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Abstract: Cervical cancer incidence and mortality rates remain high in medically underserved 
areas. In this study, we present a low-cost, portable and use-friendly confocal microendoscope, 
and we report on its clinical use to image precancerous lesions in the cervix. The confocal 
microendoscope employs digital apertures on a digital light projector and a CMOS sensor to 
implement line-scanning confocal imaging. Leveraging its versatile programmability, we 
describe an automated aperture alignment algorithm to ensure clinical ease-of-use and to 
facilitate technology dissemination in low-resource settings. Imaging performance is then 
evaluated in ex vivo and in vivo pilot studies, showing that the confocal microendoscope can 
improve the ability to image nuclear morphology for the early detection of cervical precancer. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Cervical cancer imposes an enormous burden on healthcare worldwide. Despite the 
effectiveness of screening programs in several high-income countries, cervical cancer has the 
second highest incidence and mortality rates among women in lower Human Development 
Index (HDI) areas [1–3]. Mirroring this disparity, medically underserved areas in the US, 
such as the Rio Grande Valley in Texas, also suffer from higher rates of cervical cancer 
compared to the rest of the country [4]. The geographic inequality is primarily attributed to 
limited access to screening and follow-up diagnostic and treatment services in these areas, and 
there is a critical need to improve early detection of cervical cancer in these low-resource 
settings [5]. 

Per standard of care, women with positive screening are referred to colposcopy, and 
suspicious lesions are biopsied and evaluated to guide follow-up and treatment plans [6]. 
Recent studies have demonstrated that a low-cost high-resolution microendoscope (HRME) 
can improve detection  of precancerous lesions by providing real-time histological 
information before biopsies are taken [7–11]. Parra et al. have shown that the specificity of 
the HRME for detecting precancerous lesions (grade 2 or higher cervical intraepithelial 
neoplasia [CIN2+]) is higher than that of colposcopy in a range of clinical settings [11], 
suggesting that unnecessary biopsies or overtreatment can be spared with in vivo microscopic 
imaging at the point-of-care. 

While promising results have been reported using the widefield microendoscope, its 
imaging contrast degrades in turbid and highly scattering tissue due to out-of-focus 
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background signal. In the cervix, increased nuclear density is commonly observed in 
squamous lesions associated with cancer progression such as CIN2+, as well as in columnar 
(glandular) epithelium. Since most precancerous and cancerous cervical lesions occur at the 
intersection of squamous and columnar tissues, it is critical to discern between these two 
tissue types and identify abnormalities around the squamocolumnar junction (SCJ). When 
imaging these sites, scattered light compromises the capability of microendoscope imaging to 
accurately characterize disease-associated nuclear features. As a result, optical sectioning 
techniques such as structured illumination have been employed for background 
rejection [12,13]. More recently, we implemented line-scanning apertures in the 
microendoscope using a digital light projector (DLP) and a CMOS sensor, which allows 
confocal background rejection at a low cost [14–16]. 

In this study, we optimize the confocal microendoscope to improve its portability and 
clinical ease-of-use, which are essential features for its clinical translation in low-resource and 
community settings. To facilitate technology dissemination, we develop an automated 
algorithm for fine alignment of confocal apertures that can be easily misaligned during device 
transportation. The automated and fast (< 2mins) calibration procedure tunes confocality at 
the micron level and ensures high quality confocal imaging, which would otherwise require 
manual alignment of mechanical parts by a trained operator. We also leverage the digital 
aperture design to capture images in widefield (non-confocal) and confocal modes during 
image acquisition, while real-time imaging is displayed in confocal mode. This allows us to 
evaluate the contrast improvement due to confocal background rejection with clinical data in 
identical or similar fields of view (FOVs). 

We evaluate performance of the optimized confocal microendoscope when imaging ex 
vivo cervical specimens that harbor various nuclear features of clinical importance. 
Furthermore, we report its first in vivo evaluation for detection of cervical precancerous 
lesions in a mobile clinic along the Texas-Mexico border. The mobile clinic serves the Rio 
Grande Valley, a medically underserved area that suffers from a cervical cancer incidence rate 
about 55% higher than the country average in the US [17]. Finally, we assess the benefits of 
confocal scanning for the visual recognition and characterization of nuclear morphology by 
microendoscope users. 



