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• High-resolution microendoscopy provides real time evaluation to detect high-grade cervical precancer without a biopsy.
• High-resolution microendoscopy significantly decreased the number of false positives compared with traditional colposcopy.
• High-resolution microendoscope image quality remained consistent across different clinical settings in urban and rural Texas.
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Objective. Cervical cancer rates in the United States have declined since the 1940's, however, cervical cancer
incidence remains elevated in medically-underserved areas, especially in the Rio Grande Valley (RGV) along the
Texas-Mexico border. High-resolutionmicroendoscopy (HRME) is a low-cost, in vivo imaging technique that can
identify high-grade precancerous cervical lesions (CIN2+) at the point-of-care. The goal of this studywas to eval-
uate the performance of HRME inmedically-underserved areas in Texas, comparing results to a tertiary academic
medical center.

Methods. HRME was evaluated in five different outpatient clinical settings, two in Houston and three in the
RGV, with medical providers of varying skill and training. Colposcopy, followed by HRME imaging, was per-
formed on eligible women. The sensitivity and specificity of traditional colposcopy and colposcopy followed by
HRME to detect CIN2+ were compared and HRME image quality was evaluated.

Results. 174 women (227 cervical sites) were included in the final analysis, with 12% (11% of cervical sites)
diagnosed with CIN2+ on histopathology. On a per-site basis, a colposcopic impression of low-grade precancer
or greater had a sensitivity of 84% and a specificity of 45% to detect CIN2+.While there was no significant differ-
ence in sensitivity (76%, p = 0.62), the specificity when using HRME was significantly higher than that of tradi-
tional colposcopy (56%, p = 0.01). There was no significant difference in HRME image quality between clinical
sites (p = 0.77) or medical providers (p = 0.33).

Conclusions. HRME imaging increased the specificity for detecting CIN2+when compared to traditional col-
poscopy. HRME image quality remained consistent across different clinical settings.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

Cervical cancer remains a significant global health problem, espe-
cially in medically-undeserved areas (MUAs) of the world [1]. Most
ston, TX 77030, USA.
um).
cases of cervical cancer and related deaths occur in low- and middle-
income countrieswhere access to cervical cancer screening and preven-
tion is limited. In contrast, the incidence andmortality of cervical cancer
in the United States (U.S.) and other high-income countries have signif-
icantly decreased due to the implementation of cervical cancer screen-
ing with cytology and/or human papillomavirus (HPV) testing as a
standard part of routine women's health care [2]. However, cervical
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Fig. 1. Photo of the HRME. Photo of the high-resolution microendoscope (HRME).
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cancer incidence is higher amongmedically-underserved women living
in poverty in the U.S. [3–5].

The incidence and mortality of cervical cancer in Texas along the
Texas-Mexico border are among the highest in the United States, with
rates of 12.3 per 100,000 and 4.1 per 100,000 respectively; in contrast,
the overall incidence and mortality of cervical cancer in the U.S. are 8
per 100,000 and 2 per 100,000 respectively [6,7]. The Rio Grande Valley
of Texas (RGV) is a region along the Texas-Mexico border that is made
up of some of the poorest counties in the state of Texas: Hidalgo, Cam-
eron, Willacy, and Starr counties [8]. Over 20% of people under the age
of 65 years living in the RGV have no health insurance, severely limiting
their access to health care, including services for cervical cancer preven-
tion [4,9]. Another factor contributing to limited health care access is the
lack of trained medical providers who are able to provide follow-up di-
agnostic and treatment services for womenwho have a positive screen-
ing test (abnormal cytology and/or positive HPV test) [10].

The standard of care in the U.S. for a woman with a positive cervical
screening test is to undergo colposcopy, a procedure in which acetic
acid is placed on the cervix and a medical provider examines the cervix
with a colposcope (a magnifying instrument) to identify any potential
precancerous lesions [11]. Abnormal lesions identified by the provider
as potential precancer are biopsied and submitted for pathologic evalu-
ation, the results of which take days or weeks to return depending on
the type and availability of pathology services required. Any diagnosis
of high-grade precancer is followed-upwith ablative or excisional treat-
ment to remove the dysplastic cells and prevent the development of
cancer.

