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Abstract: In this paper, we review the current state of technology development and clinical 
applications of endoscopic optical coherence tomography (OCT). Key design and engineering 
considerations are discussed for most OCT endoscopes, including side-viewing and forward-
viewing probes, along with different scanning mechanisms (proximal-scanning versus distal-
scanning). Multi-modal endoscopes that integrate OCT with other imaging modalities are also 
discussed. The review of clinical applications of endoscopic OCT focuses heavily on 
diagnosis of diseases and guidance of interventions. Representative applications in several 
organ systems are presented, such as in the cardiovascular, digestive, respiratory, and 
reproductive systems. A brief outlook of the field of endoscopic OCT is also discussed. 
© 2017 Optical Society of America 
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1. Introduction 

Optical coherence tomography (OCT) is an imaging modality capable of obtaining images of 
tissue reflectance as a function of depth and transverse location on the sample. With a typical 
axial resolution of 10 µm and lateral resolution of 30 µm, these cross-sectional images 
provide unique information on microscopic architectural morphology. Another advantage of 
OCT is that it is a non-contact imaging modality. This characteristic has made it convenient to 
apply OCT in the eye, where it has become the gold standard for imaging retinal morphology 
and has further gained significant traction for anterior segment investigation. OCT has also 
been utilized to good effect for imaging the skin over large areas, providing similar 
information about the extent and depth of lesions [1–3]. 

These external clinical applications of OCT likely represent the “tip of the iceberg” as 
there is tremendous opportunity for disease diagnosis if this technology could be utilized 
inside the body. One irrefutable concept in medicine is that cancer could essentially be cured 
if it were detected and treated at an early stage before it has metastasized. The vast majority 
of these cancers arise from epithelial surfaces that line the internal organs of the 
gastrointestinal, pulmonary, ductal, gynecologic, and urothelial tracts, among others. Right 
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now, the gold standard for early diagnosis is video endoscopy/bronchoscopy/laparoscopy 
with biopsy of visually suspicious lesions. Since these lesions are far to often below the 
resolution of endoscopy and frequently reside underneath the epithelial surface, the gold 
standard often falls short as an early detection modality. Were OCT to be developed as 
endoscopic probes and used to obtain microscopic images entire luminal organs, then 
possibly these pre-malignant or early stage cancers could be detected when curative 
interventions could be deployed. This opportunity is not limited to luminal organs, as probes 
can be utilized during laparoscopy to achieve the same affect. 

Another important potential role of OCT is to obtain histomorphologic information for 
tissues that cannot be easily visualized or safely biopsied. A good example of this scenario is 
in the coronary arterial system where, prior to OCT, interventional guidance was based on 
silhouettes of the lumen via angiography or low resolution cross-sectional images provided by 
intravascular ultrasound (IVUS). OCT, with its capability to visualize microscopic 
architectural features, could change the precision with which clinicians intervene and could 
better determine which atherosclerotic plaques to treat. These same principles apply to other 
organs that cannot be easily or safely biopsied, such as the brain and pancreas. 

Recognizing the potential benefits of obtaining these images in internal organ systems, 
investigators have spent the past 20 years developing OCT probes that can be inserted into the 
body. The earliest such probe was based on a rotationally scanning paradigm similar to that 
used in IVUS [4]. The distal optics in these probes both focus the beam and redirect it 
perpendicularly to the probe's long axis. This device obtains circumferential cross-sectional 
images by spinning the sample arm's focusing optics within a transparent sheath. Commonly 
the optical fiber that delivers light to the distal optics is enclosed within a driveshaft or wound 
cable that uniformly conveys torque from the proximal to distal portions of the probe. These 
types of devices also require optical rotary junctions to couple light from a fixed optical fiber 
emanating from the OCT system to a rotating optical fiber within the probe. As FD-OCT 
techniques have become popular, owing to higher speed and sensitivity, the driveshafts in 
many probes are now also used for translating the probe along the axis in addition to rotating. 
This so-called helical scan paradigm is now commonplace for endoscopic OCT, enabling 
three-dimensional imaging of long swaths of internal luminal organs [4–7]. An additional 
more recent advance replaces the rotary junction-driveshaft paradigm with a micro-motor at 
the distal tip of the catheter [8–14]. Such techniques have the advantage that kinks in the 
probe do not affect the rotational scan; resultant images have less binding artifacts than 
driveshaft-based designs [15]. 

While the helical scanning technique is common and comprises the majority of clinical 
endoscopic OCT devices, some applications mandate scanning along different planes within 
tissue [16]. Linear scanning OCT probes of a similar design that do not require optical rotary 
junctions have been utilized to obtain single cross-sectional images within the body [17–19]. 
Some applications such as imaging the bladder, cervix, myocardium, stomach, etc. require 
forward scanning systems [20, 21]. Endoscopic techniques for forward imaging have been 
implemented using fiber scanning systems, MEMS scanning mirrors, Risley scanners, etc 
[22–26]. 

2. Development of OCT endoscopes 

Owing to strong optical attenuation (often dominated by scattering), OCT imaging depth in 
highly scattering tissues is limited to ~1-2.5 mm when a near infrared light source (800 – 
1300 nm) is used, making it perfect for evaluating superficial tissues but impossible for 
directly accessing internal organs from outside the body. An OCT endoscope (or catheter) 
becomes a critical component for enabling OCT imaging of internal organs. In this review 
paper, we will focus on flexible, fiber-optic OCT endoscopes. 

The basic function of an OCT endoscope is to deliver and focus an imaging beam on to a 
sample, scan the beam, collect the backreflected light from the sample, and transmit it back to 
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the OCT interferometer. Since the first report of a fiber-optic scanning OCT 
endoscope/catheter 20 years ago [4], many different types of OCT endoscopes have been 
developed and demonstrated. Figure 1 illustrates some designs, which in essence include a 
single-mode fiber for beam delivery (e.g., SMF28e when using a 1300 nm source), micro 
optics to focus (and deflect) the beam, and a beam scanning device. Based on the direction of 
the imaging beam with respect to the longitudinal axis of the probe, OCT endoscopes can be 
divided into side-viewing endoscopes (Fig. 1(A)) and forward-viewing endoscopes (Fig. 
1(B)). A side-viewing endoscope is more suited for surveying a large area of a luminal organ, 
while a forward-viewing endoscope is generally more suited for image guidance of biopsies, 
device placement, or treatments in which a sufficient space between the OCT probe and the 
sample surface is needed. The distal-end optics is often housed in a metal guard, and the 
entire fiber is encased in a torque coil that offers protection and flexibility. It can also transfer 
torque (for probe rotation) and allows for linear translation (for probe pullback) from the 
proximal end to the distal end. For practical use, the entire OCT endoscope is further encased 
in a transparent plastic sheath, which protects the probe from direct contact with body fluids 
and can be conveniently disinfected for human use. Based on the location of the beam 
scanning device, OCT endoscopes can be divided into proximal-end scanning probes (Fig. 
1(C)) and distal-end scanning probes (see Fig. 1(D)). Proximal-scanning probes are more 
economical to engineer and often are compact, while distal-scanning probes offer much 
higher beam scanning speeds and minimize bending/stress-induced refractive index variations 
in a rotating fiber, and thus minimize distortion of OCT signals. Some advantages and 
disadvantages of the proximal- and distal-scanning endoscopes are summarized in Table 1. 

Table 1. Summary of pros and cons of proximal- and distal-scanning endoscopes 

Scanning 
Type 

Min Probe Dia. 
and Rigid Length 

Max 
Speed 

Imaging Area 
Fiber Stress-

induced 
Distortion 

Expense 

Proximal-
scanning 

~0.5 mm (φ) 
~1.0 cm (L) 

~200 rps 
Large 

(with pullback) 
Moderate Low (disposable) 

Distal-
scanning 

~1.5 mm (φ) 
~2.0 cm (L) 

~4,000 rps 
Large 

(with pullback) 
Less 

High 
(with micromotor) 

2.1 Distal-end optics 

Distal-end optics design in an OCT endoscope aims to achieve a desired focused beam spot 
size (i.e., lateral resolution) at a given working distance (i.e., the distance between the last 
surface of the optics to the focal point). One key constraint in the design is size, including the 
diameter and rigid length of the optics. A small diameter permits easy integration of the 
endoscope with existing clinical instruments (e.g., by passing the OCT probe through the 2.8 
mm working channel of a gastroscope or a bronchoscope), while a short rigid length is 
required for the OCT probe to access small lumens through a potentially tortuous path (e.g., 
small airways) or pass through the Y-shape entry port of a clinical endoscope. A gradient 
index (GRIN) lens is often the preferred choice for the focusing element of an OCT 
endoscope owing to its compact size and cylindrical shape (which facilitates alignment and 
assembly of the distal-end optical components shown in Figs. 1(A)-1(D). 

