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Title: METHOD AND APPARATUS FOR HIGH RESOLUTION
COHERENT OPTICAL IMAGING

FIELD OF THE INVENTION
This invantion relates to both & methad and an apparatus for high-

resolution oplical imaging. More particulariy, this invention is concerned with
providing high-reselution imaging suitable for incorporation into an
endoscope.

BACKGROUND OF THE INVENTION
Modern medical imaging techniques have impartant applications

in health care. Modalitiss such as X-ray computed tormography (CT),
magnetic resenance imaging (MRI) and ultrasound imaging are the main
tomographic technigues avallable in most modern medical centers. Visible-
light endoscopy Ts another major imaging modality which is used
extensively in procedures like bronchoscopy or colonossopy. Fach of thesa
techniques employs different physical principles and measures different
properties of the biclogical tissue under study with different resolution.
Further, they can commonly be performed in-vivo. A thivd type of imaging,
oplical microscopy, is still utilized widely in clinical medicine. However,
optical microscopy is currently limited to detailed examination of excised or
resected specimens and & not used jp-vivo. In many circumstances, the
supeniar contrast and resolution afforded by optical micrescopy s such that
physical hiopsy followed by optical microssopls histology is considered tha
gold standard for diagnosis.

3 Combinations of these technigues, such as using a low-resolution
tomographic modality along with high-resolution imaging, biopsies or
interventional procedures are constanily being studied and evaluated.
Evaluation of these techniques is based on technclogical feasibilily, clinical
benefit and cosi.

Optical Coharence Tomography (OCT) is a relatively new imaging
technigue based on the low-coherence property of electromagnetic radiation
that enables high-resolution depth profilometry in a furbid, highly scattering

JP 2004-502957 A 2004.1.29
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media such as biological tissue. s use in biomedical imaging is currently
heing investigated in several research and industrial laboraiories. The main
advantage of OCT lies in its ability to localize the depih of refection from a
sub-surface site in tissue. This Incalization is essentially determined by the
coherenca propetiies of the fight source used and can be as low as 2 ta 20
pm for selected reacR sources {(e.g. lasers or amplifisd spontaneous
emission devices). This gives 2 maasure of the depth resplution attainable
with QCT. Independently of the coherence characteristics, the lateral
resolution is determined by the baar cross-section at the depth of imaging
and by the lateral spacing of the acquired dala. Typical values for lateral
spacing in the literature are in the 5 to 30 wn range. The price o be paid for
this remarkable cross-sectional imaging sbility in intact turbid tissue is the
limited imaging depth since, due to muwiiple scattsring and absorption, both
coherence and penstration of light are degraded resulting in OCT imaging
depths of approximately 2 to 3 mm.

Most current implementations of OCT are based on Michelson
interferometry with a 50/50 beam splitter directing the incident coherent light
beam into a reference path containing a mirror (i.e. a reference arm) and a
sample path containing the interrogated sample (i.e. 2 sample arm). Both
frae-space oplic and flber-oplic implementations of this scheme are currently
used. Reflected beams frem the mirror in the reference arm and from the
tiseue in the sample arm are recombined in the same splitter and half of the
resuitant light energy impinges’on a defector. Inooherent superposition of the
two light fluxes typically occurs except when the optical path lengths of the
two beams are matched to within the coherence length of the source. Within
this limiteg distance, tha coharent superposition of the two light fluxes yields
an interference patern with a frings magritude that is proportional to the
reflectivity of the tissue at that particular depih. Depth profiling of the sample
Is then achieved by scanning the reference arm length or more correctly by
scanning the optical path length of the reference arm by using a tims delay in
the reference arm (this s equivalent to lengthening the reference arm).
Various detection methods to measure and quantify these faint amplitude

JP 2004-502957 A 2004.1.29
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modulations amidst large background diffuse reflectance have been
developed having a dynamic range of approximately 70 to 110 dB.
Furthermore, lateral transiation of the beam and axial mation of the reference
mirror enables one to construct a iwo-dimensional reflectivity picture over a
desired field of view. Means of improving the final image dquality, such as
petforming image processing through de-convolution, have zlso been
investigated.

The foregoing is a brief descripfion of conventional reflectivity OCT
imaging. Other variations include, for example, flow (Doppier) imaging and
polarization imaging {albeit at the sxpense of ariditional complexity of he
DCT optics andlor signal processing technigues). Images from these
additional techniques are usually obtained in conjunclion with images from

conventional OCT so some inage overlay or fusion is possible. Upon further )

technological development and/er clinical implementation, may add sufficient
infarmation conlent to increass the clinical utility of OCT in medicine.

However, many OCT designs and approaches that have been
successiully implemented in tableiop research systems are not directly
suitable for in-vive imaging such as in gastroenterclogic or bronchescopic
endoscopy. Instead, they may be more suilable for dermatologicel,
ophihalmoiogic and dental applications. In contrasf, in-vive OCT imaging
musi address the issues of speed, resclution, contrast, penetation and
instrument size. lmages must be obtained sufficiently quickly to negate the
effacts of patient motion while stil achieving suitable axial and leteral
reselution, and maintaining an instrument size which iz small enough to be
endoscopically useful. Powerful near-IR sources, fast means of altering the
reference arm length and custom-designed distal optical devices have been
sugcessiully developed to overcome the difficult challenges pased by in-vivo
endpecopy.

The latest OCT techrology employs a single-mode optical fiber
with distal side-viewing optics introduced into the accessary channel ¢f a
‘conventional white-light endoscope. To build-up an image, the viewing
direction of the OCT fiber is either linearly scanned to and fro over an
approximate 2 mm distance, or is rotated via a flexible guide-wire or
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interiocking gear mechanism at severa) revolutions per second.
Simultaneous with this trenslation or rotaticn, the reference arm length
outside the endoscope is rapidly varied via an optical phase delay to
generate depth scans {i.e. A-scans). Currently, these QCT systems operate
at frame rates up to conventional video rates but mers typically at 4 fo 8
frames per second, with a frame presenting a fully circumfarential view to a
depth of 2 to 3 mm. The resultant resolution values are approximately 5 to
25 pm in the depth (axial} direction and approximately 20 to 40 um in the
lateral direction. As well, the lateral resolution generally degrades with an
increase in distance from the fiber tip of the OCT device due to geomedric
divergence. These QCT systems have a dynamic range which is somewhat
lower than that of corresponding ex-vivo systems due 1o increased noise
levels and fastst imaging speeds.

