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Abstract. 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 rep-
etition rate. Here, we present a transvaginal fast-scanning
optical-resolution photoacoustic endoscope with a 250-Hz
B-scan rate over a 3-mm scanning range. Using this modal-
ity, we not only illustrated the morphological differences of
vasculatures among the human ectocervix, uterine body,
and sublingual mucosa but also showed the longitudinal
and cross-sectional differences of cervical vasculatures in
pregnant women. This technology is promising for screen-
ing the visceral pathological changes associated with angio-
genesis. © The Authors. Published by SPIE under a Creative Commons
Attribution 3.0 Unported License. Distribution or reproduction of this work in
whole or in part requires full attribution of the original publication, including its
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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,41 inflammatory disorders, and
pulmonary hypertension,H to name just a few. Many models
linking vascular morphogenesis to the development of a particu-
lar disease have been developed for prognosis, diagnosis, or dis-
ease management.ﬂ 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 fea-
sible.8 technologies that provide in vivo noninvasive examina-
tion of vascular networks are clinically useful. but generally
do not have enough resolution and specificity to resolve micro-
circulation vessels.

Optical-resolution photoacoustic microscopy using endog-
enous optical absorption contrast enables in vivo vascular imag-
ing with a capillary-level spatial resolution, and it has emerged
as a major tool for inspecting morphological changes in the vas-
cular network B Photoacoustic endoscopy (PAE), by miniatur-
izing the tabletop setup of photoacoustic microscopy, can reach
organs in body cavities and noninvasively acquire visceral vas-
cular images.‘u‘IEI These endoscopic devices use rotary scanners,
which enable a large angular field of view, up to ~310 deg, 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 applica-
tion. Microelectromechanical system (MEMS) scanning mirrors
have demonstrated their superior scanning speed, high accuracy,
and simple system design in various biomedical imaging
modalities. B A water-immersible version with a small foot-
print 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 mir-
ror. The B-scan rate can reach 250 Hz over a 3-mm range, faster
than the previous device by a factor of 10.2 This imaging speed
allowed us to acquire visceral vascular images in humans in
vivo, with a volumetric imaging speed of 0.75 Hz.

Figure [[] is a schematic of our fSOR-PAE system. The system
[Fig. [[(]] 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 /cmz, below the American National
Standards Institute safe exposure limit @ A photodetector
(Thorlabs, PDA36A) detects the light reflected from the neutral
density filter, and a voltage comparator connected to the photo-
detector generates a trigger for each laser pulse to synchronize
the whole system. The laser beam is spatially filtered by a 50-ym
diameter pinhole (Thorlabs, PSOCH) before being coupled into a
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Fig. 1 Schematic of the fSOR-PAE probe and its peripheral systems.
(a) Setup of fsOR-PAE. CS, control system; GGD, ground glass dif-
fuser; 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 the probe. MEMS
drives the scanning parallel to the cylindrical axis. AW, acoustic
wave; LB, laser beam; MEMS, microelectromechanical system scan-
ning mirror; SMF, single-mode fiber; UT, ultrasonic transducer.

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. [[(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. [[(c]l- 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 coupling. A MEMS scanning mirror drives
the focal spot scanning parallel to the cylindrical axis of the
probe [Fig. B (Video [ID]. 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 SiO, 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 (induct-
ance: 1 pH) in the MEMS device. The azimuthal scanning, with
a step size of 3 um, is driven by a linear actuator (Haydon Kerk,
21F4AC-2.5) in the white housing of the probe [Fig. P
(Video 1.

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
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Fig. 2 Scanning mechanism of the fsOR-PAE probe (Video [, MP4,
3.78 MB [URL: pfips7/dolora/ T 1 1 7/ IBI- 2T 1216 T 4.1])-

edge spread function, the line spread function was computed
and found to have a full width at half maximum of 3.1 um,
which represents the lateral resolution [Fig. B(a]]. The axial res-
olution was estimated to be 46.5 um, based on the photoacoustic
signal detected from a tungsten wire (diameter: 14 pm)
[Fig. B(®Jl. A metal grid (127-um pitch and 37-um bar
width) [Flg. B(c]] was imaged [Fig. B(d]], and the average sig-
nal-to-noise ratio (SNR) was 33.2 dB. Figure is a B-scan
image in the plane highlighted by the dashed line in Fig. B(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.ld These results
suggest that the fSOR-PAE system is capable of imaging struc-
tures on the micrometer scale.