The ability to identify precancerous lesions during colposcopy is a
skill that requires training and practice, and providers with this exper-
tise are not always available in MUAs [12]. In vivo microscopy has the
potential to assistmedical providers in the accurate detection of precan-
cerous lesions at the point-of-care. We developed a high-resolution
microendoscope (HRME), a low-cost fiber-optic device that images cer-
vical epithelial cell nuclei in real time, providing morphologic informa-
tion associated with high-grade dysplasia [13–15]. The HRME system
is equipped with real time image analysis software to provide
decision-making support at the point-of-care. Recent studies conducted
in Brazil at a central hospital and mobile clinic found the HRME to have
similar sensitivity and specificity to detect high-grade cervical
precancer and cancer as traditional colposcopy performed by an experi-
enced colposcopist [16]. In this study, we aimed to evaluate the feasibil-
ity and clinical performance of the HRME in five clinical settings in
Texas: an out-patient clinic at a tertiary academic cancer center inHous-
ton, TX, an out-patient clinic at a large county hospital in Houston, TX,
two federally-qualified heath care clinics in the RGV, and one mobile
clinic in the RGV. Furthermore, the study was conducted with medical
providers of different skills and training to investigate the potential for
HRME to support the detection of cervical high-grade precancer in a va-
riety of clinical settings in the U.S.

2. Materials and methods

2.1. Study design

We conducted a single-arm prospective study to evaluate the use of
colposcopy followed by HRME imaging in MUAs in Texas to diagnose
high-grade cervical precancerous lesions. The study conducted in Hous-
ton, TX (Clinical Trial ID: NCT02420665) was approved by the institu-
tional review boards at The University of Texas MD Anderson Cancer
Center (MD Anderson) (IRB# 2014-0368) and Rice University (IRB#
2017-385). The study conducted in the RGV (Clinical Trial ID:
NCT02714439) was approved by the institutional review boards of
The University of Texas Medical Branch in Galveston (UTMB) (IRB#
14-0302), Rice University (IRB# 2017-436), MD Anderson (IRB#
2015-0477), and TheUniversity of Texas Health Science Center at Hous-
ton School of Public Health (UTHealth) (IRB# HSC-SPH-16-0569).
2.1.1. Clinical settings
The study was conducted at five clinical sites in Houston and the

RGV of Texas: MD Anderson outpatient colposcopy clinic (Houston),
Lyndon B. Johnson County Hospital (LBJ) outpatient colposcopy clinic
(Houston), the UTMB Dysplasia and Cancer Stop Clinic located in McAl-
len, TX (RGV), Su Clinica Brownsville in Brownsville, TX (RGV), and the
UTHealth Mobile Health Clinic (RGV). All of the clinical sites primarily
serve uninsured and underinsured populations, with the exception of
the clinic at MD Anderson.

MD Anderson is a tertiary care hospital specializing in cancer care
and prevention. LBJ is a public county hospital that primarily serves un-
insured or underinsured patients in the Houston area. The LBJ Hospital
colposcopy clinic is staffed by physicians and nurse practitioners from
MD Anderson. For this study, patients seen at either the MD Anderson
or LBJ colposcopy clinics were examined by a gynecologic oncologist
or general gynecologist from MD Anderson.

The UTMB Dysplasia Cancer Stop Clinic and Su Clinica Brownsville
are both federally-qualified health care clinics in the RGV. For the
study, colposcopy examinations at the UTMB clinic were conducted by
a general gynecologist from Galveston who travels to the clinic in the
RGV once per month, while colposcopy examinations at Su Clinica
were conducted by a local general gynecologist and nurse practitioner
who typically provide colposcopy services at that site.

The UTHealth Mobile Health Clinic is a mobile clinic supported by
UTHealth that rotates between different sites in the RGV region on a
monthly basis to provide health care to those without health insurance.
Screening with cytology/HPV testing and colposcopy are provided by
one physician assistant who staffs the mobile clinic.

