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Abstract

Genitourinary syndrome of menopause (GSM) negatively affects more than half of
postmenopausal women. Energy-based therapy has been explored as a minimally invasive
treatment for GSM; however, its mechanism of action and efficacy is controversial. Here, we
report on a pilot imaging study conducted on a small group of menopause patients undergoing
laser treatment. Intravaginal optical coherence tomography (OCT) endoscope was used to
quantitatively monitor the changes in the vaginal epithelial thickness (VET) during fractional-pixel
COy, laser treatment. 11 patients with natural menopause and 1 surgically induced menopause
patient were recruited in this clinical study. Following the laser treatment, the 6 out of 11

natural menopause patient showed increase in both proximal and distal VET, while 2 natural
menopause patient showed increase in VET in only one side of vaginal tract. Furthermore, the
patient group that showed increased VET had thinner baseline VET compared to the patients that
showed decrease in VET after laser treatment. These results demonstrate the potential utility of
intravaginal OCT endoscope in evaluating the vaginal tissue integrity and tailoring vaginal laser
treatment on a per-person basis, with the potential to monitor other treatment procedures.
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Genitourinary syndrome of menopause (GSM) negatively affects more than half of
postmenopausal women. Energy-based therapy has been explored as a minimally invasive
treatment for GSM; however, its mechanism of action and efficacy is controversial. Here, we
report on a pilot imaging study conducted on a small group of menopause patients undergoing
laser treatment. Intravaginal OCT endoscope was used to quantitatively monitor the changes in
the vaginal epithelial thickness (VET) during fractional-pixel CO, laser treatment. The results
demonstrate the potential utility of intravaginal OCT endoscope in evaluating the vaginal tissue
integrity and tailoring vaginal laser treatment.
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1 INTRODUCTION

Genitourinary syndrome of menopause (GSM) is a broad medical term describing a variety
of symptoms—including vulvovaginal atrophy, dryness, burning, itching, urinary disorders,
and more—that arises from a decline in estrogen levels [1-3]. Although it is not a life-
threatening condition, GSM has a negative impact on a woman’s quality of life with
regards to general health and sexual function [4]. Hormone therapy is commonly used to
supplement the body’s natural estrogen and relieve menopause symptoms [5]. However,
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safety concerns associated with long-term hormone therapy exists, including the increased
risk of blood clots, breast cancer, and endometrial cancer [6-8]. Due to these safety concerns
and even the efficacy of long-term use of topical or systemic hormone therapy as the
conventional treatment, an increasing number of women are now seeking more modern
approaches. One contemporary method that is not yet FDA approved for treating GSM

is the use of energy-based devices, such as a fractional laser [9-11]. This tool stimulates
vaginal tissue regeneration to improves the physiological condition of the tissue [12,13].
Limited pathology evidence from human studies has demonstrated an increase in vaginal
epithelial thickness (VET), vascularization in lamina propria, re-collagenation, and elastin
formation in the genitourinary tract due to the thermally induced healing process [12—

14]. Although conventional histology data obtainable from biopsy can provide information
of tissue histopathology, it is rarely performed on vaginal tissue because of its invasive
nature. Therefore, the capability to demonstrate clinically significant histology comparing
treatment-related vaginal tissue changes is of high scientific and clinical value as it can
provide histopathological information before and over the time course of therapy to monitor
and optimize the treatment.

Several techniques have been proposed to non-invasively assess tissue structures and
vasculatures in the female reproductive system. Transvaginal ultrasound is helpful in
evaluating macrostructures like the uterus and ovaries. However, ultrasound imaging
cannot accurately assess VET and underlying microstructures since the spatial resolution

of ultrasound is limited to 50 — 200 um [15,16]. In the recent report, a transvaginal
photoacoustic endoscopy was presented for /n7 vivo imaging of capillary network in

