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ABSTRACT Objective: Numerous ablation techniques have been developedto alleviate urethral
obstruction and improve urodynamics in benign prostatic hyperplasia.Most techniques, however,
rely on visual observationof surfacechangesfor ablation end points. The feasibility of using real-time
optical coherencetomography (OCT) for minimally invasiveimaging to guide and monitor prostate
resection is demonstrated with representative techniques of laser and radiofrequency ablation.
Empiric comparisons of ablation dynamics are made, and the use of OCT as a high-resolution,
subsurfacemodality for image guidanceis evaluated.
Materials and Methods: Optical coherence tomography is a high-resolution, high-speed
near-infrared imaging technique analogousto ultrasound imaging, exceptthat reflections of light are
detected rather than sound. High-speed OCT is used to image the dynamic process of laser and
radiofrequencyablation of in vitro human prostate tissue. OCT imagesof ablation sites are compared
with corresponding histology.
Results: Basedon comparisonsbetween OCT images and corresponding histology, OCT
imagedtransurethral prostate tissue morphology, including urethral sinusesand submucosalglands.
Real-time OCT imaging provided rapid feedbackand control of ablation dynamics.The compactand
portable OCT technology is amenableto minimally invasivebeam-delivery devices.
Conclusions: Optical coherencetomography offers a minimally invasivemeansof assessing
transurethral prostate morphology. Real-time OCT has the potential to provide image guidanceof
prostate resection for many of the existing surgical treatments directed at alleviating urethral
obstruction associatedwith benign prostatic hyperplasia. Comp Aid Surg 6:94-103 (2001). @2001
Wiley-Liss,
Inc.

INrRODUCTION
Transurethral resection of the prostate (TURP) was
the first m&jor endoscopic operative procedure in
medicine, and is currently the gold standard for the
surgical treatment of BPH against which all other

treatmentsare evaluated.1-3However, high postoperative morbidity and reoperation rates have
prompted the investigation of other resection techniques that utilize focused ultrasound,4.5micro-
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waves,6.7 laser radiation,8.9 or radiofrequency
energy.l0.ll The morbidity factors of TURP and
other prostate resection procedures can be attributed, in part, to poor or ineffective visualization
and dosimetry during the resection process.Hence,
image-guidancetechnologiesare important. Endoscopy and fiber optics have been used to position
instruments and monitor ablation, but only surface
features can be visualized. Transrectal ultrasound
and MRI have been used to monitor the extent of
thermal ablation within the prostate. Image resolution, however, is on the order of hundreds of microns, often leading to inaccurate lesion-diameter
estimations.12.13Improved imaging techniques for
monitoring and dosimetry have the potential to
improve the outcomes of many of the existing
surgical treatments. The use of a high-resolution,
real-time technology capable of imaging transurethral subsurface tissue morphology and guiding
ablation would enable improved localization and
resection, with the potential to reduce iatrogenic
injury during prostate resection.
Optical coherence tomography (OCT) is an
emerging minimally invasive optical imaging technology.14-16The OCT technology has a number of
features that make it attractive and able to be engineered for ultimate clinical applications, such as
high-speedsurgical guidance at micron-scale resolutions.14.15Because OCT is based on fiber-optic
technology, it draws upon a well-developed optical
communications technology base.OCT can be easily interfaced to surgical microscopes,17 endoscopes,18 laparoscopes,19catheters,20and handheld probes19where, in contrast to ultrasound, no
active transducer is required near the tissue and
imaging can be performed with small optical fibers.
Unlike technologies such as MRI or CT, OCT can
be engineered into a compact, portable, and relatively inexpensive instrument, allowing wider accessibility. Recently, OCT has been applied to imaging highly scattering tissues,21.22for use in
surgical guidance,14and for in vivo imaging of the
gastrointestinal tract in animal models and humans.18.23.24
A previous OCT imaging survey of in vitro
urinary tract tissue demonstratedthat OCT resolutions are sufficient to image prostatic morphology
and neurovascularbundles.25The objective of this
in vitro study is to demonstrate the feasibility of
high-speed OCT for real-time minimally invasive
imaging of prostate ablation and vaporization during radiofrequency (RF) and laser ablation. The use
of real-time OCT for the dosimetric monitoring of
prostate resection has the potential to provide im-
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age guidance for a large number of existing minimally invasive surgical techniques.
MATERIALS

