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G. J. TEARNEY,* M. E. BREZINSKI, J. F. SOUTHERN, B. E. BOUMA, S. A. BOPPART anp
J. G. FUJIMOTO

From the Department of Electrical Engineering and Computer Science and Research Laboratory of Electronics, Massachusetts Institute of
Technology, Cambridge, Massachusetts, and Massachusetts General Hospital, Boston, Massachusetts

ABSTRACT

Optical Coherence Tomography (OCT) is a recently developed non-invasive technique for
obtaining high resolution, cross-sectional images of human tissue. This work investigated the
capability of OCT to differentiate the architectural morphology of urologic tissue with the long
term aim of using OCT as an adjunct to endoscopic imaging and to improve the efficiency of
interventional procedures such as transurethral prostatectomy (TURP). Urologic tissues were
taken postmortem, dissected, and imaged using OCT. Microstructure was delineated in different
urologic tissues, including the prostatic urethra, prostate, bladder, and ureter, with an axial
resolution of 16 = 1 um., higher than any clinically available endoscopic intraluminal imaging
technology. The ability of OCT to provide non-contact high resolution imaging of urologic tissue
architectural morphology (i.e. optical biopsy), without the need for excisional biopsy, suggests the
potential of using OCT to obtain information on tissue microstructure that could only previously

be obtained with conventional biopsy.
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The introduction of endoscopic transluminal imaging has
led to substantial reductions in the morbidity and mortality
associated with disorders of the urinary tract. However, en-
doscopic imaging is frequently limited by the relatively low
resolution and the inability to access the structure of tissue
below the luminal surface. A technology able to obtain “opti-
cal biopsies”, or high resolution, cross-sectional images of
tissue, could substantially improve the diagnosis and treat-
ment of urinary tract disorders. For example, the relatively
high occurrence of impotence following transurethral prosta-
tectomy (TURP) would likely benefit from the introduction of
high resolution subsurface imaging. It is well documented
that the incidence of post-surgical erectile dysfunction and
impotence is directly related to perforation of the prostatic
capsule and damage to the neurovascular bundles.! An im-
aging technology which can yield resolution in the micron
range can potentially provide information on tissue micro-
structure that would enable localization of the capsule and
aid in preventing damage to the neurovascular bundles. In
this paper, we introduce optical coherence tomography (OCT)
for obtaining non-excisional, high resolution, cross-sectional
images of the urinary tract.?

OCT is similar to B-mode ultrasound imaging except that
it measures reflected infrared light rather than acoustical
waves. The intensity of backreflected light from structures
within tissue is displayed as a function of depth. Tomo-
graphic images are produced by scanning the optical beam
across the sample and generating two-dimensional data.
Thus, an OCT image represents a cross-sectional depiction of
the optical reflectance properties within tissue.2

OCT was initially introduced to image the transparent
tissue of the eye with an axial resolution of 10 um and is
currently being used in clinical trials to diagnose retinal
macular disease.?4 Although application of OCT in tissues
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which are non-transparent and scatter light is more chal-
lenging, preliminary in vitro studies suggest the feasibility
for diagnostic imaging in a wide range of tissues.57 OCT is
especially promising for imaging atherosclerotic plaque mor-
phology in coronary artery disease.® Although the imaging
depth of OCT in scattering tissues is limited to a few milli-
meters, the resolution of this optical technology is approxi-
mately 10 times higher than clinical high frequency ultra-
sound, the currently available technology with the highest
resolution for cross-sectional endoluminal imaging.

In addition to high resolution, several features of OCT
make it well-suited for intraluminal diagnostics. Because
OCT is based on technology used in optical communication,
OCT can be constructed with common optical fiber compo-
nents and integrated with conventional endoscopes. There-
fore, OCT imaging can be performed at sites within the
urinary tract through optical fibers without the need for a
distal transducer. Unlike MRI or CT, OCT is compact and
portable. Finally, OCT does not require contact during imag-
ing and can be performed directly through air without the
need for a transducing medium.

The purpose of this study is to investigate the capability of
OCT to image in vitro microstructure of the urinary tract,
with the focus on a critical region consisting of the prostatic
capsule, surrounding adipose tissue, and neurovascular bun-
dles. The results of this study will suggest the feasibility of
using OCT for high resolution imaging of the urinary tract
and serve as a foundation for future in vivo investigations.

