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Optical coherence tomography
(OCT) is an emerging noninva-
sive imaging technique that pro-

vides microscopic tomographic sectioning
of biological samples.1 By measuring
backscattered light as a function of depth,
OCT fills a valuable niche in imaging of
tissue microstructure, providing subsur-
face imaging with high spatial resolution
(on the order of ten micrometers) in three
dimensions and high sensitivity in vivo
with no contact needed between the probe
and the tissue.

OCT may be described by analogy to
pulse-echo ultrasonography (US). In
OCT, as in US, a narrow probe beam illu-
minates the sample and a profile of reflec-
tivity is measured as a function of depth.
This depth profile is called an A-scan. A
two-dimensional (2D) image (B-scan) is
built up by measuring many A-scans while
scanning the probe beam laterally across
the sample. In US, the reflectivity at each
depth is discriminated, or gated, by timing
the response to the incident pulse. The
deeper the reflection site, the longer the
delay. Light travels much faster than
acoustic waves, and it is very difficult to
time the pulse stream returning from a tis-
sue sample in response to an incident
pulse of light. Instead, in OCT, depth is
gated by low-coherence interferometry:
the sample is placed in one arm (sample
arm) of a Michelson interferometer, and a
scanning optical delay line is located in the
other arm (reference arm). Light return-

ing from the sample and reference arms is
recombined and interferes at the detector.
The interference signal is processed and
recorded as the reference arm delay line is
scanned. Since interference only occurs
when the optical pathlengths of the sam-
ple and reference arms are matched to
within the coherence length of the light
source, reflection and scattering sites are
localized with a resolution corresponding
to the coherence length. A light source
with a short coherence length is used to il-
luminate the sample in order to provide
high spatial resolution. Lateral resolution
is determined by the illumination and de-
tection optics, which are usually designed
with relatively low numerical aperture in
order to provide a depth of focus on the
order of the axial imaging length, and a
lateral resolution similar to the axial 
resolution.

Challenges of real-time imaging
Because OCT images are characterized by
very high spatial resolution, even slight
movements of the sample with respect to
the probe beam during image acquisition
can introduce significant motion artifact.
Although image processing can some-
times be used to reduce motion artifact,
the most straightforward and effective way
to mitigate the problem is to simply ac-
quire images quickly with respect to the
time scale of the motion. Because of mo-
tion artifact as well as issues of ease-of-use
and the need to minimize procedure time,
practical clinical OCT imaging is best per-
formed in near-real time. Much effort has
been expended in the field toward the goal
of real-time imaging using OCT.2, 3 Tech-
nical obstacles that had to be overcome in-
clude development of high-power, low-co-
herence light sources, rapid-scanning op-
tical delay lines, and real-time data acqui-
sition, processing, transformation, display,
and recording. In addition, to enable clin-
ical application of OCT imaging, applica-
tion-specific probes had to be developed
to deliver the OCT light to the region of
interest and scan it in a useful geometry.
Current state-of-the-art clinical OCT im-
aging systems are capable of imaging at
several frames per second up to video rate
while maintaining sufficient sensitivity
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Figure 1. Endoscopic optical coherence tomogra-
phy (EOCT) prototype (left) and EOCT procedure
at University Hospitals of Cleveland (right).
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and resolution to effectively image many
tissues of clinical significance.4-6 We have
developed real-time OCT instrumenta-
tion appropriate for clinical investigations,
and are investigating several new applica-
tions including gastrointestinal (GI) en-
doscopy,5, 7-9 examination of the anterior
segment of the eye6, and dermatological
studies.10

Endoscopic OCT
Because it is capable of imaging 1 to 2 mm
into highly light-scattering tissue with mi-
crometer-scale resolution, OCT offers an
unprecedented view of gastrointestinal
mucosal morphology in situ. A number of
identified GI tract conditions may be bet-
ter diagnosed and treated with the aid of
endoscopic OCT (EOCT). These include
(but are not limited to) esophageal cancer
in Barrett’s esophagus (BE), and colon
cancer.