2. Methods

2.1 Confoca

Fig. 1
enclos
mobil
widefi
micro

The confocal
microscope th
source and a 
Richmond, C
fluorescence m
mount was p
(Thorlabs, Ne
(DMD) were 
Newton, New
enable confoc
the fiber bun
across the FO
descanned by
components, 
Fig. 1B show
examination r

In this stu
image acquisi
save two adja
evaluate confo
illumination (

s 

al microendos

1. Optical and me
sure, which allows
e clinic in the Rio

field (non-confocal
mirror device; EM

l microendosco
hat uses a DLP
CMOS sensor

Canada) as th
microscopy, th
precision mach
ewton, New J
focused throu

w Jersey) and 
cal imaging, lin
ndle (FIGH-30
OV. Fluorescen
y the CMOS 
the confocal m
ws the compa
room inside a m
udy, confocal 
ition is trigger

acent frames in
focal backgroun
(blue rectangle

scope: optical 

echanical assembly
s for convenient de
o Grande Valley, 
l) modes is shown

M: emission filter; E

ope shown in
P (LightCrafter
r (Firefly MV 
he detector. T
he stock lens on
hined to coupl
Jersey). Progra
ugh a collimat
a 10x objectiv
ne illumination
0-850N, Myria
nce from tissue

sensor rolling
microendoscop
act confocal m
mobile clinic in
images are dis

red using a foo
 confocal and w
nd rejection us
es) and detectio

design and m

y of the confocal 
eployment for in v
Texas (B). Detail

n in Fig. C. DLP: d
EX: excitation filt

n Fig. 1A is a
r 4500, Texas I

USB 2.0, FLI
To adapt the
n the LightCra
le the DLP w
ammed pattern
tion condenser
ve (RMS10X, 
n from the blue
ad Fiber imagi
e in contact wi
g shutter aper
pe was built in
microendoscop
n the Rio Grand
splayed in rea
ot pedal. Upon
widefield (non
ing clinical dat
on (green para

mechanical as

microendoscope
vivo imaging of ce
led aperture desig
digital light projec
ter; DM: dichroic m

a probe-based 
Instrument, Da
IR Integrated I
e commerciall
after 4500 was 
with a standard
ns on the digi
r ( 	 	125	

Thorlabs, New
e LED of the D
ing; 790 µm 
ith the fiber bu
rture. Using c
n a compact en
pe used along
de Valley, Tex

al time at 7-8 
n a foot pedal 
n-confocal) mo
ata of an identic
allelogram) ape

ssembly 

(A) in a compact
ervical lesions in a
gn in confocal and
ctor; DMD: digital
mirror. 

d fluorescence 
allas, Texas) as
Imaging Solut
ly available 
removed, and 

d 30 mm cag
ital micromirro

, LA1986, 
wton, New Je

DLP was proje
diameter) and

undle was colle
commercially 
nclosure (14”x
side colposcop

xas. 
frames per se
trigger, we cap

odes, which all
cal or similar F
erture design in

 

t 
a 
d 
l 

confocal 
s the light 
ions Inc., 
DLP for 
a custom 

ge system 
or device 
Thorlabs, 

ersey). To 
ected onto 
d scanned 
ected and 
available 

x10”x3”). 
py in an 

cond and 
pture and 
ows us to 

FOV. The 
n the two 



imaging mod
were previou
aperture is ac
of CMOS ro
matching lin
synchronized 
width, and thu
internal storag
with widefield
on a per fram
real-time conf

2.2 Automat

Fig. 2
Confo
artifac
alignm
adding
based 
apertu

Clinical ease-
low-resource 
allow for opti
vulnerable to
mirrors can b
requires traini
challenging to
dissemination
performed to 

The comp
images of len
scattered ligh
brightness an
addition, the b
DLP aperture
DLP illumina
by plotting th
(rows 300 – 

es are shown 
sly provided [
hieved on the 

ows that are u
e illumination
manner. Nota

us, improve the
ge. In the wide
d illumination.