MATERIALS AND METHODS

OCT is analogous to ultrasound B-mode imaging except
that it uses infrared light as opposed to acoustical radiation
to perform micron resolution ranging and imaging.2 Ultra-
sound imaging is accomplished by measuring the delay time
(echo delay) for an incident ultrasonic pulse to be reflected
back from structures within tissue. Because the velocity of

"sound is relatively slow, this delay time can be measured

electronically. However, since the speed of light is 10° times
higher than sound, OCT measurements of delay time cannot
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be performed directly by electronics. Therefore, a correlation
technique known as low coherence interferometry is used.
Figure 1 shows a schematic of the OCT system which is
based on a fiber optic implementation of a Michelson type
interferometer.2 In a Michelson interferometer, an optical
source is incident on a beam splitter. Half of the light emerg-
ing from the splitter is directed toward a moving mirror. This
light path is known as the reference arm of the interferom-
eter. The remaining light is directed toward the sample.
When light reflected from the reference arm is combined with
light that has returned from the sample arm, these two
beams interfere if the optical path lengths of the two beams
are matched to within the coherence length of the light.
The property of light known as the coherence length is
analogous to the pulse duration for the measurement of echo
delay time. Thus, the coherence length defines the axial
resolution of the OCT system. Since interference is detected
only when the optical path lengths of the sample and refer-
ence arms match to within the coherence length of the source,
precision time and distance measurements are possible if the
source has a short coherence length. The coherence length is
inversely proportional to the width of the optical spectrum
(wavelength distribution) of the source.? Since the axial res-
olution of OCT depends only on the coherence properties of
the light and not on the focusing parameters, higher axial
resolution may be achieved using shorter coherence length
light sources. Recent studies have achieved imaging with
axial resolution of less than 4 um using short coherence
length sources based on solid state short pulse lasers.10.11
The amplitude of reflected light as a function of depth
within tissue is obtained by moving the reference arm at a
constant velocity (fig. 1) and digitizing the magnitude of the
interference pattern. The result is the measurement of opti-
cal backscatter or reflectance versus axial range and is some-
what analogous to ultrasound A mode ranging. A cross-
sectional image is produced by recording sequential axial
reflectance profiles while the beam position is scanned across
the sample. The OCT images in this study were acquired by
placing the sample on a computer controlled scanning stage,
translating the stage, and acquiring axial reflectance profiles
for each scan position. For in vivo imaging, the sample will be
scanned circumferentially, using a fiber optic endoscope
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placed inside the organ lumen. The endoscope to be used for
performing intraluminal OCT imaging of in vivo urologic
tissues will be similar in design to a recently developed OCT
intravascular imaging catheter.12

The dimensions of the OCT images acquired in this study
were 3 (axial) X 6 (transverse) mm which corresponded to an
image size of 250 (axial) X 500 (transverse) pixels. The image
acquisition time was 45 seconds. Future modifications re-
quiring straightforward, albeit time consuming, engineering
should achieve image acquisition times at least two orders of
magnitude faster than demonstrated in this preliminary
study. A prototype system has been recently developed with
image acquisition times below one second.13

The OCT system used in this experiment is implemented
by coupling a superluminescent diode (SLD) with a center
wavelength of 1300 nm. and a spectral bandwidth of 50 nm.
into a single-mode fiber optic Michelson interferometer (fig.
1). The OCT system had a free space axial resolution (z) of
16 = 1 pum. which was determined by measuring the point
spread function from a mirror.8 The transverse resolutions (x
and y), determined by the spot size of the focused beam
incident on the sample, were measured to be 25 um. The spot
size was chosen so that the transverse resolution was com-
parable to the axial OCT resolution, while maintaining an
appropriate depth of focus (approximately 1 mm.). The power
incident on the sample was 150 uW which provided a signal
to noise ratio (SNR) of 110 dB. The SNR is a measure of the
minimum detectable reflectance and was empirically deter-
mined by comparing the signal from a 100% reflector (mirror)
to the variance of the signal with the sample arm blocked.
This sample arm power is below the hazardous level for
tissue, as determined by the American National Standards
Institute (ANSI).14