human cervix [17]. While photoacoustic imaging (PAI) combines ultrasound and optical
imaging to achieve high resolution deep tissue imaging, this technique is mainly used for
vascular imaging as the contrast of PAI relies on the optical absorption. Optical coherence
tomography (OCT), on the other hand, can provide high-resolution, 3D, non-invasive tissue
scanning similar to ultrasound but with micron-scale resolution [18,19]. Using non-ionizing
near-infrared light, OCT can visualize depth-resolved information in three-dimension in vivo
with a spatial resolution 2—-3 order of magnitude higher than that of ultrasound imaging

and PAL. With high spatial resolution attainable by OCT and low-coherence interferometry,
several groups have reported the accurate depth measurement of vaginal tissue layers and
gel coating applied on top [20-24]. Most recently, Xu et al. conducted an extensive clinical
study with a total of 63 patients to evaluate the clinical efficacy of OCT in detecting

vulvar diseases, concluding high accuracy of OCT examination compared to pathological
results [25]. Another recent study by Moiseev et al. explored the ability of OCT to
visualize lymphatic vessels from vulva tissue [26]. In addition to the direct visualization

of tissue morphology and vascular features, several studies have also implemented OCT

in monitoring drug response in vaginal tissue [27,28]. Vincent et al. have previously
validated VET measurements after treated with nonoxynol-9, a spermicide that causes
epithelial disruption and thinning, in sheep [27,28]; they demonstrated the capability of
OCT to visualize the epithelial-lamina propria interface and VET changes. Nevertheless, the
forward-viewing catheter-based OCT imaging system employed by many of the previous
studies was limiting in imaging speed and scan area, which make it impossible to visualize
the entire volume of vaginal canal. In the recent studies, we developed an OCT imaging
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catheter with wide-field scanning capability for intravaginal tissue imaging in the human
vaginal canal /n vivo [29,30]. However, the small form factor of the thin imaging catheter
(outer diameter of 1.2 mm) used by Yan et al. [29], while providing the benefit of minimal
discomfort, cannot allow for comprehensive assessment of the human vaginal structure
due to its highly folding nature. The oblong-shape imaging probe (outer diameter of 12
mm) was introduced in the successive clinical study [30] to resolve the issues of vaginal
folding during imaging and to provide more accurate measurement of the vaginal epithelial
thickness. In the present study, we adopted the similar oblong-shape intravaginal probe to
investigate the effects of laser treatment on vaginal tissue.

Here, we present an OCT-based approach to objectively and accurately quantify VET
throughout the entire vaginal canal /n7 vivo. We employed a handheld intravaginal OCT
probe to capture the full volume of human vagina in high resolution, and this enabled us

to study the effect of vaginal laser therapy based on VET measurements obtained before
and after the laser treatment. To complement the large number of images obtained through
volumetric imaging, we applied a deep learning technique to segment the vaginal epithelium
for high-throughput VET measurement and vaginal reconstruction in 3D. The novelty of
this pilot study compared to the previous human OCT studies [29,30] is as follow: we

1) demonstrated an endoscopic imaging and analysis approach to extract and reconstruct
epithelial layer across entire vaginal tract, 2) investigated the effect of laser therapy on VET
through a larger sample size compared to the previous study [30], 3) analyzed the spatial
variation of VET changes, and 4) assessed the dependency of baseline VET on the laser
treatment effects.

2 MATERIALS AND METHODS

21

Intravaginal OCT endoscopy system

The OCT imaging system is based on a typical 1.3 um swept-source OCT system with a