me basis, widef
focal stream.  

ted confocal a

. Automated align
ocal aperture mis
cts. (B) A simple
ment. (C) Images 
g a delay between
on the calibration

ure temporal offset

-of-use and rob
settings [18]. 

ical sectioning 
motion durin

be used to alig
ing and expert
o discern even 
n, we implemen
ensure high qu

promised imagi
ns paper in Fi
ht instead of in
nd contrast, w
brightness loss
e projection sh
ation aperture c
he average inte

700 are show

in Fig. 1C. De
15]. Briefly, in
CMOS sensor

under exposur
n sequence is
ably, we imple
e axial respons
efield mode in
 Taking advan
field images c

aperture align

nment of digital co
salignment compr
e calibration targe
of the calibration
 two confocal ape

n images to evaluat
t. Circular FOV: 7

bustness are es
The inexpens
at a low cost,

ng device tran
gn confocal a
ise. In addition
for experience

nt a fast (< 2m
uality confocal 
ing quality due
ig. 2A. First a
n-focus fluores

while showing 
s is accompanie
hown in Fig. 1
centers reveal 
nsity of each C
wn). The mag

etailed descrip
n the confocal
r by adjusting 
e concurrently

s programmed
ement parallel
se when using a
n Fig. 1C, the l
ntage of the con
an be acquired

nment 

onfocal apertures u
romises backgrou
et provides a stat
n target are acquir
rture sequences. (D
te the magnitude o
90 µm. 

sential for new
sive componen
 but their fine 
sportation. As

apertures mech
n, subtle differ
ed users. To ov

mins) and autom
imaging by op

e to aperture m
and foremost, 
scence. As a r

significantly 
ed by a periodi
C. Specifically
increased sign

CMOS row alo
gnitude of the

ptions of confo
l mode of Fig
its exposure ti
y. During read
d on the DLP
l illumination 
an off-the-shel
line-scanning i
nvenient progr
d seamlessly w

using a simple cali
und rejection and
tionary scene to 
red with varied te
D) An alignment 
of scanning artifac

w technologies 
nts in the con
alignment at t

s shown in Fi
hanically, but 
rences at the m
vercome these 
mated alignmen
perators with m
misalignment is
the misaligned
result, it suffer
higher out-of

ic pattern due t
y, CMOS row

nal loss. This p
ong the scanni
e periodic sca

ocal aperture s
g. 1C, the dete
ime to limit th
dout of each 
P and projec
to reduce the

lf projector wit
illumination is
rammability of
without interru

ibration target. (A)
d causes scanning

facilitate aperture
emporal offsets by
score is calculated
cts as a function of

to reach popu
nfocal microe
the micron lev
ig. 1A, two ri
the manual ad

microscopic lev
barriers for te

nt algorithm th
minimal trainin
s illustrated in
d image captu
rs from reduc
f-focus backgr
to the discrete 

ws that are far 
pattern can be 
ing direction in
anning artifact

sequences 
ection slit 
e number 
frame, a 

cted in a 
e aperture 
th limited 
s replaced 
f the DLP 
upting the 

 

) 
g 
e 
y 
d 
f 

ulations in 
ndoscope 

vel can be 
ight-angle 
djustment 
vel can be 
echnology 
hat can be 
ng. 
n confocal 
ures more 
ed image 
round. In 
nature of 
from the 
analyzed 

n Fig. 2A 
s is then 



extracted by measuring the peak values (asterisks in Fig. 2A) at the corresponding frequency 
in the Fourier spectrum. 

