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Abstract. Optical coherence tomography (OCT) is an imaging technique optically analogous to ultrasound that
can generate depth-resolved images with micrometer-scale resolution. Advances in fiber optics and miniaturized
actuation technologies allow OCT imaging of the human body and further expand OCT utilization in applications
including but not limited to cardiology and gastroenterology. This review article provides an overview of current
OCT development and its clinical utility in the gastrointestinal tract, including disease detection/differentiation
and endoscopic therapy guidance, as well as a discussion of its future applications. © 2017 Society of Photo-Optical
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1 Introduction to Endoscopic Optical
Coherence Tomography

Although great strides have been made with traditional white-
light endoscopy (WLE), including high-definition imaging sen-
sors, magnified endoscopy, and most recently enhanced contrast
techniques such as narrow band imaging, there still exists a chal-
lenge to obtain clinically relevant diagnostic information.1,2

Since the first publication on optical coherence tomography
(OCT) in the early 1990s,3 development of endoscopic OCT4

techniques and applications has become a major field of
research.5–8 Recent studies on endoscopic OCT have shown
great potential to increase diagnostic accuracy and improve dis-
ease management due to its high resolution, volumetric, and
subsurface imaging capability. In gastroenterology, research
institutes and commercial entities have developed a variety of
endoscopic OCT tools to investigate and address issues along
the gastrointestinal (GI) tract including the esophagus, stomach,
pancreatico-biliary tract, small intestine, and colon. These tools
not only provide methods to better understand the pathophysi-
ology of GI diseases but also contribute to the improvement of
GI disease management.

1.1 Optical Coherence Tomography and Fourier-
Domain Optical Coherence Tomography

The working principle of OCT is based on an optical ranging
technique known as low coherence interferometry.9,10 An

OCT system can measure the time delay and the signal intensity
of the light reflected back from a sample. As opposed to ultra-
sound where direct detection of this time delay is possible,
in OCT the light travels at a speed beyond the capability of
electronic detection, and hence an interferometer such as
a Michelson interferometer is used. In traditional time-domain
OCT (TD-OCT), one arm of the interferometer has a scanning
reference path delay that is translated over the designed imaging
depth.11 Each sweep in depth provides a depth profile or A-scan.
The second arm of the interferometer typically contains a scan-
ning system that scans the light beam over the sample to collect
multiple depth profiles forming a two-dimensional (2-D) image
or B-scan. In endoscopic OCT systems, this arm is usually
a fiber-optic probe for imaging inside the body. The scanning
system and probe determine the field of view, working distance,
and the lateral resolution of the imaging system.

In the early 2000s, the introduction of Fourier-domain
detection dramatically increased the imaging speed and detec-
tion sensitivity of OCT technology.12–14 While TD-OCT directly
measures the interference signal, Fourier-domain OCTmeasures
the spectrum of the interference signal, and the OCTaxial scan is
obtained by applying a Fourier transform on the detected spec-
trum without the need for scanning the reference path delay.
Fourier-domain OCT can be divided into two implementations,
namely spectral-domain OCT (SD-OCT), which measures the
spectrum of the interference signal with a spectrometer,15 and
swept source OCT (SS-OCT), also known as optical frequency
domain imaging (OFDI), which measures the spectrum of the
interference signal with a wavelength-swept light source and
a photodetector.16,17 Due to the availability of existing technol-
ogy, SS-OCT is typically used for applications requiring fast
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imaging speed at wavelengths of 1.3 and 1 μm, while SD-OCT
is used for applications requiring high axial resolution from
broadband light sources with shorter operating wavelengths.18,19

Since the first introduction of Fourier-domain OCT in endo-
scopic systems in 2007,20,21 SS-OCT at 1.3-μm wavelength has
become the predominant technology of choice for endoscopic
OCT applications, primarily due to the improved depth penetra-
tion in tissue with a longer wavelength source, increased sensi-
tivity of a dual-balanced detection scheme, and the utilization of
fiber optics for optical communication.17,21 To date, advances in
wavelength-SSs, data acquisition, and scanning probe technol-
ogies have enabled multimegahertz high-speed endoscopic
OCT imaging.22–24

1.2 Optical Probes

As OCT technology continues to mature, imaging probes have
become a major development area for endoscopic OCT applica-
tions, as they directly interact with patients and determine the
optical (lateral resolution, focal depth) and mechanical (scan-
ning speed, sampling density) parameters that are essential for
image quality. Previous review publications in the field25,26 have
provided a comprehensive overview and summary of different
imaging probe designs and thus we will cover only the probe
variants at a high level. There are two major probe configura-
tions as shown in Fig. 1, namely side viewing and forward-view-
ing probes. Side-viewing probes [Fig. 1(a)] are the most
common configuration and used in the majority of endoscopic
OCT studies, especially when relatively large image coverage
within luminal anatomies is required. Depending on the working
distance and lateral resolution requirements of the application,
a probe can be packaged in different forms, such as a small
diameter flexible sheath,4 large diameter inflatable balloon,27

or rigid housing.28 The scanning mechanism of these probes
can be either proximally driven by a motorized fiber optic rotary

joint via a drive shaft/torque cable or directly driven by a distal
miniaturized scanner, with an additional pullback/push-forward
mechanism to achieve three-dimensional (3-D) imaging. The
forward viewing probes [Fig. 1(b)], on the other hand, provide
a small field of view but offer a more intuitive viewing scheme
similar to magnified endoscopy or endomicroscopy. Scanners
are typically located distally in the probes and provide 2-D
scanning such as raster,29 spiral,30 and Lissajou31 patterns
depending on the actuators used in the probe designs. Forward-
viewing probes are typically used in applications that require
high magnification and integration with other microscopy
modalities.