2.1.2. Patient enrollment
Patients were eligible to participate in the study if theywere visiting

the clinic for a colposcopy examination due to an abnormal Pap test,
positive HPV test, and/or had a history of cervical dysplasia and met
the following criteria: 1) had an intact cervix (patients who had under-
gone a previous LEEP, cone and/or cryotherapy were eligible); 2) were
not pregnant or breastfeeding; 3) were at least 21 years of age; 4) had
no known allergy to proflavine, acriflavine, or iodine; and 5) were will-
ing and able to providewritten informed consent.Women of childbear-
ing potential were required to have a negative pregnancy test within
the past 14 days in order to be eligible.

2.1.3. High-resolution microendoscopy
TheHRME is an in vivo imaging device that allowsmedical providers

to further interrogate cervical lesions noted during a clinical exam
(Fig. 1). The HRME consists of a portable, low-cost fluorescence



560 S.G. Parra et al. / Gynecologic Oncology 154 (2019) 558–564
microscope attached to a flexible fiber-optic probe [17]. The probe im-
ages a 790 μm field-of-view with a transverse resolution of 4 μm.

HRME imaging is performed following the topical application of
0.01% proflavine, a contrast agent used to fluorescently stain the cell nu-
clei in the superficial epithelium. Proflavine is a topical antiseptic, with a
long history of safe clinical use, including for cervical imaging [16,18].
Lugol's iodine is applied after the application of 0.01% proflavine; Lugol's
iodine helps highlight abnormal lesions on the cervix and improves the
optical contrast of HRME images. Proflavine is then reapplied to ensure
staining of the cervical nuclei during HRME imaging.

When the tip of the fiber-optic probe is placed in contact with the
cervix, the HRME displays a live image of the tissue site, with epithelial
cell nuclei visible on a tablet computer screen. To save and analyze an
image of interest, the clinician presses a foot pedal. Once the image is
saved, image analysis software provides analysis of the image within
5 s [19,20]. The automatic image analysis software identifies the fraction
of the field-of-view that contains quality image data (in focus, not satu-
rated, free of debris). In this region, the algorithm then segments nuclei
and identifies abnormal nuclei as those that exceed the preset size and
shape criteria determined frompast studies [16]. The tablet image is up-
dated to show all segmented nuclei with those identified as abnormal
outlined in red. If the number of abnormal nuclei per mm2 exceeds
120 abnormal nuclei/mm2, the image is classified as being HRME posi-
tive for high-grade cervical precancer defined as cervical intraepithelial
neoplasia 2 or greater (CIN2+) or cervical cancer. Pressing down on the
foot pedal again resumes the live feed from the HRME camera so other
areas of the cervix can be imaged.

2.1.4. Clinical exam
Participants who met the inclusion criteria and provided informed

consent underwent a standard colposcopy examination. First, 5% acetic
acid was applied to the surface of the cervix. The cervix was visibly
inspected and then examined using a colposcope by a trained medical
provider. Any visible lesions by visual inspection or during colposcopy
were noted. While using the colposcope, the clinician provided an im-
pression for each lesion (benign, low-grade precancer, high-grade
precancer, or cancer). Next, HRME images were obtained of each abnor-
mal lesion noted during the clinical exam alongwith one normal area. If
no lesionswere noted during the clinical exam, anHRME imagewas ob-
tained of onenormal area of the cervix at the transformation zone. Biop-
sies were then taken of each lesion. If no lesions were present, a biopsy
was taken of the normal area imaged by HRME. An endocervical curet-
tage (ECC) was performed if indicated by standard of care.

2.1.5. Histopathology & follow-up
Histopathology was used as the gold standard to assess the diagnos-

tic performance of traditional colposcopy versus colposcopy followed
by HRME imaging to detect CIN2+. All pathology specimens were
reviewed by the institutional pathologist at each clinical site. A central
pathology review was not performed as all sites had pathologists with
experience reviewing cervical dysplasia and cancer biopsy specimens.
All diagnoses were categorized as being normal/benign (normal, in-
flammation, demonstrating HPV/reactive changes), CIN1, CIN2/3
(CIN2 and/or CIN3), adenocarcinoma in situ (AIS), cancer, or insufficient
for diagnosis by the institutional pathologist. Patients were then treated
or scheduled for follow-up based on the final histopathology results of
cervical biopsies and ECC per standard of care.

