantee that no ultrasound gel has moved between the probe window and the tissue in
the exam. Although the algorithm that we developed (Fig. 4.2) can provide the operator with
measurement data quality during the exam, the considerable number of failures caused by the
ultrasound gel cannot be reduced as long as we use the current probe cover. Potential solutions for
this problem could be (1) a new disinfection method which makes the probe cover unnecessary or
(2) a new probe cover customized for the geometry of our probes, so no ultrasound gel can get
between the probe window and the tissue.

74

The second drawback relates to the instability of the impulse response of the PANIR probe. The
instability originates from our probe design, in which we use a N-BK7 pentaprism so that nearinfrared light propagates through a transparent medium before being absorbed by the tissue. The
other conventional media used in PA systems, such as water, absorb light in the near-infrared
range. If the PA signal generated from the medium is dominant in the data, the probe will lose its
ability to quantify tissue hydration. The pentaprism, however, has an acoustic impedance much
larger than those of tissue and air, and such a mismatch undesirably creates an acoustic cavity. The
acoustic wave propagating from the tissue to the transducer is localized in the cavity for a while.
The shape of the wave detected by the transducer is the result of the interference of acoustic waves
reflected from different surfaces, and the interference is nonlinear. As a result, the impulse
response of the probe is very sensitive to the contact between the tissue and the probe window, so
a perturbation can significantly distort the waveform (Fig. 4.2). The theoretical details of the
instability can be found in Ref. 103. A potential solution for this problem is to modify the PANIR
probe and adopt a design similar to the AR probe. Of course, distilled water cannot be used as the
medium in which the light and the acoustic wave propagate. Fortunately, deuterium oxide, D2O,
is transparent in the near-infrared range and has an acoustic impedance close to that of tissue. The
results measured by the PANIR probe with the new design may be more precise and more stable
over time. This improvement may be important for analyzing the relationship between the tissue
hydration and various etiologic factors.

We found two additional problems when we tried to use more sophisticated machine learning
techniques to analyze the OR results. Fig. 6.7 illustrates one problem. Fig. 6.7a and b were
measured in one exam. Their imaging spots are different; however, the vascular morphologies still
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look quite similar, in terms of the vascular diameter and orientation. Fig. 6.7c and d were measured
in one exam for another patient. Again, their imaging spots are different, but Fig. 6.7c and d show
two different orientations. If we use a deep learning method to classify the OR images, we must
carefully track the features in the neural network. When the features used as criteria for
classification include the vascular orientation, an undesired overfitting occurs in training the neural
network. In future preclinical studies, people also need to design a plan for multiple sampling
locations on the cervix, to reduce the data variance due to inhomogeneous sampling in the data set.

Figure 6.7 The effect of imaging location on OR-PAE images. (a and b) In vivo OR-PAE images
acquired from a pregnant woman in one exam. (c and d) In vivo OR-PAE images acquired from
another pregnant woman in one exam. The conclusion that we draw from the OR-PAE images, for
example, regarding vascular orientation, depends on the imaging location.
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The second problem that we found is also associated with the pressure applied on the cervix in the
measurement. Fig. 6.8 shows an example. Based on the structures highlighted in the green circles,
we can tell that two images were acquired from the same location, however, the maps of PA
amplitudes in the two images are quite different. The most prominent vessel in Fig. 6.8a occupies
the top left corner, and this vessel is absent in Fig. 6.8b. One possible explanation for this
difference is that less pressure was applied on the cervix when Fig. 6.8a was acquired. The most
prominent vessel was closer to the surface of cervix than the other vessels in the image. When Fig.
6.8b was acquired, the operator applied more pressure in the area highlighted in the green circle.
In this case, the blood originally inside the prominent vessel shown in Fig. 6.8a was squeezed out
so that this vessel disappeared when Fig. 6.8b was acquired. To address this issue, a pressure sensor
should be integrated into the OR probe so that the operator can adjust the pressure.
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Figure 6.8 The effect of pressure on the OR-PAE images. (a and b) In vivo OR-PAE images
acquired from a pregnant woman in one exam. The two images were acquired from the same area
of the tissue, but the maps of PA amplitude are quite different.