Barrett’s esophagus is a condition asso-
ciated with gastro-esophageal reflux dis-
ease in which the normal stratified squa-
mous epithelium is replaced by columnar
epithelium in the distal esophagus. The
mechanism of the transformation is un-
known, but Barrett’s esophagus is known
to be associated with a significantly in-
creased risk of esophageal cancer. Al-
though Barrett’s is readily identified with

standard endoscopic examination, it is
very difficult to diagnose dysplasia (early,
precancerous tissue transformation) with-
in a Barrett’s site. Current clinical practice
is for patients with Barrett’s esophagus to
be endoscopically examined periodically,
with screening for dysplasia by random
biopsy of Barrett’s sites. This screening
procedure is not very effective. We hope
that EOCT examination of Barrett’s sites
will guide biopsy by allowing the physician
to identify suspect sites. In the future, if
sufficient sensitivity can be achieved, we
hope that EOCT may ultimately be able to
replace biopsy.

Colon cancer is the second leading
cause of cancer deaths in the U.S. Earlier
diagnosis could make a significant contri-
bution to limiting the morbidity and mor-
tality caused by colon cancer. The endo-
scopic identification and removal of
polyps has reduced mortality from colon
cancer. However, in the case of small
polyps, it is not possible to distinguish hy-
perplastic (benign) polyps from adeno-
matous (precancerous) polyps using stan-
dard endoscopy. Furthermore, it is esti-
mated that 10-30% of colon cancers may
not begin from polyps but rather from a
dysplastic flat mucosa that is not recogniz-
able endoscopically. This is particularly
true of colon cancer that arises in a context

of ulcerative colitis, but may be true of
other colon cancers as well. EOCT is a 
tool that should help us address these
problems.

The EOCT prototype
Endoscopic OCT may also prove useful in
guiding some important endoscopic pro-
cedures, including fine needle aspiration,
endoscopic mucosal resection, laser and
heater probe coagulation and perhaps, in
some cases, photodynamic therapy. The
higher resolution provided by OCT may
allow more accurate guidance of the pro-
cedure and identification of the end-
point.

Our real-time endoscopic OCT proto-
type was developed in collaboration with
Olympus Optical Co., Ltd., and has been
in clinical use for about three years.7 To
achieve real-time imaging with adequate
sensitivity, we introduced a non-reciprocal
OCT interferometer configuration which
makes more efficient use of light and im-
proves imaging performance.11 OCT
probe light is delivered to the region of in-
terest in the lumen of the GI tract via 
2.4-mm-diameter catheter probes which
are passed through the accessory channel
of standard GI endoscopes. The probe op-
tics were designed to minimize loss and
back-reflection of probe light. The probe
sheath material is biocompatible, and can
be cleaned and sterilized using standard
procedures. The probe beam is scanned in
a radial direction nearly perpendicular to
the probe axis at 4 revolutions per second.
The converging beam exiting the probe is
focused to a minimum spot of approxi-
mately 25 �m. The axial image resolution
is determined by the coherence length of
the optical source (approximately 8 �m in
tissue).

The PC-based EOCT imaging system is
wholly contained in a single, mobile rack
appropriate for use in the endoscopic pro-
cedure suite (Fig. 1). The system is electri-
cally isolated and the optical source is un-
der interlock control of the probe control
unit, in conformation with institutional
and federal electrical safety and laser safe-
ty regulations. A software program per-
forms all transformations and display op-
erations to create a full-screen, radial OCT
image, updated in real time. EOCT images
are displayed on the computer monitor as
well as archived on the computer hard
drive. Foot pedals controlling freeze-frame
and frame-capture commands are provid-
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Figure 2. Endoscopic OCT images of normal tissue throughout the GI tract. In esophagus, mucos-
al substructures are clearly differentiable and gland-like and vessel-like structures are seen in the sub-
mucosa. In stomach, structures resembling gastric pits are evident, and in ileum, villi are clearly ob-
served. In the colon, there is clear delineation of the mucosa and submucosa, and crypts are evident.
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corneal edema. Anterior chamber
depth and anterior chamber angle
configuration are helpful in differ-
entiating and treating the different
forms of glaucoma, i.e., open an-
gle vs. angle closure. Besides en-
hancing patient comfort and safe-
ty, a non-invasive modality for an-
terior segment characterization is
desirable in that it would not alter
in any manner the ocular struc-
tures being measured.