2.2. Statistical analysis

The sensitivity and specificity of traditional colposcopy and colpos-
copy followed byHRME imaging for the detection of CIN2+were calcu-
lated on a per-patient and per-site basis. The worst grade colposcopy
result and worst HRME result were compared to the worst grade histo-
pathology biopsy result for each patient in the per-patient analysis,
whereas the colposcopy result and HRME result of a particular cervical
site were compared to the histopathology result of the biopsy taken at
that site in the per-site analysis. A colposcopic impression of low-
grade precancer and greater (Colpo LG+) was used as the threshold
for positivity when evaluating the diagnostic performance of traditional
colposcopy. Sensitivity and specificity calculations were calculated with
95% exact binomial confidence intervals. McNemar's test was used to
compare the sensitivity and specificity for each diagnostic method; dif-
ferences were considered significant at p b 0.05.

The quality of HRME images taken at each clinical site and by each
medical providerwas determinedby calculating the average percentage
of thefield-of-view that could be analyzed by the automatic image anal-
ysis algorithm. One-way ANOVA was performed to assess whether dif-
ferences between the clinical sites and medical providers were
significant.
3. Results

Table 1 summarizes the providers, subjects, and final histopathol-
ogy results at each of the clinical sites that were included in the final
analysis. The study enrolled 50 women in Houston, TX and 132
women in the RGV. Of the 182 women enrolled, histopathology infor-
mation was not recorded for six either because the clinical exam could
not be completed or the biopsy samples taken were insufficient for di-
agnosis. Of the 176 women with histopathology results available, two
did not have HRME images recorded due to an error in image collec-
tion. Overall, 174 women (227 cervical sites) had complete colpos-
copy, HRME, and histopathology results available and were included
in the final analysis. Of the 174 women and 227 cervical sites evalu-
ated, 21 women (12%) and 25 cervical sites (11%) were diagnosed
with CIN2+ on histopathology. There were no diagnoses of invasive
cervical cancer. The number of HRME+ results at each clinical site is
also displayed in Table 1.

Fig. 2 provides example HRME images alongwith the corresponding
colposcopy impression and the final histopathology diagnosis of four
different cervical sites for four different patients. Fig. 2A–C show images
for cases in which both the colposcopy impression and the HRME result
corresponded with the final histopathology result. Fig. 2D shows an ex-
ample in which the colposcopic impression differed from the HRME re-
sult (high-grade by colposcopy, negative by HRME), and HRME
correctly identified that the area did not contain CIN2+. Fig. 3 demon-
strates the overall correlation of colposcopy and HRME results on a
per-patient basis in comparison to the final histopathology diagnosis
for each patient. The positivity rate for HRME was lower than the posi-
tivity rate for colposcopy (Colpo LG+) for patients who received final
histopathology diagnoses of Normal/Benign, CIN1, or CIN2, but it was
the same for patients who received a final histopathology diagnosis of
CIN3 or AIS.

Fig. 4 compares the calculated sensitivity and specificity for colpos-
copy and HRME (colposcopy followed by HRME imaging) for the detec-
tion of CIN2+. The performance of the HRME compared favorably to
that of traditional colposcopy. There was no statistically significant dif-
ference in sensitivity of traditional colposcopy and HRME on a per-
patient (91% and 86% respectively, p = 1.00) or per-site basis (84%
and 76% respectively, p = 0.62). On a per-site basis, the specificity of
HRME (56%)was significantly higher than that of traditional colposcopy
(45%) (p = 0.01), while the difference was not significant on a per-
patient basis (54% and 48% respectively, p = 0.31).