A simple and practical distal-end optics design is shown in Fig. 1(A), which includes a 
glass rod and a GRIN lens. For a side-viewing endoscope, a beam reflector is used to deflect 
the beam. Given the size constraint (normally about 1 mm in diameter), the optics design has 
to fully utilize the limited numerical aperture (NA) of the micro optics. Therefore, a glass rod 
(also called rod spacer) is often used to first expand the beam from the single-mode fiber 
(SMF) before it enters the GRIN lens. In this design two parameters, the length of the glass 
rod and the length of the GRIN lens, can be tuned to achieve the desired lateral resolution and 
working distance. Zemax simulations can be performed to determine the proper values of 
these two parameters for a target resolution and working distance. In practice, the simple 
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ABCD matrix method for paraxial ray optics can be conveniently employed to generate quick 
estimates of the two control parameters and the trend of how the target parameters change 
versus the control ones. For a glass rod of a refractive index Rn and length Rz , and a GRIN 

lens of a refractive index profile ( ) ( )2 2
0 1 / 2Gn r n rα= −  and a length Gz  (where r is the 

distance from the optical axis of the GRIN lens, 0Gn  is the on-axis refractive index, and α  is 

the refractive index profile constant and related the pitch number #P of a GRIN lens by 

# / 2GP zα π= ), we have the following ABCD matrix for the distal-end optics: 

 
0

0

1 0 1 01
1 01 1cos( ) sin( )

0 000 1 0 1
 sin( ) cos( )

w RG G

R F

G
G G G R

A B d zz z
n n

nC D
z z n n

α α
α

α α α
=

−

                                     

(1) 

Here Fn  is the index of refraction of the SMF and wd  is the working distance. The matrices 

in Eq. (1) from the right to the left respectively represent (1) refraction at the SMF-glass rod 
interface, (2) propagation within the glass rod, (3) refraction at the glass rod – GRIN lens 
interface, (4) propagation within the GRIN lens, (5) refraction at the GRIN lens – air 
interface, and (6) propagation in air. The working distance wd  can be found from the image-

forming condition 0B = . The focused spot size will be given by 0x ADΔ = , where 0D  is the 

mode-field diameter of the SMF (and 0 9.2D ≈  μm for the commonly used SMF28e + ). The 

beam focus is generally set at about a few hundred microns outside the protective transparent 
plastic sheath, and thus the working distance is pre-determined. The optimal lateral resolution 
can then be found by tuning the length of the glass rod Rz  and the length of the GRIN lens 

Gz . 

 

Fig. 1. Schematics of (A) Side-viewing OCT endoscope; (B) Forward-viewing endoscope; (C) 
Proximal scanning with a fiber-optic rotary joint. 3D imaging is performed by pulling back the 
rotating endoscope; (D) Distal-scanning endoscope with a micromotor; (E) Monolithic all-
fiber-optic micro endoscope; (F) Pairs-angle-rotation-scanning forward-viewing endoscope. 
PZT: Lead zirconate titanate; SMF: single-mode fiber; CF: coreless fiber. 

                                                                       Vol. 8, No. 5 | 1 May 2017 | BIOMEDICAL OPTICS EXPRESS 2417 



When fabricating the endoscope, special care needs to be taken in order to minimize 
backreflection. A few embodiments can be implemented for the distal-end optics design. One 
is to have an 8-degree angle-cleaved end surface of the SMF and an 8-degree angle-polished 
entry surface of the glass rod (see Fig. 1(A)). These two surfaces remain parallel in the 
endoscope and can be joined together by UV curing optical cement. The separation between 
these two parallel surfaces can also be slightly adjusted to fine-tune the working distance and 
beam shape before UV curing. The glass rod can then by joined with the GRIN lens again by 
UV curing optical cement. The second embodiment is to have a non-45° tilting angle for the 
reflector in order to mitigate specular backreflection from the probe sheath or sample surface. 
In practice an approximately 47° (or 43°) tilt angle is sufficient which can deviate the 
specular reflection from the optical axis of the GRIN lens by 8 degrees. Another important 
parameter is the maximum beam diameter within the GRIN lens, which, as a rule of thumb, 
should be kept at less than 80% of the GRIN lens diameter in order to avoid beam clipping 
and transmission loss [27]. 

The above GRIN lens based OCT endoscope design offers great flexibility for controlling 
the focused beam spot size and working distance. However, it is difficult to fabricate small 
endoscopes by using a small GRIN lens (e.g., with a diameter of 250 μm or 350 μm). A novel 
monolithic all fiber-optic approach has been proposed and demonstrated for fabricating 
miniature OCT endoscopes [28–30]. Figure 1(E) illustrates the design schematic, in which an 
SMF is first thermally fused with a glass rod of the same or similar diameter (e.g., a 
multimode or coreless fiber). A ball lens can then be fabricated at the end of the glass rod 
through thermal arc melting (e.g., using a Fusion splicer), and the ball lens diameter (which 
determines its focusing power) can be fine-tuned through the arc parameters (such as the 
discharge temperature and duration). The focused beam spot size and the working distance 
are then determined by the glass rod length and the ball lens diameter. For side-viewing 
imaging, the ball lens can be polished at an angle (e.g., 47 degree or slightly larger to 
minimize specular backreflection). Total internal reflection at the polished surface can be 
utilized (e.g., with a 50-degree reflector angle) to deflect the beam for side-viewing imaging. 
An alternative (and more reliable) approach is to metallically coat the polished surface (e.g., 
150 nm thick silver followed by 150 nm thick protective SiO) to ensure excellent reflection 
efficiency even when the probe is in direct contact with saline or body fluid in certain 
applications. It should be mentioned the fabrication parameters (such as the arc discharge 
temperature and duration) needs to be identified in a trial-and-error fashion for achieving the 
desired ball lens diameter (and shape) for a given fusion. 

2.2 Scanning mechanisms 

Side-viewing probes: For a side-viewing OCT endoscope, a scanning device can be placed 
either at the proximal end or the distal end. Most OCT endoscopes use proximal-end 
scanning, in which a fiber-optic rotary joint is used to couple light from a stationary source 
fiber to the rotating endoscope (see Fig. 1(C)) [5, 6, 10, 16, 31–39]. A rotary joint essentially 
consists of a pair of air-coupled lenses. The first one collimates the light from the source fiber 
and the second one focuses the collimated beam into the endoscope SMF (Fig. 1(C)). The 
first lens is fixed in space while the second one is mounted within a ball bearing that can be 
rotated by a DC motor. A quality rotary joint is expected to have a high throughput (> 85% 
one way) over the spectral range of interest, a low backreflection (< −55 dB), and a low 
variation in coupling efficiency during 360-degree rotation (< 10% peak to peak). For 1300 
nm endoscopic OCT, a high-performance, compact fiber-optic rotary joint is commercially 
available (e.g., MJPP-LAPB-131-28-FA from Princetel Inc.), which can run at 150-200 rps 
(rotations per second), corresponding to an imaging speed of 150-200 circumferential 
frames/second. 

For a side-viewing probe, beam scanning can also be performed by a micromotor placed 
at the distal end, which has a micro-reflector mounted on its shaft to deflect and scan the 
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imaging beam (see Fig. 1(D)) [8–10, 40–42]. Distal-end scanning minimizes fiber 
bending/stress-induced changes in the refractive index as experienced in a proximal-scanning 
endoscope. As a result, distortion to OCT signals/images can be minimized. Two types of 
micromotors are commercially available, a DC micromotor (e.g., the ones from Namiki Inc. 
of a diameter as small as 0.9 mm and a rotation speed up to 200 rps) and an AC micromotor 
(e.g., the ones from Kinetron B.V. of a diameter as small as 1.0 mm and a rotation speed up to 
~4,000 rps). Clearly, a higher imaging speed can be more easily achieved with a micromotor-
based distal-scanning endoscope than a proximal-scanning endoscope. Recently intravascular 
“heartbeat” OCT imaging in vivo at a frame rate of 4,000 fps has been demonstrated with a 
distal-scanning probe along with a MHz FDML-based swept source [12]. One major 
challenge with a micromotor-based distal-scanning probe is its high cost (with a price tag of 
~US$1,000-$2,000 per micromotor). In addition, micromotors are generally fragile, 
particularly AC micromotors which are highly sensitive to magnetizable materials and 
external magnetic fields. Although in principle it is possible to engineer a distal-scanning 
endoscope with a diameter smaller than 1 mm, in practice this is challenging and can be 
costly. 

Owing to reduced stress-induced fluctuations in the refractive index within the fiber, 
distal-end scanning OCT endoscopes can offer a more stable interference signal than 
proximal-scanning probes, making them more suited for performing phase sensitive OCT 
imaging, including endoscopic angiography [14, 43, 44] and polarization-sensitive OCT [45, 
46]. An alternative for improving the stability of endoscopic OCT interference signal is to 
employ common-path endoscopes [47, 48], in which both the sample and reference arms 
experience the same optical pathlength distortion in the fiber, leading to no net effect. 

Forward-viewing probes: Forward-imaging endoscopes emit and collect light in the 
forward direction, i.e., along the longitudinal axis of the probe. Compared to a side-viewing 
probe, beam scanning represents a significant challenge in a flexible and compact forward-
viewing endoscope. MEMS-based beam scanners are a natural choice, offering a stable and 
controllable scanning pattern at a high speed (e.g., in a few kHz range) through electrostatic 
or electrothermal actuations [49–51]. The drive voltage, generally in the range around one 
hundred volts, was a safety concern for in vivo applications; but MEMS technologies have 
evolved and the required drive voltage has dramatically reduced down to a few tens of volts 
to even a few volts by using thermal actuation [52–54]. The imaging beam within the 
endoscope, however, generally has to go through a folded path, resulting in a large probe 
diameter in the range of 4-5.8 mm, which remains a challenge in MEMS-based scanning 
endoscopes [49, 50, 52]. 

Generally speaking, a forward-viewing probe with a built-in beam scanner is more 
complicated to engineer than a side-viewing probe. The first fiber-optic forward-viewing 
scanning OCT endoscope was reported in 1997 [55]. The scanner was an electro-magnetic 
actuator, in which an optic-fiber mounted on a coil could be oscillated within a quadrupole 
magnetic field generated by two small permanent magnets when the coil was supplied with an 
AC current [56]. Light from the sweeping fiber tip was focused onto the sample by a 
microlens. An overall probe diameter of 2.2-2.7 mm was achieved with a scanning speed of 1 
Hz up to a maximum of ~10 Hz. Another fiber-optic forward-viewing operating in the kHz 
range was based on a tubular PZT scanner (see Fig. 1(B)) [20, 57]. The high speed was 
achieved by inducing a resonant scanning mode of the fiber-optic cantilever when the PZT 
actuator was driven at the mechanical resonant frequency of the cantilever [58]. The resonant 
frequency is inversely proportional to the square of the cantilever length. As a rule of thumb, 
a 1-cm-long bare SMF28 fiber-optic cantilever corresponds to a resonant frequency of about 
1 kHz. A scanning speed in the range of a few tens of Hz to a few kHz can then be 
conveniently achieved by choosing a proper cantilever length or by slightly modifying the 
cantilever diameter or mechanical modulus [59]. In addition to 1D scanning, 2D scanning in a 
spiral or Lissajous pattern has also been demonstrated [59, 60]. The overall probe diameter, 
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governed by the diameter (1.2 – 1.5 mm) of the tubular PZT actuator, is about 2-2.4 mm, 
which is not very compact. Furthermore, the rigid length of the probe (about 3.5 cm including 
the imaging optics) is rather long. The rigid length can be further reduced to about 2.0 cm by 
using a shorter PZT tube, or by using a novel backward-mounting scheme [61]. Another 
novel beam scanning mechanism for a forward-viewing probe is the paired-angle-rotation 
scanner – PARS (see Fig. 1(F)) [62], in which a pair of angled-polished GRIN lenses are 
rotated in the opposite direction. A fan arc scan within a plane containing the optical axis (and 
thus a line scan projected on the tissue surface) can be achieved when the rotation of the 
GRIN lenses is of the same speed but in the opposite direction. Stable scanning requires that 
the two GRIN lenses retain excellent concentricity and stable separation during rotation, 
which can be challenging. 