AND

METHODS

Optical coherence tomography is a medical diagnostic imaging technology that permits the in situ,
micron-scale, tomographic cross-sectionalimaging
of microstructures in biological tissues. OCT imaging is somewhatanalogousto ultrasound B-mode
imaging, except that OCT imaging is performed by
measuring the intensity of reflected or backscattered light rather than acoustical waves. OCT is
based on a technique known as low-coherence interferometry, which was previously applied in optical communications as well as in biological systems to perform optical ranging with micrometer
resolution.26,27Figure 1 shows a schematic of the
OCT imaging and ablation setup. The OCT instrument used in this study is a laboratory prototype
constructed from readily available optical components. Measurementsare performed using a fiberoptic Michelson interferometer (fiber coupler,
Gould Electronics, Inc" Millersville, MD) with a
low-coherence-length light source (amplified superluminescent diode, AFC Technologies, Inc.,
Canada). Fiber-optic implementation provides a
compact and low-cost system that can easily be
interfaced to a variety of clinical instruments. Lowcoherence light can be generated by a compact
superluminescentsemiconductor diode or a source
such as a femtosecondsolid-state laser. One arm of
the interferometer is a modular beam-delivery instrument that directs the light onto the sample and
collects the retroreflected signal. For this study, a
stereo microscope with a pair of integrated galvanometers (Cambridge Technologies, Inc" Cambridge, MA) was used to direct the OCT beam onto
the tissue for imaging. An argon laser beam, controlled with a timed mechanical shutter, was coincident with the OCT imaging beam to perform laser
ablation. RF energy was delivered to the tissue via
a catheter. The reference arm of the OCT instrument includes a mechanism for varying the optical
path-length difference between the two arms. This
is commonly performed with an optical delay line.
Optical interference between the light from the
sample and reference mirror occurs only when the
optical distances traveled by the light in both the
tissue sample and reference paths match to within
the coherencelength of the light.
Although the penetration of OCT imaging in
nontransparenttissue is limited to a few millimeters, the typical image resolution of OCT is 10-15
ILm, 10-15 times greater than clinical ultrasound,
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Fig. 1. OCT and ablation setup schematic. A fiber-optic coupler equally splits the output of the superluminescent diode
(SLD) source into the reference and sample anns of the interferometer. The reference ann contains a high-speed optical delay
liI)e which is synchronized by the computer to the frame grabber. The sample ann contains an X- Y scanning mechanism to
direct the OCT imaging beam onto the tissue. An argon laser and a radiofrequency catheter are used to ablate prostate tissue
under OCT image guidance.

MRI, or CT. OCT imaging with resolutions as high
as 1-2 l.l.mis possible with state-of-the-art laboratory-based systems.28.29
The extremely high sensitivity of OCT allows signal-to-noise ratios in excess of 100 dB, corresponding to the detection of
reflected optical signals of 1 part in 101°.
High-speed OCT image acquisition is essential for in viva imaging. Slow acquisition rates are
often plagued by motion artifacts from either the
operator or the subject. An amplified superluminescent diode was used as a low-coherence light
source. This source operates at 1310 nm center
wavelength with a coherencelength (axial resolution) of 18 l.l.m,and can deliver 5 mW of incident
power onto the specimen-sufficient for real-time
imaging rates. High-speed axial scanning was performed using an optical delay line based on fem-

tosecond pulse-shaping techniques. Using this optical delay line, axial scans in excess of a few
millimeters may be produced at repetition rates of
2000 Hz. These rates enable acquisition of 500 or
250 transversepixel images at four to eight frames
per second. A modified surgical microscope was
used to deliver the near-infrared (1310 nm) OCT
imaging beam to a 30 JLm-diameterspot (transverse
resolution) on the tissue. The near-infrared imaging
beam is invisible to the human eye. Therefore, to
visualize the beam location, a visible beam from a
helium:neon laser (632 nm) was implemented as a
collinearly aligned aiming beam. Beam scanning
across the stationary specimenswas performed using a galvanometer-controlled mirror (Fig. I).
A cadaveric prostate specimen was obtained,
maintained in 0.9% saline solution, and imaged
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Fig. 2. OCT image and corresponding histology of human prostate. In vitro human prostate images acquired by hemi-secting
the prostate through the urethra (u) and imaging perpendicular to the longitudinal axis of the exposed urethra. (A, B) OCT
image and histology illustrating urethral sinuses (us). (C, D) OCT image and histology illustrating submucosal glands (sg). Bar
represents 500 JLm.