We coupled our high-speed
OCT system to a hand-held probe
as well as to a slit lamp-mounted
probe, both suitable for oph-
thalmic examination (Fig. 3). Tra-

ditionally, most ophthalmic OCT imaging
has used light sources operating around
830 nm, which is appropriate for retinal
imaging. To enable higher optical power
incident on the eye, we used a light source
operating at 1310 nm. In this wavelength
region, the transmittance of ocular media
is reduced, so that higher power illumina-
tion may be used without danger to the
eye. The added advantage of using illumi-
nation at this longer wavelength is that the
amount of scattering in ocular tissue is less
than at 830 nm. The reason is that absorp-
tion and scattering in most tissue con-
stituents is a decreasing function of wave-
length in the near infrared, whereas ab-
sorption in water (the primary constituent
of vitreous) increases sharply, being ap-
proximately an order of magnitude higher
at 1300 nm than at 830 nm. For this rea-
son, the use of 1310 nm rather than 
830 nm illumination for anterior segment
OCT allows for increased penetration in
scattering tissues such as the sclera and
iris, while simultaneously permitting suffi-
cient illumination power to be used to en-
able high-speed imaging.

In a preliminary study, healthy volun-
teers with clear ocular media and uncor-
rected or best-corrected visual acuity of
20/20 were examined6 (Fig. 4). Human
imaging trials demonstrated clear resolu-
tion of corneal epithelium and stroma,
sclerocorneal junction, sclera, iris stroma
and pigment epithelium, and anterior lens
capsule. The anterior chamber angle was
clearly visualized. Because of the attenua-
tion of light by the sclera, the outline of
the thickest part of the ciliary body was
poorly delineated. However, the part of the
ciliary body that forms the angle of the an-
terior chamber was clearly visible. Real-

ed, which allows the endoscopist
to acquire data quickly and effec-
tively.

Initial EOCT studies
Initial clinical studies of the
EOCT system have been per-
formed in the esophagus, stom-
ach, duodenum, ileum, colon,
and rectum of patients with nor-
mal GI mucosae as determined
by standard endoscopy5 (Fig. 2).
In these investigations, EOCT
imaging delineated the mucosa
and submucosa in all organs. In
esophagus, mucosal substructures
are clearly differentiable: both gland-like
and vessel-like structures are seen in the
submucosa. In stomach, structures resem-
bling gastric pits are evident. In duodenum
and ileum, villi are clearly observed. In the
colon, there is clear delineation of the mu-
cosa and submucosa, and crypts are evi-
dent. Deepest imaging penetration and
clearest discrimination of tissue layers are
obtained by contacting the probe sheath
with the tissue surface. But because the
probe compresses and mechanically dis-
torts the mucosal structure, to image diag-
nostically significant surface morpholo-
gy—such as villi, pits, and crypts—it is im-
portant that the probe not make contact
with the tissue. It should be noted that in-
dividual frames do not convey the en-
hancement of image perception provided
by real-time viewing, by virtue of feature
tracking and temporal integration by the
human observer. True real-time imaging is
necessary to allow the examining physician
to survey regions, examine 3D structures,
and discern features near the resolution
limit of the imaging system.