It should be mentioned that a forward-viewing OCT endoscope based on a coherent 
imaging fiber bundle has been reported [63]. The concept of using a fiber bundle was very 
attractive, because the imaging beam could then be conveniently scanned at the proximal end 
of the bundle and then transmit to the sample. However, the OCT signal and thus image 
quality were generally severely degraded by the multimoding within each individual core and 
by cross-talk among the cores that are simultaneously illuminated by the OCT beam [64–66], 
making this approach difficult to use in practice. In some special cases, such as angle-
resolved low coherence interferometry (a/LCI) which is only concerned with the angular-
dependent backscattering signal intensity rather than OCT images, a fiber bundle based 
endoscope is an excellent choice [67, 68]. 

3D volumetric imaging: In principle, 3D volumetric OCT imaging can be performed by 
any endoscopes capable of 1D beam scanning. For example, with a side-viewing probe, 3D 
volumetric data can be conveniently acquired by pulling back the 1D rotating probe (see Fig. 
1(C)) along with the rotary joint with a linear stage [38, 69], in a similar fashion as in 
intravascular ultrasound imaging [70]. The separation between two adjacent circumferential 
(spiral) scans (i.e., the pitch along the rotation axis) can be easily controlled by the pullback 
speed. Similarly, 3D imaging can also be performed by an endoscope of a PZT-based 1D 
(line) along with pullback [71] or an endoscope of a PZT-based 2D scanner where pullback is 
not necessary [59]. 

 

Fig. 2. (A) Schematic of a double-lumen OCT balloon endoscope; (B) Schematic of an OCT 
endoscope with astigmatism correction by introducing a cylindrical reflector. (C) Photos of 
focused spots before and after astigmatism correction. (Figure C adapted from [27].) 
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2.3 Endoscopes for imaging large lumens 

Balloon endoscope: When imaging a large lumen such as a human esophagus, extra 
challenges must be addressed in the OCT probe design, which includes needing a large 
working distance (e.g., 10-12 mm) and keeping the probe at the center of the lumen. A 
balloon endoscope has been developed to fulfil these needs [14, 72–74]. The schematic of a 
balloon endoscope is shown in Fig. 2(A), in which a side-viewing endoscope is placed within 
the inner lumen of a double-lumen balloon. For esophagus imaging, the balloon will be 
passed through the working channel of a standard gastroscope and then be inflated to stabilize 
the lumen and keep the endoscope in the center of the lumen. Thus both the OCT endoscope 
and the balloon need to have a small size. 3D imaging is again performed by pulling back a 
rotating OCT endoscope within the inner lumen while the balloon itself remains stationary. 
The distal-end optic design can basically follow the same idea as described in the section of 
Distal-end optics. In order to focus the beam 10-12 mm away from the center of the probe, 
one method is to employ a very thin (a few hundred microns) GRIN lens of a low focusing 
power. Care must be taken to accurately control the GRIN lens thickness since the focal 
position and the best achievable lateral resolution are highly sensitive to this parameter. An 
alternative is to employ a compound microlens, with the first lens to reduce the beam spot 
size from an SMF (e.g., by a factor of 2) and the second one of a decent thickness (1-2 mm) 
to gradually re-focus the beam to a target distance [27, 73]. This second approach offers more 
control for tuning the overall beam profile to achieve the best lateral resolution at the target 
working distance though it takes one extra step. 

Another significant challenge in a balloon endoscope is the severe astigmatism. It is well 
known that a transparent plastic tube functions as a negative cylindrical lens, causing beam 
divergence along the azimuthal direction when passing through the tube wall from inside. The 
divergence is more pronounced for a working distance much larger than the radius of 
curvature of the tube surfaces. For a typical balloon catheter, an inner lumen of an about 1.5 
mm diameter would significantly distort the beam shape, resulting in an ellipse (as opposed to 
a circle) with an ~40:1 aspect ratio at the working distance [27]. That means the lateral 
resolution along the azimuthal direction degrades by about 40 fold and the resulted 
circumferential OCT image would be effectively an average over multiple A-scans. One 
solution to this severe issue is to replace the commonly used flat reflector with a cylindrical 
reflector (Fig. 2(B)), which will pre-focus the beam along the azimuthal direction and 
compensate the divergence caused by the inner lumen of the balloon [27]. As shown the 
Reference [27], a diffraction-limited resolution of about 21 μm with a nearly round focused 
beam spot can be readily achieved at 11-mm working distance (Fig. 2(C)). 
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Fig. 3. (A) Schematic and (B) photo of a tethered proximal-scanning OCT capsule endoscope. 
(Figures A and B adapted from Ref [75].) (C) Schematic and (D) photo of a tethered distal-
scanning OCT capsule. (Figures C and D adapted from [11].) 

Tethered capsule endoscope: Although OCT balloon endoscopes offer excellent images of 
the esophagus over a large area, the procedure, similar to other clinical endoscopic ones, 
requires subject sedation and a specialized setting. A novel tethered OCT capsule endoscope 
has been recently developed to overcome this application hurdle [75]. The tethered capsule 
can be swallowed by a conscious patient and imaging can be, in principle, performed in a 
clinic without the need for sedation or a special setting. Figures 3(A) and 3(B) show a 
schematic and photo of the first prototype, respectively. The capsule had dimensions of 12.8 
mm x 24.8 mm (diameter x length) with a side-viewing OCT endoscope placed in the middle 
of the capsule. Circumferential imaging at a speed of 20 frames/second with a resolution of 
30 μm x 7 μm (lateral x axial in tissue) was performed on human subjects by rotating the 
endoscope through a fiber-optic rotary joint at the proximal end. The capsule was attached 
with a tether. 3D imaging data was acquired when the capsule was swallowed down the 
esophagus with the help of natural peristaltic force, or when the capsule was mechanically 
pulled backward via the tether. The size of the capsule (particularly the diameter) was 
carefully chosen so that it was able to be swallowed while the majority of esophagus 
epithelium remained in contact with the capsule surface without much folding. More recently 
an innovative distal-scanning tethered capsule was reported [11]. Beam scanning was 
achieved by a DC micromotor of a 4 mm diameter (Namiki Inc.), which spun a 90-degree 
reflector along with a focusing lens within the capsule (see Figs. 3(C) and 3(D)). The capsule 
had overall dimensions of 12 mm x 38 mm (diameter x length). The high-speed micromotor, 
along with a high-speed tunable VCSEL swept source of a 1 MHz A-scan rate, enabled 
ultrahigh-speed imaging at 250 frames/second with an imaging resolution of 26 μm x 8.5 μm 
(lateral x axial in tissue). One novel feature of this capsule design was its built-in miniature 
pneumatic bellows that could translate the micromotor-based beam scanner (along the capsule 
axis) for 3D imaging with a well-controlled speed (and pitch), making it possible to perform 
high-precision en face imaging. 
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Fig. 4. (A) Schematic and (B) photo of an OCT imaging needle. (Figures A and B adapted 
from Ref [76].) (C) Schematic and (D) SEM micrograph of a monolithic ball lens-based OCT 
imaging needle. (Figures C and D adapted from [30]) 

2.4 Ultracompact OCT endoscopes and imaging needles 

In contrast to a balloon or capsule endoscope for large lumen imaging, another technology 
push is an endoscope of an extremely compact size in order to (1) minimize the potential 
impact of the probe on the lumens and/or (2) access smaller lumens (such as small airways) 
[77]. By encasing the compact distal-end optics in a sharpened hypodermic tube, the probe 
becomes an imaging needle. An OCT needle probe enables interstitial imaging of solid organs 
beyond the conventional OCT imaging depth. The probe can be potentially integrated within 
an excisional biopsy needle to provide a “first look” of the target tissue, and guide biopsy to 
be taken from the most representative tissues (e.g., the most malignant tissue of cancer) for 
improving diagnostic yield. Figures 4(A) and 4(B) show the schematic and photo of the first 
prototype OCT imaging needle reported in 2000 [76], respectively, which consisted of a 
GRIN lens and a 45-degree rod reflector (both of a 250 μm diameter). Interstitial side-viewing 
imaging was performed by rotating the needle at a given insertion depth [76]. The initial 
distal optics design for the needle probe was tricky to assemble. An innovative monolithic 
approach (as discussed before) is a much preferred approach (see Figs. 4(C) and 4(D)) for 
fabricating a miniature imaging needle [30, 78–81]. 

To avoid direct contact of the fragile distal-end optics with biological tissues, the imaging 
needle or ultrathin probe is often encased in a transparent glass tube. The small glass tube, 
similar to the balloon inner lumen discussed previously, introduces severe astigmatism. 
Several approaches have been proposed to mitigate this adverse effect [78, 82, 83]. One way 
is to fill the glass tube with index matching fluid and make a flat beam window on the outer 
surface of the tube by polishing to remove the cylindrical lens effect [78]. Another approach 
is to design a ball lens (by thermal melting) to have an ellipsoidal shape with a smaller radius 
of curvature (and thus stronger focusing) along the azimuthal direction, which will pre-
compensate the negative cylindrical lens effect [82]. 

