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Abstract copy (HRME) (Figure 1). These technologies can image
the gastrointestinal mucosa at a cellular and subcellu-

In recent years, gastrointestinal endoscopy has seen an in- lar level and thus provide a higher degree of resolution

flux of high-resolution endoscopic technologies that are ca-

pable of providing optical biopsies of the epithelial surface in as compared to the widefield imaging techniques. By
real time. Upcoming high-resolution endoscopy techniques providing subcellular imaging of the epithelial surface,
are CLE, OCT, EC and HRME. Powered by automated di- these ‘optical biopsy’ technologies have the potential

agnostic algorithms and more-cost effective alternatives,
these high-resolution endoscopic technologies have the
potential to not only facilitate real-time decision making, but

to revolutionize endoscopy and can offer a more tar-
geted, efficient and cost-effective approach to endo-

also improve screening and surveillance of gastrointestinal scopic screening and surveillance. This review will fo-
cancers globally. This review discusses the most promis- cus on these emerging ultra-high-resolution endoscopy
ing upcoming optical biopsy technologies and their clinical technologies and aims to provide a technical overview

applications, along with the current trends, challenges and

future directions. of the technologies, their clinical applications and also

discuss the challenges associated with them.
Introduction Technical Overview

Recent advances in endoscopic technology have im-  confocal laser endomicroscopy
proved mucosal visualization, lesion detection and also al-

lowed for real-time optical diagnosis. High definition and
optical contrast imaging technologies such as narrow-
band imaging, iScan, blue laser imaging, and autofluo-
rescence have been used as complementary, enhance-
ment techniques for white light endoscopy. These tech-
nologies are used as “widefield imaging” techniques
that help unmask or highlight inconspicuous mucosal
abnormalities not visible to the human eye. While these
techniques are invaluable as “red flag” techniques that
highlight suspicious areas for further assessment with
other imaging modalities, and are considered high
resolution, they cannot yield cellular and subcellular
imaging. Examples of some newer high-resolution en-
doscopic technologies include Confocal Laser Microen-
doscopy (CLE), Optical Coherence Tomography (OCT),
Endocytoscopy (EC) and High Resolution Microendos-

Confocal laser endomicroscopy (CLE) is an endolumi-
nal imaging technique that enables real-time, high-res-
olution assessment of the gastrointestinal mucosa at
a cellular and subcellular level. By providing in vivo
“optical biopsies”, it has expanded the current scope
of standard flexible endoscopy significantly. The term
“confocal” refers to the alignment of both illumination
and collection systems in the same focal plane [1]. Fluo-
rescence CLE uses the principle of excitation of a fluoro-
phore with low-power laser light (488 nm), followed by
subsequent detection of the remitted fluorescent light
through a conjugate pinhole [2]. Light emitted from a
specific depth is refocused at the conjugate plane and
passes through the pinhole confocal aperture. As a re-
sult, light emitted from above and below the plane of
interest is not detected, and the point of illumination
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Figure 1: Classification of endoscopic imaging techniques.

coincides with the point of detection within the speci- The confocal images are collected at a scan rate of 0.8
men, dramatically improving spatial resolution [3,4]. The  frames/seconds (1024 x 1024 pixel) or 1.6 frames/sec-
emission of the fluorophore at the point of illumination ond (1024 x 512 pixels) and displayed on a separate
is recorded to create a pixelated two-dimensional im- monitor next to the WLE image monitor [6,7]. Image
age of the tissue sample. Multiple points are analyzed, stabilization is crucial to obtain high-quality images.
and the fluorescence emission is displayed as a gray = While the eCLE can be used to examine luminal struc-
scale-image. Three-dimensional (3-D) images can be tures in the upper and lower gastrointestinal tracts, it
created by using bench-top confocal microscopes. The s still quite large and cannot be used for biliary intra-
high spatial resolution of CLE makes in vivo microscopic  ductal examinations [5].

imaging of gastrointestinal mucosa possible. Currently,
two CLE platforms are approved by the FDA: 1) Endo-
scope-based confocal laser endomicroscopy (eCLE); 2)
Flexible fiber based confocal miniprobe.

Probe-based confocal laser endomicroscopy (pCLE):
Alternately, a flexible Probe-based confocal laser en-
domicroscope (pCLE) can also be used. The system
(Cellvizio, Mauna Kea Technologies, Paris, France) uses

Confocal laser endomicroscope (eCLE): While eCLE  a confocal microscope that is introduced as a miniprobe
was developed and evaluated in multiple clinical stud-  through the accessory channel of a standard endoscope
ies, the device is not commercially available at present.  [5]. The mini probe is exceptionally flexible, with a di-
The confocal laser endomicroscopy (Pentax, Tokyo, Ja- ameter of 0.9 to 0.255 mm and thus can be easily in-
pan), uses a miniaturized confocal scanner that is inte-  troduced through the accessory channel of virtually any
grated into the distal end of a standard endoscope and  endoscope (including a cholangioscope, bronchoscope)
allows the endoscopist to use white-light endoscopy [5]. Both the light source and the laser scanning units
and eCLE simultaneously [5]. The system consists of are outside the human body, with the miniprobe act-
two additional buttons on the endoscope, that allow ing as a passive conduit. The fiber probe consists of up
the endoscopist to control the depth of imaging rela- to 30,000 optical fibers that transmit the 488 nm laser
tive to the surface of the tissue in a 7 um increments, light and then also return the reflected fluorescent light
to a maximum of 250 um [6]. eCLE has a field of view is  to the distal micro-objective. Confocal images are col-
475 x 475 um and a lateral resolution of 0.7 um [6,7]. lected at a rate of 12 frames per second, allowing in
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vivo imaging of capillary blood flow. Unlike eCLE it has  plane, hence only the superficial layer of mucosa can be
a slightly lower resolution, a smaller field of view, anda  imaged. To visualize the nuclei and other cellular and
fixed depth of imaging. Depending on the type of probe  subcellular structures, topical application of methylene
used, the field of view ranges from 240-600 um, the lat-  blue (0.5% to 1%) or a combination of methylene blue
eral resolution ranges from 1-3.5 um and the depth of  with crystal violet is used [15]. Mucus often hampers
imaging ranges from 0-100 um [5]. Cholangioflexprobe  contrast penetration, staining and hence visualization
is a newer miniaturized pCLE with a diameter of 0.9 mm,  of cell details; therefore, prior treatment with a muco-
that is small enough to be introduced into cholanigo-  lytic agent like N-acetylcysteine is typically done [16].
scopes and can be used to examine pancreatic and bil-  After application of the stain, the tip of the endoscope
iary structures [8]. A further miniaturized device called is placed in direct contact with the mucosa, and the
the needle-based CLE (nCLE) has a probe that can be ~ mucosal surface is scanned condensed with white light.
passed through a 19G-FNA needle, thereby enabling en-  The fixed-focus high-power optical lens then projects
doscopic ultrasound-guided CLE of solid organs, lymph  ultra-magnified images from a small mucosal sampling
nodes, and cystic lesions [5]. The probes can be disin-  Site (less than 0.5 mm in diameter) on to a Charged-Cou-