Our group has investigated the role of
EOCT in screening procedures in patients
with Barrett’s esophagus (BE).8 Although
the intestinal metaplasia associated with
BE is readily distinguishable from normal
esophageal mucosa, discerning dysplasia
in BE is more challenging. By experience, a
number of subjective criteria describing
dysplasia have been identified, including
hyporeflectivity relative to nondysplastic
BE, and loss of organized tissue structure
(more homogenous appearance in OCT).
We hypothesized that these characteristics
of hyporeflectivity and tissue disorganiza-
tion could distinguish dysplasia from nor-
mal or benign tissue. To test this hypothe-
sis, we undertook a prospective, quantita-

tive study using colon polyps as a model
for dysplasia.12 Using OCT, the appearance
of polyps was compared with that of adja-
cent normal colonic mucosae. The study
demonstrated that in this model, dyspla-
sia could be identified by characteristic hy-
poreflectivity and lack of organization
compared to normal colon and hyperplas-
tic polyps. A large-scale, multicenter,
prospective study of dysplasia in BE is now
underway. We are also investigating the
use of objective image criteria for auto-
matic detection of suspected dysplastic
sites. Development of these automatic
computer algorithms should enable evalu-
ation of OCT as a screening tool.

OCT in the anterior segment 
of the eye
Many situations in clinical ophthalmolo-
gy require a precise understanding of the
spatial relationships and dimensions of
various structures in the anterior segment
of the eye. A technique which allowed for
anterior segment imaging with microme-
ter-scale resolution would be valuable in
generating such information, in that it
would enable superior delineation of ante-
rior ocular morphology as well as highly
precise biometry. In clinical situations
such as refractive corneal surgery and
glaucoma evaluation, real-time display of
high-resolution images of dynamic events
would be highly desirable. What’s more,
quantitative assessment of the anterior
segment of the eye is an important com-
ponent of ophthalmic practice and re-
search. Corneal thickness is an integral pa-
rameter in refractive surgery and is also
useful in diagnosis and management of
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Figure 3. Clinical use of OCT imaging in
the anterior segment of the eye.



time imaging of contraction of the pupil
in response to light stimulus was also per-
formed.

We are also investigating the use of
OCT in anterior segment biometry. In our
first study (in press), we used real-time
OCT to examine the anterior segment in a
series of 23 normal subjects. Quantitative
measurement of anterior segment param-
eters, such as central corneal thickness,
central anterior chamber depth, and ante-
rior chamber angle width, were made us-
ing OCT. These were compared with cor-
responding data obtained with standard
clinical techniques. Measurement in nor-
mal subjects will provide a foundation for
future comparison with diseased states of
the anterior segment. OCT measurements
showed significant correlation with those
obtained from the standard techniques.

Ongoing clinical investigations include
comparison of OCT with ultrasound bio-
microscopy, imaging of corneal response
to refractive surgery, assessment of anteri-
or chamber angle for glaucoma screening,
as well as imaging of pathologies of the
cornea and iris. We are also continuing to
develop technology for OCT imaging of
the anterior segment. This work includes
improvement of OCT scanners, develop-
ment of software algorithms for extracting
clinically relevant parameters from OCT
images, and investigation of functional
imaging techniques.

OCT in dermatology
The capability to image with high resolu-
tion up to 1.5 mm into turbid tissue makes
OCT a promising technology for derma-
tology. Dermatologic applications are rela-
tively difficult, however because skin is
very highly scattering and skin types vary
widely. One important clinical application
that could benefit from a non-invasive,
real-time, high-resolution imaging moda-
lity is the specialized surgical technique
known as Mohs micrographic surgery
(MMS). MMS is the preferred treatment
for many skin cancers because it combines
a very high cure rate with maximum con-
servation of normal tissue. The key to its
success is the microscopic examination of
virtually 100% of the surgical margin of
the resected specimen. The process is time
consuming and the process could be made
significantly more efficient with in situ mi-
croscopic examination of the surgical
margins.