2.5 Ultrahigh-resolution endoscopes 

Most endoscopic OCT imaging thus far has been performed in the 1300 nm wavelength 
range. With recently developed advanced light sources, an axial resolution around 10 μm in 
air was achieved [14, 38, 69]. OCT axial resolution is governed by the center wavelength 0λ  

and the spectral bandwidth Δλ  of the light source, i.e., 2
02 2 / ( Δz ln λ π λΔ = ). The quadratic 

dependence of the axial resolution on the center wavelength suggests axial resolution can be 
effectively improved by using a low coherence source of a shorter center wavelength. 
Ultrahigh resolution (1.5 μm axial) was demonstrated on a bench-top OCT system with an 
800 nm broadband light source (a short pulsed Ti:Sapphire laser of a 260 nm FWHM 
bandwidth). An additional benefit of imaging in the 800 nm wavelength range is the 
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improvement on imaging contrast owing to stronger light scattering (and weaker absorption) 
at 800 nm than at 1300 nm. Ultrahigh-resolution endoscopic OCT imaging has long been of 
interest to the field. Among the many technical challenges in developing 800 nm ultrahigh-
resolution OCT endoscopes, a significant one is managing the chromatic aberration in the 
micro optics so that all the wavelengths within the broad source spectrum can be equally 
focused along the imaging depth. Several prototypes of ultrahigh-resolution OCT endoscopes 
have been reported, including a side-viewing probe in which cross-sectional imaging was 
performed through pullback along the probe axis [84], and a forward-viewing probe where 
cross-sectional imaging was achieved by using a resonant fiber-optic PZT scanner [85]. In 
both cases, chromatic aberration was managed by customized multi-element miniature 
microlenses of a 2.0 mm diameter including the housing tube. The measured axial resolution 
was around 3.0 μm x 4.0 μm (axial x lateral in air) when a Ti:Sapphire laser of an ~150 
FWHM spectral bandwidth was used. Despite the excellent resolution and promising 
potential, translational applications and wide acceptance of ultrahigh-resolution OCT 
endoscopy in the 800 nm wavelength range faced a prohibitive cost issue, since each super-
achromatic microlens cost about US$10,000, and few vendors were willing to fabricate the 
micro compound lens (such as Bern Optics, Inc.). The cost is expected to be even higher if a 
super-achromatic microlens smaller than the reported ones (i.e., of 1 1.5-1.7 mm optics 
diameter) [84, 85] is needed for further reducing the overall 2-mm endoscope diameter. 

 

Fig. 5. (A) Schematic of a diffractive optics-based ultrahigh-resolution OCT endoscope. (B) 
Measured axial resolution afforded by the diffractive OCT endoscope. (C) Representative OCT 
image of a guinea pig esophagus in vivo acquired with the diffractive endoscope. (Figure A 
adapted from [7]; Figures B and C adapted from [86].) 

Recently a novel approach has been developed by using diffractive optics [7, 86] (see Fig. 
5(A)). The diffractive lens can be made small (1 mm or smaller) and is very cost effective. It 
can be conveniently used in conjunction with a GRIN lens and deviates each wavelength 
within the spectrum in the direction opposite to the direction caused by chromatic aberration. 
A super-achromatic endoscope with 1 mm diameter optics (1.3 mm overall diameter with the 
metal tube) and an excellent axial resolution of 2.7-3.0 μm (in air) and in vivo imaging quality 
were demonstrated (see Figs. 5(B) and 5(C)) [86]. Considering compact turn-key broadband 
light sources at 800 nm (e.g., the super-continuum source from NKT Photonics) are 
commercially available and their optimal operational conditions have also been reported (with 
resulted OCT imaging quality similar to that obtained with a short pulsed Ti:Sapphire laser) 
[86], ultrahigh-resolution OCT endoscopy is expected to translate to clinical practice in the 
near future. 

2.6 Multimodal endoscopes 

OCT imaging contrast is governed by tissue optical absorption and scattering properties (and 
in general dominated by scattering). It is naturally a label-free imaging technology. Arguably 
one limitation is the lack of molecular sensitivity, and another is the limited imaging depth. 
One solution is to combine OCT with other complementary spectroscopy or imaging 
technologies, including fluorescence or reflectance (for gaining molecular or chemical 
specificity) and ultrasound (for improving imaging depth). In the following we will briefly 
review the development of OCT-based multimodal endoscopy technologies. 
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Fig. 6. (A) Photo of a double-clad fiber (DCF) end surface. (B) Schematic of a representative 
OCT-Fluorescence dual-modal endoscopic system. (Figure B adapted from [87.]) 

OCT and fluorescence imaging: Fluorescence excitation light can be delivered to the 
sample through the single-mode core of a conventional OCT endoscope; however, the core 
diameter (e.g., 9.3 μm for SMF28e) is too small to effectively collect fluorescence emission. 
Thus fluorescence imaging cannot be performed using a conventional OCT endoscope. Many 
innovative solutions have been proposed and demonstrated. In the first OCT-fluorescence 
dual-modal endoscope, the OCT imaging probe and the diffuse fluorescence spectroscopy 
probe were physically put together at the distal end within a fused-silica tube of a 2 mm 
diameter [88]. Cross-sectional OCT imaging (lateral x depth) and 1D fluorescence 
spectroscopy (no depth info) were performed by translating the probe in a push-pull mode. To 
minimize the probe size, a single-fiber based dual-modal probe was later developed [89], in 
which OCT and fluorescence shared the same double-clad fiber (DCF, see Fig. 6(A)) and 
microlens for light delivery and focusing. The single-mode core of the DCF (with an ~10 μm 
mode-field diameter) was used to transmit OCT light (1300 nm), while the multi-mode inner-
cladding (of a 125 μm diameter) was used for transmit fluorescence excitation (488 nm) and 
emission (550 – 800 nm). The reported probe is a non-scanning probe and imaging was 
performed by physically moving the probe with a translation stage. Recently, a more 
advanced OCT-fluorescence endoscope was demonstrated, which had a side-viewing 
monolithic DCF-based probe (with distal-end optics similar to Fig. 1(E)) [90]. Real-time 
imaging (3D for OCT and 2D for fluorescence) at a speed of 25.4 frames/second was enabled 
by a custom built DCF rotary joint along with a pullback stage. In vivo intravascular OCT and 
fluorescence molecular imaging was performed on a rabbit model. The challenges with a 
DCF-based rotary joint include maintaining precision alignment during rotation and 
preventing the backscattered light at OCT wavelength in the probe’s inner cladding from 
being coupled back to the OCT interferometer (which would otherwise distort OCT images 
owing to the different optical pathlengths). To avoid using a DCF rotary joint, distal-end 
scanning OCT-Fluorescence endoscopes were proposed [87,91], and a representative system 
schematic is shown in Fig. 6(B). One unique feature of the systems is the introduction of a 
special fiber-optic combiner (DCFC), which can effectively separate OCT light (single-mode, 
transmitting through the DCF core in the endoscope) and fluorescence light (multimode, 
transmitting through the DCF inner cladding). Such confiners have now become 
commercially available (e.g., from Thorlabs Inc.). Similar concepts have been implemented in 
a dual-modal imaging needle [92, 93]. It is also notable that the same dual-modal 
endoscopes/needles can also be used for OCT-Reflectance imaging. It is well known that the 
sensing depth of diffuse reflectance depends on the source-detector separation (approximately 
1/2 of the source-detector separation) [94–96]. Thus, in order to gain rough depth sensitivity 
through the reflectance measurement, a double-probe approach can be used where OCT and 
reflectance share the same probe (and even the same broad band source) while reflectance 
collection is performed by a second probe [97]. In addition to single-photon fluorescence, 
two-photon fluorescence imaging at submicron resolution has also been integrated with OCT 

                                                                       Vol. 8, No. 5 | 1 May 2017 | BIOMEDICAL OPTICS EXPRESS 2425 



endoscopy, where a forward-viewing PZT-based DCF scanning endoscope was shared by 
both modalities [98]. 

 

Fig. 7. (A) Schematic of an OCT-ultrasound dual-modal endoscope with two modalities 
sharing the same working distance and capable of co-registration. (B) Representative OCT 
image of a rabbit aorta ex vivo overlaid on the corresponding ultrasound image acquired with 
the dual-modal endoscope. (Figures adapted from [99], with the full permission of AIP 
publishing.) 

OCT and ultrasound imaging: Recent years have seen increasing interest in integrating 
OCT with ultrasound in an endoscope setting, aiming to access tissues beyond the 1-2.5 mm 
OCT imaging depth. Early OCT-ultrasound dual-modal endoscopes adopted the same 
approach as the early OCT-fluorescence endoscope, in which a side-viewing OCT endoscope 
and an ultrasound endoscope were put side by side [100, 101]. With this approach, however, 
it is difficult to co-register OCT and ultrasound imaging beams (i.e., to share the same beam 
path or focus). A more elegant dual-modal endoscope design was later developed capable of 
co-registered OCT-Ultrasound imaging [99], in which a OCT probe of a 0.7 mm diameter 
passed through a 50 MHz ring ultrasound transducer (of a 2 mm diameter) via a 0.8 mm 
centric hole (see Fig. 7). Both OCT and ultrasound beams were deflected by a 45-degree 
mirror for side-viewing imaging, and a confocal length of 4 mm was achieved. The distal-end 
imaging optics and ultrasound transducer was encased in a brass tube with an outer diameter 
of 2.5 mm and a precut window for beam passage. Simultaneous circumferential OCT and 
ultrasound imaging were performed by rotating the entire probe with a fiber-optic rotary joint 
(for OCT) integrated with an electrical slip ring (for ultrasound) at the proximal end. For 
ultrasound imaging, the probe distal end was presumably submerged in saline. Excellent 
performance of the dual-modality endoscope was demonstrated on ex vivo imaging of rabbit 
aorta. It is anticipated that the probe diameter will be further reduced to facilitate in vivo 
applications. In addition to OCT-ultrasound dual-modality integration, prototypes of tri-
modal endoscopes (OCT, ultrasound and photoacoustic) have recently been demonstrated 
[102, 103], enabling simultaneous, multi-resolution, multi-contrast and multi-scale imaging of 
internal organs. 