100 kHz vertical-cavity surface-emitting laser (SL1310V1-10048, Thorlabs Inc., NJ), similar
to what we have described in our previously studies [29,30]. The axial resolution of our
OCT system is about 8 um in tissue. For /n vivo imaging of the full vaginal canal, we
designed a handheld intravaginal endoscope based on the catheter-type endoscope [29,31] as
shown in Figure 1. To accommodate for the highly elastic property of vaginal canal and to
minimize vaginal folding, in this study, we designed a clear oblong-shape outer protective
cover with an outer diameter of 12 mm and a length of 150 mm. To acquire a concentric
scanning of the endoscope, we designed a centerpiece consists of a rotational bearing and

a 3D printed support. The centerpiece can also slide across the oblong-shape cover so that
full vaginal canal scanning can be obtained. In this study, the endoscope was rotated at 3,000
revolutions per minute driven by an external rotary junction (MJP-SAP-131, Princetel Inc.,
NJ). Volumetric OCT scanning of the entire vagina was obtained by withdrawing the probe
at a constant speed of approximately 0.5 mm/s. The full scan of vaginal scan was completed
approximately in 40 seconds.
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2.2 Fractional CO; laser treatment protocol

Participants underwent three intravaginal treatments at 4-6 weeks intervals with the
fractional-pixel CO, laser system (FemiLiftTM, Alma Lasers, Israel). The laser beam is
fractionated into 81 microbeams (pixels) at each activation (per 1 cm?) and the laser
intensity allows an adjustment to the patient’s tolerance, ranging from 40-120 mJ/pixel.
The procedure was repeated two times at each session. The setting used in this study: was
50-100mJ/pixel based on each patient’s comfort level. The laser beam was applied with
a vaginal probe, gently inserted up to the top of the vagina and subsequently withdrawn
at 1-cm intervals while rotated to four positions in each station to provide complete
circumferential treatment of the vagina. Local anesthetic cream was applied to the introitus
for 10 minutes and wiped clean and dried before vaginal laser therapy. Participants were
advised to avoid sexual activity for at least 3 days after each laser application.

2.3 Imaging protocol for human subjects

A total of 12 postmenopausal women were recruited in this study. All studies were

done under the approval of the UC Irvine institutional review board (IRB). Imaging

was conducted in accordance with guidelines set forth in protocol number 2017-3686

and with individual informed patient consent. All subjects reported moderate-to-severe
GSM symptoms and received one-time pixelated fractional CO» laser treatment using

a commercial device (FemiLift, Alma Lasers Inc., IL). Intravaginal OCT imaging was
performed before as well as 4 — 6 weeks after the laser treatment to assess the treatment
effects on the vaginal canal histopathology. All participants were imaged in a standard
gynecologic examination room. The patients were positioned in dorsal lithotomy during
OCT imaging. A small amount of water-based vaginal lubricant was applied to the surface
of the protective cover of the imaging probe before the clinician maneuvered the intravaginal
probe into the vagina opening. The distal tip of the imaging probe was navigated to the
cervix for obtaining the full volume of the vaginal canal. Once positioned, an operator
initiated the probe rotation and translation within the protective cover to acquire the data.
Scanning of the entire vaginal canal was completed within approximately 40 seconds. The
patients reported only minimal discomfort from the insertion of the protective cover and the
motion caused by the rotating probe.

2.4 Segmentation and quantitative analysis

We extracted the VET from the OCT images using a semi-automated segmentation method.
In the vaginal OCT images, VET represents the dark layer between strongly reflecting the
mucus layer and lamina propria. To facilitate the segmentation process, we first applied a
deep learning segmentation algorithm based on U-Net to locate and extract the VET [32,33].
To train the U-NET model, 200 OCT images were selected from four 3D OCT data sets

and the VET was manually labeled by an experienced OCT reader. Among all the labeled
images, 40 images were used to evaluate the accuracy of the model and 160 images were
used to train the model. Dice similarity coefficient below is used to evaluate the training
accuracy. Dice similarity coefficient was used to evaluate the training accuracy, which can
be calculated as 2| XN Y/ (|.X] U | V), where X is prediction and Y is ground truth (manual
label). In this research, the resulting Dice coefficient was 0.775. Then, the final output of the
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deep learning segmentation was manually examined and compensated by a human reader to
increase the accuracy of VET analysis.

2.3 Statistical Analysis

Statistical analyses were performed using R (version 3.5.1). Arithmetic mean was compared
using Wilcovon-Mann-Whitney test after the differences in the variances were tested. P
values of less than 0.05 were considered statistically significant.