2 Unmet Needs in Gastroenterology and the
Benefit of Using Optical Coherence
Tomography

Adoption of an advanced imaging technology like endoscopic
OCT relies on whether the technology can address issues that
cannot be effectively resolved, in terms of both capability
and cost, by the current standard of care. It is estimated that
310,440 new GI cancer cases resulting in 157,700 deaths will
occur in the United States in 2017.32 The survival rate from GI
cancers can be improved by 5- to 10-fold if diagnosed at an early
stage.32 Current standard procedures to achieve early detection
depend on a three-step process: (1) identify a population at risk,
(2) perform an endoscopic evaluation to identify a premalignant
lesion, and (3) perform tissue retrieval (biopsy or resection) for
pathological confirmation. High-definition WLE with magnifi-
cation and narrow-band imaging can generally identify superfi-
cial lesions in the GI tract but small or flat lesions are often
subtle and may be missed due to limitations in resolution and
light penetration.33,34 In addition, subsurface malignant or pre-
malignant lesions may not be visible on WLE.

Fig. 1 Endoscopic probe designs and operating principle for OCT imaging: (a) side-viewing configuration
rotates the light with longitudinal pullback to generate a series of radial images for three-dimensional
reconstructions; (b) forward-viewing configuration scans the light in two-dimensions to achieve volumet-
ric OCT imaging.
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The amount of tissue to be sampled is determined by the
size and distribution of the premalignant condition. Barrett’s
esophagus (BE) is the established precursor to esophageal
adenocarcinoma. This lesion can extend over several centi-
meters of the human esophagus and is classified based on its
length and distribution. The risk of cancer in BE increases
with the degree of dysplasia,35,36 as the progression of BE to
adenocarcinoma is thought to be a stepwise progression from
specialized intestinal metaplasia (SIM), low-grade dysplasia
(LGD), and high-grade dysplasia (HGD) to intramucosal
carcinoma (IMC). Established surveillance protocols for BE
recommend targeted biopsies of areas with mucosal abnormal-
ities followed by random four quadrant biopsies at set
intervals.37 However, this approach is limited by sampling
error as less than 5% of the total surface area38 is evaluated.
In addition, while dysplasia can manifest with a heterogeneous
distribution within a BE segment, suggesting the samples may
not truly reflect the degree of dysplasia.39 Other possible pre-
malignant lesions, such as indeterminate strictures of the
biliary tree, are not as easily sampled.40 An advantage of endo-
scopic OCT is in providing widefield, subsurface, and near-
microscopic imaging to guide targeted tissue retrieval,
which may obviate the need to acquire nonsuspicious tissue
and improve diagnostic yield.

Endoscopic OCT can also be used as an imaging modality
for posttreatment surveillance. GI diseases that are confined to
the mucosa can usually be treated with tissue removal tech-
niques such as endoscopic mucosal resection (EMR)41,42 and
endoscopic submucosal dissection,43 or ablative therapies,
such as argon plasma coagulation,44 radiofrequency ablation
(RFA),45 and cryotherapy.46,47 The goal of these methods is
the same—to remove or destroy the abnormal tissue and
allow normal tissue to grow back. Currently, the standard prac-
tice for assessment of treatment efficacy is continuous endo-
scopic surveillance at set intervals.48 In BE, for example,
treated areas typically recover in the form of neosquamous epi-
thelium, which is endoscopically similar to normal squamous
epithelium. During treatment, Barrett’s glands may become
buried under neosquamous epithelium and may elude detection
by surveillance biopsies. Although the long-term clinical
significance of buried BE is still being studied,49,50 there are
case reports that show an increased risk of malignancy.51

Endoscopic OCT has several roles in posttreatment surveil-
lance. It can detect buried disease and guide further endoscopic
therapy. It can also serve to confirm complete eradication of
BE (negative predictive value) and extend follow-up intervals
or identify areas of residual disease requiring additional
therapy.

3 Endoscopic Optical Coherence
Tomography Utilization in the
Gastrointestinal Tract

Over the past decade, the majority of endoscopic OCT clinical
studies have been performed in the esophagus due to the avail-
ability of a commercial system, and comparatively fewer studies
have been performed in other areas of the GI tract, such as the
stomach, duodenum, bile duct, and colon. This section will
describe recent representative studies conducted using the
state-of-the-art endoscopic OCT systems for the esophagus as
examples of clinical use, followed by a highlight of studies con-
ducted in other areas of the GI tract.