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.

In an ex vivo demonstration, we imaged a uterus obtained
from hysterectomy. Figures and [b] show the vascular net-
works in the ectocervix and the serosal layers of the uterine
body, respectively. A volume-rendered image is shown in
Fig. f (Video [)). 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. fi(a]l,
but these long blood vessels can be easily found in the human
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Fig. 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 projec-
tion image 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).
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Fig. 4 Ex vivofsOR-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 con-
ducted after fsOR-PAE imaging, showing no tissue damage.

Fig. 5 Volume-rendered image (Video B, MP4, 890 KB [URL: hffps7]
Bolora M 17 IBO 2 T 12161 1.4)).

sublingual mucosa [Fig. fi(c]]. Additionally, we carefully inves-
tigated the imaged tissue to demonstrate the safety of fsOR-
PAE. Standard hematoxylin and eosin stain on the imaged
area after fSOR-PAE imaging showed no evidence of tissue
damage, necrosis, or heat injury [Fig. E(d]].

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 preg-
nancy was associated with increased vascularity BE We
enrolled (n = 2) pregnant women and imaged the anterior sur-
face of the ectocervix for our study. The first pregnant woman
was imaged at 32 weeks of gestation [Fig. p(a]] and again at 36
weeks of gestation [Fig. p(b]]. In this subject, we did not observe
a perceptible change of vascular aspect ratio or blood vessel ori-
entation 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 com-
parison and noted that blood vessels in the ectocervix of subject
2 had a smaller aspect ratio than in subject 1 at the same
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Fig. 6 In vivo fsOR-PAE images acquired from the first pregnant
woman at (a) 32 and (b) 36 weeks of gestation. (c) /In vivo fsOR-
PAE image acquired from the second pregnant woman at 36
weeks of gestation.

gestational age (36 weeks) [Fig. p(c]]. This patient is 24
years old, had one prior delivery, and labored at 38 weeks of
gestation in our study.

To explore what physiological features can be quantified
from the fsSOR-PAE images, we extrapolate from the two
vascular pararnetersE that could have close relationships with
cervical remodeling: (1) the microvessel density (the number
of vessels per unit area) and (2) total microvascular area (the
percentage of area occupied by blood vessels) as shown in
Fig. []. Each parameter was calculated from five images mea-
sured 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 stan-
dard 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. [[(a]]. The total microvas-
cular area, however, is a more discriminatory parameter for clas-
sifying the type of tissue [Fig. [[(B]]. Of course, these
conclusions require validation in larger, blinded preclinical
studies.

In summary, we have developed an fsSOR-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 im-
aging of the vascular network in the human cervix, and its
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Fig. 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 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.
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capillary-level spatial resolution is beyond the scope of current
clinical methods.? Further improvements could include mini-
mizing the size of the probe to reach smaller cavities in the
human body and exploiting a dual-wavelength light source to
quantify oxygen metabolism.B Furthermore, with the develop-
ment of artificial intelligence, emerging classification models
may divulge latent information which is beyond human recog-
nition, but more valuable for diagnosis than the conventional
histomorphological quantities in the fsOR-PAE images. BH&

10
Disclosures
K. Maslov has a financial interest in Microphotoacoustics, Inc. 11
L. V. Wang has a financial interest in Microphotoacoustics, Inc.,
CalPACT, LLC, and Union Photoacoustic Technologies, Ltd., 12
which, however, did not support this work. 3
Acknowledgments "
We thank Professor James Ballard for proofreading the paper,
Alicia Brueggemann, and Emma Altieri for their help in the 15
study. This project was supported in part by the March of
Dimes Prematurity Research Center (3125-17303A) and the 16
National Institutes of Health Grant Nos. DP1 EB016986
(NIH Director’s Pioneer Award) and RO1 CA186567 (NIH 17
Director’s Transformative Research Award).
18
References
1. M. Leslie, “Tumors’ do-it-yourself blood vessels,” 352, 19
1381-1383 (2016). :
2. L. Lietal., “Single-impulse panoramic photoacoustic computed tomog-
raphy of small-animal whole-body dynamics at high spatiotemporal ”
resolution,” 1, 0071 (2017). 0.
3. Y. He et al.,, “In vivo label-free photoacoustic flow cytography and
on-the-spot laser killing of single circulating melanoma cells,” 21.
6, 39616 (2016).
4. P. Carmeliet and R. K. Jain, “Molecular mechanisms and clinical appli-
cations of angiogenesis,” 473, 298-307 (2011). 22.
5. S. Sharma, M. C. Sharma, and C. Sarkar, “Morphology of angiogenesis
in human cancer: a conceptual overview, histoprognostic perspective
Journal of Biomedical Optics 121617-4

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 12/6/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

and significance of neoangiogenesis,” 46, 481489
(2005).