3 RESULTS

3.1 Vaginal OCT patient imaging and 3D reconstruction

OCT images were acquired and analyzed from patient 1 in Table 1 to demonstrate

the processing pipeline. The /n vivo OCT images demonstrate an imaging depth of
approximately 1.5 mm into the vaginal wall and can resolve the mucus, epithelium, lamina
propria, and venous plexuses (Figure 2). The epithelium layer had lower pixel intensity due
to its less scattering optical property with respect to the mucus and lamina propria. The
boarders between the mucus and the epithelium, as well as between the epithelium and

the lamina propria were well-demarcated and easily differentiated visually by clinicians. As
opposed to our previous study [29], the protective cover that slightly extends the vaginal
wall allows for imaging of more surface area, and thus revealed the heterogeneity of vaginal
epithelium including rete ridges. Generally, the distal region of the vagina had thicker
epithelium and more vaginal folds. From the OCT scan across vaginal tract, the extent of
folds appears to continue to increase until eventually reaching lamina minora (not shown in
the OCT image).

Next, volumetric renderings of VET based off the segmented data were generated, and the
3D vaginal canal reconstruction of the natural menopause patient is presented in Figure

3. The reconstructions of VET from the four datasets demonstrated location dependency
of the features and structures within the vaginal canal. The vaginal wall appeared to be a
more level topography with thinner overall VET in the proximal region. The mid-section
of the canal showed the transition from the proximal region to the distal region, where
abundant vaginal folds exist, and VET was visibly thicker. In the distal opening of the 3D
reconstruction, parts of the labia minora can be identified.

3.2 3D visualization of spatial-dependent VET changes

We demonstrated the representative VET distribution before and 4 — 6 weeks after the

laser treatment for the two menopause patients: patient 1 and 2 in Table 1. Figure 4A&C
shows the 3D reconstruction and the measurement of VET across the entire vaginal tract

in patient 1, a 70-year-old patient with menopause due to natural aging process. From 3D
VET model, there appears to be increased vaginal folds at distal part as indicated by the
perturbing features in the reconstruction (pointed by the black arrows). The mean VET of
the natural menopause patient showed significant increase, from 130 + 26 um to 181 + 54
um after the laser treatment (p < 0.05), which was more than one standard deviation of the
baseline VET. Of further interest was the variation in VET along the vaginal length in the
70-year-old patient. Specifically, the proximal vagina was noted to have a thicker VET with
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a clear transition point compared to the mid and distal vagina. After laser ablation, the mid
and distal vagina demonstrated a greater change in VET.

Figure 4B&D shows the 3D reconstruction and the measurement of VET across the entire
vaginal tract in patient 2, a 45-year-old patient with surgically induced menopause. Unlike
the rest of the patients, the patient 2 is induced menopause and she has been wearing an
estrogen ring during the laser treatment. We found the mean VET of the surgical menopause
patient did not change significantly (from 296+36 pm to 293+36 um, p=0.246). Overall,
there were little noticeable changes in both 3D VET visualization as well as the VET
changes for the patient 2.

3.2 Evaluation of laser effects on VET

To further investigate the effect of laser treatment on the vaginal thickness, we acquired
OCT images from total of 12 patients and compared the VET before and after treatment
(Table 1). Note that patient 2 was excluded from the evaluation of laser effects due to her
medical history and age; estrogen ring, induced menopause, and her relatively young age can
all potentially have an effect on the measurement. From each patient, mean VET in proximal
and posterior vaginal tract were calculated. Among the rest of 11 patients, 6 patients showed
increase in both proximal and posterior VET and 3 patients showed decrease in both
proximal and posterior VET. 2 patients present mixed response where either proximal or
posterior VET is increased. Interestingly, the patients with decreased thickness had thicker
baseline VET, with more than 150 pm, while the patients with increased thickness generally
had thinner baseline VET, with less than 150 um. This indicate the vaginal epithelial
changes in response to the laser can be highly dependent on the initial tissue histology.