3.1 Structural Features for Dysplasia Detection in
the Esophagus

As with any new imaging modality, early investigations using
OCT were focused on the structural features corresponding to
pathology and evaluating the subsurface and high-resolution im-
aging capabilities. Early studies in the 2000s demonstrated that
endoscopic OCT can be used to detect metaplasia in BE
patients.52,53 In a 55-patient study, Evans et al.54 described struc-
tural features including layered architecture, glands, and surface
maturation based on OCT image features and developed the cri-
teria to differentiate IMC and HGD from LGD, indeterminate-
grade dysplasia (IGD), and SIM with no dysplasia with 83%
sensitivity and 75% specificity. This study along with the
introduction of high-speed endoscopic balloon-based OCT
systems27 demonstrated the feasibility for clinical esophageal
applications and laid down the foundation for commercializa-
tion of GI-focused OCT systems. Commercialization enabled
broad access to this technology and thereby increased the num-
ber of users and patients in both a research and routine clinical
setting.

Following the probe-based OCT imaging systems by Imalux
Corporation and Lightlab Imaging for general and cardio-
vascular imaging applications, respectively, the first commercial
endoscopic OCT system developed specifically for GI applica-
tions was the NvisionVLE® Imaging System, developed by
NinePoint Medical™, Inc., now known as volumetric laser
endomicroscopy (VLE).51,55 The system uses a balloon-based
imaging probe and can provide real-time volumetric scans
from inside the esophagus covering 6 cm length with 7-μm
axial resolution and up to 3-mm imaging depth in tissue.
Since its launch in 2013, several multicenter and longitudinal
clinical studies have been conducted. In 2016 a 1000-patient
registry was completed with the participation of 18 major medi-
cal centers across the United States56 and is currently the largest
database of esophageal OCT scans along with data evaluating
the clinical impact of this technology. Figure 2 includes repre-
sentative cross-sectional OCT images acquired by NvisionVLE
systems with corresponding histology illustrating the structural
difference from normal to a variety of pathologies in the esopha-
gus. Leggett et al.57 established a diagnostic algorithm to detect
dysplasia based on the VLE data from 27 patients. This step-
wise method allows rating each OCT image based on mucosal
layer effacement, presence of atypical glands, and surface-to-
subsurface intensity ratio over a 1-cm longitudinal subset of
the volumetric dataset. The workflow is shown in Fig. 3 and
it is reported that the diagnostic algorithm can achieve 86% sen-
sitivity, 88% specificity, and 87% diagnostic accuracy to detect
BE dysplasia with almost perfect interobserver agreement
among three raters (kappa ¼ 0.86).57 A recent independent
study conducted by Swager et al.58 also reported similar VLE
features (lack of layering, higher surface signal, and presence
of irregular/dilated glands) significantly associated with BE neo-
plasia. Although these analyses were performed on ex vivo EMR
samples, the feature-based diagnostic algorithm can serve as a
general guideline to help in the interpretation of VLE images
and potentially can be adapted in vivo with real-time interpre-
tation performed on any regions of interest (ROI) covered by the
volumetric data.

According to criteria set by the American Society of
Gastrointestinal Endoscopy in the preservation and incorpora-
tion of valuable endoscopic innovations criteria for BE,59 any
diagnostic advanced imaging tool must be validated against
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Fig. 3 Flowchart of dysplasia diagnostic algorithm using VLE. The figure is reproduced from Ref. 57.

Fig. 2 Representative VLE circumferential (top), magnified (middle), and histological (bottom) images in
the esophagus: (a) normal esophagus shows well-defined layered structure; (b) dysplastic BE shows
loss of layering and irregular glands; (c) esophageal cancer shows loss of layering with septate cribriform
glands. ep, epithelium; lp, lamina propria; mm, muscularis mucosa; sm, submucosa; mp, muscularis
propria; ad, adventitia. Arrows indicate irregular glands. Scale bars in VLE images are in tissue.
Images provided by NinePoint Medical.
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the histological diagnosis from such imaged locations. In addi-
tion the performance of such a tool must meet a per-patient sen-
sitivity >90% and a negative predictive value (NPV) >98% for
detecting HGD or early esophageal adenocarcinoma (EAC), as
well as a sufficiently high specificity (80%) to allow a reduction
of the number of biopsies compared with random biopsies. Early
clinical publications that used OCT did not have the ability to
provide accurate coregistration among the OCT image, the
endoscopic image, and corresponding histology. It is challeng-
ing to obtain biopsies from the exact imaged locations because
these two activities do not typically happen concurrently
even with the use of multichannel endoscopes, especially
when the ROI identified from the images are small or not super-
ficial (e.g., a small group of subsurface atypical glands).60

Researchers have used in vivo50 or ex vivo58 methods to achieve
coregistration between OCT images and histology by creating
visual landmarks on surrounding tissue. Suter et al.61 demon-
strated an integrated OCT system with the addition of a
high-power laser that can create superficial cautery marks
around the ROI during real-time OCT imaging. This combined
imaging and marking method allowed for precise OCT to his-
tology registration without the need for additional endoscopic
tools, thereby allowing seamless integration into the existing
clinical workflow.