Based on the laiest OCT fechnology, it is questionable whether
cohareni in-vive QCT systems are adequate for successiul cinical imaging.
The images are ceriainly useful, but substantial improvement is required if
the elusive goal of "opiical biopsy” is to be realized. For example axial and
lateral resolution can be improved, While the improvement in the former
usually involves the use of better low-coherence sources (i.e. CW and
pulsed sources), the issue of sub-optimal and depth-varying lateral
resolution is more difficult to address. In ex-vivo systems, with its relaxed
consfraints of epeed and physical size, lateral resolution is improved by
focusing the beam to a few microns with @ high-NA (numerical aperiure)
objective lens. In contrast to conventional OCT scanning, the imaging can
now be performed In the lateral (en face) diraction with a pre-selected depth
with small oscillations in path length difference, followed by a smal!l depth
Increment as necessary, The high-NA objective lens is often coupled {0
tissue via a refractive-index matching liquid. The general approach of using
QCT with a high-NA distal optic lens is known as Optical Coherence
Micrescopy (OCM). However, the improved lateral resolution at the beam
waisl location comes at the expenss of latera! blurring at other dapths
because the highly focused beam has a very shallow depth of field. Thus,
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the lens-to-surface distance must be varied to focus to different depihs. In
addition, a dynamic fracking scheme is needed toa keep the location of the
coherence gate {within which coherent interference between the pptical
beams from the sample arm and the reference arm is possible) and the
beam waist al the same depth. These technigues for lateral resolutioh
impravement have not been altempted during in-vivo endoscopy because of
size and speed raquirements.

SUMMARY OF THE INVENTION

The presant invention is based on the concept of providing an
endoscopic optical coherence tomography (OCT) device with microscopic
rasolution which will hereinafter be refemed to as an endomicroscope. After
reviewing possible clinical applications of the endomicroscope, the following
parameters and featuras were identified since it is difficult fo ackigve these
paramoters and features simultanecusly with current it vivo OCT systems.

1. High Resoluticn

In order to achieve cellular and sub-cellular resclution, an
endomicroscope should preferably resclve features smaller than & pm both
in the axial and lateral direclions. In contrast to most existing in wve QCT
systems, the lateral resolution must not degrade substantially with the depth
of the tissue being imaged due to geomelric divergence.

2. Large fleld of view

An_ apprepriate field of view of the endomicroscope is
approximataly 2 x 2 mm in the axial and lateral directions of the eptical axis.
This field of view is considered to he adequate fot clinical applications. In
arder to achieve a & um resolution in both the axial and tateral directions
throughout the entire image, more than 800 A-scans (i.e. depth scans) have
to be performea for each frame. The resultant image will contain more than
540,000 pixels. This is several orders of magniiude higher than existing in
vive QCT systems.
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3. Small size of endoscops tip

Most of the existing i vive CCT systems are designed around the
constraints of the instrument channel of existing endoscopes. As & result,
the outer diameter of these systems is restricted fo approximately 2 to 3 mm
which limits the numerical aperture of the imaging system. This makes it
difficult to obtain high lateral resclution under in vive conditions. These
comstraints may be {echnically unnecessary and limit one from fully
exploiting the benefit of GCT/OCM in the clinical appiications under
consideration. Accordingly, a larger outer diameter, such as 3 mm ar more,
for example, may be used for the endoscope as well as a length of less
than 20 mm for the tigid tip.

4. High imaging speed

Since the endomicroscope will be used to image a large area at
high resolution urder in vive conditions, motien artifacts must be considered
because of tissue motion due to physiological motion. These motion
artifacts should be eliminated to ensure good image quality. Accordingly,
the endomicsoscope shoukl preferably be able to acquire a single frame
image within 12.8 ms givan a typical physiological motion speed of 5§ mm/s.
This resuils in 63,000 A-scans per second. This imaging speed is more than
ohe ordar of magnituds higher than that of current in vivo OCT systems.

5. Integraticn with currently available endascaopic imaging procadures

In order to improve clinical usefuiness, conventional white light
imaging should preferably be integrated into the endomicroscope. In
addition, instrument channels should ke preforably designed so that an
excisional biopsy could be performed under the guidance of the
endomicroscope. As well, instrument channels for water and air delivery
may be prefeiably made available.

The advanced requirements for an endemicroscope outlined
above are not compaiible with existing CCT/OCM designs. For instance, if
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an cuter diameter of B mm is allowed for the endomicroscope and a distal
optical design is used based on a single rofating fiber as describeg by
Tearney, G.J., Brezinski, M.E., Boumna, B.E., Boppart, 8.A., Pitris, C.,
Southern, JF., and Fujimoto, J.G. ("In vive Endoscopic Optical Biopsy with
Optical Coherence Tomography", Sclence, 276: 2037-2039, 27 June 1997),
then althcugh the 5 pm lateral resolution can be achieved at a single
specific depth within the tissue in any cne acan, such lateral resolution will
degrade dug te beam divergense at other depths. In addition, since a high
NA system will be required to produce the requisite small beam waist size,
ihe coherence gate and the focal point witl not stay together in depth over a
substantial (2.g. 2 mm) distance unless some dynamic compensation is
implemented as described by Schmiit, J.M., Lee, S.L., and Yung, K.M {"An
Crptical Coherence Microscope with Erhanced Resolving Power in Thick
Tissue”, Optics Communications, 142: 203-267, 1997). Therefore, in order
to achieve some of the aforementioned reguirements of the
endamicroscope, dynamic focusing (changing the probeftissue distance)
and dynamic compensation (changing the path length difference) must be
used. However, these focusing and cempensation lechnl§u83 complicate
the practical realization of the device and may make it more difficuli to
satisfy the high imaging speed requirement. I one tries io first satisty the
imaging speed, as dascribed by Rollins, A M., Kulkasni, M.D., Yazdanfar, 5.,
Ung-arunyawee, R., and 1zat, J.A. {"in vive Video Rate Optical Coberence
Tomegraphy", Oplics Exprass, Vel. 3 No, 6: 219-229, 14 September 1998),
then image resolution, parficularly lateral resolution, is degraded to an
extent that the clinical utility of the device is compromised.