require replacement [5]. cytological and architectural features including, size and

arrangement of cells, the size, and shape of nuclei, the

Fluorescent contrast agents: Since CLE relies upon nuclear-to-cytoplasmic ration and other atypia [15].

tissue fluorescence, exogenous fluorescence contrast
agents are needed. The most commonly used contrast Endocytoscope
agent is IV fluorescein which is given to the patient in-
travenously. It allows visualization of cellular architec-

ture by highlighting the vasculature, lamina propria and probe-based endocytoscope, that consists of two flexi-

intracellular spaces of the tissue under examination [9]. ble catheters that provide a magnification of 450-1125-
Fluoresceins are nontoxic and excreted renally. They are fold (on a 14-inch monitor) or 500-1400-fold (using a
sometimes associated with rare adverse events includ-

ing hypotension without shock (0.5%), nausea (0.39%),
injection site redness (0.35%), diffuse self-limited rash
(0.04%), mild epigastric pain (0.09%) and anaphylax-
is (uncommon but has been reported) [10]. However,
since flouresceins do not stain the nuclei, they cannot
be used to assess nuclear-to-cytoplasmic ratio, used for
diagnosis and grading intraepithelial neoplasia. Nucle-
ar staining can be accomplished using topical contrast
agents that are sprayed on to the mucosa directly. Ac-
riflavine (0.05% in saline) accumulates within the nuclei
and has been used in evaluation in several studies but
theoretical concerns around mutagenicity have limited Optical Coherence Tomography (OCT) and Volu-
widespread adoption [11]. Cresyl violet (0.13% in acetic  metric Laser Endomicroscopy

acid) is another topical agent that causes cytoplasmic
enrichment leading to a negative visualization of nucle-
ar morphology [12].

Two types of endocytoscopes (Olympus Instruments,
Tokyo, Japan) are currently available: The first type is a

19-inch monitor) [17,18]. Both probes can be passed
through the working channels of standard endoscope
and be placed in direct contact with tissue for imaging.
To provide stability and minimize motion artifact, a soft
plastic cup at the tip of the endoscope is generally used.
The second and the only commercially available endocy-
toscope system is integrated within an endoscope [19].
In addition to having conventional optical magnification,
it also provides and image magnification of 580-fold on
a 19-inch monitor. The tip of the endoscope is placed in
direct contact with the tissue to obtain images.

Optical Coherence Tomography (OCT) was originally
used in ophthalmology, and more recently, there have
been several studies using OCT in the gastrointestinal

Obtaining biopsies: The eCLE is integrated into @ tract [20]. OCT is an exciting field of gastrointestinal
standard scope, freeing the accessory channel which is  jmaging technology that relies on the backscattering of
used to obtain biopsies. However, since pCLE systems  [ight to obtain cross-sectional images of tissue [21,22].
occupy the accessory channels, biopsies can only be |t js similar in principle to ultrasonography but uses
obtained after removing the probe. This limitation can  |ight waves instead of sound waves to generate images
be overcome by creating a dimple before removing the  [23]. OCT is performed using different probes that can
miniprobe, can help demarcate the area of interest [13].  pe introduced through the accessory channel of a stan-
dard endoscope. A radial probe is used to create radial
images whereas a linear probe is used to create linear

Endocytoscopy is another emerging endoscopic tech-  jmages. Unlike endoscopic ultrasound, OCT can also be
nology that allows real-time, high-resolution assessment performed through air. Therefore, no tissue contact or
of gastrointestinal mucosa at a cellular and sub-cellular  coupling is usually required [24]. Near-infrared light
level. It differs from CLE in that it uses the principle of  (700-1500 nm) is applied to the tissue, and subsequent
white-light contact microscopy i.e., optical lenses are  optical backscattering of light is measured using low
placed direct contact with the tissue to achieve high-lev-  coherence interferometry to create cross-sectional im-
el magnification [14]. Unlike CLE, there is no confocal ages [25]. Images are displayed at a rate of 4 frames/
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second. Most OCT systems achieve an axial resolution tion has been performed and reported. The main com-
of approximately 7-20 um [24]. Scattering of light in the  ponents of the HRME are a light source, a fiber-optic
tissues decreases the depth of scanning to 1-2 mm in  bundle, a microscope objective lens, and a CCD camera.
the Gl tract [26]. As a result, OCT is only able to image The HRME uses a 1-mm diameter flexible fiber-optic
the mucosa and submucosa during endoscopy. The high  probe that is introduced through the accessory channel
resolution that OCT provides allows for visualization of  of a standard gastroscope or colonoscope and pressed
mucosal glands, crypts, villi. However, cellular features  perpendicularly against the mucosa, to yield histopa-
like nuclear dysplasia cannot be appreciated [27]. thology-like images [31]. Similar to CLE, the HRME uses
a fluorescent topical contrast agent. The most com-
monly used contrast agent is Proflavine Hemisulfate
(0.05%) [32]. Proflavine has peak absorption and emis-
sion wavelengths of 455 nm and 515 respectively [31].
A light-emitting diode provides excitation at 445 nm,
which is delivered through the probe to the mucosal
surface. Excitation light is reflected at a 475 nm dichroic
mirror to form an image at the back aperture of a 10
x 0.25 NA infinity-corrected objective lens. The bundle
collects fluorescent emission from the sample, trans-
mitted through the dichroic mirror and emission filter,
then imaged onto a CCD camera by a tube lens. Images
are transferred from the camera to a PC for real-time
display at 12 frames/second [33]. The images provide
clear delineation of cellular features like nuclear size,
crowding, and pleomorphism. The images are displayed
at 12 frames/second (x 400 magnification). The spatial
resolution of the probe is 4.4 um and the field-of-view is
720 um in diameter [32]. The probe can be easily disin-
fected and reused up to 75 times before it needs repol-
Alternatively, the longitudinal view allows the en-  ishing. Repolishing only takes minutes and restores the
doscopist to examine the plane of the esophagus per-  probe to its optimum performance levels.
pendicular to its cross-section, with over 4000 longitu-
dinal images of the esophagus [29]. Both these views
can be easily manipulated using a touch screen monitor Since the HRME probe occupies the accessory chan-
or a hand controller. Other recent advancements to this  nel of the endoscope, biopsies can only be obtained af-
system include the ability to perform laser marking, as  ter the probe is removed. Before removing the probe, it
well as a more recent “artificial intelligence” system. is often helpful to create a dimple that helps demarcate
The Real-Time Targeting TM allows clinicians to make the area of interest making it easier to obtain a biopsy
tissue laser marks that are visible under WLE, to facil-  [34].
itate identification and localization of areas for target
biopsies [29]. The Intelligent Real-time Image Segmen-
tation TM (IRIS) artificial intelligence software aids im- The high-resolution endoscopic modalities mentioned
age review by segmenting and colorizing the three most  above (Table 1) can be used to facilitate early detection
common esophageal image features including hyperre-  and treatment of neoplastic lesions in the gastrointestinal
flective surface, layering, and hypo-reflective structures  tract. In the next section of this review, we discuss the clin-
in real time [30]. While the safety and effectiveness of ical applications and efficacy of these high-resolution en-
this diagnostic software has not yet been evaluated, the  doscopy techniques for Barrett’s Esophagus, Gastric Can-
Nvision VLE has the potential to enable a more thor-  cer, Colorectal Cancer, and Ulcerative Colitis.
ough examination of the area of interest, which could
improve biopsy targeting.