This laser marking technology was integrated into the second
generation of the commercial NvisionVLE system with Real-
time Targeting™ and was launched in 2016. The first-in-
human study using this system was conducted by Swager
et al.62 In this 16-patient study, the main goal was to evaluate
the visibility and locational accuracy of the laser marks made
by the system across different tissue types in the esophagus
including normal, nondysplastic Barrett’s esophagus, LGD,
HGD, and early EAC. Figure 4 shows an example of the
laser marking workflow, where the VLE balloon probe is
deployed at the gastroesophageal junction (GEJ), ROIs are iden-
tified and marked with the system, and reidentified under WLE.
Overall the visibility of laser marks under WLE was high, with
92% in gastric mucosa, 100% in BE mucosa, and 97% in squ-
amous mucosa.62 It is also reported that 100% of suspicious
regions identified in OCT images were successfully targeted
by the laser marks, which allowed biopsy or EMR at the targeted
regions. This study demonstrated the feasibility of laser mark-
ing-guided biopsy and subsequent tissue retrieval, which can
achieve accurate image and tissue coregistration for future
OCT clinical studies. More importantly for routine clinical
use, this new advancement shows the potential to improve

the diagnostic yield and address the major unmet need of current
endoscopic practice.

Esophageal squamous cell carcinoma (SCC) is another type
of esophageal cancer that has increasing prevalence in Asia.63

Hatta et al.64,65 conducted multiple clinical studies with over
a hundred patients enrolled and utilized OCT to assess the
tumor invasion in superficial SCC. In these studies, the
tumor staging criteria were established based on cross-sectional
OCT images, and the prospective study reported an overall accu-
racy of 90.1% with good interobserver agreement (κ ¼ 0.73)
and showed superiority to high-resolution ultrasound for staging
SCC.65 Trindade et al.66 also published a case report recently
that used the NvisionVLE system to stage SCC and conse-
quently guided the physician to select suitable endoscopic
therapy. These results highlight the potential of using high-res-
olution and subsurface imaging capabilities from OCT to guide
the assessment and management of esophageal cancer.

3.2 Endoscopic Therapy Guidance

In addition to guided biopsy and tissue retrieval, OCT can also
be used to guide endoscopic treatment and monitor the treatment
efficacy. Researchers at Massachusetts Institute of Technology
and VA Boston Healthcare System have conducted a compre-
hensive series of clinical studies that used endoscopic OCT
to evaluate the treatment of BE patients with RFA. It was dem-
onstrated that OCT can be used before the ablation to predict the
treatment efficacy based on the BE mucosal thickness,67 during
the ablation to monitor the depth of thermal injury,68,69 and after
the ablation to evaluate tissue recovery and detection of buried
glands in follow-up sessions.70 Although RFA is able to effec-
tively treat dysplasia associated with BE,45,71,72 a 33% BE recur-
rence was reported in a multicenter study after 2 years of
complete remission of intestinal metaplasia (CRIM) by RFA
treatment.73 There are different hypotheses regarding the
cause of BE recurrence, with the presence of buried glands
or subsquamous intestinal metaplasia being one of them.
Endoscopic OCT can potentially serve as a longitudinal mon-
itoring tool to study the tissue changes over time after treatment.
Recently, Swager et al.50 conducted a 17-patient study using
VLE and reported buried Barrett’s glands (Fig. 5) in 1 out of
17 patients who had received RFA treatment and achieved
CRIM. Significant potential exists for the use of OCT, as it
is the only currently available imaging modality for detecting
buried disease posttreatment.

Fig. 4 Integrated real-time laser marking functionality allows coregistration of endoscopic OCT images
and histology. The figure is reproduced from Ref. 62.
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3.3 Barrett’s Esophagus Screening Using Optical
Coherence Tomography

The prevalence of BE is estimated to be 5.6% of the general US
population74 with such individuals having a significantly higher
risk of developing esophageal adenocarcinoma.75,76 However,
the majority of people with BE are asymptomatic77 and early
detection in the form of a screening test is difficult. The intro-
duction of a tethered OCT capsule in 2013 created significant
excitement for endoscopic OCT in the esophagus.28 The capsule
(∼12 mm in diameter) allows direct deployment of the optics
through swallowing and enables high-resolution circumferential
OCT imaging of the esophagus. The fact that it does not require
sedation or anesthesia, unlike standard endoscopic procedures,
and can provide subsurface structural information makes this
technology a promising BE screening tool. This first version
performs 2-D cross-sectional imaging and requires longitudinal
manipulation from the proximal end to achieve volumetric im-
aging of the esophagus. To date, this OCT capsule has been used
in clinical studies in >100 patients78,79 with early results dem-
onstrating feasibility, high patient acceptability, and strong
potential for clinical impact. With the use of a micromotor
and pneumatic translation mechanism, Liang et al.80,81 devel-
oped a capsule probe design (Fig. 6) that enabled precise rotary
and longitudinal scanning and demonstrated high speed

(250 fps), high-quality volumetric imaging along with en
face visualization with minimized distortion caused by motion.