within 24 h of death. The in vitro specimen was
hemi-sected through the urethra and placed in the
OCT setup for RF and argon laser ablation. Laser
radiation from an argon laser (514 nm wavelength)
was delivered through a dichroic beam splitter (reflecting the OCT beam and transmitting the argon
laser beam) and focused on the specimen in the
image plane of the OCT microscope. The argon
beam was focused to a 900 .um-diameter spot,
centeredwithin the OCT scan range. For RF ablation studies, an RF ablation catheter with a 3-mm
tip was positioned on the specimen, centered
with-but lying just outside of-the OCT imaging
plane. A grounding electrode was placed in the
surrounding tissue bath. An RF power of 2 W was
delivered to the specimen for 15 s while OCT
imaging at four frames per second was performed.
On the second hemi-sected specimen, argon laser
ablation using 2 W delivered for 8 s was performed
while simultaneously imaging at eight frames per
second.Following imaging, the ablation sites were
marked using India ink and the specimens were
placed in formalin for standard histological processing. Histology sections, 5 .urn thick, were

stained with hematoxylin and eosin for light microscopy observation. Comparisons and associations were made between acquired OCT images
and corresponding histological preparations. The
researchprotocols in this study involving the use of
discardedhuman tissue have been approved by the
MIT Committee on the Use of Humans as Experimental Subjects and the Massachusetts General
Hospital.
RESUL TS
To determine which microstructural features of the
prostate are resolvable using OCT, images and
corresponding histology of a hemi-sected in vitro
human prostate specimenwere acquired. These results are shown in Figure 2. In Figure 2(A), the
OCT image (3 X 2 mm, 300 X 450 pixels) shows
the urethra with a collection of saline. Surrounding
the urethra are s"aline-filled urethral sinuses. The
corresponding histology shown in Figure 2(B) reveals good associationof the prostate morphology.
The OCT image and histology shown in Figures
2(C) and (D), respectively, were acquired from a
second site on the specimen. The OCT image
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shows subtle changesin optical backscatter corresponding to fluid-filled submucosal glands. The
presenceof these glands is confirmed with histology shown in Figure 2(D).
An OCT image and video sequenceof RF
prostate ablation is shown in Figure 3. These 6 X
3-mm, 512 X 256-pixel images were each acquired
in 250 ms (four frames per second). The initial
image shows urethral sinuses(arrows) of the hemisectedurethra filled with collections of saline. After
4 s, the tissue has constricted and portions have
moved out of the imaging plane. A larger collection
of saline is shown. From 6 to 11 s, tissue is being
thermally coagulated at the lesion site. The large
lesion site is shown at 15 s (arrows). The histology
reveals excellent correspondence,demonstrating a
region of coagulated tissue consistent with what
was observed in the final OCT image of the sequence. The thermally coagulated tissue is more
evident along the right side of the lesion.
Real-time OCT video imaging of argon laser
ablation and vaporization is shown in Figure 4.
Becauselaser ablation and vaporization processes
can occur at a faster rate, smaller images (3 X 3
mm, 256 X 256 pixels) were acquired to increase
the acquisition rate to eight frames per second(125
ms per image). A small localized lesion of coagulated tissueis rapidly formed at 1 s. This is enlarged
with vaporization and ejection of tissue occurring
by 3 s. At 5 s, vacuolization of tissue due to rapid
thermal effects is observed to the left of the ablation crater, and a deep carbonized crater has been
formed at 8 s. Comparison with histology confirms
the presence of vacuoles adjacent to the crater.
However, the vacuoles created below the crater
were not observed with OCT becauseof the shadowing effect from the carbonized tissue lining the
crater wall.
DISCUSSION
We have demonstrated the feasibility of using the
high-resolution, real-time imaging capabilities of
OCT for guiding resection of the prostate in a
laboratory setting. Optical coherence tomography
imaging has been used to track the dynamic
changes of RF and laser ablation. In this study,
real-time images were acquired at four frames per
second (512 X 256 pixels) for RF ablation, and at
eight frames per second (256 X 256 pixels) for
laser ablation. These image acquisition rates were
sufficient to track the changes that occurred during
thermal ablation. Acquisition rates are inversely
proportional to the number of pixels in the image.
In this study, we have selected image sizes large