More recently, a newer version OCT system (Nvision-
VLE) became commercially available, which can image
with in the wall of the esophagus, using a balloon cathe-
ter that can be used through the scope and placed in the
distal esophagus [28]. The VLE utilizes optical signal ac-
quisition and processing methods to create high-resolu-
tion cross-sectional images of the esophageal wall. VLE,
compared to the original OCT system can scan a wid-
er area (6 cm circumferential segment) of the esopha-
gus in real time, to create high resolution (7 um), 3D
cross-sectional images while reaching a depth of 3 mm
below the mucosa [28]. The Nvision VLE offers a vol-
umetric view of approximately 10.000 mm? and has a
significantly improved imaging speed and resolution (25
times higher than endoscopic ultrasound) as compared
to the first-generation OCT systems [29]. The cross-sec-
tional view of the Nvision VLE can collect approximately
1200 cross-sectional images across the targeted 6 cm,
with an option to zoom in for closer examination [29].

Obtaining biopsies

Clinical Applications

Barrett’s esophagus (BE)

Barrett’s esophagus (BE) is widely prevalent in the
West and is a known precursor lesion of Esophageal

The High Resolution Microendoscope (HRME) is a Adenocarcinoma. Endoscopic surveillance is done to
novel, low cost (< $3600), portable, battery-operated enable early detection of neoplastic lesions including
endoscope that like CLE can provide real-time, high-res-  High-Grade Dysplasia (HGD) and Intramucosal Cancer
olution assessment of the gastrointestinal mucosa at a  (ICM). The current guidelines call for examination with
cellular and subcellular level [31]. While the device is  White-light endoscopy with random four-quadrant bi-
not yet commercially available, extensive clinical valida-  opsies every 2 cm [35]. However, this method is inef-
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Table 1: High-resolution endoscopy technologies.

System Excitation Lateral Frame rate Field-of-view Imaging Cost
wavelength resolution depth

Probe confocal 488 nm 1.0-3.0 ym 12 frames/sec 0.05-0.28 mm? 60-100 ym $150000

(pPCLE)

Endoscope 488 nm 0.7 um 1.2 frames/sec 0.23 mm? 0-250 pm $250000

confocal (eCLE)

Endoscope 400-700 nm 1.7 ym 30 frames/sec 0.4 mm? 0-50 uym N/A

Endocytoscopy

Optical coherence 700-1500 nm 7-10 ym 4 frames/sec 5-6 mm? 2-3 mm $35000-

tomography/VLE $150000

High resolution 455 nm 4.4 ym 12 frames/sec 0.41 mm? 50 uym <$3600

microendoscopy’

"Not currently commercially available.

ficient and has missed neoplasia in up to 57% of cases amined Gl mucosa and thus can be used for the ear-
[36,37]. High-resolution endoscopic imaging techniques |y detection neoplastic lesions in Barrett’s esophagus.
can increase the diagnostic yield for neoplasia and also  There have been several studies that have studied the
reduce unnecessary biopsies of non-neoplastic tissue. use of CLE in BE with high sensitivity and specificity.
The American Society for Gastrointestinal Endoscopy
(ASGE) proposed the following criteria to determine
whether advanced imaging techniques with targeted bi-
opsies can replace the current standard of care. It was
recommended that in order to replace the current stan-
dard of care an imaging technology must show to have
a per-patient sensitivity of > 90%, a specificity of > 80%,
Negative Predictive Value (NPV) of > 98% for detecting
HGD as compared to the current standard [38].

In a multicenter, randomized controlled trial con-
ducted by Canto, et al. 192 patients with BE were as-
signed to either undergo High-Definition White-Light
Endoscopy (HDWLE) alone with random biopsies or
high-definition white-light endoscopy and eCLE with
Targeted Biopsies (TB) [40]. Real-time diagnosis and
treatment plans were recorded after HDWLE in both
groups, and after eCLE in the second group. Blinded
expert pathology diagnosis was the reference stan-
Colorectal cancer dard. Results showed that diagnostic yield and sensi-

tivity for neoplasia detection was significantly higher

Colorectal Cancer (CRC) accounts for approximately i the group that underwent WLE + CLE with target
8% of all cancer deaths in the United States [39]. Early biopsies as compared to the group that underwent
detection of colorectal cancer is a crucial strategy to re-  WLE with random biopsies but with comparable accu-
duce mortality associated with Colorectal Cancer (CRC).  racy. The combination of HDWLE + eCLE + TB tripled
Differentiating high-risk polyps from benign lesions is the diagnostic yield for neoplasia (22% vs. 6%) and
critical to improve survival, reduce pathology costs, and  would have negated the need for biopsy in 65% of
decrease risks associated with unnecessary procedures.  patients. Adding eCLE to HDWLE increased the sensi-
Using high-resolution endoscopy imaging that provides tivity of detecting neoplasia from 40% to 96%, while
in vivo histology may enhance our ability to better select  keeping specificity the same. Additionally, the use
polyps for resection. In vivo diagnosis of early neoplastic  of eCLE altered the treatment plan in 36% patients.
changes can be made possible owing to these optical ~ This study demonstrated that adding eCLE to HDWLE
biopsy technologies. improves real-time endoscopic diagnosis of Barrett’s

o o . esophagus related neoplasia and TB of abnormal ar-
Clinical Applications of Confocal Laser Endomi- ¢35 decreases unnecessary biopsies. By enabling in
croscopy vivo decision making, it also alters the course of man-