The tethered capsule OCT imaging technology in combina-
tion with the previously mentioned OCT diagnostic criteria
could be used to screen a targeted population and identify
patients at highest risk of cancer that would benefit from endo-
scopic therapy. To gain clinical acceptance, this technology
needs to be cost effective, easily operated, and capable of pro-
viding quick results.

3.4 Inflammatory Bowel Disease and Polyps
Screening Investigation in Colon

Outside of the esophagus, the colon is the most studied organ in
the GI tract using OCT. Colorectal cancer is the second leading
cause of cancer death in the US.32 Although early detection can
be achieved by performing conventional colonoscopy screening,
the full polypectomy procedure plus pathology lab process can
be time consuming and inefficient in cases with a large number
of identified polyps, especially with the majority being hyper-
plastic polyps. Thus, an imaging modality such as OCT that can
provide broad field, subsurface, and near-microscopic imaging
capabilities could be used to prescreen the polyps or suspicious
regions and help guide treatment.

Fig. 5 Endoscopic OCT allows subsurface imaging and is able to detect buried Barrett’s glands under-
neath normal looking esophagus: (a) in vivoOCT scan; (b) endoscopic picture with narrow-band imaging
showing no residual BE within the neosquamous epithelium; (c) WLE image of the site after endoscopic
resection; (d) buried Barrett’s glands on the in vivo OCT image; (e) buried Barrett’s glands on the ex vivo
OCT image; (f) corresponding histology. Arrowheads indicate buried Barrett’s glands and asterisk indi-
cates blood vessel. Originally published in Ref. 50.
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Several in vivo studies have been conducted to study the
structural difference between colorectal cancer and adenoma-
tous polyps,82,83 as well as to study the differentiation of inflam-
matory bowel diseases84,85 using cross-sectional OCT images.
Trindade et al.86 reported the first case of the NvisionVLE sys-
tem to evaluate a rectal polyp near the dentate line. Here OCT
showed normal submucosa underneath the polyp, which altered
the polyp management from full-thickness resection to EMR.
The volumetric OCT imaging in the colon also allows visuali-
zation of en face features for better differentiation of the
diseases.87 Recently, Liang et al.88 developed a forward-viewing
OCT probe using a piezoelectric actuator and demonstrated
high-resolution en face colon images that are analogous to mag-
nified endoscopic view without requiring contrast agent and
providing multidepth visualization. Figure 7 shows in vivo volu-
metric images from a hyperplastic polyp at an imaging speed of
2 volumes per second, which is an encouraging example of
in vivo polyp assessment using OCT.

3.5 Visualization of Pancreatico-Biliary Tract
Strictures

Bile duct strictures can be malignant (cholangiocarcinoma) or
benign such as those caused by primary sclerosing cholangitis
(PSC) and other conditions. Strictures can be challenging to
access and to diagnose accurately. Currently, the most common
way to differentiate a biliary stricture is to perform endoscopic
retrograde cholangiopancreatography (ERCP) with biopsy or
brush cytology.89,90 However, the diagnostic yield is low due
to the small tissue sampled and torturous anatomy of the bile

duct.91,92 Researchers have been evaluating endoscopic OCT
to help improve the diagnostic accuracy of biliary strictures.
With a low-profile OCT probe, such distant and tortuous anato-
mies can be imaged with high fidelity providing new insights on
disease diagnosis and progression. Several preliminary clinical
studies have shown that OCT can provide morphological infor-
mation for biliary strictures, which can be used to differentiate
malignant versus benign strictures with high accuracy.93–95

The availability of commercialized endoscopic OCT systems
has enabled the use of OCT imaging in the evaluation of inde-
terminate pancreatico-biliary strictures. Tyberg et al.96 con-
ducted a 9-patient study and demonstrated that strictures with
cholangiocarcinoma showed a hyperreflective surface with a
loss of inner wall layering while benign biliary strictures showed
clear delineated ductal wall layering. Joshi et al.97 also con-
ducted a 22-patient study that came to similar conclusions,
and performed quantification analysis on the thickness of
each layer to identify the key features to differentiate benign,
inflammatory, and malignant tissue types in the bile duct.
Figure 8 shows examples of in vivo OCT images in the biliary
duct including normal, PSC, and cholangiocarcinoma using the
NvisionVLE system with low-profile OCT probes. These stud-
ies show that OCT is feasible and has the potential to improve
the sensitivity of diagnosing indeterminate strictures.