enough to visualize the entire ablation site while
maximizing the acquisition rate. The image sequencesof RF and laser ablation (Figs. 3 and 4) are
representativeexamplesof the use ofOCT to guide
a wide variety of resection techniques.
The images generated by OCT represent
scanned areas several millimeters in size. Therefore, correlation with histology can be difficult for
small regions of tissue and for small lesions. In
addition, becausethe light source is near-infrared
and invisible to the naked eye, positioning and
marking of the tissue is difficult. The visible-light
aiming beam (helium:neon, 632 nm) and tissue
marking with India ink were essential to aid in
determining the location of the section of tissue
being scannedand registering these sites with corresponding histology. Tissue registration remains
the primary limitation for comparing fine structures
within OCT images with their corresponding histology, and becomes increasingly difficult at
higher, cellular resolutions. The size of the scanned
area is primarily limited by the beam-delivery
mechanism. BecauseOCT is optic-based, and imaging can be performed through air, no indexmatching medium is required between the device
and the tissue, as in ultrasound. It is therefore
possible to rapidly scan large areas of tissue.
The OCT image resolutions in the axial and
transverse directions are independent. The axial
resolution is inversely related to the bandwidth of
the optical source. Therefore, superluminescentdiodes and ultrafast solid-state lasers, which generated light with broad spectral bandwidths, provide
higher axial imaging resolution. The transverseresolution is determined by Gaussian beam-focusing
principles as in standard light microscopy. High
transverse resolution can be achieved by tightly
focusing the beam to a small spot. However, a
trade-off exists in the form of subsequentreduction
of the depth of field. The depth of field is the region
of the focused optical beam where the transverse
resolution remains relatively constant. Above (below) this region, the optical beam is converging
(diverging) and the transverse resolution is less
(larger beam size).
The OCT image resolutions used in this study
(18 JLm axial, 30 JLmtransverse) are significantly
higher than any existing clinical modality currently
in use for imaging prostate ablation. The optical
source used in this study was selectedfor its compact portable profile, high 'optical power for highspeed imaging, near-infrared wavelength for increasedimaging penetration,and optical bandwidth
for resolution. The transverseresolution was opti-