While there are no official guidelines for incorporat- agement significantly.

ing CLE in endoscopic surveillance yet, they are gener- In another multicenter, randomized control trial con-
ally used to increase diagnostic yield during endoscopic  ducted by Sharma, et al., the authors compared the sen-
surveillance. This is achieved increasing target biopsies  sitivity and specificity of HDWLE + pCLE with HD-WLE
of abnormal tissue while sparing biopsies of normal tis-  alone for detection of BE associated neoplasia [41]. A
sue. CLE has been studied for use in the upper and low-  total of 101 consecutive patients with BE undergoing
er Gl tract, the hepatobiliary system, and even the pan-  either surveillance or treatment were enrolled, and all
creas. In the next section of this review, we will discuss  were examined by HD-WLE, NBI, and pCLE. Patients
these studies more in detail. were randomly assigned to 2 endoscopy sequences (HD-
WLE followed by NBI and NBI followed by HD_WLE),
and 4-quadrant random locations were recorded. These
CLE provides real-time “optical biopsies” of the ex-  4-quadrant locations were examined pCLE, and a diag-
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nosis of neoplastic or non-neoplastic was made in real which may limit the value of CLE for detecting gastric
time. Following imaging and recording biopsies were neoplasia. In another study by Zhang, et al. 521 sites
taken and sent for histopathology. Results showed that from 137 patients were evaluated by CLE. When a pre-
the sensitivity and specificity for pCLE or HD-WLE were  viously developed pit pattern was present, CLE had a
68.3% and 87.8% as compared to 34.2% and 92.7% for  sensitivity of 90% and a specificity of 99% for diagnosing
HD-WLE alone. The sensitivity and specificity for HD-  gastric cancer. Lastly, Li, et al. compared CLE with White
WLE or NBI were 45% and 88% respectively compared Light endoscopy on 1572 patients undergoing upper en-
with 75% and 84% for HD-WLE, NBI, or pCLE. Additional-  doscopy. Results showed that the sensitivity of CLE for
ly, the use of pCLE in combination with HD-WLE and NBI  detecting high-grade dysplasia or early gastric cancer
enabled the detection of 2 and 1 additional neoplastic  was higher than WLE (89% vs. 72%). The specificity of
cases compared with HD-WLE and HD-WLE or NBI. CLE was also higher than WLE (99% vs. 95%).

CLE and Esophageal squamous cell carcinoma CLE can also be used to reduce unnecessary biopsies
as was demonstrated by the following two studies. In

the first study by Jeon, et al. 31 patients with previous-
ly diagnosed 35 gastric epithelial neoplastic sites were
scheduled to undergo ESD. CLE was used to image tar-
get lesions in vivo in all these patients [45]. The overall
accuracy of CLE for diagnosing gastric adenocarcinoma
was compared with post-ESD histopathology and was
considerably higher than conventional endoscopic bi-
opsy (94.2% vs. 85.7%). Secondly, Bok, et al. conducted
a prospective study in 46 patients with 54 gastric epi-
thelial neoplastic sites, who were previously diagnosed
by endoscopic biopsy and scheduled to undergo ESD
[46]. pCLE was performed in vivo, ex vivo and then com-
pared with the post-ESD histopathology. Overall accu-
racy for pCLE was higher than endoscopic biopsy (91.7%
vs. 85.2%). The combined accuracy was even higher
(98.1%).

Since CLE provides an Optical biopsy of the muco-
sal lesions, it also very useful for diagnosing Esophageal
Squamous cell Cancer (ESCC). In a study conducted by
Pech, et al. the diagnostic potential of CLE for diagnos-
ing ESCC was evaluated in 21 consecutive patients with
suspected lesions [42]. Following Lugol’s Chromoendos-
copy, the unstained areas were assessed using CLE, and
a diagnosis was made in real time. Subsequently, biop-
sies were acquired from all unstained areas and sent for
histopathology. A total of 43 lesions were imaged using
CLE images, which were reviewed by two endoscopists,
who were blinded to the histology and endoscopic ap-
pearance. Results demonstrated that CLE had an overall
accuracy of 95%, a sensitivity of 100% and a specificity
of 87% for detecting early ESCC. Thus CLE, has the po-
tential to provide an immediate real-time diagnosis with
a high degree of accuracy.

In another study Huang, et al. evaluated the diag- CLE and Colon polyps

nostic utility of Lugol’s chromoendoscopy guided-CLE in Several studies have demonstrated the utility of CLE
detection of superficial squamous cell carcinoma [43]. A for colon polyps, which we will describe below. As a di-
total of 52 high-risk patients were enrolled and under-  agnostic tool, CLE was found useful for differentiating
went Lugol’s chromoendoscopy-guided CLE with sub- between non-neoplastic (hyperplastic) and neoplastic
sequent recording of in vivo histological diagnosis. This tissue (adenomas and carcinomas) in the colon. Sha-
was followed by the acquisition of Lugol’s Chromoen- hid, et al. evaluated the use of pCLE as a diagnostic tool
doscopy guided biopsies by a second endoscopist, who in a study where they compared the sensitivity, speci-
was blinded to the CLE diagnosis. Using biopsy results, ficity, and accuracy of pCLE to NBI in 65 patients, who
en-bloc resection of neoplastic areas was done. When underwent high definition colonoscopy first with NBI,
histopathology from the en-bloc specimens was used followed by pCLE [47]. The confocal videos were sub-
as gold standard, compared to Lugol’s guided biop- sequently analyzed offline and classified as neoplastic
sies, Lugol’s-guided CLE exhibited a superior sensitivity = or non-neoplastic while being blinded to endoscopic
(95.7% vs. 82%), specificity (90% vs. 70%), NPV (81.8%  characteristics and histopathology. A total of 130 polys
vs. 46.7%) and accuracy (97.8% vs. 92.7%) in diagnosing  were assessed and compared to NBI, pCLE demonstrat-
superficial Esophageal Squamous Cell Carcinoma. ed higher sensitivity (86% vs. 64%) but similar accuracy
(82% vs. 79%) and a lower specificity (78% vs. 92%) for
diagnosing neoplastic polyps. When NBI and pCLE were