4 DISCUSSIONS

While laser therapy has demonstrated clear benefits in areas of medicine such as
dermatology, it remains an investigational therapy in female pelvic medicine as the body
of literature on this topic evolves. Standardized protocols do not exist for the use of such
devices and studies on treatment efficacy are inconclusive, warranting further investigation
[9]. In this study, we investigated the clinical utility of intravaginal OCT endoscopy as

a minimally invasive method to evaluate tissue-level response to the CO, laser ablation
therapy. The OCT probe design enables capturing 3D structure of the entire vaginal canal,
allowing for visualizing the longitudinal changes of vaginal microanatomy that provide
insights into vaginal health. Since volumetric scanning yields hundreds of images per scan,
we applied a deep learning segmentation algorithm for high-throughput analysis. As such,
VET measurements can be speedily obtained during the patient’s visit, and such quantitative
patient-specific information may personalize the treatments for GSM symptoms as it can
identify the regions within the vagina that require further or less intervention.

The capability of visualizing depth-resolve tissue microanatomy in the vagina, /7 vivo,
allows for direct measures of morphological and pathophysiologic response to therapy. In
the case of assessing laser therapy as presented in this study, our approach helps identify
the regions that the laser ablation may be effective. This provides valuable feedbacks for
optimizing energy-based devices for relieving GSM symptoms by fine-tuning parameters
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such as duration, dosage, and frequency based on locations. With the ability to quantify
vaginal tissue health, the utility of intravaginal OCT endoscope can be further extended

to evaluating the efficacies of other types of interventions, such as topical estrogen,
systemic hormone replacement therapy, or non-medicated topical moisturizers. At present,
clinicians primarily collect feedback through patient-reported outcome measures. Gauging
the response to therapy with quantifiable OCT measurements will provide an objective
approach to screen patients that can benefit from the laser treatment, evaluate the treatment
performance, aiding the development of new devices and pharmaceuticals.

Twelve postmenopausal patients undergoing CO» laser treatment were evaluated using
OCT in this study (see Table 1), and all subjects reported little to no discomfort during

the imaging. In our previous study, we showed that VET differs among premenopausal,
perimenopausal, and postmenopausal women, with the postmenopausal category having the
thinnest VET [30]. In this study we demonstrated both proximal and distal VET increased 1
month after the laser therapy in 6 out of 11 patients, supporting the previous clinical findings
that laser ablation promoting epithelium proliferation in the vagina [34,35]. The findings
demonstrate the efficacy of the proposed intravaginal OCT as a quantitative method for
monitoring vaginal epithelium health, providing a platform for future pharmacological and
medical device developments aiming to improve the quality of life among postmenopausal
women.

In this study, 1.3 um swept-source OCT system and oblong-shape catheter probe was
implemented. However, different OCT configuration and source wavelength can be used
depending on targeted gynecological features. For example, compared to standard OCT
systems based on 1.3 um wavelength laser, 1.7 um OCT system has advantage of improved
imaging depth due less tissue scattering. In vaginal tissue imaging, 1.7 um system can
potentially provide more details within lamina propria due to the extended light penetration
depth [29,36]. However, in this study, our focus lies in accurately measuring the thickness
of vaginal epithelial layer, which is typically less than 0.5 mm in thickness. Hence, both 1.3
um and 1.7 um imaging system can visualize epithelial layer. We implemented 1.3 uym OCT
imaging system for this study as more off-the-shelf components are available. In addition,
lower wavelength provide advantage in higher spatial resolution to assess the epithelium
thickness more accurately. For instance, Duan et al. demonstrated colposcopic imaging
based on visible-light OCT to archive ultra-high axial resolution of 2 um [24]. However,
visible-light OCT often requires additional calibration to achieve maximum performance
as it is more susceptible to chromatic aberrations than near-infrared [37]. In addition to

the source wavelength, different probe design can be considered in the future studies.

