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“““ NEW TECHNOLOGY

Medical imaging technologies can im-
prove both the diagnosis and the clinical
management of disease. Imaging modali-
ties such as ultrasound, computed
tomography (CT), and magnetic reso-
nance imaging (MRI) are examples of
technologies that emerged from physical
science and engineering but have
had a significant impact in medical
research and clinical practice. Each of
these imaging modalities operates along
different fundamental principles and
thus affords the researcher or clinician
complementary diagnostic capabilities.

Optical coherence tomography (OCT) is
a new imaging technology that can pro-
vide micrometre-scale, cross-sectional
images in biological systems"?. The tech-
nique is somewhat analogous to
ultrasound B-mode imaging or radar, ex-
cept that it uses light rather than sound or
radio waves. Because OCT is an optical
imaging technique, it can achieve spatial
resolutions of 10 pm or less, approxi-
mately ten times as high as conventional
ultrasound. In addition, unlike ultrasound,
OCT does not require direct contact with
the tissue being imaged. Because light is
strongly scattered in most tissues, the
imaging depth of OCT is limited to a few
millimetres, and thus imaging of struc-
tures deep in the body is not possible.
However, a wide range of tissues can be ac-
cessible directly or by catheter or by use of
an endoscope.

The ultra-high resolution imaging ca-
pabilities of OCT can provide diagnostic
information on tissue microstructure
that cannot be obtained using other
imaging modalities. Morphological in-
formation on tissues can, of course, be
obtained by conventional biopsy and
histopathology. However, excision of a
tissue specimen is often contraindicated
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or impossible. OCT has the potential to
function as a type of ‘optical biopsy’
where morphology may be assessed
using direct, real-time, catheter or endo-
scopic imaging in situ, without the need
for excision.

The technology of OCT

Optical coherence tomography performs
micrometre-scale, cross-sectional imaging
of tissue structure in biological systems by
directing a focused beam of light at the
tissue to be imaged, then measuring the
echo delay time for the light to be reflected
from different microstructural features
in the tissue. A cross-sectional image is
constructed by scanning the light beam in
the transverse direction on the tissue. The
result is a micrometre-scale, cross-sectional
image through the tissue, which somewhat
resembles a histological section.

Optical coherence tomography imaging
is based on a classical optical measurement
technique known as low coherence (or
white light) interferometry, which was in
fact first described by Sir Isaac Newton.
Low coherence interferometry has been
used in optics to perform high precision
measurements in optical fibres and optical
components**. One of the first applications
of low coherence interferometry to biologi-
cal systems was pioneered by Fercher et al.
for high precision measurements of axial
eye length and corneal thickness®’. Low co-
herence interferometry is analogous to
ultrasound A mode or axial mode measure-
ment. Optical coherence tomography is a
powerful extension of the optical ranging
concept, which permits the measurement
of two-dimensional, cross-sectional images
with micrometre resolution'.

A schematic of the OCT measurement
system is shown in Fig. 1. The OCT sys-
tem uses fibre optics and a compact
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diode light source. The system is similar
to a Michelson-type interferometer.
Light from the source is split evenly via
an optical fibre splitter, which functions
as the interferometer. One of the fibres
directs light to the tissue being imaged
and the other fibre to a moving reference
mirror. The distal end of the optical fibre
can be integrated to a catheter or endo-
scope. The position of the reference
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Fig. 1 Schematic diagram of optical