Several studies have suggested that CLE can be a used in combination, the accuracy approached that of
useful tool for evaluating gastric cancer and diagnostic  histopathology. The same group also used CLE to detect
accuracy of greater than 90% has been reported. Kita-  residual tumor left behind following endoscopic man-
batake, et al. conducted a study with 27 patients and agement [48]. 92 patients (129 EMR scars) undergoing
obtained CLE images from 52 examined sites that were  evaluation of prior EMR sites were enrolled and were as-
subsequently interpreted by two pathologists [44]. The sessed using VCE (NBI/FICE) and pCLE. Confocal videos
sensitivity of CLE for gastric neoplasia was 82-91%, and  of the scars were obtained in real time and were also
the specificity was 98%. However, CLE was associated analyzed offline, blinded to endoscopic characteristics
with a high failure rate (40%) for image acquisition, and histopathology. Finally, biopsy confirmation or re-
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peat EMR was performed in all cases. Compared to VCE,
pCLE had a superior sensitivity (97% vs. 72%), accuracy
(81% vs. 77%), and similar specificity for detecting resid-
ual neoplasia. For scars where VCE and pCLE agreed on
the diagnosis, the accuracy approached that of histopa-
thology. Therefore, pCLE may be useful to identify and
resect residual tumors in the same endoscopic session,
eliminating the need for histopathology or unnecessary
repeat procedures.

Summary

Thus, CLE can be used to confirm and optimize en-
doscopic diagnosis by decreasing unnecessary biopsies,
interventions, and the cost, risks associated with them.
Most studies demonstrate a good interobserver agree-
ment for interpretation of CLE images (kappa = 0.6-0.8).
However, interpreting CLE images requires considerable
experience and training, thereby limiting its use among
inexperienced gastroenterologists. Apart from the Mi-
ami classification for pCLE, no international recommen-
dations and guidelines are currently in place for other
CLE systems [49]. The high costs associated with CLE
systems (< 175.000) also limits its adoption. Lastly, even
though side effects to contrast agents are very rare,
they have been reported (Table 2).

Clinical Applications of Endocytoscopy

Several studies have evaluated the use of Endocytos-
copy in BE surveillance, Colon cancer screening, gastric
cancer, and even in H. pylori visualization. EC has shown
to have a specificity. In the next section of this review,
we will discuss those studies in more details.

EC and Barrett’s esophagus

Studies have shown that Endocytoscopy has a sensi-
tivity of 80 to 90 percent for detecting neoplasia in the
squamous esophagus. However, the reported accuracy
has been variable. For example, Pohl, et al. evaluated
the ability of EC in diagnosing dysplasia in 16 patients
undergoing surveillance for BE [50]. EC images were
obtained using the x450 and x1125 magnification lens,
and subsequently, biopsies were taken sent for histo-
pathology. A pathologist and gastroenterologist, both
of whom were blinded to the histopathology results
reviewed the images. Only 51% and 21% could be ob-
tained at x450 and x1125 magnification respectively.
At the x450 magnification, EC had a sensitivity of 50%
and a specificity of 67% for diagnosing BE. The sensitiv-

ity decreased to 43%, and the specificity increased to
85% when the x1125 magnification was used. The study
concluded that without visible evidence, EC lacked the
image quality to be of any additional benefit.

In another example Eberl, et al. assessed the utility
of EC for prediction non-neoplastic and neoplastic le-
sions in 25 patients with esophageal lesions [51]. Results
showed that EC had a sensitivity of 81% and a specificity
of 100% for diagnosing pathological esophageal lesions.
The sensitivity increased to 91% when the X1100 mag-
nification probe was used and decreased to 77% when
the x450 magnification lens was used.

By contrast, in a study by Inoue, et al. 28 patients
with esophageal lesions that had previously been de-
tected by regular/ + narrow band imaging were evalu-
ated using EC [52]. Biopsies were also taken, and the
images were compared with the histopathological gold
standards. The authors were able to obtain clear images
in all patients, and EC has a sensitivity of 88% and spec-
ificity of 91% for detecting malignancy.

EC and Gastric cancer

Kaise, et al. evaluated the use of in vivo EC in 82 pa-
tients with gastric lesions including early cancers (23),
adenomas (10) and non-neoplastic lesions (49) [53].
Only 88% of these lesions could be imaged by EC be-
cause of poor staining due to thick mucus. Results
showed that a finding of high-grade dysplasia had high
sensitivity (86%), specificity (100%), PPV (100%) and
NPV (100%) for diagnosing gastric cancer. This study
concluded that in vivo EC imaging was reliable with high
accuracy for diagnosing gastric cancer.

EC and Colon cancer

A small number of studies have evaluated the use
of EC in diagnosing colon lesions, and the results seem
quite promising. For example, Sasajima, et al. conduct-
ed a prospective study where they evaluated the accu-
racy of EC in 75 colonic lesions (59 neoplastic lesions,
16 non-neoplastic lesions) [19]. EC had a sensitivity and
specificity of 100% in distinguishing neoplastic from
non-neoplastic lesions. Of the 59 neoplastic lesions,
58/59 were correctly identified as neoplastic, and 1/9
lesions was misdiagnosed as being neoplastic. The over-
all accuracy of EC was 93%. This study demonstrated
that EC has the potential to provide in vivo histological
images with high sensitivity and accuracy.

Table 2: CLE performance.