The present invention provides an endomicroscoepe with mulliple
fibers (i.e. channels) employing OCT to ailow for different parts of the image
te be scanned in parallel, instead of in series as is currently implemented in
vxisting in vivo or ex vivo OCT/QCM systems. Using multiple parallel
channels focused to different depths [n the tissue, with each channel
collecting high-resolution OCT data orly across a very small axial range
allows for a series of tight focal points to be achieved throughout the entire
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field of view without dyramic focusing or dynamic compansation., This
greatly simplifies the design of the davice which may now use mostly fixed
optical componeats, and may faciliate high-speed operation. In addition, the
infrinsically miniature dimension of the fiber optic based OCT technigue
makes the multichannel concept possible fo implement in a fiexible
entoscopic device while the proximal part of the endoscope, which is
outside of the patient, aliows room for sources, detectors, and other
equipment. ’

In accosdance with a first aspect of the present invention, there is
an apparatus for optical examination of a sample, the apperatus comprising:

an eptical source means for providing a plurality of separate
optical radiation sources;

a first optical path extending from the sowce means; and,

a focusing means in the first optical path for focusing optical
radiation from the optical radiation sources into a plurality of respective focal
points located on a surface within the fitst optical path to provide
substantially continuous coverage of a selected porlion of the first aptical
path, whereby, in use, a sample can be located at leasl partially within the
selected portion, thereby permitting simultaneous scanning of a plurality of
points within the sample.

in accordance with a second aspect of the present invention, an N
channel apparatus for opfical examination of a sample, wherein the N
channel apparatus comprises a pluralily of optical networks and a reference
arm, each oplical network providing one channel for the N channel
apparatus and sharing the reference arm.

In accordance with another aspect of the present invention, there
is provided a method for opfical examination of a sample, the method
comprising:

(a}  providing radiation frem a plurality of separate optical
radiation sources, along a first aplical path;

(b}  providing focusing means in the first oplical path;

{c)  focusing the optical radiation from the optical sources into
a plurality of respective focal points along a surface within the first optical
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path to provide substantially continuous coverage of a selectad poriion of
{he first optical pathy, and

{d)  providing 3 sample located at least partially within the first
oplical path; and,

(&)  simultaneously scanning a plurality of points within the
sample. .

It is o bo appreciated that a sample, for use with the present

invertion, may comprise any kiological tissue or other suilable material,

Further objects and advantages of the invention will appear from
the following description, taken together with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the preseni invention and to

demonstrate how it may be carried inte effsct, referance will now be made,
by way of example, to the accampanying drawings which show a preferred
embodiment of the present invention and i which:

Figure 1ais a {op view of the tip of an apparaius in accordance
with the present invention showing optical patha and ignoring the refraction
effects of an air-tissue interface;

Figure 1k is a side view of the tip of an apparatus in accordance
with the prasent invention ehowing optical paths and ignoring the refraction
effests of an air-tissue interface;

Figure ic is an end view of the tip of an apparatus in accordance
with the present invention showing optical paths and ignoring the refraction
effects of an air-tissue interface;

Figure 1d ig an atternate embodiment of the tip of the apparatus
of Figure 1a showing optical paths and ignoring the refraction effects of an
air-tissue interface;

Figure 2a shows the fiber bundle fip of Figura 1;

Figure 2b is a top view of an enlarged section of the fiber bundle
tip;

Figure 2c is an end view of an enlarged secticn of the fiber
bundle tip;
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Figure 3a illustrates the focal points of thres of the imaging fibers
of the fiber bundle tip of Figure 1;

Figure 3b iz a2 magnified view of the focal points of Figure 2a
showing details of tha focal points at different depths;

Figure 4a is a schematic indicating different directions for

directing ihe optical beams from the fiber bundle fip of Figurs 1;

Figures 4b and 4c are top and end views of optical beams in
directions A and C of Figure 4a;

Figures 4d and 4s are top and side views of opiical beams
directed in directions B and D of Figure 4z;

Figure 4f shows a perspective view of the optical beams in the
directicns B and ;

Figure 5a is a beamn spot diagram of a § channel fiber bundle tip
showing electric field strength distiibution near multiple focal zones;

Figure 5b is a beam spot diagram of 5 central channels of a2 15
channel fiber bundle tip showing electric field strength distrikbution near
muttiple focal zones;

Figure 5¢ is a graph of beam spot diameter versus focal zone
distance for the fiber bundie tip of Figure Sa;

Figure 8d is a graph of beam spat diameter versus focal zone
distance for the fiber bundle tip of Figure 5b;

Figure 6 is a schemafic layout of an apparatus in accordance with
the present invention;

Figures 7a is & top view of an optical delay generater used in the
apparatus of the present invention;

Figure 7h is a front view of a scanning mirrer used in the optical
delay generator of Figure 7a.