coherence tomography imaging (OCT) sys-
tem. The OCT system uses fibre optics and a
compact diode light source. The light source
is coupled into a fibre splitter, which func-
tions like a Michelson-type interferometer.
One of the fibres directs light to the tissue
being imaged and the other to a moving ref-
erence mirror. By using a low coherence
length light source and measuring the inter-
ference between light backscattered from
the tissue and from the reference mirror, this
distance and magnitude of optical scattering
within the tissue can be measured with
micrometre-scale precision. A cross-sectional
image is produced by scanning the light
beam across the tissue while the axial re-
flectance profiles at each transverse position
are recorded by computer. The result is
a two-dimensional representation of the
optical backscattering of the tissue in cross
section, which is displayed as a grey-scale or
false-colour image.
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mirror is precisely controlled by system
electronics and a computer. The light sig-
nal reflected from the tissue and light
reflected from the reference mirror are re-
combined and interference between two
light signals occurs only when their path
lengths match to within coherence
length of the light. This allows a precise
(micrometre scale) determination of
both the distance within the tissue from
which the light was reflected or backscat-
tered as well as its magnitude. The axial
resolution of OCT imaging is determined
by the coherence length of the light that
is used for the measurement. For a typi-
cal OCT system that uses a compact
super-luminescent diode light source,
the axial resolution is 10 to 20 um. If al-
ternate light sources, such as ultra-short
pulse lasers are used, the axial resolution
may be improved to be 2 to 4 um®’.

A measurement performed with the
light beam incident en a single point on
the tissue yields a measurement of the
variation in optical reflection or backscat-
tering along the axis of the beam. A
cross-sectional image is produced in a
manner similar to radar: the light beam is
scanned across the tissue, and the axial re-
flectance profiles at several transverse
positions are recorded by computer. The
result is a two-dimensional representation
of the optical backscattering of the tissue
in cross section. This can then be displayed
as a grey-scale or false-colour image.
Typically, the log of the magnitude of the
optical backscattering is displayed accord-
ing to a false-colour or grey-scale table.
Examples of OCT images of atherosclerotic
plaque in human aorta and glandular
structure in human trachea in vifro are
shown in Figs 2 and 3.

Potential applications

Optical coherence tomography is espe-
cially suited for diagnostic imaging in
ophthalmology because the eye is trans-
parent and provides optical access to both
the anterior chamber as well as the
retina®®". In contrast to direct visualiza-
tion of the retina in conventional
ophthalmoscopic fundus examination,
OCT provides a cross-sectional tomo-
graphic view. Studies performed by
Puliafito et al. demonstrate that OCT is a
powerful diagnostic tool for a wide range
of retinal diseases’". It provides non-
invasive, cross-sectional images of retinal
lesions and microstructural changes with a
resolution that cannot be achieved by any
other imaging modality. Conditions such
as macular holes, macular oedema, age-

related macular degeneration and glaucoma
can be monitored using OCT. Preliminary
clinical studies are currently under way to
investigate the application of OCT for diag-
nosis and monitoring of these diseases.

Perhaps one of the most challenging
and significant future applications for
OCT is the possibility of developing ‘op-
tical biopsy’ techniques for tissues other
than the eye that are not optically trans-
parent. Optical imaging in these tissues
has traditionally been an extremely chal-
lenging problem. A key issue that must
be addressed in order to develop such ap-
plications are limitations to the imaging
depth and the mechanisms of image
contrast between different tissues.

As OCT is an optical imaging modal-
ity, it relies on the penetration and
backscattering of light into tissue to
construct cross-sectional, tomographic
images. Although tissue appears rela-
tively opaque for visible light
wavelengths, it is in fact relatively non-
absorbing at wavelengths of light in the
near infrared. The dominant process
that limits imaging depth in OCT is op-
tical scattering rather than absorption.
Scattering limits imaging depth because
it causes attenuation of the light as well
as randomization of image informa-
tion'"'%. However, scattering of light is
strongly dependent on wavelength, and
thus use of optimized wavelengths
(1,300 nm) can achieve imaging depths
of 1 to 2 mm in most tissues. Although
this is shallow compared to other
modalities such as ultrasound, MRI or
CT, it is sufficient for many clinical di-
agnostic applications that are based on
in vivo catheter or endoscopic delivery,
as well as for research or pathology
applications where direct access to
tissue in vitro is possible.