 

Fig. 8. OCT images of human coronary plaques in vivo. (A) Artery wall with intimal 
hyperplasia. (B) Fibrous plaque showing a thickened intima. (C) Calcific plaque demonstrating 
a heterogeneous, signal poor region (orange arrows) with clearly demarcated borders. (D) OCT 
fibroatheroma, showing a signal poor region with poorly defined borders (yellow arrows), 
consistent with lipid, and overlying tissue, known as the fibrous cap (red arrows). Tick marks 
in (A), (B), and (D) – 250 µm. Tick marks in (C) – 500 µm. 
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3. Applications of endoscopic OCT in the clinic 

3.1 Cardiovascular system 

 

Fig. 9. Angiography of the left circumflex coronary artery (A) and 2-dimensional NIRAF map 
(B). (C) Cross-sectional OCT-NIRAF image and (D) magnified portion showing elevated 
NIRAF colocalized with stent struts overlying an OCT-delineated fibroatheroma. (E) Cross-
sectional image from the distal portion of the stent that is negative for NIRAF. (F) Three-
dimensional cutaway rendering with overlaid NIRAF signal. Scale bars on OCT images are 

equal to 1 mm; scale bar in (B) is equal to 5 mm. (*) Indicates a guidewire shadow.  

ps = pullback segment; L = lipid. (Figure and caption adapted from [111], with permission 
from Elsevier.) 

The diagnosis of intravascular disease is possibly the most advanced clinical application 
space for OCT other than ophthalmology. Multiple clinical OCT catheter devices are 
commercially available or under development for imaging coronary artery wall 
microstructure. Once the catheter is inserted into the artery, using a brief, 2-3 second saline or 
radiocontrast flush, blood is removed from the field, followed by a rapid helical scan of the 
OCT catheter’s optics over a length of about 5-10 cm. Intravascular OCT imaging provides 
three-dimensional data on the detailed microstructure of the coronary wall that can be used to 
guide interventional procedures and provides information about the diagnosis of 
atherosclerotic lesions. The main advantage of OCT for imaging coronary atherosclerosis is 
its high resolution that enables the differentiation of many macro and microscopic features, 
including lipid [104], calcium [104], cholesterol crystals [105], thrombus [106], and 
accumulations of macrophages [107, 108] that enable the discrimination of plaque type (Fig. 
8). The primary disadvantage of OCT for imaging coronary atherosclerosis is poor 
penetration depth when imaging through macrophages or lipid containing tissues, resulting in 
an inability to determine the volume extent of many lesions and challenges in image 
interpretation [109, 110]. 

To further improve OCT’s capability to differentiate types of atherosclerotic lesions, first 
in human results were published with a dual-modality catheter that can simultaneously collect 
OCT and near-infrared autofluorescence (NIRAF) from the same location in the tissue [111]. 
A special rotary-junction enabled volumetric imaging with both modalities showing focal 
distribution of NIRAF signal corresponding to plaques with a high-risk morphological 
phenotype. These early results suggest that combining microstructural OCT data with NIRAF 
molecular/chemical information can improve the detection of high-risk plaques (Fig. 9). 
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The current clinical application for intracoronary OCT is guidance of interventional 
procedures. While these procedures are generally safe and without complication, there is 
some estimated 5-10% of cases that result in adverse events such as in-stent restenosis, stent 
failure, or stent thrombosis [112, 113]. Many experts believe that improved visualization of 
the artery wall to guide stent placement will decrease the incidence of these adverse events. 
Ensuring that the stent completely covers the culprit lesion and the edge is not placed in the 
middle of a fibroatheroma should allow the artery to heal in an improved manner. Further, 
OCT can be used to determine if the stent is placed properly, avoiding malapposition (Fig. 
10A) and large stent edge dissections (Fig. 10B) that could place the patient at risk for target 
lesion revascularization. Evidence is mounting for the benefits of using OCT to guide 
intervention [114–117] and seminal clinical trials to prove efficacy and improved patient 
outcomes are underway. 

 

Fig. 10. Findings at stent implantation. (A) Under-expanded stent with malapposed struts.  
(B) Edge dissection flap (star) and stent struts (arrows) are observed. (Figure and caption 
adapted with permission of Springer from [118].) 

Another intravascular application of OCT is the guidance of peripheral artery atherectomy 
procedures. A commercially available device has been introduced that combines OCT with a 
cutting blade in a single catheter. This technology allows the interventionalist to visualize the 
artery wall in detail to ensure that the blade does not cut completely through uninvolved 
artery and only removes plaque. Studies investigating this promising application of OCT have 
shown that the time to conduct peripheral atherectomy procedures is decreased and the 
complication rate is lower with OCT guidance [119]. 

3.2 Gastrointestinal tract 

Esophagus: The most investigated application of OCT in the GI tract is the diagnosis of 
Barrett's Esophagus (BE), a premalignant transformation of normal squamous mucosa to 
glandular mucosa, caused by gastric reflux, near the distal portion of the esophagus (GEJ). 
This glandular mucosa can undergo neoplastic transformation to esophageal adenocarcinoma 
(EAC). EAC is usually detected at a late, symptomatic stage when the cancer has 
metastasized, resulting in a dismal 5-year survival rate of 15-20% [120]. Two problems exist 
in managing BE. First, most with BE do not know they have the condition, mandating some 
sort of screening paradigm. For those with BE, they must be followed (surveillance) to 
determine if they have developed dysplasia or early cancer so that they can be treated at an 
earlier, curative stage. The current standard of care, endoscopy with biopsy, is limited for 
both BE screening and surveillance because it is too expensive and cumbersome for screening 
and cannot readily identify dysplasia. Thus, those undergoing surveillance must be randomly 
biopsied, frequently missing the most severe disease foci. 
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Fig. 11. (A) OCT image of normal squamous epithelium (bar = 500µm) shows a 5-layered 
appearance (from top to bottom: epithelium, lamina propria, muscularis mucosa, submucosa, 
and muscularis propria). (B) OCT image of gastric mucosa with “pit and crypt” architecture. 
(C) OCT image of BE with an irregular mucosal surface and absence of a layered or pit and 
crypt architecture. (D) OCT image of BE with submucosal glands (circled). (Figure and 
caption adapted from [121], with permission from Elsevier.) 

The first investigations of OCT for BE utilized either linear driveshaft [17, 122] or fiber 
scanning probes [55] inserted into the accessory ports of endoscopes. Data acquired from 
these early studies showed that the architectural morphology seen by OCT enabled clear 
delineation of squamous mucosa from BE and stomach (gastric cardia) [121, 123, 124] (Fig. 
11). Further studies also showed that OCT was capable of diagnosing dysplasia by using 
architectural analogs of the modified Haggitt criteria [125] (Montgomery criteria [126]) 
related to surface maturation and glandular atypia, employed by pathologists [127, 128]. 
While these initial studies showed promise for the OCT diagnosis of BE, the probes were 
limited to imaging limited discrete locations in the esophagus and therefore were subject to 
sampling error. 

 

Fig. 12. Presumed Barrett’s esophagus. (A) Videoendoscopic image shows an irregular SCJ 
with a tongue of healthy mucosa (arrow). (B) An MIP rendering of the entire volumetric OFDI 
data set, obtained at the corresponding location in A. (C) Corresponding cross-sectional OFDI 
image demonstrates squamous mucosa (blue arrow) interspersed with regions that satisfy the 
OCT criteria for BE (red arrows). (D) Histopathologic image of the biopsy specimen taken 
from the SCJ with no signs of intestinal metaplasia (H&E, orig. mag. 2). (E) A longitudinal 
OFDI cross-section through the SCJ shows a 12-mm segment of mucosa that is consistent with 
BE. Scale bars and tick marks represent 1 mm. (Figure and caption adapted from [129], with 
permission from Elsevier.) 

The landscape for OCT esophageal imaging changed in the mid-2000's with the advent of 
SS-OCT [10, 37, 130] (also known as OFDI) and balloon centering esophageal catheters [38, 
129]. The speed of SS-OCT and the centering capabilities of the balloon enabled 
comprehensive helical imaging (now known as volumetric laser endomicroscopy - VLE 
[131]) of the entire distal esophagus (Fig. 12) in realistic procedure times. By imaging the 
entire portion of the organ at risk, sampling error could in principle be eliminated. 
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Fig. 13. Schematic of VLE-guided biopsy. (Figure and caption adapted from [132].) 

The capability to visualize the entire distal esophagus on the microscopic scale opened the 
possibility of implementing OCT-targeted biopsy as opposed to random biopsy. This 
technique was demonstrated using superficial laser cautery [133]. The cautery light, also 
transmitted through the centering balloon probe's optical fiber, was at a different wavelength 
that was strongly absorbed by water. A schematic of the targeted biopsy paradigm is shown in 
Fig. 13. Briefly, a VLE image of the distal esophagus was acquired. Either after the 3D scan 
or during image acquisition a region suggested of dysplasia was identified, with the balloon 
still in place, the operator instructed the system to place down laser cautery marks in the 
patient's esophagus at the location at which the suspect image was acquired. Following the 
marking of suspicious locations, the balloon was removed from the patient and the clinician 
then biopsied near the marks. The histology matched the OCT image selected in real time 
from the patient. VLE [131] and laser marking are now commercially available and are being 
tested in clinical trials. Another approach for comprehensive imaging of the esophagus has 
been the utilization of an ultra-high speed form of SS-OCT that employs a Fourier Domain 
Mode-locked Laser (FDML) [134] or VCSEL [135] light source. 