We implemented rotational scanning probe to cover larger surface area during imaging.
However, one possible limitations of this type of probe compared to raster scanning-based
probe is the nonuniform rotation distortion (NURD) [38,39]. In proximal rotational scanning
of OCT catheter probe, mechanical friction applied to imaging probe may induce NURD in
the acquired images. In our case, bending of the outer plastic cover and the sheath during
imaging can create friction. To alleviate the potential problems and the imaging artifacts
associated with NURD, a straightforward approach is to carefully select the wall thickness
and stiffness of the outer plastic cover to prevent any deformation in the oblong-shape
cover. Some previous studies have also suggested to reduce NURD through distal rotational
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scanning using micromotor catheters [40,41] or to correct the image distortion artifacts in
post-processing [38,42,43]. In the future studies, we will investigate and compare different
scanning schemes for obtaining clinically viable information while minimizing the imaging
artifacts.

5 CONCLUSION

In this pilot study performed on 11 natural menopause patients, 6 patients showed increased
VET after the laser treatment in both the proximal and distal vagina. 2 patients showed
increase VET in either the proximal or distal vagina. Spatial distribution of VET observed
using intravaginal OCT provides insights into laser micro-ablation treatment strategies,

as it suggests the changes in the tissue is highly heterogeneous. Further investigation of
light-based imaging of the capillaries net in the lamina propria, and elasticity of the vaginal
wall may offer a new concept of scientific data about age-related changes, lubrication, and
control of urination
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FIGURE 1.

[Handheld intravaginal OCT endoscope schematic. (A) 3D rendering of the intravaginal
endoscope. (B) Centerpiece of the endoscope which provide helical scanning of the tissue.
The rotation of the catheter-type endoscope is supported by a rotational bearing.]
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FIGURE 2.
[In vivo OCT imaging of a 70-year-old menopausal patient. (A) Schematic of in vivo human

imaging and the placement of endoscope. (B) Intravaginal OCT endoscopy image of the
proximal vagina near cervix with an expanded view (B2-D2) and the highlight of VEL
(B3-D3). (C) OCT image acquire at proximal vagina. (D) OCT image acquired at distal
vagina near the opening. The white arrows indicate vaginal folding and the yellow arrows
indicate VEL. Scale bar: 1 mm.]
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FIGURE 3.
[Three-dimensional reconstruction of vaginal epithelium. (A) 3D rendering of the entire

vaginal canal showing the VEL thickness and surface topology of a menopausal patient.
(B-D) flythrough views of VEL feature at proximal (B), mid (C), and distal (D) vagina.]
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FIGURE 4.
[Morphological comparison of menopausal patients before and after laser. (A)

Reconstruction of 70-year-old patient’s VET with natural menopause. (B) Reconstruction of
40-year-old patient’s VET with surgical menopause. (C and D) VET measured at different
anatomical locations along the vaginal canal. The vertical axis indicates the thickness in um
and the horizontal axis indicates the anatomical location.]
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Table 1.

[Summary of VET changes before and 1-month after laser treatment in all menopause patients.

Baseline [um] 1 Month Post-laser [um] AVET
Case Age
Proximal Posterior ~ Proximal Posterior ~ Proximal  Posterior

1 70 97 144 145 229 A 47 Vv 85
2% 45 324 281 312 278 V12 v3

3 68 225 148 181 131 V 44 VvV 16
4 54 85 74 105 105 A 19 A 30
5 54 117 120 153 144 A 35 A23
6 56 191 152 161 144 Vv 29 v

7 66 55 65 129 130 AT74 A 65
8 68 95 56 103 79 A8 A 22
9 54 135 146 142 174 A7 A 27
10 55 93 81 108 65 A 14 V 16
11 58 155 148 113 119 Vv 42 Vv 29
12 56 184 194 176 247 v A 53

Note that patient 2 (indicated by *) is surgical menopause case and all other patients are natural menopause case.]
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