Normal urologic tissue including the prostatic urethra,
prostate, bladder, and ureters were obtained within 5 hours
of the initiation of autopsy. More than 20 different samples
from 5 patients were examined. The tissue samples were
placed in isotonic saline with 0.05% Sodium Azide and stored
at 0C. The tissues were dissected to dimensions of approxi-
mately 10 mm. X 5 mm. and imaged with the luminal sur-
faces exposed. During imaging, the tissues were partially
immersed in isotonic saline to prevent dehydration.
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Fie. 1. Schematic of OCT system. Short coherence length superluminescent diode (SLD) is coupled into fiber optic Michelson interferom-
eter. SLD has center wavelength of 1300 nm. and spectral bandwidth of 50 nm. Half of the light is directed toward reference arm while the
other half is directed toward sample. Interference is detected only if reference and sample arm path lengths are matched to within coherence
length of the light. Reflectance as function of depth, z, is obtained by scanning reference arm path length and digitizing the magnitude of
demodulated interference. An OCT image is created by acquiring reflectance as a function of depth while scanning the sample arm beam

across specimen.
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Imaging was performed through air at room temperature.
The position of the beam on the sample was monitored using
a visible-light guiding beam (633 nm. Helium Neon laser)
that was coincident with the 1300 nm. infrared OCT beam on
the sample. The imaging planes were marked using small
injections of dye. The samples then underwent routine his-
tologic processing. Samples were immersed in 10% buffered
formalin for 48 hours. The tissues were then processed for
standard paraffin embedding. Five micron thick sections
were cut at the marked imaging sites and stained with he-
matoxylin and eosin (H&E). The stained histologic sections
enabled verification of the microstructure of the different
samples and allowed identification of sources of tissue con-
trast in the OCT images.

RESULTS

Prostatic urethra. OCT enables visualization of the archi-
tectural microstructure of the prostatic urethra and the peri-
urethral prostate (figs. 2 and 3). Differentiation between the
prostatic urethra and the prostate is possible due to the
different backreflection characteristics of the two tissue
types. Paraurethral gland ducts can be visualized within the
urethra (fig. 3). Prostatic glands can be identified in both
images (figs. 2 and 3) and demonstrate the capability to
image completely through the urethra to the prostate. Areas
of relatively low backscatter within the prostatic glands rep-
resent the presence of prostatic secretions. Since the resolu-
tion of the OCT system used in this study was 16 pm., the
epithelium of the urethra is not resolved.

Neurovascular bundle. The high resolution of OCT allows
imaging of neurovascular bundles near the capsule at the
prostate-adipose tissue border. In fig. 4, a portion of the
prostate has been excised and imaged. The prostate tissue
appears relatively homogenous at this resolution. The out-
lines of entire adipose cells can be visualized in this OCT
image. A neurovascular bundle can be seen within the adi-
pose tissue adjacent to the prostate (fig. 4). Neurovascular
bundles appear to have a high backreflection intensity rela-
tive to that of the surrounding adipose tissue. Thus, OCT
provides high contrast between neurovascular bundles and
adipose tissue at the prostate-adipose border.

Prostatic capsule. OCT images of the exterior surface of
the prostate demonstrate the capability of OCT to resolve
and locate the prostatic capsule (fig. 5). Differentiation of the
collagenous layers of the capsule is made possible by
the differences in backreflection between the capsule and
the prostate. The axial thickness of the capsule in this image
can be measured from the OCT image and is approximately
50 um. Fig. 5 also shows an artery below the fibrous capsule.
Microstructure visible within the artery include the intima
and media of the vessel.
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Fi1G. 2. OCT image of in vitro human prostatic urethra and peri-
urethral prostate and corresponding histology (H&E). Paraurethral
glands can be clearly visualized below urethra.
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Fic. 3. OCT image of in vitro human prostatic urethra and peri-
urethral prostate. Green arrow points to periurethral gland duct in
urethra. Red arrows indicate prostatic glands containing secretions.

Fic. 4. OCT image of in vitro human prostate-adipose border and
histologg (H&E). Entire outlines of adipose cells may be seen. Red
arrow demarcates prostate-adipose border. Blue arrow points to
neurovascular bundle.

FiG. 5. In vitro prostatic capsule and corresponding histology
(H&E). Green arrow points to fibrous prostatic capsule. Microstruc-
ture such as border between intima and media of artery can be seen
below capsule (red arrow).