 

Fig. 14. A, Representative endoscopic image of the gastroesophageal junction immediately 
after radiofrequency ablation (RFA) treatment. B, Representative cross-sectional OCT image 
showing unburned Barrett’s esophagus epithelium missed by RFA. C, Representative cross-
sectional OCT image showing residual glands after RFA and D, corresponding histology 
confirming residual BE glands after RFA (H&E, orig. mag. x4). E, Representative cross-
sectional OCT image showing effective RFA treatment. (Figure and caption adapted from 
[136], with permission from Elsevier.) 

The unique capability of OCT to provide information about internal tissue structures has 
been employed to assess efficiency of radio-frequency ablation (RFA) of BE. Three-
dimensional endoscopic OCT non-balloon probes were used to investigate the presence of 
buried glands beneath neo-squamous epithelium after RFA [130, 136]. Following the first 
case report [130], results from 32 patients with short BE segment were presented, showing 
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that thinner epithelium and OCT-visible glands (Fig. 14) can be correlated with the presence 
of residual BE at follow-up after RFA treatment [136]. 

 

Fig. 15. (A) Endoscopic view of BE using narrow band imaging. (B) En face OCT image at 
220 mm depth (lamina propria layer). (C) Enlarged en face OCT image and the corresponding 
cross-sectional OCT image and (D) histology from the dashed red region in (B). En face OCT 
angiograms: (E) at 100 mm depth showing surface vasculature in the BE region, and (F) at 220 
mm depth showing high density of microvasculature along the squamocolumnar junction. Red 
arrows, BE glands; white bar, 1 mm. (Figure and caption adapted from [44], with permission 
from Elsevier.) 

The first endoscopic two-dimensional Doppler OCT images, obtained with a linear 
scanning side-viewing probe, showed different microcirculation patterns in normal and 
diseased tissues in the human digestive system [36]. Investigators have recently combined 
VCSEL-based OCT systems with endoscopic probes that incorporate scanning micro-motors 
to obtain detailed three-dimensional views of BE architecture and blood flow (Fig. 15) [10, 
44, 137]. This volumetric OCT opens new possibilities for obtaining additional features that 
may improve the diagnosis of BE. Blinded analysis of abnormal microvasculature in OCTA 
data obtained in 41 patients showed 94% sensitivity and 69% specificity for differentiating 
LGD/HGD from non–dysplastic BE [138]. 

 

Fig. 16. (a) Tethered capsule endomicroscopy (TCE) device. TCE images obtained from a 
healthy volunteer in vivo: (b, c) in the normal esophagus (squamous epithelium (E), muscularis 
mucosa (MM), lamina propria (L), submucosa (S) containing blood vessels (arrowheads), 
inner muscularis (IM), outer muscularis (OM) and myenteric plexus (MP)), and (d, e) in the 
stomach showing characteristic glandular ‘pits’ (arrowheads). (f, g) TCE image obtained from 
a patient with BE in vivo. The asterisks indicate a multiple reflection artifact. Tick marks, (b, d, 
f) 1 mm; scale bars, (c, e, g) 0.5 mm. (Figure and caption adapted from [75].) 

While these high speed, three-dimensional imaging forms of OCT have shown promise 
for improving surveillance of those with BE, there remains a problem of identifying the many 
patients with BE who are not diagnosed. This clinical dilemma motivated the development of 
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tethered swallowable capsules that can be used in unsedated patients to image the entire 
esophagus [11, 75, 139] (Fig. 16). Different OCT tethered capsule endomicroscopy (TCE) 
devices have now been used in nearly 100 patients, showing that the procedure only takes 
about 5 minutes and is preferable over endoscopy for nearly 90% of patients [75, 140]. These 
initial findings suggest that OCT-based TCE may become an important new clinical screening 
tool for BE. 

While EAC is the most common form of esophageal cancer in the US and Europe, 
squamous cell cancer (SCC) is more common in other areas of the world, notably China and 
Africa. The majority clinical studies have focused on the use of OCT for early (Tis/T1a/T1b) 
SCC staging [141–143], which is not adequately performed with standard of care endoscopic 
ultrasound (EUS) and is critical for patient management decisions. OCT criteria established 
for staging SCC showed good accuracy for differentiating cancer invasion in 
epithelium/lamina propria (94.9%), mascularis mucosa (85%) and submucosa (90.9%) [142]. 
In another study by the same group accuracy of OCT cancer staging was compared to that of 
high-frequency ultrasound [143]. The accuracy of OCT for distinguishing superficial SCC 
limited to epithelium/lamina propria was 95% and 85% for muscularis mucosa/submucosa 
invading lesions. The accuracy of high-frequency ultrasound was significantly lower with 
80% accuracy for superficial and 70% for more invasive lesions [143]. 

 

Fig. 17. Duodenal villi seen by OCT. Scar bar: 500 μm. 

Stomach and small intestine: While still in early stages of investigation, OCT has been 
used in several clinical studies to image the stomach and first portion of the intestine 
(duodenum). The large size of the stomach is a challenge for existing OCT probes designs. 
However, preliminary results show promise for OCT to be capable of differentiating normal 
stomach [6, 33, 144, 145] from cancerous tissue [55] that has typically higher homogeneity, 
epithelial backscattering, and vascularization [55]. Most investigations in the duodenum 
utilized a helically scanning probe through the accessory port of an upper endoscope [6, 145]. 
Findings showed that the intestinal villi can be clearly visualized by OCT (Fig. 17), as well as 
microvascularity of villi using Doppler OCT [36]. These results are important, as blunting of 
these villi can be an indicator of celiac disease, which today still frequently requires a tissue 
diagnosis prior to initiating a gluten-free diet. Since the disease can be patchy, biopsies often 
come back negative even after positive serology. OCT, with its capability to image entire 
luminal organs, can change this equation by comprehensively imaging large regions of the 
duodenum to assess villous blunting without the sampling error that is inherent in endoscopic 
biopsy [146]. Indeed, a recent study showed that OCT has a sensitivity and specificity of 82% 
and 100% [147], respectively, compared to histology, adding further evidence for its potential 
to improve our capacity to obtain a tissue diagnosis of celiac disease. 

Large intestine (colon), Another important potential application of OCT in the GI tract is 
the identification and diagnosis of colon polyps. Currently, endoscopically-identified polyps 
are taken out of the colon and examined by histopathology to determine if they are pre-
malignant (adenomas) or benign (hyperplastic polyps). While this scheme has served patients 
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well for the past 50 years, there are circumstances where this strategy falls short. In some 
patients who have many polyps, for example those with familial polyposis syndromes or with 
ulcerative colitis, it is impractical to take all polyps out of the patient. In addition, some 
lesions, most commonly sessile serrated adenomas, are not easily identified by endoscopy and 
are therefore often missed. For these reasons, there is a rationale to consider using an in vivo 
microscopy technology like OCT to attempt to identify and diagnose lesions in the colon. 

To date, there have been a few in vivo studies using OCT for differentiating benign form 
neoplastic polyps. Following a few preliminary reports using OCT to show the normal 
microscopic architecture of the human colon [5, 6, 148], three studies demonstrated a 
significant decrease in light scattering and a higher degree of disorganization in adenomas in 
patients with colorectal cancer in comparison to hyperplastic polyps (Fig. 18) and 
nonpolypoid normal tissue [21, 145, 149]. A larger number of patients have been enrolled to 
determine the potential of OCT for diagnosing and differentiating inflammatory bowel 
disease (IBD). The first IBD study was published in 2004, showing a sensitivity of 90% and 
specificity of 83.3% for distinguishing Crohn’s disease from ulcerative colitis using OCT-
based detection of transmural inflammation [150]. A subsequently published detailed analysis 
of OCT features of ulcerative colitis demonstrated similar results [151]. In all of these studies, 
OCT analyses were performed based on two-dimensional OCT images. Three-dimensional 
reconstruction of the ulcerative colitis section was presented by Adler et al. showing en face 
image that emphasized presence of large subsurface voids and ulcerations, and absence of 
regular crypt pattern [152]. 

 

Fig. 18. Endoscopic, OCT and the corresponding histologic images of hyperplastic polyp (a-c); 
adenomatous polyp (d–f). (Figure and caption adapted from [21].) 

Biliary/pancreatic tract: The main application for microscopic imaging of the bile duct is 
to identify the nature of bile duct strictures, which may be primary cancer 
(cholangiocarcinoma), metastatic cancer, primary sclerosing cholangitis, primary biliary 
cirrhosis, or other inflammation caused by the like of biliary stones. Current methods of 
investigation, including endoscopic retrograde cholangiopancreatography (ERCP) or biliary 
endoscopy with brush biopsy [153] are inadequate as often the pathology resides below the 
surface and cannot be seen by these techniques. 
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Fig. 19. (A) Radial OCT image of the common bile duct in a patient with a benign stricture 
following cholecystectomy. The probe is surrounded by the endoscopic retrograde 
cholangiopancreatography catheter (arrow). (B) OCT criteria - large, non-reflective areas 
contained in the intermediate layer - suggesting tumor vessels. Both axial section and 
longitudinal reconstruction are depicted. (Figure and caption adapted from [154], by 
permission from Macmillan Publishers Ltd.) 

Rotational and helical scanning OCT probes have been utilized in small studies in the bile 
duct system. Predominantly pilot clinical studies have been conducted with OCT [154–157]; 
this early data suggests that different types of strictures do indeed have distinct microscopic 
morphologic features (Fig. 19). With the recent introduction of commercial systems to image 
the bile duct, it is quite possible that OCT may become a valuable adjunct technology to 
ERCP for distinguishing the nature of indeterminate biliary strictures. 

 

Fig. 20. Representative OCT images (top row) and corresponding standard histologic section 
(H&E stain; original magnification, x20, bottom row) of: (A, B) normal healthy human 
bronchus showing a single-layer epithelium (e) on top of the basement membrane (bm) and 
upper submucosa; (C, D) an area with metaplasia; (E, F) an area with moderate dysplasia; and 
(G, H) an area with carcinoma in situ. Each calibration mark in the OCT image is equal to 
1mm. (Figure and caption adapted from [158], with permission from AACR.) 