Due to these practical problems mentioned above, we could not use all the data that we collected
from the participants in the data analyses. First, the AR measurements were very successful in
imaging the cervical tissue. However, in some cases the AR probe was too short to reach the cervix,
and sometimes the patient could not tolerate the speculum. Although the measurement success rate
is very high (~99%), we have not established a useful prediction model to associate the AR results
with the delivery outcomes. The data scientists in our group are trying to build a prediction model
based on deep learning. This new model might require higher AR measurement quality, which
might lead to a lower measurement success rate. Second, the IR measurements have only a
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moderate measurement success rate (~40%), and substantial changes of the IR probe and probe
cover may be necessary to improve this number. Third, the OR measurements have a low
measurement success rate (~15%). In our data analysis, ~50% of the OR images were excluded by
the contrast-to-noise ratio criterion, and ~35% of then OR images were excluded by the
misalignment artifact criterion.

In conclusion, using photoacoustic techniques, we observed several physiological changes among
pregnant women in our three-year study. The overall oxygen saturation and vascularity in cervical
tissue did not change significantly throughout gestation. In contrast, an increase of tissue hydration
was statistically significant.
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Chapter 7: Summary
In this dissertation, we have demonstrated four new photoacoustic techniques for imaging and
spectroscopy. DS-PACT can image anisotropic tissue without labels. AR-PAE can provide a
qualitative map of oxygen saturation in the cervix. PANIR spectroscopy can quantify tissue
hydration. fsOR-PAE can image the superficial vascular network in tissue.

In Chapter 2, we showed that DS-PACT can measure both the amplitude of tissue’s dichroism and
the orientation of the optic axis of uniaxial dichroic tissue. By modulating the polarization of
linearly polarized light and measuring the alternating signals through lock-in detection, DS-PACT
can boost dichroic signals from biological tissues. The result has been published on Optica [107].

In Chapter 3, we developed an acoustic-resolution PAE. The side-scanning photoacoustic probe is
20 mm in diameter and has ~10 Hz B-scan rate. Using this device, we acquired in vivo experimental
results which suggest its potential for comprehensive clinical applications.

In Chapter 4, we demonstrated how to quantify tissue hydration in vivo, using the near-infrared
spectrum measured by our PANIR system. Applying this method to pregnant women in vivo, we
observed an increase in the water content of the cervix throughout pregnancy. The application of
this technique in maternal healthcare may advance our understanding of cervical remodeling. The
result has been published on Journal of Biomedical Optics [108].
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In Chapter 5, we presented a transvaginal fast-scanning optical-resolution photoacoustic
endoscope with a 250 Hz B-scan rate over a 3 mm scanning range. Using this modality, we not
only illustrated morphological differences of vasculatures among the human ectocervix, uterine
body, and sublingual mucosa, but also showed longitudinal and cross-sectional differences of
cervical vasculatures in pregnant women. The result has been published on Journal of Biomedical
Optics [109].

In Chapter 6, we presented the preliminary analysis of a data set acquired by our PAE devices
from pregnant women recruited in the March of Dimes 1000 cohort study at the Barnes-Jewish
Hospital Center for Outpatient Health. The results showed that the overall oxygen saturation and
vascularity in tissue did not change significantly throughout gestation. In contrast, an increase of
tissue hydration was statistically significant.

Overall, PAE introduces new possibilities for biomedical applications. For example, the OR-PAE
probe, in combination with transgenic microorganisms, can be used for longitudinal monitoring of
microbial dynamics in the vagina [15, 104, 105]. Shifting the wavelength range from the nearinfrared to the mid-infrared, the IR probe can provide more chemical information in the vagina
[106].
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