One of the main areas that we are cur-
rently investigating is the use of OCT for
intravascular imaging. This is a clinically
significant example of a diagnostic situa-
tion where catheter-based, non-excisional
determination of pathology can have a sig-
nificant impact on diagnosis and clinical
management. It is also a model application
for a wide range of optical biopsy scenar-
ios. Recent studies have shown that the
morphology of atherosclerotic plaques are
an important predictor of myocardial in-
farction'™”'. In particular, the plaques that
are cholesterol laden and have a lipid core
are prone to rupture and result in a se-
quence of events that leads to acute
thrombosis. Conventional angiographic
imaging techniques can indicate vessel
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Fig. 2 An OCT image of an atherosclerotic
human aorta in vitro. A small, intramural col-
lection of lipid and matrix is present deep
within the thickened intimal wall (arrow).
Bar, 500 um. The image was acquired using
a 1,300-nm light source and is 500 x 250
pixels. The optical beam is incident on the
specimen from the top (intimal surface) and
each vertical line in the image represents an
axial measurement (500 pixels) of tissue re-
flectance. The image was formed by super-
imposing successive vertical scans (250) at
different transverse positions. The false-
colour scale is a log representation of
backscattering intensity.

occlusion, but cannot differentiate vessel
morphology. Other techniques such as
intravascular ultrasound can provide an
indication of morphology, but often lack
the image resolution needed to identify
high-risk plaque morphologies.

Optical coherence tomography is a
promising imaging technology for in-
travascular imaging because it provides
high resolution and can permit the imag-
ing of high-risk plaque morphologies. An
example of an OCT image of plaque in a
human aorta in vitro shown in Fig. 2. The
intimal surface of the aorta is clearly de-
marcated at the top of the image. The
arterial wall is visualized in orange-yellow,
indicating relatively high optical backscat-
tering, whereas an intramural lipid deposit
is differentiated as a dark area of low optical
scattering (arrow). The OCT image clearly
differentiates structural —morphology,
which would be difficult or impossible to
detect by intravascular ultrasound. These
preliminary results suggest that OCT is-a
promising imaging technology for the
assessment of coronary artery disease.

In a more general context, OCT has the
potential to provide morphological infor-
mation in a wide variety of tissues for a
range of clinical diagnostic applications.
An example of an OCT image of human
trachea is shown in Fig. 3. The lumen is ori-
ented toward the top of the image.
Structural details in the muscular and inner
fibrous layers are visible as well as a secre-
tory gland (labelled G) with a duct leading
through the mucosa (labelled by arrows).
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Fig. 3 An OCT image of human trachea in
vitro. Glandular structures including the duct
(arrows) leading to the lumen (L) are well dif-
ferentiated in the image. The epithelial cell
layer is evident as a thin boundary of reduced
optical scattering on the intimal surface of the
trachea. G, gland. Bar, 500 um. Other internal
structures can be differentiated. The image
was acquired using a 1,300-nm light source
and is 500 X 250 pixels. The grey scale is a log
representation of backscattering intensity.

Images of this type demonstrate the ability
of OCT to perform non-excisional
measurements of morphological structure.

Summary

Optical coherence tomography is a new
imaging technique that can perform high-
resolution, micrometre-scale, cross-sectional
imaging in biological systems. The technol-
ogy has been developed, and reduced to,
preliminary clinical practice in ophthalmol-
ogy. The chalienging problem that OCT
may address is the development of ‘optical
biopsy’ techniques. These techniques can
provide diagnostic imaging of tissue mor-
phology without the need for excision of
specimens. Many investigations remain to
identify optimal areas for clinical applica-
tion, and additional engineering must be
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The Micro-Med
Digi-Med heart
performance
analyser is a
compact digital
instrument that
can be used si-
multaneously to
measure and ana-
lyse ten key para-
meters of the mechanical function of the
heart in laboratory animals. It displays
and outputs the analysed values to a
printer, computer and/or chart recorder.
With immediate on-line analysis, the

Going digital:
Digi-Med analyser.
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done to integrate vertically the technology
and to reduce it to clinical practice.
Nevertheless, preliminary studies indicate
the feasibility of developing this technology
for a wide range of clinical and research di-
agnostic imaging applications. The ability
to non-excisionally evaluate tissue mor-
phology using a catheter or an endoscope
could have a significant impact on the diag-
nosis and management of a wide range of
diseases.
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