3.6 Gastric Lesions Evaluation

While the majority of OCT studies focused on the esophagus,
there are few studies that describe the general structural differ-
ence between disease and normal tissue in the stomach. These

Fig. 6 Tethered capsule with en face imaging using pneumatic longitudinal translation: (a) schematic of
the device; (b, c) photographs of the device with motor carriage at beginning and ending of longitudinal
positions, respectively; (d) en face OCT image of swine rectum at 400-μm depth from the surface. Scale
bar: 1 mm. Originally published in Ref. 80.
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include incidental examples that were obtained within GI OCT
studies and single case report-based findings that specifically
focused on gastric lesions. Recently Xu et al.98 conducted a
5-patient case study using a commercial NvisionVLE system
to identify structural features associated with intestinal metapla-
sia, LGD, HGD, and submucosal tumor (Fig. 9). Different from
the well-defined layered architecture in the esophagus, the car-
dia has signature “pits and crypts” appearance under OCT cross-
sectional images, which potentially can be used as one of the
features to differentiate gastric lesions. Using ultrahigh-speed
endoscopic OCT with distal motor based scanning probe, Lee
et al.99,100 reported the en face OCT findings from patients
with gastric antral vascular ectasia (a cause of upper GI bleed-
ing) before and after RFA treatment, which highlighted the
potential for OCT to evaluate response to treatment.

3.7 Disease Research in the Small Intestine

Compared with the rest of the GI tract, the small intestine is the
most challenging anatomy for OCT, or any other endoscopic
modality, due to its lengthy and torturous anatomy, and thus
the least investigated organ of the GI tract. Most early studies
were conducted in the duodenum, the most proximal section of
the small intestine, focusing on the detection of celiac disease
and Crohn’s disease. Celiac disease is an autoimmune disease of
the small intestine induced by ingestion of gluten, which leads
to the damage of villi ultimately affecting the absorption of

nutrients. Since the current standard of care for celiac disease
is to confirm a diagnosis pathologically with duodenal biopsies,
it also suffers from sampling limitations and thus researchers
have been seeking alternative tools including OCT to achieve
a more accurate diagnosis. A series of OCT studies conducted
by Masci et al.101,102 showed that OCT can be used to effectively
differentiate celiac disease based on the OCT findings of villous
atrophy. Kamboj et al.103 reported the first case of the
NvisionVLE system to identify the structural features of a duo-
denal neuroendocrine tumor (NET), which revealed an asym-
metric submucosal mass with septated regions of high and
low signal intensity corresponding to a well-circumscribed
mass with multiple lobules separated by fibrous septa from
the matching histology. Figure 10 shows another example of
OCT applications at the other end of the small intestine, the ter-
minal ileum (TI).90 Recently, Lee et al.104 used an ultrahigh-
speed endoscopic OCT system to study the structural difference
of Crohn’s disease in the TI compared with a healthy control,
and showed the TI with Crohn’s ileitis exhibited irregular
mucosal patterns and enlarged villi internal structures, sug-
gesting OCT could also be a promising tool for disease diagno-
sis in the small intestine.

4 New Technologies and Future Applications
In addition to the GI clinical activities with the use of state-of-
the-art endoscopic OCT, there are several technologies that have
been developed and could be easily integrated with OCT to

Fig. 7 Forward-viewing probes allow in situ polyps assessment during colonoscopy: (a) endoscopic
image showing probe in contact with hyperplastic polyp; (b) cross-sectional OCT image from the
polyp; (c, d) en face OCT visualization of the polyp at 40- and 200-μm depth, respectively, showing
enlarged crypts. Scale bars: 100 μm. Originally published in Ref. 88.
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achieve better performance or provide additional functionality.
This section will discuss a few examples and the new opportu-
nities for GI applications with the use of these integrated/
advanced OCT technologies.

4.1 Endoscopic Optical Coherence Tomography
Angiography for Microvasculature Visualization

Vascular patterns on the surface of a lesion are another important
indicator in detecting dysplasia in the GI tract. Imaging technol-
ogies that can enhance the surface vascular contrast, such as

chromoendoscopy or NBI combined with magnification endos-
copy, have been demonstrated to provide high sensitivity for
detection of HGD.34,105 Phase or intensity variation-based
OCT techniques have been developed to image microvascula-
ture networks without the need for exogenous contrast
agents,106–112 but these techniques were challenging to imple-
ment in a probe-based OCT setting because dense sampling
and high frame-to-frame scanning stability is critical to resolve
the microvasculature with high sensitivity. The ultrahigh-speed
endoscopic OCT system with a distal scanning probe was able to

Fig. 8 Representative VLE (top) and histological (bottom) images in the biliary duct: (a) normal bile duct;
(b) PSC shows in-tact wall layering, “onion-skin” structure, and subsurface hyperreflective regions;
(c) cholangiocarcinoma shows hyperreflective surface, loss of ductal wall layering and image penetra-
tion, and thickened luminal debris and/or epithelial projections. Courtesy of Dr. Virendra Joshi at Ochsner
Clinic Foundation, Dr. Douglas Pleskow at Beth Israel DeaconessMedical Center, and Dr. Isaac Raijman
at Baylor College of Medicine.