Figure 84 is an end view of the mirrer and the focal points from
three of the imaging fibers of the fiber bundie tip of Figure 1a;

Figure 8b shows a combined A-scan and a two-dimensional
brightness-mode (B-mode) scan path for light radiated from a single
imaging fiber of the present invention,

JP 2004-502957 A 2004.1.29



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(46)

WO 0204429 POTATADI Y2

0

25

- I1 -

Figure 9 is a diagram illustrating misrﬁatch betwean the
coherence gate and the focal point due to the air-tissue interface for light
radiating from a single imaging fiber of the present invention;

Figure 10 is a diagram illustrating flexible triggering of the
apparaius of the present invention to accommodate the mismatch shown in
Figure ;

Figure 11a is a schematlic diagram of a Pror Art single channel
Optical Coherence Tamography device;

Figure 11b is a schematic diagram of a two channel Optical
Coherence Tomography device;

Figure 11c is @ schematic diagram of an optica! network that
could be used to construct an N-channe! Cplical Ceherence Tomography
device;

Figure 12a is a schematic diagram of a single channel Optical
Coherence Toemography device with an optical circulator;

Figure 12b is a schematic diagram of a two channel QOptica)
Coherence Temography device employing optical circulators;

Figure 12¢ is a schematic diagram of an optical network that
could be used to construet an N channel Optical Coharence Tomography
device employing an optical civculator,

Figure 13a is a schematic of an experimeotal setup used to
investigate crass-talk between optical channels sharing eomponents;

Figure 13k is an experimental result from experimentation on the
setup of Figure 132a;

Figure 13¢ Is another experimental result from experimentation on
the setup of Figure 13a;

Figure 14 is an end view of a Gl endoscopic coherent optical
microscope in accordance with the present invention;

Figure 15 is a cutaway side view of the G) endoscepic coherent
optical microscope of Figure 14 showing a Biopsy channel;

Figure 16 is a simuiated image of 2 human celon epithalium that
is expected to be abtainad with the apparatus of the present invention;
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Figure 17a has two panels which each show a microscopy image
of sweat ducts in the human skin; and,

Figure 17 b has three panels which each show an in vive OCT
image of aweat ducts in the human skin.

DETAILED DESCRIPTIGN OF THE INVENTION
In the following description, varicus specific dimensions and other

parameters zre mentioned such as the wavelengih used by the imaging
source and the physical dimensions of the optical components used in the
apparatus. It is fo be appreciated that this is for exemplary purposes only
and dees not limit this inveniion. Speciﬁc parameters, dimensions and the
like may be chosen depending on an intended application of the invention.

Referring to Figure 1, the present invention provides an
apparatus cormprising an endoscopic coherent optical microscope having
muliple single mode fivers 10, a fiber bundie tip 12, a focusing lens 14 and
a mirror 18. The mullipie single mode fibers 10 and the focusing lens 14 are
stationary while the mirrar 18 is rotatable. Accerdingly, the mirrar 18 is
mounted for rotation in known manner. Details of the rotating mechanism
for the mirrer 18 are not described further and can e conventional. Multiple
single mode fibers 10 (of which there may be approximately 50 fibers) form
ap array at the fiber bundle tip 12. This array is cieaved and arranged in a
"staircase” pattern as shown in Figure 2. Radiated light from the fiber
bundle tip 12 is focused by the facusing lens 14 and reflected by the m%rlror
18. The focusing lens 14 may have a diameter of 8 mm (i.e. § = 5 mm) and
a focal length of 5 mm (i.e. f = 5 mm). The mirrer 18 may have a diameter of
5 mm and a front face that is cleaved at 45°. A magnified image of the focal
points of the fiber bundle tip 12 is shown in Figure 3.

Figure 1a shows thres beams 21, 22 and 23 from three
exomplary fibars arbitrarily chosen front the multiple single mode fibers 10.
Due to the staggered or staircase nature of the multiple single mede fihers
10 [=ee Figure 2}, each of tho beams 21, 22 and 23 originates from a
differant point and conseguenily is brought into focus, by the facusing lens
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14, at a different point 27a, 22a and 23a on a suiface 18 when the mirror 16
is not used. It will be appreciated that & similar effect is achieved for all of
the multiple single mode fibers 10 of the fiber bundle tip 12 to produce
bearms focused 16 different points on the surface 18. As indicated al 24 (and
as shown in Figure 3), if the mulfiple single mode fibers 10 camprise 50
optical fibers, each betng focused within a shoit range of approximately 40
migrans and having their ends staggered to space the focal points apart by
40 microns (as measured along axis 20 of the focusing lens 14), a total
range or depth of 2 mm is covered. The axis 20 for the focusing lens 14 is
part of a first oplical path. ‘

With the mirror 16 present, the optical baams 21, 22 and 23 are
focused as shewn in Figures 1b and 1c. Thys, three focal points 21b, 22b
and 23b are spaced apart in a vertical or depth direction along axis 26
which forms an extensicn of the first optical path. As the view of Figure 1c
shows, the thrae focal points 21b, 22b and 23h are also spaced apart in the
circumferential direction (i.e. they are spaced apart Izterally) relative to the
mation of the mirror 16. The three focal points 21b, 22b and 23b fall on 2
surface 27 to facilitaie imaging of a selected partion of the first optical path.
The surface 27 may be a complex swface or a planar surface. If multiple
single mode fibers 10 comprises 50 individual fibers, then the facal points of
all the individual fibers from the fiber bundle tip 12 would be spaced apart
correspandingly. . Alternatively, the refiected focal points 21b, 22h and 23b
do not necessarily have o be perpendicular to the axis 20 but may be at a
large angle to the axis 20.

Rotation of the mirror 16 resulis in motion of the surface 27. This
enables a two-dimensienal B-scan image 30 fo be obtained, as shown in
Figure ‘¢, covering a scan area 28 which has a square shape with
praferable dimensions of 2 mm x 2 mm. The B-scan image 30 indicates an
exemplary view that may be cbtained for the scan area 28.

Redesigning the multiple single mode fibers 10, for example, by
changing the diameter of the core and cladding of the multiple single mode
fibers 10, results in variations on the surface 27. Furthermore, optical wave
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guide wafers may alsc be used in the place of the muitiple single mode
fibers 10.