. E. Crowley et al., “Liquid biopsy: monitoring cancer-genetics in the

blood,” Vai.__Rev. Clin.__Oncol] 10, 472484 (2013).

. D. M. McDonald and P. L. Choyke, “Imaging of angiogenesis: from

microscope to clinic,” 9, 713-725 (2003).

. L. Lin et al., “Handheld optical-resolution photoacoustic microscopy,”

22, 041002 (2017).

. L. Li et al., “Fully motorized optical-resolution photoacoustic micros-
copy,” 39, 2117 (2014).

. S. Oladipupo et al., “VEGF is essential for hypoxia-inducible factor-

mediated neovascularization but dispensable for endothelial sprouting,”
Proc._Nail_Acad_Scr. U. 5. A] 108, 13264-13269 (2011).

. J. Yao et al., “Label-free oxygen-metabolic photoacoustic microscopy in

vivo,” 16, 076003 (2011).

. J. Yang et al., “Simultaneous functional photoacoustic and ultrasonic

endoscopy of internal organs in vivo,” 18, 12971302 (2012).

. C.Lietal., “Urogenital photoacoustic endoscope,” 39, 1473-

1476 (2014).

. J. Yang et al., “Optical-resolution photoacoustic endomicroscopy in

vivo,” 6, 918-932 (2015).

. M. Strathman et al., “MEMS scanning micromirror for optical coher-

ence tomography,” 6, 211-224 (2015).

. J. Yao et al., “Wide-field fast-scanning photoacoustic microscopy based

on a water-immersible MEMS scanning mirror,” 17,
080505 (2012).

American National Standards Institute, American National Standard for
the safe use of lasers, American National Standards Institute, New York
(2000).

. R. A. Word et al., “Dynamics of cervical remodeling during pregnancy

and parturition: mechanisms and current concept,”
25, 69-79 (2007).

C. M. O’Brien et al., “In vivo Raman spectroscopy for biochemical
monitoring of the human cervix throughout pregnancy,”
218, S528 (2018).

Y. Liang et al., “2 MHz multi-wavelength pulsed laser for functional
photoacoustic microscopy,” 42, 1452-1455 (2017).

K. Yu et al., “Predicting non-small cell lung cancer prognosis by fully
automated microscopic pathology image features,” 7,
12474 (2016).

A. Esteva et al., “Dermatologist-level classification of skin cancer with
deep neural networks,” 542, 115-118 (2017).

December 2018 « Vol. 23(12)


https://doi.org/10.1126/science.352.6292.1381
https://doi.org/10.1038/s41551-017-0071
https://doi.org/10.1038/srep39616
https://doi.org/10.1038/srep39616
https://doi.org/10.1038/nature10144
https://doi.org/10.1111/his.2005.46.issue-5
https://doi.org/10.1038/nrclinonc.2013.110
https://doi.org/10.1038/nm0603-713
https://doi.org/10.1117/1.JBO.22.4.041002
https://doi.org/10.1364/OL.39.002117
https://doi.org/10.1073/pnas.1101321108
https://doi.org/10.1117/1.3594786
https://doi.org/10.1038/nm.2823
https://doi.org/10.1364/OL.39.001473
https://doi.org/10.1364/BOE.6.000918
https://doi.org/10.1364/BOE.6.000211
https://doi.org/10.1117/1.JBO.17.8.080505
https://doi.org/10.1055/s-2006-956777
https://doi.org/10.1016/j.ajog.2017.11.475
https://doi.org/10.1016/j.ajog.2017.11.475
https://doi.org/10.1364/OL.42.001452
https://doi.org/10.1038/ncomms12474
https://doi.org/10.1038/nature21056