3.3 Pulmonary tract 

Lung cancer: Lung cancer is the most common cause of cancer-related death [159]. New 
methods capable or diagnosing of lung cancer early and correctly characterizing the specific 
type of cancer are necessary to improve screening and to optimize treatment planning. Many 
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studies have centered on the use of OCT in lung cancer both as an in vivo diagnostic tool and 
to guide biopsy acquisition in order to increase diagnostic yield [158, 160, 161]. One of the 
first clinical studies in 2005 utilized helically scanning OCT catheter introduced into the 
bronchial lumen of cancer patients under anesthesia via working channel of a bronchoscope 
[160]. OCT results showed that neoplasia could be characterized by unevenly distributed, 
high back scattering regions and loss of the homogenous appearance of normal mucosal and 
submucosal layer [160]. Following this early feasibility study, pre-neoplastic changes found 
by autofluorescence bronchoscopy in the bronchial epithelium of 138 heavy smokers 
participating in a chemoprevention trial and 10 patients with lung cancer were imaged using 
OCT (Fig. 20). The results showed that OCT was capable of differentiating dysplasia and 
carcinoma in situ from normal tissue, hyperplasia, or metaplasia based on a progressive 
increase in the epithelial thickness and surface maturation, however, it was not possible to 
differentiate between high-grade dysplasia and carcinoma in situ [158]. 

 

Fig. 21. Endobronchial OCT, histology and CT measurement matching. (A) OCT 
measurement vision; (B) Histology measurement vision; (C) CT measurement vision. (Figure 
and caption adapted from [162], with permission from Elsevier.) 

Airway remodeling: Airway remodeling is a crucial feature for the early detection and 
prognostic assessment of diseases such as chronic obstructive pulmonary disease (COPD) and 
asthma. OCT changes in airway architecture in patients with more advanced COPD can be 
detected before functional abnormalities [163]. Comparison of OCT measurements of airway 
dimensions, like lumen and wall area in patients with obstructive airway disease showed a 
strong correlation to results from computed tomography, which is currently used for 
assessment of airway remodeling in addition to pathological analysis of surgical specimens 
[164]. A strong correlation in lumen and wall thickness diameters between OCT and CT 
images in COPD patients and patients with pulmonary nodules was also found in peripheral 
airways [162] (Fig. 21). In another study, the reproducibility of OCT measurements was 
evaluated by inserting and then reinserting the OCT probe in the airways of current or former 
smokers [165]. Inter-observer variability of 12% was obtained for wall thickness 
measurements and 9% for intra-observer analysis [165]. OCT was also used to investigate 
tissue remodeling prior to and 2 years after bronchial thermoplasty in 2 asthma patients, 
where reduction in airway thickness was compared for treated and untreated patients [166]. 
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Fig. 22. OCT-AFI image presentation: (a) coordinate system defined with respect to the 
catheter tip, (b) OCT-AFI frames along the pullback presented in polar coordinates, en face 
AFI z-θ image, and (d) an OCT-AFI frame presented in Cartesian coordinates. Scale-bars are 
1mm. (Figure and caption adapted from [167].) 

Microvasculature, autofluorescence and birefringence: To further increase clinical utility 
of OCT in pulmonary medicine, multi-modal endobronchial OCT imaging techniques to 
enhance contrast and improve visualization of microstructure/function were introduced [167, 
168]. For example, visualization of the 3D vascular network in the lung has the potential to 
improve detection and monitoring of diseases like asthma, chronic obstructive pulmonary 
disease and cancer. The results from a novel intraframe data processing method to extract 
Doppler information enabled visualization of small (~80 μm) and large (~1mm) vessels in 
patients, with better frame-to-frame stability and relative insensitivity to subject and/or probe 
motion [169]. To provide additional insight into the complex vasculature and tissue 
microstructural remodeling associated with pulmonary pathology, including lung cancer, a 
multi-modal Doppler OCT and autofluorescence bronchoscopy imaging system was 
developed by Pahlevaninezhad et al. [167, 170] (Fig. 22). The multi-modal system provided 
rapid identification of pulmonary nodules while also highlighting major vessels for biopsy 
guidance [167], and visualizing vessels as small as 12 μm [170]. 

 

Fig. 23. Morphological comparison between asthmatic and healthy control human subjects in 
vivo with OR-OCT. Circularized volumetric image from a 2.7-cm endoscopic pullback of a 
(A) healthy control and an (B) allergic asthmatic subject acquired from similar regions in the 
right upper lobe. (C and D) Unwrapped and two-dimensional representations of the airway 
segments depicted in (A) and (B). Dashed lines and brackets, 6 mm. (Figure and caption 
adapted from [168]. Reprinted with permission from AAAS.) 
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Another example of a contrast-enhancing technique is orientation resolved OCT (OR-
OCT) that is based on polarization sensitive OCT [168]. This technology, utilizes the optical 
axis of tissue birefringence to highlight ordered structures within the tissue such as airway 
smooth muscle. Such contrast can be an important biomarker in the assessment of asthma 
(Fig. 23) [168] and in other obstructive lung diseases such as COPD [168]. 

 

Fig. 24. Pathologic findings on optical coherence tomography imaging of the bladder: (a) 
dysplasia; (b) carcinoma in situ; (c) papillary Ta lesion; (d) T1 lesion; (e) muscle-invasive 
urothelial cell carcinoma. (Figure and caption adapted from [171], with permission from 
Elsevier.) 

3.4 Urinary tract 

Bladder: OCT has a potential role in following lesions in the bladder that are suspicious for 
bladder cancer. For in vivo imaging of the urinary tract, front-viewing OCT catheters are 
introduced via working channel of the cytoscope. With early systems, it has been shown that 
OCT has 100% sensitivity and 89% specificity for diagnosing transitional cell carcinoma 
based on differentiating its OCT appearance from inflammation and dysplasia [172]. 
Introduction of MEMS-based micro scanning mechanisms enabled further improvement of 
OCT probes, resulting in 4.5mm long scans at 8fps allowing for combining cross-sectional 
information with information about mucosal blood flow [173]. Using commercially available 
laparoscopic system, OCT was shown to be capable of staging tumors, including identifying 
muscle-invasive bladder tumors [174], reducing false-positive findings of fluorescence 
cystoscopy (Fig. 24) [171]. Combination of fluorescence cystoscopy with cross-polarization 
OCT, which provides quantitative information about microsctructural changes in collagen, 
demonstrated an accuracy, sensitivity and specificity above 90% for detecting flat suspicious 
lesions [175]. The cross-polarization OCT system was also used to detect tissue fibrosis 
caused by chronic inflammation or post-radiation reaction [176]. 
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Fig. 25. (A) and (B) cross-sectional OCT images of proximal ureter show interruption (white 
asterisk) of thin dark line (white pound sign), suggesting invasive tumor. Corresponding 
histology revealed T3G3 urothelial carcinoma (black arrow). (C) 3D pullback of OCT built 
from 520 individual cross-sectional images over 5.2 cm length. (Figure and caption adapted 
from [177], with permission from Elsevier.) 

Ureters: The luminal nature of ureters allows for volumetric OCT imaging with 
cardiovascular catheters. In a pilot clinical study, Bus et al. investigated the use of endoscopic 
OCT in patients with suspicion or undergoing follow up of urothelial carcinoma [177]. 
Cardiovascular catheters were introduced into the upper urinary tract using ureterorenoscope 
and healthy and cancerous tissues were imaged (Fig. 25). In a larger study, the sensitivity and 
specificity of OCT for staging urethral tumors was 86.7% and 78.6% respectively and for 
grading, 91.7% and 78.6%, respectively [178]. 

Prostate: The management of prostate cancer, which is the second most common cause of 
cancer-related death in men in the US, may be enhanced by the utilization of OCT. Prostate 
cancer treatment requires radical prostectomy during which it is crucial to preserve small 
vessels and nerves to avoid incontinence and sexual dysfunction complications. In one study, 
a reusable 2.7 mm front-viewing probe was inserted through laparoscopic port during prostate 
resection to differentiate neurovascular bundles from nerve tissue, prostate capsule, fat, and 
lymphatics. These early results showed the potential of laparoscopic OCT to be a useful tool 
during nerve-sparing surgical procedures [179]. 

 

Fig. 26. OCT tomograms of the cervix after electrosurgery: (A) two weeks later (zone of 
necrosis - right); (B) six weeks after (normal epithelium seen as an even stripe). Scale bars, 
500 µm. (Figure and caption adapted from [180].) 
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3.5 Gynecologic tract 

Cervix and uterus: Cervical cancer is the fourth most common cause of cancer related death 
in women [159]. Cervical cytology with a Pap smear test is a current standard of care for 
cervical cancer screening. If cancer is diagnosed at an early stage, a minimally invasive 
treatment aimed at organ and function preservation is possible. In such cases, it is important 
to correctly delineate the margins of the disease. Preliminary results, obtained with a front 
viewing line scan endoscopic OCT probe, demonstrated that OCT was capable of 
differentiating cervical cancer at various stages [55, 180]. OCT has been also used to monitor 
the effectiveness of early stage cancer treatment with electroexcision and laser vaporization. 
OCT imaging was performed immediately after the procedure, as well as up to few weeks 
after to monitor changes of the zone of necrosis (Fig. 26) [180]. Changes in architecture of the 
squamous epithelium of cervix were also investigated as a function of hormonal changes 
caused by age or pregnancy [180]. The same OCT probe design was also used during 
standard hysteroscopy to image the uterine cavity in patients with tumor-like processes in 
endo- and myometrium [55]. Preliminary results showed that endometrial microarchitecture 
(e.g. thickness, endometrial glands) changed in concert with age and menstrual cycle [55]. 
OCT was also capable of providing differential diagnosis between submucosal myoma and 
glandular fibrous polyps [55]. 