Reference Year Pathology Total no. patients/lesions Sensitivity  Specificity | Accuracy

Canto, et al. [40] 2014 EAC 192 patients; 978 biopsy 96% 92% 93%
specimens

Sharma, et al. [41] 2011 EAC 101 patients 68.30% 87.80%

Pech, et al. [42] 2008 ESCC 27 patients 100% 87% 95%

Huang, et al. [43] 2015 ESCC 52 patients 95.70% 90% 97.80%

Kitabatake, et al. [44] 2006 Gastric cancer | 27 patients; 57 sites 82-91% 98%
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In another study, Mori, et al. demonstrated non-in-  thelium. Although this study had several limitations in-
feriority of EC compared with standard histopathology cluding lack of a control group, lack of histopathological
for colorectal neoplasms [54]. Patients with colorectal interpretation of specimens, the results look promising
lesions > 5 mm were randomly assigned to an EC group  especially in scenarios where no neoplasia is identified
and a standard biopsy group. An endoscopist and pa- by other imaging modalities (clean scan). Additionally,
thologist assessed the EC images and conventional bi- this study was performed without the incorporation of
opsies respectively and gave a diagnosis. Using the final  alaser marking system, which has shown to significantly
histopathology from the resected specimen, diagnostic  improve diagnostic yield in BE compared to the current
accuracies were calculated. In total, 102 lesions in the standard Seattle Protocol [60].

EC group and 101 lesions in the standard biopsy group
were taken into account. The diagnostic accuracy of EC

P . R
was found to be non-inferior to standard biopsy (94% tomated detection of BE neoplasia. Leggett, et al. com-

vs. 96%). pared the diagnostic performance pCLE and VLE for
More recently, Computer-aided Endocytoscopy has  detecting dysplasia in ex vivo samples from 27 patients
been used to assist with the diagnosis of colorectal can-  with BE undergoing surveillance [28]. A total of 50 EMRs
cer. Takeda, et al. evaluated 200 images of colonic le- were imaged using pCLE and VLE and classified into neo-
sions with Computer-aided Endocytoscopy and results  plastic and non-neoplastic based on histology. The im-
showed a sensitivity of 89.4%, a specificity of 98.9% in  ages were then analyzed and rated by 3 gastroenterolo-
diagnosing invasive cancerous polyps [55]. gists with prior training in the established diagnostic cri-
L. L. teria for both imaging systems. Additionally, the group
Clinical Applications of OCT and VLE also developed a novel VLE diagnostic algorithm to de-
OCT and Barrett’s esophagus tect dysplasia based on VLE data from 27. Compared
] ) S to the pCLE, the VLE (using the previously established

OCT has been used in BE for surveillance of high-risk  j50n0stic criteria OCT-SI) had a sensitivity of 70% vs.
patle.nts and to guide the selection of.treatments likes 76%, a specificity of 60% vs. 79% and an accuracy of 67%
ablation, EMR for BE related neoplasia and to detect ¢ 770, The novel diagnostic algorithm was reported to

”resi.dual” Barrett’s' epitr‘mel‘ium post—RFA. 'The earlier  chieve a sensitivity of 86%, a specificity of 88% and an
studies focused on identifying and describing key fea- accuracy of 87% for detecting Barrett’s neoplasia with

tures indicative of including loss of layered architecture, almost perfect interobserver agreement (kappa = 0.86).
change in surface signal intensity, presence of irregular Although this study was performed on ex vivo samples,
glands in the epithelium [56-58]. with further refinement, the diagnostic algorithm has
Newer studies have also demonstrated the safety the potential to serve as a guide for in vivo real-time
and feasibility of the second generation VLE system for  interpretation in the future.
the detection of dysplasia. In a prospective, observa-
tional study conducted by Smith, et al., 18 medical cen-
ters across the United States participated in completing
a 1000-patient registry which aimed to assess the clin-
ical utility of VLE for management of BE [59]. The Nvi-
sionVLE imaging system was used to identify areas of
concern following which the investigators completed a | i, 16 patients with BE. A variety of tissue types were
short questionnaire regarding how VLE impacted each images including normal epithelium, BE epithelium,
case. Results showed that in patients with previously | Gp HGD, EAC [60]. Results demonstrated high visibility

diagnosed or suspected BE, VLE was used to identify ar- £ v/| £ |aser marks under WLE (100% in BE mucosa, 97%
eas of concern not visible under WLE in 59% of the pro- squamous mucosa, 92% in gastric mucosa). Addition-

cedure. Additionally, VLE was also used to guide biopsy ally, 100% of suspicious regions on OCT were success-
acquisition in 71% and treatment in 54% of the proce-  f,|ly marked by laser marks, which allowed for targeted
dures. Overall, VLE improved the diagnostic yield by  pisnsies or EMR at targeted areas. By incorporating la-
55% beyond the current standard practice. In patients o o\jided targeted biopsies and EMRSs, this technology
with no visible lesions on other imaging modalities and |55 the potential to improve diagnostic yield and allow
with no prior history of BE, as compared to random bi- ¢4, 3 more accurate image and tissue correlation.
opsies VLE-guided biopsies improved neoplasia detec-

tion by 700%. WLE and VLE, when used together pro- OCT and Squamous cell carcinoma

vided an NPV of 100% for neoplasia in post-treatment
population. Since VLE can image the mucosa, submuco-
sa, and the muscularis propria, it helps the endoscopist
with a more comprehensive evaluation as compared to
WLE, NBI, and CLE that only image the superficial epi-

More recently, computer-based diagnostic algorithms
were developed that showed promising results for au-

Combined imaging and marking methods have been
used in the past to achieve a more precise coregistra-
tion between OCT images and histology. VLE’s new laser
marking system makes direct in vivo marking of tissue
possible. The visibility and locational accuracy of new la-
ser marking technology was tested in vivo by Swager, et

Studies have used OCT in the preoperative staging
of Esophageal Squamous Cell Carcinoma (ESCC) to help
guide treatment strategies. For example, Hatta, et al.
evaluated the usefulness of in vivo OCT for the staging
of superficial ESCC, in 62 patients with a histological di-
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agnosis of superficial esophageal squamous cell carci- Trindade, et al. used the Nvision VLE system in a case
noma [61]. OCT findings from the first 16 patients were  to evaluate a rectal polyp near the dentate line [66]. VLE
used to classify the depth of invasion into three catego- showed normal tissue underneath the polyp, thereby
ries including 1) Epithelium; 2) Muscularis mucosa, and  altering the management from full-thickness resection
3) Submucosa. The criteria were subsequently evaluat- to EMR.

ed in the remaining 46 patients, and the results of OCT
were compared with the gold-standard histopathology
of resected specimens. The overall accuracy of OCT was OCT can provide high-resolution, wide area, subsur-
92.7%. The accuracy of OCT for determining the involve- ~ face imaging, and thus has the potential to improve di-
ment of the epithelium, muscularis mucosa and submu-  agnostic yield and efficiency of treatments. As with oth-

cosa was 94.9%, 85%, and 90.9% respectively. er imaging techniques, image interpretation still poses
a challenge. The introduction of diagnostic algorithms

is a possible solution, and with further advancements,
real-time automated diagnosis of lesions with OCT may
be probable.