Since both aperture sequences are linearly scanned, the spatial aperture misalignment can 
be calculated as a proportional temporal offset. This allows us to align the apertures by 
conveniently programming a temporal delay without the need for mechanical adjustment. To 
facilitate automated alignment with improved accuracy, we create a stationary scene in the 
FOV by connecting the confocal microendoscope with a simple and small calibration target. 
The target in Fig. 2B consists of a short fiber bundle secured in an SMA connector, which is 
covered with solidified fluorescent acrylic paint at its distal end to provide fluorescence signal. 
The temporal offset is then characterized with a misalignment score, defined as the scanning 
artifact magnitude in the Fourier spectrum in Fig. 2A divided by the mean image brightness. 
During the calibration, a series of images are acquired with added temporal delays from -1000 
µs to +1000 µs, which correspond to a spatial range of 56 CMOS rows (in comparison, the 
detection aperture width is 10 CMOS rows). The temporal delay is varied with a 40 µs 
increment, corresponding to the readout duration of about a single CMOS row. Fig. 2C shows 
representative images of the calibration target obtained with varied temporal offsets (-800 µs, 
-400 µs and 0 µs, respectively). As the temporal offset is reduced, the scanning artifacts are 
attenuated, and the image brightness is increased. We also note that while imaging artifacts 
are present with a temporal offset of -400 µs, it can be difficult to visually recognize them 
without examining the fine structures. By plotting the misalignment score in Fig. 2D, the 
apertures can be aligned with a temporal delay that minimizes the misalignment artifacts. 

2.3 Ex vivo imaging protocol 

The confocal microendoscope was first evaluated by imaging ex vivo cervical specimens from 
loop electrosurgical excision procedures (LEEPs). In the ex vivo protocol, patients aged 21 
years or older that were undergoing a LEEP for cervical precancer at The University of Texas 
MD Anderson Cancer Center (MD Anderson) or Lyndon B. Johnson Hospital (LBJ) were 
offered enrollment. Following the LEEP procedure, the cervical specimens were immediately 
stained with topically applied proflavine (0.01% in PBS) and imaged ex-vivo using the 
confocal microendoscope. After imaging, the specimens were processed per standard of care. 
The study was approved by the Institutional Review Boards (IRBs) at MD Anderson, LBJ and 
Rice University. 

2.4 In vivo imaging protocol 

The usability and imaging performance of the confocal microendoscope was further evaluated 
in vivo. As part of a multi-center prospective study (Clinical Trial ID: NCT02420665), 
women aged 21 years or older who had an abnormal screening Pap and/or positive HPV test 
were enrolled at the UT Health Mobile Clinic in the Rio Grande Valley, Texas. Visual 
inspection with acetic acid (VIA) and standard colposcopy were first performed. 
Microendoscopic imaging was then performed with topically applied proflavine (0.01% in 
PBS) by a physician assistant (PT). Abnormal areas based on VIA and/or colposcopy were 
imaged and biopsied, and pathology specimens were diagnosed by the institutional 
pathologist per standard of care. The study was approved by the IRBs at the University of 
Texas Medical Branch in Galveston, Rice University, the University of Texas MD Anderson 
Cancer Center, and the University of Texas Health Science Center at Houston, School of 
Public Health. 

2.5 Quantitative and visual assessment of nuclear features 

Ex vivo images were acquired with a stationary fiber mount that allowed accurate co-
registration of widefield and confocal images. To compare the two imaging modes, we 
quantified line profiles across representative clinical features including cell nuclei, glandular 
patterns and microvascular networks. For in vivo images acquired in imaging sessions where 
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architecture changes, especially in regions with crowded nuclei and high out-of-focus 
background. Circular FOV: 790 µm. 