Image quality at each clinical site and between medical providers
was assessed by calculating the average percentage of the field-of-
view (FOV) that could be analyzed by the automatic image analysis al-
gorithm (Fig. 5). The average percentage of the FOV that could be ana-
lyzed ranged from 89% to 93% between clinical sites and from 90% to
95% amongmedical providers. Therewere no statistically significant dif-
ferences in image quality between any of the clinical sites (p=0.77) or
medical providers (p = 0.33) by one-way ANOVA.



Table 1
Summary of clinical data for enrolled patients included in the final analysis.

Clinical sites Houston, TX Rio Grande Valley, TX

The University of Texas
MD Anderson Cancer Center

Lyndon B. Johnson
Hospital

UTMB Dysplasia and
Cancer Stop Clinic

Su Clinica
Brownsville

UTHealth Mobile
Health Clinic

Medical providers (no. providers) Gynecologic oncologist (1)
General gynecologist (1)

Gynecologic oncologist (1)
General gynecologist (1)

General gynecologist (1) General gynecologist (1)
Nurse practitioner (1)

Physician assistant (1)

Number of patients 18 28 71 48 9
Final pathology diagnosis per patient
No. patients (%)

Normal/benign 11 (61%) 20 (71%) 49 (70%) 23 (48%) 3 (33%)
CIN1 6 (33%) 3 (11%) 11 (15%) 21 (44%) 6 (67%)
CIN2/3 1 (6%) 5 (18%) 11 (15%) 3 (6%) 0 (0%)
AIS 0 (0%) 0 (0%) 0 (0%) 1 (2%) 0 (0%)

Number of cervical sites 19 36 85 74 13
Final pathology diagnosis per site
No. sites (%)

Normal/benign 12 (63%) 24 (66%) 59 (70%) 39 (53%) 4 (31%)
CIN1 6 (32%) 6 (17%) 13 (15%) 30 (40%) 9 (69%)
CIN2/3 1 (5%) 6 (17%) 13 (15%) 3 (4%) 0 (0%)
AIS 0 (0%) 0 (0%) 0 (0%) 2 (3%) 0 (0%)

Number of HRME+ sites by final
pathology diagnosis (%)
bCIN2 6 (33%) 11 (37%) 35 (49%) 28 (41%) 8 (62%)
CIN2+ 1 (100%) 2 (33%) 12 (92%) 4 (80%) –

Bold numbers represent the overall number of patients/cervical sites.
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4. Discussion

In theU.S., womenwhohave a positive cervical cancer screening test
are referred for colposcopic evaluation. Medical providers, especially
those in MUAs, do not always have access to the training required to
perform colposcopy due to limited time, funding, or proximity to a
training location. HRME imaging provides real time evaluation of the
cervix that can be used in addition to colposcopy to support clinicians
in detecting high-grade precancerous lesions at the point-of-care.

Moreover, the inclusion of HRME imaging with colposcopy can re-
duce the number of unnecessary biopsies, decreasing clinical costs and
patient discomfort. The primary finding of our study is that quality
HRME imaging of the cervix is possible in a variety of clinical settings,
ranging from a high-resource cancer specialty clinic in Houston staffed
by a gynecologic oncologist, to a mobile clinic located in one of the
most underserved regions of Texas staffed by a physician assistant.
Fig. 2. HRME images of four cervical sites. HRME images of four cervical sites from four diffe
histopathology diagnosis along with the corresponding HRME image for each cervical site. A–C
with the final histopathology result, while D) is an example in which the colposcopic impress
CIN2+.
There were no significant differences in HRME image quality between
clinical sites or medical providers. This is most relevant for MUAs of
the U.S. where expert clinicians might not always be available and the
automatic and real time feedback of HRME imaging could offer assis-
tance with cervical precancer detection.