In an afternative embodiment, the mirror 18 may be replaced by a
mirror 16" that moves linearly in combination with the focusing lens 14 and
the finer bundie iip 12 as shown in Figure 1d. The lingar translation may
preferably incorporate a reciprocal motion. In terms of mechanics, the fiber
bundie tip 12, depicted in Figure Ta, ulilizes a radial scanning motion. The
radial scanning motion is well sulted for seanning organs having larger
diameters, such as the escphagus or the large intestine. However, due to
the complex driving mechanism naeded for radial scanning, the diameter of
the fiber bundie tip 42 will not aliow far endomicrascopy in organs having
small inner diameters such as blood vessels. Therefore, the alterpative
embodiment shown in Figure 1d may be used which comprises & similar
fiber bundle tip 12" that is adapled ta perform lingar translationa) scanning
instead of radial scanning.

As shown in Figure 1d, the main differences between the two
methods of scanning are that the mirror #6' will not be rotating and the
entire fiber bundle tip 12’ needs to be translated aiong its horizontal axis in
preferably a reciprocal motion over a range of 4 mm for example.
Mechanically, the linear translational scanning motion is {ess camplicated
than the radial scanning metion. In addition, linear franslational scanning is
better suited for endomicroscopy in organs having a small inner diameter
such as hiood vessels. However, for some larger organs, such as the large
intestine, linear translaticnal scanﬁing is not as well suited dus to
pesitioning difficulties.

In & further alternative embodiment, both of the scanning motions
may be combined to produce an endamicroscopy deviee having helical
scanning. The helical scanning mation would comprise the rotational
mavement of the mirror 16 in combination with the linear franslation of the
mirror 14, the focusing lens 14 and the fiber bundle tip 16. Such an
endomicroscopy device may be more suitable for imaging certain types of
organs such as the human large intestine. The helical scanning

JP 2004-502957 A 2004.1.29



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(50)

WO 0204429 POTATADI Y2

25

an

- 18-

endomicrescopy device may he implamenied by linearly transiating the
apparatus shown in Figure 1a.

In yat another atternative embodiment, the fiber bundle tip 12 may
be altered to employ a Micromachined Electro-Mechanical System (MEMS)
driving mechanism. Since the aforementioned ambodimeants require some
form of motion for the mirrer 16, all embodiments require meghanica) driving
mechanisms. Accordingly, a mefor is sifuated outside of the endoscope and
a mechanical drive-train mechanism or wire is placed along the entire
length of the endoscope. However, the mulii-channe! fiber optical design is
not restrigted to such mechanical driving means. In fact, due io the
extremely small spatial resolutions realizabie by the multi-channe! system,
adverse effects, such as vibration induced polarization dependence, from
the mechanical drive maans, may iimit the full potential of the present
invention if a mechanical drive means is utilized. Therefore, a MEMS
elactrical driving mechanism may be empioyed whare electrically-driven,

- micro-mechanical oplical devices are used to facilitate the scanning. This

implementation may potentially circumvent the adverse effects that may be
saused by a mechanical driving mechanisin since the MEMS
implementation reduces vibrations along the axis of the device except in the
vicinity of the object which Is being translated such as the mirror 16. The
MEMS implementation may also offer advantages in ferms of
miniaturizaticn and performance.

In a further alternative embodimant, the fiber bundle tip may not
require the mirror 16. The combination of the fiber bundle tip 12 and the
forusing lens 14 may be pivotaily attached. Accordingly, through a pivoting
motian, the combination of the fiber bundle tip 12 and the focusing lens 14
may be adapted to direct a plurality of focusing points along portions of a
Plurality of surfaces extending into the sample to construct the B-scan
image 30 of the scan area 28.

In yet another embodiment, the mirror 16 may be a surface of a
prism. The rest of the apparatus would follow as previously described and
shown in Figures 1a to 1d.
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1t should further be understood that the aptical path can be
straight, bant or curved. Furthermore, the optical path may be a 3
dimensional path having a length, width and height. Depending on the
seanning motion {i.e. radial, linear or helical), the orientation of the surface,
upon which the facal points reside, may also vary. Furthermore, the aptical
path may comprise optical radiatioh from one optical radiation source or a
plurality of opfical radiation sources {i.e. a plurality of light sources or a
plurality of fibers each transmitting optical radiation).

Referring now te Figures 2b and 2c, a magnified view of the fiber
bundle tip 12 comprising the multiple single moede fibers 10 is shown. Fach
of the multipie single mode fibars 10 comprises a cladding 10a around a
core 10b having diameters of, for example, 40 pm and 5 um respectivaly.
The ends of the muitiple single mode fibers 10 may be stepped by 40 um so
that the focal points of the optical radiation fhrough each of these fibers are
spaced apart. However, a step spacing other than 40 pm may also be used.

Referring now to Figure 3, A-scans for each of the multiple single
made fibers 10, in the fiber bundle tip 12, are acquired over approximately
the entire Z mm imaging depth, but retained only over a short axial range of
approximately 40 pm near the focal point of each fiber where the beam
diamater is close to a minimum {indicated at 34) and does not vary
substantially with axial pesition. This range of 40 pm, in this exemplary
design, is indicated at 31. The A-scans are performed simultansously by
each: of the multiple single mode fibers 10 within the fiber bundle tip 12
Effectively, the multiple A-scans cover the entire depth of 2 mm in the
sample fissue at differert radial directions, but for each of the muitiple single
mode fibers 10, only sections of the vespective A-scan in a corresponding
40 pm depth-of-focus 31 are used to build up the image. As shown in the
focal zone 31, each of the beams 21b, 22b and 23b show a distinct
“hourglass” shape for the facal points 38, 37 and 38, in known mannar. For
each of the beams 21k, 22b and 23b, the far field beam spread is indicated
by lines 32 and the near field beam spread is indicated by lines 34.
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The purpose of rotating the mirror 16 is to create radial (i.e.
lateral) scans in a direstion that is perpandicular to the A-scan direction to
create a B-scan image, i.e. the scan area 28 of Figure 1. The resultant
radial scan pattern of the focal points of the individual fipers from the
multiple single mode fibers 10 Is ilustrated In Figure 4. It is worth noting that
a continuous scan surface is only prasent when the cleaved face of the
mirror 16 is Taced substantially in the direction of locations A" and "G,
where B-scan Images should be taken. At other locations on the radial sean
[;attern. a "dead space” between the individual A-scans is 1o large to allow
for sufficient sampling of the tissue. Therefare, the present invention
comprises & sactar-scan imaging device, to scan a seclor subsiantially in
the "A" or "C" locations, with a sector angle of about 207, within which a 2
mm by 2 mm image is obtained. In this example, with the given gecmeiry, a
larger sector angle will produce "dead spaces” which are too large to form a
suitable cross-sectional image.