To facilitate clinical investigations of
OCT imaging, we integrated a miniature
video camera with a hand-held OCT
probe. Correlated video imaging is impor-
tant for accurate localization and docu-
mentation of the OCT scan referenced to
the skin surface. The probe size can be
kept small because a dichroic mirror is
mounted on the scanning galvanometer
and the CCD camera and optics are placed

in-line with the probe optics so that the
surface of the skin can be viewed through
the scanning mirror. For illumination, a
ring of white LEDs is mounted on the dis-
tal end of the probe. A line which serves as
a virtual aiming beam to locate the posi-
tion of the OCT scan in the video image is
superimposed on the video image. A han-
dle with freeze-frame and save-frame trig-
gers allows the user to easily manipulate
the probe and acquire data. The probe can
be stabilized by use of a cap, consisting of
either a ring or a glass plate, that contacts
the skin.

A survey of normal skin images was ac-
quired on normal volunteers. The system
is also in use in the dermatology clinic for
evaluation in clinical applications. Various
disease conditions have been imaged.
These include basal cell carcinomas, squa-
mous cell carcinomas, and acnes. In addi-
tion, a study of histology correlation with
OCT images of resected skin samples is
underway.

Examples of OCT imaging of skin with
correlated video are shown in Fig. 5. All of
the images shown were acquired at eight
frames per second while running a three-
frame rolling average. In the video image,
the line indicating the location of the OCT
scan is the virtual aiming beam. The ar-
rows in both the OCT image and the video
frame show the lateral scan direction. Fig-
ure 5 (a) shows a normal proximal nail-
fold region, resolving the surface and sub-
surface structure of the finger and the nail,
including the matrix and cul-de-sac. Fig-
ure 5(b) shows a normal thumb pad. Stra-
tum corneum, epidermis, and dermis are
clearly distinguishable. Structures such as
sweat gland ducts, papillary ridges, and fi-
brous dermal structures are resolved. Fig-
ure 5(c) displays a region of basal cell car-
cinoma on the forehead after the first stage
of Mohs micrographic surgery. Because
the epidermis has been removed, the typi-
cal OCT appearance of thin skin structure
is not apparent. Beneath the surgical mar-
gin, the OCT image reveals abnormally
hyper-reflective structures in the dermis.
The appearance of these areas is consis-
tent with the appearance of epidermal tis-
sue and could arise from aggregated can-
cer cells. Preliminary results of the histol-
ogy correlation study show that a tissue
boundary consistent with the dermal-epi-
dermal junction is identifiable in OCT im-
ages of thin skin.
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Figure 4. Real-time OCT imaging of the anterior segment of a normal eye, demonstrating clear
resolution of corneal epithelium and stroma, sclerocorneal junction, sclera, iris stroma and pigment
epithelium, and anterior lens capsule.The anterior chamber angle is clearly visualized.Real-time im-
aging of contraction of the pupil in response to light stimulus is also shown (from Ref. 6).
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Conclusion
Optical coherence tomography is
an emerging imaging modality
with clear potential in many med-
ical imaging applications. In addi-
tion to the applications discussed
above, researchers are investigating
the use of OCT for imaging vascu-
lar tissues, teeth and oral cavity, the
mucosae of the respiratory and
urogenital tracts, and other parts of
the body. We have constructed real-
time OCT instruments and the re-
sults of our initial clinical investi-
gations are extremely positive. This
highly robust and versatile technol-
ogy is likely to have an impact be-
yond structural imaging of biologi-
cal tissues. Industrial applications are un-
der investigation, and here, too, the poten-
tial is vast. Finally, functional extensions of
OCT technology, such as blood-flow im-
aging and spectroscopic imaging, are be-
ing investigated and demonstrated. These
developments will, in turn, enable entirely
novel and useful applications.
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Figure 5. Real-time OCT imaging of living
human skin showing (a) the normal proxi-
mal nail-fold region, (b) the normal thumb
finger pad, and (c) a region of basal cell car-
cinoma on the forehead after the first stage
of Mohs micrographic surgery.
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