 

Fig. 27. (A) OCT image of papillary serous cystadenoma (4x1.4 mm) and (B) corresponding 
histopathology. (C) OCT image of endometrioid adenocarcinoma (4x1.4 mm) and (D) 
corresponding histopathology. OCT and histopathology images are to scale. Scale bar, 500 μm. 
C: cyst, Arrows: blood vessels, S: stroma, circled region: malignant glands, asterisk: imaging 
system artifact. (Figure and caption adapted from [181], with permission from Elsevier.) 

Ovaries and fallopian tubes: Ovaries can potentially be accessed from the uterus via the 
very thin fallopian tubes. Even though small OCT catheters, such as those used for 
cardiovascular imaging, could be compatible with the diameter of fallopian tubes, navigating 
the catheter through tortuous segments of the tubes is challenging. Thus, most OCT studies of 
the ovaries have been performed through minimally invasive laparoscopic procedures with 
specially designed rigid laparoscopic OCT probes. Laparoscopy is a common treatment 
procedure in patients with ovarian cancer. Due to the lack of specific symptoms, ovarian 
cancer is commonly diagnosed at advanced stage, often after it has metastasized. It is 
paramount to correctly differentiate tumor from normal tissue to resect the entire tumor. The 
laparoscopic OCT probe was used in peri- or post-menopausal women undergoing 
laparoscopic oophorectomies [181]. OCT results obtained in vivo were correlated with 
histology of excised specimens, demonstrating that OCT is capable of differentiating normal 
ovarian tissue from endometriosis, cystadenoma, and adenocarcionoma [181] (Fig. 27). 

Assessment of proper functioning of fallopian tubes is crucial to understand causes of 
female infertility. Morphological changes often caused by inflammation can impair proper 

                                                                       Vol. 8, No. 5 | 1 May 2017 | BIOMEDICAL OPTICS EXPRESS 2439 



functioning of this part of the reproductive system. If no significant imperfections of fallopian 
tubes are observed during transvaginal ultrasound examination, CT scan, MRI or 
hysterosalpingogram, laparoscopic examination is often performed to diagnose pelvic 
inflammatory disease (PID). Laparoscopic examination has only 27% sensitivity and 92% 
specificity [182] for diagnosing inflammatory disease - an additional tool to improve 
sensitivity is necessary for optimal management of patients. In one study with a laparoscopic 
OCT probe, patients with and without PID were imaged. OCT criteria developed based on 
analysis of OCT-histology correlated images were validated, showing 90% sensitivity and 
81% specificity for the diagnosis of inflammatory changes in fallopian tubes [183]. 

 

Fig. 28. Wide field image (a), 3D PS-OCT image of polyp (b, intensity: left, PS: right), and 
cross-sectional images (c-e). (Figure and caption adapted from [23].) 

3.6 Otolaryngology 

Larynx: The main application of OCT in the field of otolaryngology is focused on imaging 
microstructures of various laryngeal pathologies, which can be of use for monitoring disease 
progression as well as for guiding biopsies and treatment [184]. Imaging could be performed 
during surgical endoscopy by directing the probe to the larynx through a laryngoscope [35, 
185]. Such a forward scanning probe was used to establish a quantitative comparison between 
in vivo OCT measurements of epithelial thickness and light microscopy measurements on 
excised specimens [186]. To address a need for early cancer detection, a rigid OCT probe was 
developed that could be attached to the laryngoscope for office-based examination of patients 
without need of anesthesia [187]. The main challenge for the device was a limited field of 
view and short working distance of the OCT probe in comparison to the laryngoscope that 
caused difficulties in correct placement of the device. The next generation office-based device 
with much higher frame rates (40 fps) was also used for OCT examination of vibration 
frequency and magnitude of vocal cords [188]. In another approach, a flexible OCT probe 
was introduced through the nose to the larynx under endoscopic visualization in awake 
patients. To further improve results, a flexible OCT probe capable of polarization sensitive 
imaging sensitive to collagen distribution showed promise for assessing various epithelial 
changes, like keratosis, dysplasia, papillomas and cancer [189] and scar tissues [190]. In a 
later study with a next generation flexible probe that had MEMS scanner, enclosed in 2.7mm 
in diameter and 12mm in length rigid tip, large three-dimensional PS-OCT data sets were 
obtained, enabling the investigation of the spatial distribution of lesions [23] (Fig. 28). In 
recent study by Garcia et. al, a method based on analysis of attenuation coefficients in OCT 
data obtained in pediatric population was introduced to provide quantitative measure of vocal 
folds changes as a function of age [191]. 
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Fig. 29. In vivo OCT images of human upper airway covering hypopharynx (a), oropharynx (b) 
and (c), and nasopharynx (d). 3-D rendering profile view (e) and front-on view (f) from in vivo 
data. Epiglottis (E), base of tongue (BT), soft palate (SP), adenoidal tissue (AT), right nasal 
cavity (NC) are labeled. (Figure and caption adapted from [192].) 

Global anatomy of the airway: In addition to morphological information about wall 
architecture, OCT can also provide information about the shape and size of the airway that 
can be used for better understanding the pathophysiology behind conditions like obstructive 
sleep apnea (OSA). In order to use OCT for imaging the global anatomy of the upper airways, 
its imaging range (commonly limited to less than 5mm) had to be significantly extend [193]. 
The longer imaging range of such endoscopic OCT systems, often called anatomic OCT 
(aOCT), came at the cost of a lower transverse resolution due to the need to extend the 
catheters’ working distance and depth of focus. This technology was used in an overnight 
study, showing changes in upper airway caliber before, during, and after airway collapse in a 
patient with OSA [194]. Another anatomic SS-OCT system, capable of high-speed imaging 
(25 frames per second), was used to create three-dimensional reconstructions (Fig. 29) of 
airways with diameters up to 30 mm in unsedated patients [192]. The same system was also 
used to detect of injuries introduced by smoke inhalation [195]. The capacity of long-range 
OCT for simultaneous imaging of microanatomy and volumetric global anatomy 
reconstruction was also explored in evaluation of subglottic tissue in intubated neonatal 
airways (46 cases) [196]. 
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Fig. 30. Chronic middle-ear infection with a thick, highly scattering biofilm. (A) Video 
otoscopy image showing a less-translucent tympanic membrane (TM). (B) Typical OCT depth 
scan showing evidence of a thick (∼200 μm average thickness) biofilm behind the TM. (C) 
Cross-sectional OCT image showing the lateral spatial extent of biofilm. (D) Classification 
results of the OCT scans demonstrating that 87% of acquired OCT scans were classified as 
abnormal. (Scale bar in C: 100 μm.) (Figure and caption adapted from [197].) 

Ear: Another prominent application of OCT in otolaryngology is imaging of the human 
ear, especially focused on diagnosing chronic otitis media. This middle ear infection is 
common in the pediatric population and is often linked to the presence of a biofilm just 
behind the tympanic membrane. After the first clinical study showing tympanic membrane 
images in normal subjects and patients with various hearing problems [198], a number of 
studies focused on detection of biofilms [197, 199] (Fig. 30) and characterization of tympanic 
membrane [200–203] have been performed. Recently, a large effort has been placed on the 
development of a point-of-care hand-held diagnostic instrument that can be easily used in any 
health care setting [204]. Very recently, a long-range, wide-field SSOCT device has been 
published for real-time imaging of the whole middle ear in 3D in combination with Doppler 
virography [205]. In addition to the investigation of real-time microscopic dynamics of the 
middle ear this system can be also used for post-operative tracking of middle-ear prosthetics 
[205]. 

Nasal cavity: Interest in the application of OCT for the nasal cavity involves the 
management of patients with nose congestion in rhinitis caused by viruses, bacteria or 
allergies. OCT images showing nasal mucosa microanatomy were obtained in awake patients 
or in patients under general anesthesia during surgical endoscopy [206, 207]. Results showed 
that OCT could also visualize changes in tissue morphology during decongestant therapy 
[206] and could differentiate different types of rhinitis [207]. Most recently, there has been an 
interest in the examination of nasal mucosal changes that can be potentially significant for the 
assessment of cystic fibrosis. Studies with OCT in the nose have shown that in comparison to 
normal subjects, the thickness of the nasal mucosal layer in patients with cystic fibrosis was 
increased due to chronic inflammation [42] (Fig. 31). OCT was also found to be sensitive to 
changes in response to antibiotic therapy [42]. 
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Fig. 31. OCT images of the nasal mucosa from a healthy control (A) and a patient with CF (B), 
showing the epithelium (E), basement membrane (BM), lamina propria (LP) with 
seromucinous glands (SG) and perichondrium (PC). Validation measurements of nasal mucosa 
(C) and epithelial layer thickness (D) by OCT imaging in healthy controls. Data are presented 
as individual data points and median. (Figure and caption adapted from [42], with permission 
from Elsevier.) 

4. Summary

The field of endoscopic OCT has grown at an accelerating pace thanks to collaborative efforts 
between academia and industry, and among scientists, engineers, and clinicians. While we 
attempted to highlight different aspects of this field, given its large magnitude, it was not 
feasible to include all endoscopic OCT technologies and applications in this review. 

With the recent FDA approvals of several endoscopic OCT technologies for 
cardiovascular and GI applications, endoscopic OCT technology is increasing in availability 
to clinicians and researchers. More clinical trials are expected in the upcoming years. Among 
many of the development fronts, the field has witnessed increasing interest in (1) exploring 
different spectral ranges to enhance imaging contrast and/or resolution, and (2) integrating 
OCT with other modalities, aiming to improve diagnostic sensitivity and specificity. As OCT 
finds broader applications, it is clear that standards are needed for uniform data collection and 
analysis to fully leverage the work being conducted in this area for assessing the clinical 
utility of this technology. Considering the large amount of image data that can be collected in 
real time, methods are also needed for handling large data sets, including new visualization 
and computer-aided enhancement techniques; such developments will help reveal the most 
critical diagnostic information in a timely manner. 
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