Figures 4b and 4c show beam focal points 36, 37 and 38 from
both a tap view and an end view respectivaly. Aa shown, and coresponding
to earlier figures, the individual focal points 36, 37 and 38 are spaced apart
in the radial plane perpendicular to the axis 20. As Figure 4c shows, in an
end view along the axis 28, the focal points 38, 37 and 38 are spaced apart
in terms of depth but overlap to create a continuous scanning surface or
scan area 28.

If, the cleaved face of the mirror 16 is faced substantially in the
direction of the locations indicated at “B" and "D", in Figure 4a, which is
perpendicular to the scanning surface or scan area 28, then the patterns
shown in Figure 4d (a top view of the pattern) and Figure 4e (a sids view of
the paitern) are obtained. Here, the facal points are indicated at 40, 41 and
42. As shown in Figure 4d, the focal points 40, 41 and 42 are each in an
individual plane 407, 41° and 42' which are spaced apart comespontding to
the spacing of the fibers in the fiber bundie tip 2. The planes 40°, 41' and
42" are perpendicular 10 the axis 20. In Figures 4b to 4e, ariows 44 indicate
the direciion of the radial scan.
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For the linearly translated sysfem shown in Figure 1d, there are
no "dead spaces” and s linear translation can produce images suitable
images approximately 2 mm by 2 mm in size.

in the exemplary design of the endemicroscepic system, the
maximal speed of tissue motion, due to physiologica! motion, was chosen
as 5 mm/s for in vivo imaging. A near diffraction-limited focusing lens (i.e. a
lens which approximates an ideal lens by providing very small focal points)
was chosen as the focusing lens 14. The neat diffractionimiied focusing
lens was supplied by Melles Grict inc. In addition, each single made fiber,
from the plurality of single mode fibers 10, had a core diametar of 5 microns
lie. @o= 5um) and was operated at a wavelengih of 0.86 pm. Furthermore,
the design incorporates an approximate core index of n;= 1.447 and a
difference in fhe refractive index between the core and the cladding «f An=
0.005. Using these values, the NA of the fiber is then given by:

Na=nr(240)= 0.145 (1)
and the acceptance angle, 8,, of the fiber is given by:
62 = sin 7 {NA) = 8.32° = 0.145 rad (2

The design further incorporates the concept of an ideal lens
which is used to focus optical ragiation, from the plurality of single mode
fibers 10, at a magnification of 1 to 1 and that the far fiald beam divergence
angle is similar to #s,. Then, for light beam radiation with a center
wavelength A, the beam diameter at the focal point is given by:

Ty= 2wy 2 ﬂ%: 3.95pm = @, @

The spot diameter & is approximately equal to the core diameter (@=5um}

2
aw,

whigh results in efiicient opfical coupling. The depth of focus is 2 =27.2

mm and the-beam diameter at the ends of the focal zones for focal points
36, 37 and 3B is given by:

@¥=2+Z wp= 5.59 mm )
Since the Z¢and ¥ parameiers are definad in terms of amplitudes, within
40 pm of the focal point in the axial direction, the beam diameter based on
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light intensity (i.e. the square of the light amplitude) may actually be smaller
than 5 pm.

The above calculation is based on ideal optics eperating on the
principle optical axis. Using an off-the-shelf lens system with @ = 5 mm, f =
5 mm, and a working distance of 8.2 mm, it has been found that the off-axis
angle required to cover a 2 by 2 mm image is about 5° using commerciat
ray-tracing software. At approximately an 80% fill factor of the focusing lens
14, the ray-fracing results show the on-axis RMS focal peint to be 5.3 pmin
radius, and the 5° off-axis RMS focal point to be 10.3 um in radius. A
custorn designad lens system should have better performance.

As illustrated in Figure 1, the working distance of the entire optical
system, Le. the distance from the focusing leng 14 to the focal point of the
apparatus is determined by the focal length of the lens system, the diameter
of the focusing lens 14 and the gap between the focusing lens 14 and the
mirror 16. Using the off-the-shelf lens system discussed above, the working
distance is about 2.35 mm. The distance from the center of the image to the
rotational axis of the mirror 16 is about 5.47 mm. To cbtain & 2 mm scan in
the radial direction, the sector scanning angle should be approximately
=10.47, or about 207 in total, as determined by the geomstry of the aptical
system.

Curently existing in vivo OCT systems perform radial scans at 4
to 8 revoinlions per second (RP3) te yield a hiologically acceptable 4 fo 8
frames per second. For the design of the present embodiment, 4.4 RFS is
chosen as the rotationa? speed. The rofational speed depends on the
repetition rate of the A-scans and the number of A-scans required to obtain
a § pm lateral resolution. Therefore, the imaging speed of the apparatus of
the present inventicn is 4.4 frames/s while other imaging speeds may bea
chosen based on different end-user applications. The Imaging time for each
individual frame is 12.6 ms, as determined by the rofation speed and the
sector scanning angle. Therefore, for a given frame, the system is acquiring
signals for 12.6 ms and the time between framas is about 215 ms during
which data processing Is performed. These parameters are dependent an
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the performance of the opfical delay generator {which is described later)
that is used in the system.