Fig. 9 OCT findings in normal and diseased gastric tissue: (a) normal gastric tissue has a regular foveo-
lar appearance with characteristic “pits” and “crypts” presenting as superficial striations in the image;
(b) in focal intestinal metaplasia shows a disruption to the normal pits and crypts structure along
with increased surface reflectivity; (c) gastric adenoma presents as a loss of pit and crypt structure
with a proliferation of clustered, dilated atypical glands; (d) NET of the stomach presents as a loss
of pit and crypt structure with a distinct, low scattering submucosal structure, clearly delineated from
surrounding tissue. Original published in Ref. 98.
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overcome these challenges and Tsai et al.113 reported the first
human OCT angiography (OCTA) of the GI tract that revealed
clear differentiation of microvasculature between normal tissue
and BE (Fig. 11). The system was later used to conduct a series
of clinical studies, including a 52-patient study to investigate the
microvasculature features associated with dysplastic BE,114

opening up a new regime for endoscopic OCT-based research.

4.2 Optical Coherence Elastography for Quantifying
Tissue Mechanical Properties

High speed and high resolution allows OCT to visualize small
displacements of tissue due to external forces, and can be
used to quantify mechanical properties, such as strain and

elasticity.115,116 With disease progression, mechanical properties
of tissue can change due to different cell type composition.
Researchers have developed OCT-based methods to quantify
these changes, namely optical coherence elastography
(OCE).117 Most of the development efforts focused on the meth-
ods to induce tissue displacement effectively, and to develop sig-
nal processing algorithms to optimize sensitivity,118–120 OCE
was used to study human breast tumor,121 and assess breast
cancer margins122 with promising early results. Probe-based
OCE has been demonstrated in a forward-viewing configuration
mainly due to the need to introduce tissue displacement with the
probe contact.123,124 This requirement may limit the endoscopic
OCE applications to be point-based examination, but further
research and innovation are needed.

Fig. 10 Volumetric OCT of the terminal ileum: (a) en face OCT image at 50-μm depth shows typical villi
structure. The inset shows the endoscopic view of the terminal ileum with the OCT imaging catheter in
contact with the ileumwall; (b) en faceOCT image at 300-μmdepth shows numerous glandular structures
under the tissue surface; (c) cross-sectional image along the pullback direction; (d) cross-sectional image
along the rotary direction; (e) corresponding biopsy histology of the terminal ileum. Red arrow: ileum
glands. Blue arrows: Peyer’s patches. Originally published in Ref. 99.
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4.3 Polarization-Sensitive Optical Coherence
Tomography Provides Additional Tissue
Contrast

Polarization-sensitive OCT (PS-OCT) can measure the change
in polarization as light penetrates tissue with birefringence125,126

and has been broadly used in free-space bench-top applications
such as ophthalmology to study the birefringence properties of
biological tissues.127–130 To be used in fiber optics probe-based
OCT applications, researchers have developed several solutions
to correct the change of polarization state within the probes
by modulating the polarization modulation in the OCT
interferometer.131–133 Probe-based PS-OCT has been utilized
clinically in cardiology134 and pulmonology,135 and shown to
clearly reveal additional tissue contrast such as collagen fibers
and smooth muscle on top of the OCT structural images.
Although there currently are no publications demonstrating in
vivo PS-OCT data from the GI tract, the capability to highlight
muscular structures is a relevant addition to intensity-based
OCT images, as the distribution of muscularis mucosa is another
indicator to differentiate disease in the GI tract. Although mus-
cularis mucosa is typically a thin layer between the lamina prop-
ria and submucosa, it is sometimes challenging to delineate the
muscularis mucosa layer simply based on the intensity images,
so PS-OCT may provide more comprehensive information for
disease diagnosis.

Figure 12 shows in vivo endoscopic PS-OCT images from a
recent unpublished study in swine, using a modified
NvisionVLE imaging system. By modulating the polarization
states of consecutive sweeps from the SS and calculating the

Stokes vectors rotation adopted from the methods described
in Ref. 132, local retardation (LR, represents birefringence of
the tissue) and degree of polarization uniformity (DOPU, rep-
resents scattering from tissue structure) were measured in a live
swine esophagus. From the LR image, the layers consist of
muscle fiber, including muscularis mucosa and muscularis
propria, showing higher local retardation values corresponding
to higher birefringence. Connective tissue layers including
lamina propria and submucosa show relatively low LR values,
and the epithelium layer basically presents no LR. From the
DOPU image, epithelium, lamina propria, and submucosa
layers show high uniformity, whereas the muscle layers show
more depolarization nature. This result demonstrates that PS-
OCT offers birefringence contrast of the GI tract in an in
vivo endoscopic setting and may become important for tissue
differentiation.

4.4 Multimodality Systems for Functional Imaging

In addition to OCT-derivative technologies, the compact form
factor of fiber-optics based probe allows easy integration of
endoscopic OCT with other modalities and tools. Ultrasound
has the advantage of deeper imaging penetration in tissue
and is suitable for applications that require morphological infor-
mation on a larger scale, such as cancer staging.136 The integra-
tion of OCT and ultrasound can provide a full portfolio of tissue
structural information and has been demonstrated in cardio-
vascular applications in miniaturized probe-based settings,137,138

so it would be feasible to apply the technology for GI imaging.