Bladder and ureter. Different anatomic layers in the blad-
der can be identified in the OCT image, including the mu-
cosa, submucosa, and muscularis propria (fig. 6). OCT im-
ages of the ureter demonstrate the capability of OCT to
resolve the mucosa, muscular layers, and adventitia (fig. 7).
Differentiation of the mucosa, muscular and adventitial lay-
ers is made possible by visualization of the different backre-
flection characteristics within each layer. The muscular lay-
ers seem to have a higher and more regular backreflection
intensity than either the mucosal or adventitial layers.
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Fig. 6. Inwvitro human bladder wall and histology (HEEL Borders
between mucosa (m), submucosa (sm), and museularis propria (mp)
can he clearly rezolved in OCT image.
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Fii. 7, OCT image of in vitro human ureter and histology (HEE),
High d&ﬁ'ﬂ!& of contrast i8 vigible between mucosa (m), muscular
tmsl and adventitial layers (a),

DESCUSSION

High resolution eross-sectional endoluminal imaging tech-
nologies have recently been developed to provide additional
diagnostic information in urelogy.15-1% The current clinical
technology with the highest resolution iz transluminal ultra-
sound. This technology uses small high frequency ultrasound
transducers (10-20 MHz) to penerate axial resolutions in the
range of 100 pm. & cross-sectional ultrasonic image is typi-
cally produced by rotating the transducer 360 deprees. Im-
aging of the urologic tissues is performed by filling the lumen
with sterile water o couple the ultrasonic probe to the tissue
surface, High frequency endoluminal ultrasound has been
reported to be useful for evaluating urethral diverticula, the
urethral sphincter, staging ureteral and bladder carcinoma,
and quantifving the dimensions and location of ureteral eal-
culi, 51 However, since axial resolution below 100 um. can
not be achieved, microstructure within tissue layvers and
cellular structure are poorly differentiated.

OCT has the potential to allow the urclogist to delineate
lisgue microstracture at an axial resolution up to 25 higher
(4 to 20 pm.) than high frequency ultrasound. In this work,
the ability of OCT to resoclve tissue morphology was demon-
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strated with a 1300 nm. diede source which provided an axial
rezolution of 16 pm. The feasibility of using OCT for high
regplution urologic imaging was suggested by studies per-
formed on representative tissues of the urinary tract. Micro-
structural details such periurethral exoerine ducts, prostatic
glandular secretions, and ureteral museular layvers could be
easily identified,

A role for OCT in guiding the resection of hyperplastic
prostatic parenchyma has alse been suggested. OCT images,
with an axial resolution of 16 pm.. sharply delineate the
prostate-capsule border. Furthermore, neurevaseular bun-
dles can be identified in close approximation to the prastatic
capsule. Since postoperative impotence and incontinence
have been linked to traumatie {transsection of these newro-
vascular bundles, OCT guidance may substantially reduce
the morbidity assoviated with mechanical interventions,

Several issues will need to be addressed before the clinical
effectivencss of OCT can be assessed, including improve-
ments in data acquisition rates and incorporation of this
technology into a small diameter (2-3 mm.) catheter. The
current acquisition times of 45 seconds are not sufficient {or
in vivo imaging. However, recent improvements in mechan-
ival seanning design and higher power light sources have led
to an increase in acquisition rate of almost two orders of
magnitude® Further modifications should achieve real time
video frame rates. Since OCT 15 baged on technology used in
fiber optic communication, its integration into small diame-
ter eatheters is straightforward. Unlike ultrasound, no elec-
tromic ultrasonie transducer is reqguired at the distal end
of the eytoseope because light can be transmitted -
directionally through optical fibers which are small and flex-
ible. Moreover, since OCT uses light rather than sound, im-
aging i possible through air and does not require a
transdocing medium or direct contact with the tissue surface,
In future unimal studies, a recently developed OCT imaging
endoscope’® will be used for performing OCT imaging of in
vivo urologic tissues,

Other modificationz, which will likely improve the perfor-
mance of DCT, will forus on alterations in source wavelength
and bandwidth. Both penctration and contrast in OCT im-
ages are dependent on the wavelength of the incident source,
It has recently been demonstrated that imaging at 1300 nm
allows a dramatic increase in penetration compared with 800
nm.” Examination of other wavelengths in the near infrarved
could wield further improvements in hoth penetration and
contrast. Furthermore, the resolution of the OCT svatem is
dependent on the bandwidth of the source. Recently, broad
bandwidth, short pulse femtosecond laser sources have been
shown to yield resolution in the range of 2 to 4 um ! Light
sources with these broad bandwidth characteristics have the
potential to provide the clinician with cellular level resolu-
Lo,

In conclusion, we have demonstrated high resolotion,
eross-sectional OCT imaging of several different urologic tis-
sues in vitro and have correlated these images with conven-
tiomal histopathology, The images acquired in this study
provide information on tissue microstructure that could only
previously be obtained with conventional biopsy. These re-
sults demonstrate that OCT may hecome a powerful diagnos-
tic technology during urologic procedures, parlicularly the
guidance of prostatic resection, suggesting that future in vivo
investigntions are merited.
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