While the above caleulations were made based on a light source
operating at a light wavelength of 880 nm and custom mada single mode
fibers, implementation using a light source operating at ather wavslangths,
such as 1300 nm, and off-the-shelf fiber may also be possible. Figure 5a
shows a beam spot diagram for a 5 channel fiber bundle fip aperating at
wavelength of 1300 nm and using off-the-shelf fibers (Coming SMF-28).
The fiber bundie fip has a fiber step size of 125 um. The light beams from
these fibers, focused by a lens having a 5 mm diametor and a 4.5 mm focal
length, cover a focal zone of approximately 0.65 mm. The resulting lateral

imaging resolution is approximately 10 um. Figure 5b shows a beam spof.

diagram for a 15 channel fiber bundle tip operating at a wavelength of 860
nm and using custom designed fibers having a core diameter of 5 um and a
cladding diameter of 40 um. This fiber bundle tip has a fiber step size of 40
pm. The beams spots of only the central 5 channels are shown. The
resuliing leferal imaging resolution is approximately 5 um over a focal zone
of approximately 0.65 mm.

Figure Sc shows beam spot diameter versus distance aleng the
Tocal zone for the 5 channel fibar bundle fip of Figure 5a. Figure 5e shows
that the beam spot diameter is consistently less than 15 pm over the entire
285 mm focal zope. Figurs 5d shows beam spot diameter versus distance
along the focal 2one for the 15 channel fiber bundle tip of Figure 5b. Figure
5d shows that the bearmn spot diameter is approximaiely 5 pm over the entire
065 mm focal zone.

Referring new to Figure 6, the overall general layout of the basic
optical elements of the apparatus of the present invention comprises a
plurality of optical saurces 50, a plurality of tree couplers 52, a plurality of 3
dB couplers §4, a fiber bundle tip 66, a plurality of deteciors 58, a plurality
of demodulaters 80 and an optical delay generator 64. The plurality of
optical sources 80, which may be lasers, are connecied to the plurality of
tree couplers 52. More than one laser may be neaded to ensure that
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adequate optical radiation is provided to each of the fibers {i.e. channels) in
the tip BB. Each tres coupler 52 couples a respective oplical source 50 fo a
subset of the plurality of 3 dB cou[ilers §4. The pluratity of 3 dB couplers 54
are connected to the fiber bundle tip 56 for onward transmission of
approximately haif of the light radiation from the plurality of optical sources
50. The fiber bundle fip 56 includes fiber bundle tip 12 and the other optical
slaments of Figure 1 (i.e. the focusing lens 14 and the mirror 16). The other
half of the radiation from the plurality of optical sources 5 is reflected back
to detactors 58 which in furn are connected through the demodulaters 80 to
& carrputer 82 which functions to procass tha sampled data to generate the
B-scan image 30. The oplical delay generator 64 is used by the 3 dB
couplers 54 to provide a delayed reflected signal to the detectors 58. The
sample being investigated by the tip 56 is indicated at §5.

In the layout shown in Figure B, 1 dB or 10 dB optical couplers
and the lke may be used in place of the 3 dB couplers 54. Furthermore, the
intensity of the opfical ratliation transmitied to each of the 3 4B couplers B4,
and consequently sach fiber, by the free couplers 52 need not be the same
and in fact is chosen depending on whether the 3 dB coupler provides
optical radiation to a fiber {(i.e. channel) that facilitates & deep or shallow
scan inte the fissue. High intensity optical radiation is needed to scan
deeply into the tissue. Accordingly, tree couplers 82 and 3 d8 couplers 54
that feed optical radiation o fibers that scan deeply inte the tissue are
adapted fo provide larger amounts of optical radiation.

Figures 7a and 7b show the optical delay generater 84 in greater
deiail. The optical delay generator 64, similar to those in existing in vivo
OCT systems, is used to perform the A-scans using the coherence
envelope of each individual fiber. The optical delay generator 64 comprises
a grating 66, a lens 67, a scanning mirror 68 and a mirror 70. Rapid depth
scanning can be achieved with the uptical defay generator 84 by dispersing
quasi-monochromatic Hight from the multiple single mede fiters 10 in the
fiber bundle tip 12 onte the diffraction grating 66 and focusing the dispersed
light onto the oscillating mirror 68. This has the effect of applying a linear
ramp in the frequency or Fourier domain as described by G. J. Tearney,
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B.E. Bouma and J. G. Fujimoto ("High-speed phase and group delay
scanning with a grating based phase control line” Nature Medicing 4(7),
BG1-BB5 (1998)). With recombination of the reflected wavelengths at the
diffraction grating 66, a real space-time delay is created. The angle of the
seanhing mirror 68 is rapidly oscillatsd through several degrees of rotation
creating a rapidly varying time detay in the reference arm which allows for
fast, repeated depth scanning of a sample.

The optical radiation 70 from one fiber from the multiple single
mode fibers 10 is shawn in Figure 7a. The optical radiation 70 is dispersed
into spectral compenents represented by spectral components 71, 72 and
73 by the graling 68. Spectral component 71 represents the lowest
wavelength in the opfical radiation 70; spectral component 73 represenis
the highest wavelength in the optical radiation 70; and spectral component
72 represents the conter wavelength in the optical radiation 70. These
spactral components of the optical radiation 70 are vertically aligned in the
optical delay generator 64. In a similar fashion. optical radiation from other
fibers from the multiple single mode fibers 10 are dispersed and vertically
aligned, with a vertical spacing hetween the dispersed optical radiation from
the different fibers. The cffsel of the center wavelength of the dispersed
optical radiation fram the pivot axis of the scanning mirror 68, for a given
fiber, is represented by xg which facilitates phase modulation of the
dispersed aptical radiation from each of the multiple single mode fibers 10.
Alternatively, if Xa were zero then a phase modulator would he needed, for
sach of the single mode fibers 10, to phase modulate the optical radiation
from each of the single mode fibers 10. This has the advantage of allowing
for a reduction in size of the s¢anning mirror 68 which in turn allows for a
higher frame rate to be used. Furthermore, the phase modulator is
elactrically controlled which allows for very stable signals are generated

Referring now to Figure 7h, the multiple single mode fibers 10 are
aligned in the fiber bundle tip 12, such that dispsrsed optical radiation from
each of the multiple single mode fibers 10 is vertically aligned an the
scanning mirror 68 as rows 75, 76, 77 and 78. Alfernatively, other crdered
arrangements may also be used for the spectral components of the optical
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radiation from each fiber from the multiple single mode fibers 10 such as
columns.