In this study, the per-site specificity of colposcopy followed by
HRME imaging was significantly higher than traditional colposcopy
when using a colposcopic impression threshold of low-grade precancer
or worse for detecting CIN2+. As part of standard of care, colposcopists
take biopsies of any precancerous lesions found on exam to confirm any
diagnosis of CIN2+ [21]. In this study, taking biopsies based on HRME
would have resulted in 21% fewer unnecessary biopsies being taken
(88 HRME false positive sites vs 111 false positive sites by traditional
colposcopy) with no significant difference in the detection of CIN2+.
Three patients (6 cervical sites) with CIN2+ were missed using
HRME, in comparison to two patients (4 cervical sites) using traditional
rent patients. A–D) provide the colposcopic impression, the HRME result, and the final
) are cases in which both the colposcopy impression and the HRME result corresponded

ion and HRME result differed and HRME correctly identified that the area did not contain



Fig. 3. Graphs comparing the positivity of colposcopy vs HRME. Graphs showing the positivity rate for colposcopy and HRME in comparison to the final histopathology result on a per-
patient basis. A) 2 × 2 tables showing the correlation of colposcopy and HRME results for patients diagnosed with bCIN2 (above) and CIN2+ (below). B) Bar graph showing positivity
rate for colposcopy and HRME stratified by the final histopathology diagnosis for each patient.
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colposcopy, however the detection for CIN3+ was the same with both
HRME and traditional colposcopy missing two patients (4 cervical
sites) diagnosed with CIN3.

The HRME uses a 0.8mmdiameter probe to provide flexibility when
imaging different parts of the cervix. A widefield imaging/visualization
method, such as colposcopy, is needed to guide the placement of the
probe so that HRME images are taken of the most suspicious areas of
the cervix. However, expert colposcopists are not always available in
MUAs, and evenwhen colposcopists are available, colposcopic image in-
terpretation can still be inaccurate [22,23]. A recent study showed that
using deep learning approaches to classify cervigrams (a widefield im-
aging technique used to screen for cervical cancer) could more accu-
rately detect CIN2+ than the original cervigram interpretation
provided by an expert physician colposcopist [24]. Following the publi-
cation of this study, MobileODT, a company that develops low-cost and
portable visual assessment technology, is now exploring how to incor-
porate automated visual evaluation on their Enhanced Visual
Fig. 4. Graph of sensitivity and specificity. Sensitivity and specificity of traditional colposcopy a
using McNemar's test. Error bars represent 95% exact binomial confidence intervals.
Assessment (EVA) system, a mobile smartphone-based colposcope, to
provide reliable colposcopy results in MUAs [25]. Pairing automatic vi-
sual evaluation of the cervix with the automatic image interpretation
of the HRME couldmake it possible to accurately detect CIN2+without
the need for biopsy.

The ultimate goal of the HRME is to omit biopsies altogether to pro-
vide the diagnosis and treatment of high-grade cervical precancer in a
single patient visit. This is especially important in MUAs where patient
follow-up is low or timely pathology services are unavailable. Future
work is now focused on incorporating automatic visual evaluation
methods of the cervix when using the HRME to increase the specificity
of the HRME and further decrease the number of false positives associ-
ated with the current system.

The strengths of this study are the demonstration that HRME imag-
ing can be used by medical providers of different levels of training at
various clinical sites, including MUAs in Texas. Additionally, HRME im-
aging can help significantly decrease the number of false positives
nd HRME to detect CIN2+ on a per-patient and per-site basis. Significance was calculated



Fig. 5. Graphs of HRME image quality. The average percentage of the field-of-view (FOV) included in the automatic analysis of HRME images stratified by A) clinical site and B) medical
provider. One-way ANOVA of the results revealed no statistically significant difference in image quality between clinical sites (p = 0.77) or medical providers (p = 0.33). Error bars
represent one standard deviation.
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currently associated with traditional colposcopy. The main limitation of
this study is that there were not as many cases of CIN2+ as there were
bCIN2, resulting in larger confidence intervals when calculating sensi-
tivity in comparison to specificity. Furthermore, not enough patients
were recruited at each clinical site to provide a comparison of the sensi-
tivity and specificity of HRME imaging between clinical sites or medical
providers. Future work would expand the study to be able to provide
such analysis.

HRME imaging offers a visual way to further interrogate abnormal
lesions of the cervix during a traditional gynecologic exam that can
help support clinicians to detect high-grade precancerous lesions at
the point-of-care.
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