Summary

In another study conducted later by the same group,
OCT was compared with EUS for tumor staging of su-
perficial esophageal squamous cell carcinoma in 123
patients with 131 superficial ESCC lesions [62]. An ex-
pert took representative images of all patients by us-  Clinical Applications of HRME
ing both OCT and EUS and reported the tumor staging.
Another blinded expert reviewed the recorded images
and reported staging independently. OCT was accurate- Muldoon, et al. were the first to used HRME for sur-
ly able to identify 90% (118/131) of SESCC, over staged  veillance of patients with BE [32]. In the study, 9 patients
4% (5/131) of tumors and under staged 6% (8/131) of who had previously been diagnosed with BE underwent
the tumors. For the tumors that were limited to the ep-  EMR. The resected tissue sample was imaged using the
ithelium, OCT was able to correctly stage 95% (88/93), HRME, and the images were interpreted as being neo-
which was considerably higher than that of EUS (81%).  plastic or non-neoplastic by two gastroenterologists and
For the tumors that involved the muscularis mucosa two pathologists. HRME has a sensitivity of 87% and

and submucosa, OCT was only able to correctly stage specificity of 61% in diagnosing neoplastic tissue when
79% (30/39). compared to gold-standard histopathology.

HRME and Barrett’s esophagus

Thus far, there have been no extensive studies that In another study by Vila, et al. HRME was evaluated
have incorporated the use of Nvision VLE. In a recent  for its accuracy and inter-rater reliability in diagnosing
retrospective study by Trindade, et al. Nvision VLE sys- BE neoplasia [33]. HRME images were obtained from
tem was used to stage superficial squamous cell carci- 28 consecutive patients undergoing endoscopic surveil-
noma in 17 patients with intraepithelial neoplasia, Tla lance for HRME. 20 gastroenterologists with no prior
disease, T1b, T2 disease and T3 disease [63]. VLE scans  Mmicroendoscopic experience and 3 experts microen-
were compared to gold standard histology for diseas- doscopists (> 50 cases) then interpreted these images.
es T1b and greater. Results showed that VLE was able HRME was found to have a sensitivity, specificity, NPV
to distinguish superficial disease (limited to the lamina  Of 90%, 82%, and 94% respectively for identification of
propria) and deeper disease in all cases. Although pro- heoplastic BE as compared with histology. Interobserv-
spective studies are needed to confirm these findings, € agreement was found to be moderate (0.56). No dif-
VLE has to potential to determine the extent of the dis- ferences in accuracy were observed among experts and
ease in real time, which can alter management signifi- ~ novices.

cantly (ESD vs. RFA). In the third study, Lee, et al. compared standard WLE
with random biopsies with WLE + HRME with both tar-
geted and random optical biopsies in 49 patients [67].

OCT enables the endoscopist to appreciate the full  \WLE + HRME had a higher diagnostic yield (37.5% vs.
thickness of the colonic walls and can be useful in identi- 1.71%), a higher sensitivity (100% vs. 50%) and a com-
fying neoplastic polyps. Adenomas are characterized by  parable specificity (94.9% vs. 96.3%) for diagnosing neo-
the presence of large glands in the superficial mucosa,  plasia as compared to WLE alone. Additionally, it was
mucosal cysts and an uneven surface, whereas Adeno-  seen that with the use of HRME, 92.2% of individual bi-
carcinoma is characterized by a complete loss of muco-  opsies could have been spared, with 71% of patients not
sal architecture [64]. Pfau, et al. used real-time OCT to  requiring any biopsies at all.

differentiate between adenomas, hyperplastic polyps,
and normal colon tissue in 24 patient patients (44 pol-
yps) [65]. Adenomatous polyps were characterized by In a prospective international trial conducted by Pro-
a decrease in scattering intensity and the absence of a  tano, et al. 147 consecutive high-risk patients undergo-
structured crypt. Hyperplastic polyps had an organized ing endoscopic screening or surveillance were enrolled
crypt pattern and the scattering intensity was similar to  from 4 centers and underwent WLE followed by LCE and
that of normal tissue. HRME [34]. A total of 7 endoscopists (3 microendosco-
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py experts, four novices) performed the procedure and detecting esophageal squamous cell carcinoma [70],
interpreted the images which were compared with the  (Figure 2).
gold-standard histology. Using a per-biopsy analysis
HRME guided LCE vs. LCE had a sensitivity of 91 vs. 96%,
a specificity if 88% vs. 44%, PPV of 45% vs. 22%, NPV of Parikh, et al. evaluated the use of HRME in differen-
98% vs. 98% and an accuracy of 90% vs. 57% for diag-  tiating between neoplastic and non-neoplastic colonic
nosing ESCC. By using per-patient analysis, HRME-guid-  lesions in 94 patients undergoing routine colonoscopy
ed LCE vs. LCE has a sensitivity of 95% vs. 100%, a spec-  [71]. 171 polyps were imaged using WLE followed by
ificity of 79% vs. 29% and an accuracy of 83% vs. 47%. HRME and were classified in real time as neoplastic
With the use of HRME 136 biopsies could have been ne-  (adenomatous) or non-neoplastic. Results showed that
gated, with 55 patients not requiring any biopsies at all.  HRME has a significantly higher accuracy, sensitivity and
In another study Shin, et al. used the HRME to take PPV for diagnosing neoplasia as compared to WLE (94%,
95%, 87% vs. 65%, 39%, and 55% respectively). No dif-
ference in NPV was observed.

HRME and Colon cancer

images from 177 patients, which were used to devel-
op an algorithm based on qualitative features to iden-
tify high-grade dysplasia or ESCC [68]. Mean nuclear HRME and Anal cancer
area was used to classify images as either neoplastic
or non-neoplastic and had a high specificity of 92-97%
when compared to histology. The same group later
developed and evaluated fully automated, real-time
analysis software. The algorithm was implemented in
a tablet-based HRME and used to analyze images from
3 high-risk patients. In a post-hoc quantitative analysis,
the algorithm has a sensitivity of 95% and a specificity of
91% for diagnosing neoplasia.