We further evaluated the in vivo diagnostic performance of the confocal microendoscope 
in Fig. 4. In each panel, the site was imaged in widefield (left) and confocal (right) modes, 
and the fluorescence imaging features were compared to histopathology results as the gold 
standard. Benign squamous epithelium in the ectocervix (sites A - C in green boxes, Fig. 4) 
are consistently characterized by small and evenly spaced nuclei. It was noted that images in 
Fig. 4C showed slight nuclear crowding compared with Fig. 4A and 4B, consistent with its 
pathology diagnosis indicating mild atypia. As the disease progressed to neoplasia, nuclear 
density was significantly increased in Fig. 4D. In addition to nuclear crowding, Fig. 4E shows 
the presence of disrupted glandular patterns at 9 – 3 o’clock, consistent with the 
histopathology diagnosis that reports CIN 2 with glandular involvement. Fig. 4F also revealed 
partially effaced glandular architecture in most of the FOV, which was confirmed by the 
diagnosis of CIN 2 at the SCJ. In short, images in Fig. 4 revealed alterations in nuclear 
morphology and glandular architecture to distinguish neoplastic lesions from benign sites, and 
these imaging features were confirmed with the corresponding histopathology. Importantly, 
subtle changes during disease progression, such as atypia, glandular involvement and 
metaplasia, were also highlighted in the confocal images. During in vivo free-hand imaging, 
pixel-level co-registration in two imaging modes could not be guaranteed to allow for direct 
comparison of imaging contrast. Nonetheless, substantial background rejection is clearly 
observed in confocal images, especially in regions with high scattering such as 6 – 12 o’clock 
in site B, the center of sites D and F, and 7 – 1 o’clock in site E. 
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4. Discussion 

Here, we describe a low-cost, portable and user-friendly confocal microendoscope optimized 
for clinical use. We first evaluated its performance when imaging a variety of clinically 
important structures in ex vivo cervical lesions. Its ability to detect and characterize early 
cervical cancers in vivo was then validated in a mobile clinic in a medically underserved 
community. When compared with widefield imaging, we demonstrate that the confocal 
microendoscope enhances the imaging contrast of benign and neoplastic lesions, and as a 
result, offers an opportunity to characterize cervical nuclear morphology in the real time with 
improved accuracy. 

A major barrier to imaging disease-associated morphological alterations is scattering in 
turbid biological tissue. In reflectance microscopy, imaging contrast is generated by the 
refractive index gradient, which necessitates the use of optical sectioning techniques to reject 
scattered background [19–21]. In comparison, fluorescence imaging promises a higher light 
yield and improved imaging contrast. When using contrast agents that predominantly 
accumulate in specific anatomic sites or cellular components, background signal from 
defocused image planes can also be reduced [22,23]. Consistent with previous findings, our 
results demonstrate that widefield imaging with proflavine staining is capable of resolving the 
stratified and evenly spaced nuclear architecture in normal cervical squamous 
epithelium [24,25]. In the presence of increased nuclear density, however, the contrast of 
widefield microendoscope images can be hampered by the lack of background rejection. In 
the cervix, nuclear crowding is often observed in benign columnar epithelium, metaplasia, as 
well as disease-associated lesions such as atypia and precancers. When surveying these 
regions using the microendoscope probe, confocal scanning can significantly improve the 
image contrast of clinically important features. 

The contrast improvement in confocal microendoscope images allows experienced users 
to better recognize and characterize nuclear structures in highly scattering regions. Previously, 
an automated algorithm was developed to diagnose cervical precancer in widefield 
microendoscope images based on nuclear size, eccentricity and density, and diagnostic 
accuracy comparable to standard colposcopy was reported prospectively [10]. While it was 
impractical to assess the diagnostic algorithm in a small set of confocal microendoscope 
images, our initial visual assessment by experienced users showed consistent numbers of 
nuclei identified in widefield and confocal modes in squamous epithelium (site A in Fig. 5), 
suggesting that the existing algorithm can be readily adapted to quantify nuclear morphology 
in confocal microendoscope images. In sites with increased scattering (sites B and C in Fig. 5), 
the users could delineate nuclei in the confocal microendoscope images that would otherwise 
be challenging to resolve in widefield images. These findings support the potential of the 
confocal microendoscope to characterize nuclear morphology with improved accuracy in a 
quantitative and automated manner. 

In conclusion, we present a portable, low-cost and robust confocal microendoscope with 
an automated alignment feature, and we demonstrate its initial clinical evaluation for early 
detection of cervical precancer. The digital confocal apertures in the confocal microendoscope 
are highly programmable and allow us to evaluate the benefit of confocal imaging with 
clinical data. Our preliminary results show that it has great potential to improve real-time 
characterization of nuclear morphology in cervical lesions, and future studies are warranted to 
further evaluate its performance in a larger population, especially with automated diagnostic 
algorithms. 
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