Boppart et at.: OCT Imaging of Prostate Ablation

99

Fig. 3. Radiofrequency ablation. Image and video sequence demonstrating real-time OCT imaging of RF ablation of human
prostate. 2 W RF power was delivered via a catheter tip for 15 s. The catheter tip was located immediately outside the OCT
imaging plane to prevent a shadowing artifact. Prior to RF ablation (0 s), the OCT image reveals urethral sinuses (us) of the
hemi-sected urethra filled with collections of saline. Arrows at 15 s and in the corresponding histology indicate the region of
coagulated tissue (ct). Bar represents I mm.
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Fig. 4. Image and
OCT imaging of argon laser ablation. 2 W argon power was
delivered for 8 s. Localized ablation (a) began within 1 s, resulting in tissue disruption (t) at 3 s, vacuolization (v) of tissue
along the outer margins at 5 s, and crater wall carbonization (c) at 8 s. The corresponding histology confirms the presence of
vacuoles and carbonized tissue. Bar represents 1 mm.
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mized to provide high transverse resolution and
sufficient depth of field for imaging several millimeters into tissue. The resolutions used in this
study were sufficient to image transurethral architectural prostate morphology, as well as to monitor
thermal tissue changes that occurred during ablation. However, theseresolutions were not sufficient
to resolve small glands or individual cells (typically
10-30 JLm).For the images shown in Figures 2-4,
a single image pixel representsan area roughly the
size of a single cell, making identification of cellular features improbable. Because of this, many
imagesappearto be relatively homogeneousexcept
when larger morphological structures are present.
Previously, OCT has been used to image cell mitosis and migration in developmental biology animal models3°and image resolutions as high as 1-2
JLmhave been achieved using state-of-the-art laser
systems.28.29
However, the current size and complexity of these laser systems limit their use in a
clinical setting.
OCT images display different features than
histology because contrast in OCT images arises
from differences in the optical backscattering of
unresolvable cellular and subcellular components,
rather than from staining as in histopathology. In
Figures 2-4, high contrast exists between the in
vitro tissue specimens and the surrounding saline
solution. However, contrast within the tissue specimens is not as high, largely due to the loss of cell
viability in these in vitro specimens, and to the
image resolution being insufficient to identify cellular features.In vivo studies in animal and human
subjects reveal images with significantly higher
contrast in tissue.2O,31
In vivo imaging studies with
advancementsin OCT imaging resolution will further improve the ability to identify pathology intraoperatively basedon microstructural or cellular differencesbetween normal and pathologic tissue and
cells.31The meansby which OCT and histopathology representtissue microstructure remains a central difference between these imaging modalities.
However, the establishment of OCT image baselines for the interpretation of normal and abnormal
morphologies in tissue will be a goal of future
studies.
Compared to video endoscopic imaging that
can only visualize surface features, OCT has the
ability to image subsurface tissue architecture at
micron-scale resolutions. OCT imaging penetration
is largely dependenton scattering processeswithin
tissue at near-infrared wavelengths. Therefore, tissuesor cellular structuresthat are highly scattering
will decreasethe imaging penetration of the OCT
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beam. For highly scattering tissue such as the human prostate, imaging penetration is typically 1-2
mm. There are two clinical conditions that will
increase the scattering of the OCT beam and will
likely reduce the ability to image subsurfacefeatures. First, the presenceof blood will reduce imaging penetration. This was observed in an in viva
OCT imaging study of the rabbit aorta.32Imaging
penetration, however, was improved by flushing
the region being scanning with bolusesof saline. A
similar protocol will likely be necessaryfor in viva
imaging of prostate ablation. Second,rapid thermal
ablation of tissue may produce a superficial layer of
carbonized tissue as observed in Figure 4. This
highly scattering tissue will produce a shadowing
artifact, similar to what is observed in ultrasound,
and reduce imaging penetration. Because tissue
carbonization is undesirablefor ablation, as well as
for OCT imaging, clinical ablation protocols have
been refined to limit the degree to which carbonization occurs.
This feasibility study used a microscopebased beam-delivery system to image in vitra human prostate specimensduring laser and RF ablation. OCT catheter-basedbeam-delivery systems
have been developedfor in viva applications.18.31
A
radial-imaging OCT catheter is one engineering
design for a clinically viable beam-delivery device.3° The small 1-mm diameter of the catheter
can be readily passedthrough the urethra to the site
of resection. This design collects optical backscatter from different radial positions and displays
backscatter intensity in a polar coordinate (radial)
image. One limitation of this design becomesevident with the presenceof a resection device within
the urethra, which may obscure the OCT imaging
beam over a sector of the 360° scan range. This
limitation can be overcome by the use of a linear
reciprocating scan mechanism.31.33
In this design,
the OCT catheter components remain unchanged.
Rather than rotating the catheter optics, they are
translated in a reciprocal manner along the axis of
the catheter and urethra. OCT images are subsequently displayed in a rectangular format. Because
the OCT technology is optic based,there is also the
potential to deliver both the imaging and ablation
beams through the same instrument and optics.
The OCT instrument and catheter beam-delivery device are based on fiber optics, making the
system compact and port.able-approximately the
size of an ultrasound cart. The technology utilizes
componentsfrom the telecommunicationsindustry.
Therefore, the system is comparable in cost to
ultrasound and relatively inexpensive compared to
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imaging modalities such as CT and MRI. Unlike
ultrasound probes and catheters, no active transducer is necessarywithin a catheter-basedbeamdelivery device. Hence, OCT catheters can be inexpensive and disposable.
In this study, the feasibility of using OCT for
the real-time imaging of prostate ablation has been
demonstrated.Using the OCT technology, an image-basedcomparison was made between the realtime dynamics of radiofrequency and laser ablation
of in vitra prostate specimensin a laboratory setting. In addition to demonstrating surgical image
guidance, OCT provides insight into the mechanisms of tissue damage, and permits high-speed,
high-resolution subsurfaceimaging of the ablation
process. Future studies will investigate minimally
invasive techniquesfor imaging the prostate in viva
using OCT. Integration of minimally invasive catheter-basedOCT image guidance with surgical ablation techniques may have the potential to intraoperatively monitor and provide dosimetric
feedback during prostate resection.
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