Varela, et al. explored the role of HRME as an ad-
junct to high-resolution anoscopy for detecting High-
Grade Squamous Intraepithelial Lesions (HSIL) in 41
patients with prior HSIL or abnormal anal cytology [72].
All patients underwent HRME-guided imaging on Lu-
gol’s positive areas with subsequent biopsies. After the
creation of an image database, 3 expert and 5 novice
microendoscopists received training and subsequently
were tested on the HRME images. Overall, a high sen-

The same group also evaluated the accuracy of the sitivity of 93%, a specificity of 87%, NPV of 96% and an
software and its effect on the accuracy of post-hoc accuracy of 89%, for diagnosing HSIL was reported.
HRME image interpretation among endoscopists [69].
218 high-quality HRME images from 150 biopsy sites
from 130 consecutively enrolled patients were used
for this study. 13 endoscopists (6 experts and 7 nov-
ices) underwent standardized training in HRME image
interpretation, following which they were tested on
199 HRME images and asked to give their interpre-
tation and confidence level of image read. Then they
were presented with the automated software inter-  Summary
pretation and again asked to provide their interpreta-
tion and confidence level of image read. Overall, the

endoscopists had a pre-software read sensitivity of o . £ hi holoaw like |
84.3%, specificity 75.0%, and accuracy 81.1% for di- ~83in, interpretation of histopathology like images can
be challenging for novice and inexperienced providers,

In another study by the same group, 62 images from
the data based were analyzed to identify quantitative
features, that could potentially increase the diagnostic
utility of HRME during anoscopy. A total of 11 nuclear
features were studied, with a combination of 3 primary
measurements yielding a sensitivity of 90% and a speci-
ficity of 88% for diagnosing HSIL [73].

HRME imaging is a comparable but more cost-effec-
tive alternative to other imaging modalities such as CLE.

agnosis neoplasia. On the post-software read, the en- : . ) !
doscopists had a sensitivity of 84.8%, specificity 80.1%, where aL{tomatlon through diagnostic algorithms can
and accuracy of 83.1%. No significant difference in PrOV€ quite useful. However, the technology, at pres-
sensitivity, specificity, and accuracy between pre-and ent, is in clinical trial and not commercially available
post-software read was seen among experts. A signif-  (12ble 3).

icant increase in specificity was seen among novices Challenges

(p = 0.008). When endoscopists had high confidence, ) ) ) )
there was no significant change in sensitivity and spec- As reviewed above, high-resolution endoscopy imag-

ificity pre- and post-software. Whereas with low con- ing techniques can allow real-time in vivo histology with
fidence, the specificity increased from 58.0% to 71.0% high sensitivity and specificity for diagnosing neoplasia
(p = 0.004) without a significant change in sensitivity. It N a variety of clinical settings. However, there are sev-
was demonstrated that an automated diagnosis can be eral limitations that limit the use of these devices in ev-
useful for detection and guiding treatment plans, es-  €ryday practice. In this section we will talk about more
pecially among novices. Additionally, preliminary data  @bout those limitations.

from a recent study that evaluated the acceptability
of HRME among both novice and HRME expert provid-

ers suggests that the HRME has a short learning curve, Subcellular endoscopy can only image a small frac-
is easy to use, comprehend and overall beneficial in  tion of the mucosa at a time, and theoretically, it would

Bhushan et al. Int Arch Intern Med 2020, 4:024 e Page 10 of 14 »

Limited field of view


https://doi.org/10.23937/2643-4466/1710024

DOI: 10.23937/2643-4466/1710024 ISSN: 2643-4466

A.Normal squamous epithelium
Small, round and bright nuclei that are
evenly spaced and equally sized nuclei
with ample intervening cytoplasm

B. Inflammation

Nuclei remain small, but are now more
crowded with less cytoplasm in between
and more irregular spacing

C. High-Grade Dysplasia

Nuclei are larger, crowded, and
pleomorphic (i.e., exhibiting greater
variability in size and shape)

D. Squamous cell Carcinoma
Large and very pleomorphic nuclei with

almost complete loss of cohesion and
architectural organization

Figure 2: HRME images and corresponding histopathology for A) Normal squamous epithelium; B) Inflammation; C) High-
grade dysplasia; D) Squamous cell carcinoma.

Table 3: HRME performance.

Reference Year Pathology Sensitivity Specificity Accuracy
Vila, et al. [33] 2014 Esophageal adenocarcinoma 90% 82% 90%

Lee, et al. [67] 2014 Esophageal adenocarcinoma 100% 94.90% 95%
Protano, et al. [34] 2015 Esophageal squamous cell carcinoma 90% 89% 90%
Shin, et al. [68] 2015 Esophageal squamous cell carcinoma 84-93% 92-97% 94%
Parikh, et al. [71] 2015 Colon cancer 94% 95% 94%
Varela, et al. [72] 2013 Anal cancer 90% 88%

take a lot of time to image large sections on mucosa. Most commonly used are limited to IV fluoresce-
Newer imaging systems like Nvision VLE system have in- in, methylene blue, acriflavine or Proflavine. The
deed addressed some of these issues. For other imaging  contrast agents are not targeted or specific and the
techniques, a potential solution is to pair the high-res- long-term effects of agents like proflavine are large-
olution endoscopy techniques with wide-field image ly unknown. Although these agents have been used
systems such as NBl and chromoendoscopy. These “red  in humans without any reported mutagenic, studies
flag techniques” can highlight suspicious areas that can in in vivo mouse models have demonstrated some
then be inspected by these high-resolution endoscopy mutagenic potential [75]. A recent study compared
imaging tools. Video mosaicking is another potential rates of cervical neoplasia progression in 392 women
solution, where consecutive video frames are stitched in those whose cervical tissue was (n = 232) or was
together as the probe moves along the tissue, thereby not exposed (n = 160) to proflavine. There were no
providing a much larger field of view [74]. significant differences in disease progression from
normal/CIN1 to CIN2/3 or from any initial diagnosis
to invasive cancer between the proflavine-exposed
CLE, EC and HRME all require a contrast agent. and control groups overall in nearly two years of fol-

Bhushan et al. Int Arch Intern Med 2020, 4:024 e Page 11 of 14

Contrast agent


https://doi.org/10.23937/2643-4466/1710024

DOI: 10.23937/2643-4466/1710024 ISSN: 2643-4466

low up [76]. Overall, there is need for development References
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