Fig. 11 OCT angiography reveals microvasculature in normal and BE: (a) en face intensity image at the
imaging depth of 240 μm of the normal esophagus, corresponding to the lamina propria layer; (b) OCT
angiogram in the same layer significantly enhances the contrast of the microvasculature in lamina prop-
ria; (c) en face intensity image at the imaging depth of 220 μm of a nondysplastic BE, corresponding to
the lamina propria layer; (d) OCT angiogram in the same layers shows dense vascular structure along the
squamous–columnar junction, which may be an indication of BE progression. Originally published in
Ref. 113.

Journal of Biomedical Optics 121716-11 December 2017 • Vol. 22(12)

Tsai et al.: Optical coherence tomography in gastroenterology: a review and future outlook



Due to generally larger lumen size in the GI tract, the OCT/ultra-
sound probe will either operate directly in contact with the tissue
or in an index-matching condition to minimize the ultrasonic
signal saturation from the tissue/air interface. Similar to ultra-
sound, photoacoustic tomography (PAT) detects laser-induced
ultrasound waves from the tissue and is extremely sensitive
to optical absorbers such as hemoglobin and melanin, so
it is an ideal tool to see the blood vessels. Combined PAT
and OCT systems have been demonstrated in dermatological
applications139,140 and realized in probe format for endoscopic
applications.141,142 PAT can also be used to quantify hemo-
dynamic functions such as oxygen saturation and hemoglobin
concentration, which can serve as a potential biomarker for
disease differentiation.143,144

The use of fiber optics allows transmitting light with different
wavelengths simultaneously and thus fluorescence imaging is
another modality that can operate alongside OCT. Fluorescent
contrasts offer molecular information from the tissue comple-
mentary to OCT’s structural information and thus could
improve the specificity. Various research groups have
demonstrated the feasibility of combined fluorescence and
OCT imaging in probe-based settings in pulmonary nodule
detection,145,146 coronary artery disease assessment,147–149 vas-
culature detection in the esophagus,150 and fundamental biology
research.151

As endoscopic OCT is able to guide tissue sampling and
therapy, it makes sense to integrate with other endoscopic
tools such as tissue retrieval and ablation devices. Feasibility
demonstrations of probe-based OCT with aspiration needles
for pulmonary application have been shown,152–154 as well as

laser coagulation155 and RFA69 devices. Although there is more
work to be done for the GI application space, the integration of
OCT and endoscopic tools is envisioned to help simplify the
clinical workflow and greatly improve the diagnostic and treat-
ment efficacy.

5 Outlook of Endoscopic Optical Coherence
Tomography

Endoscopic OCT has grown significantly over the past decade
and there are many opportunities not yet fully explored in the GI
space. With its high resolution, wide-area, subsurface imaging
capabilities, endoscopic OCT has the potential to provide sol-
utions to significant unmet needs in the gastroenterology prac-
tice including targeted tissue sampling as well as integration
with therapy to increase diagnostic yield, guiding more effective
treatment and monitoring progression of disease post treatment.

As with all new technologies, a period of investigation to
evaluate the utility is followed by a period of consolidation
to implement standardized techniques and workflow within a
routine clinical setting. For endoscopic applications of OCT,
image interpretation poses the greatest level of effort in this
standardization process. As the technology is more widely
accessible, such as the case with esophageal OCT imaging,
studies investigating the relationship between image features
and the underlying pathology, development of clinically relevant
algorithms for diagnosis of specific conditions, and finally
standardized methods for training and dissemination are
ongoing.53,57,114,156,157

With the advancement of image processing and machine
learning techniques, the ability to perform real-time automated

Fig. 12 In vivo swine esophagus images using probe-based polarization sensitive OCT: (a) intensity
image shows well-defined layered structure in the normal swine esophagus; (b) corresponding histology
from the imaged location; (c) intensity mapped local retardation image highlights the layers containing
muscle fibers; (d) intensity mapped degree of polarization uniformity shows lower polarization uniformity
in muscle layers. The color scales from 0 to 1.5 deg ∕μm for local retardation image and 0.5 to 1 for
degree of polarization uniformity, respectively. ep, epithelium; lp, lamina propria; mm, muscularis
mucosa; sm, submucosa; mp, muscularis propria. Scale bar: 1 mm. Images provided by NinePoint
Medical.
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detection and diagnosis of suspicious regions within these large
volumetric OCT datasets is now within reach. Recently, multiple
groups have published such computer-aided algorithms for
detection of esophageal diseases using OCT158–162 and demon-
strated high diagnostic accuracy. Figure 13 shows an example
machine learning algorithm that can identify specific OCT
image features within the esophagus, including tissue surface
hyperreflectivity, layering, and hyporeflective structures. We
believe that further research and development in this field
will transform OCT into a routine clinical tool for real-time dis-
ease guidance and management.

In conclusion, endoscopic OCT is a unique technology that
provides high resolution, minimally invasive optical sectioning
in 3-D while being able to support broad imaging coverage.
Collaboration and innovation from both academia and industry
have contributed to the commercialization of this technology,
with continued effort we believe endoscopic OCT will further
advance the gastroenterology practice and improve patient qual-
ity of life.
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