As fllustrated in Figure 8, a single optical delay generator may be
used to intreduce delay in multiple fibers. The limiting factor in determining
the number of channels that may be coupled to a single oplical delay
generator is the physical size of the scanning mirror which is in turn limited
by the resonance frequency of the optical delay generator. Commercially
available resonance cplical scanners can operate up io 16 kHz.
Accordingly, a size of 4 mm by 5 mm may be used for the scanning mirror
§8. Since the fiber bundle array is about 2 mm in size, it is possible to fit the:
antire array onic one optical delay generator. Therefore, for the
embodiment of the present invention, a single opiicat delay generator is
used having an eptical scanner operating at # = 16 kHz with an oplical scan
angle o of + 2. The embadiment aisa incorporates a grating pitch of p =
3.33 pm, a center wavelength of A, = 0.86 pm and a facal length of f = 21
mm. Accordingly, the frez space group path length difference Al is given by
ffrom Rollins et al. 1998):

N, = el ?EL #,)= 0.618 mm )

which is also 1.24 mm peak fo peak. In equation 5, x5 = 1 mm is the
displacement hetween the A, spectral Iine and the pivofing axis on the
resonance mirror. The peak A-scan speed is given by:

Viamex = 2074l £, = 82.1 mis (5)
and the A-scan speed varies according to eguation 7.

Va= Vamar00s(2rT) 7
Choosing a spurce with a coherence Jength £ of 5 tm and a Gaussian
emission spectrum, the equivalent emission bandwidth is given by:

A?t=[i;t;2 =48 nm (8)

e

where b = 0.66 for a Gaussian envelope.

JP 2004-502957 A 2004.1.29



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(59)

WO 0204429 POTATADI Y2

20

25

3

-4 -

The size of the resohant mirror is determined next. For an optical
delay generator with a grating having & first order diffraction, the diffraclion
angle is given by:

of4i = sin” (A} &
The spread of the spectrum from {4, A3/2) ta (A, +AA/2) at the Fourier
plane of the lens is given by:

Ax =2 1803 + AL/ Z - 80— AAI2)] =13 mm (10

Since the mirror width is 4 mm, one can it the spectrum on one
side of the reschant mirror with the dispiacement x4 having a value of
approximately 1 mm. This is Hlustrafed in Figures 7a and 7b. The carrier
frequency of an individual channel of the system is given by (Rollins et al.
1608):

Fo= (Axg02rf/Ag)Cos(2nfd) {11)
which is 15.3 MHz at the maximum.

The bandwidth of the interferogram (i.e. the interference fringe
pattern) is given by:

Af=%4mﬂ WAy p—s, RSO0 (12)

which is 8.2 MHz at the maximum.

Since fo (4 = Af {8, proper demedulation can be parformed by
coniventional rectifying and low-pass filiering, although a sharp frequency
cut-off is needed. It is prefarable to set up the individual channels of the
system such that Da= 40 pum (the depth of the A-scan perfermed by a single
channel) coincides with the maximum carier frequency, so that the variation
in carriar frequency over Dy is minimized. The carrier frequency varies
sinusoidally in time given by

Afe= ELT - cos[sin " (DafAlp)] } = 34 kHz {13)
which is about 0.2% of #.

At other locations, the signal can still be properly demadulated,
but the variation in carrier frequency will be larger. The demedulators &0
may incorporate an anatog high-speed Teciifier and a 10-poie low-pass filter
to demodulate the signal. Effectively, the signal is frequsncy down-shifted
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such that the signai is cantered at DC and has a bandwidth of A The
demodulated envelope signal is then digitizad at an appropriate sampling
rate. Current existing data acguisition (DAQ) cards operate at 30
MegaSamples per second (MS/s} with an SNR of about B0 dB, Choosing &
Gaussian shape for the interferogram spectrum with Af = 8.4 MHz, the BD
dB point Is at about 14.5 MHz. Accordingly, the Nyquist rate for digitizing
such a signal is approximately 29 MS/s. Therefore, current existing DAQ
cards will be able to digifize the envelope signal without aliasing.

Given a sampling rate of 30 MS/s for digitizing the envelope
signal at the maximum canier frequancy, the spatial sampling interval in the
axial direction is: Ages =‘VAm9,,fS =2 07 pm. As shown in Figure B, a scan
path 80 is indicated showing A-scans alternately going up and cown
through the sample. Sampling puints are indicated at 82. The axial spacing
of 2.07 pm is indicated at 84. The spafial sampling inferval in the Iateral
direction is determined by the lateral or B-scan velocity and the resonant
frequency of the optical scanner in the optical delay generator 64. At the
center of the image, where the radial distance r is 5.47 mm from the
rotaticnal axis of the mitrar, the radial sampling interval is given by:

&wm=nt%;=2¢§éﬁ=¢mpm (14

This interval is indicated at 86 in Figure 8. For the fiber scanning the
shalloweast depth, the spatial lateral sampling interval is 3.86 pm and for the
despest channel i is 5.59 um. Therefore, the pixel size at the center of the
image is 2.07 by 4.73 pm in the axial and lateral direction respeciively. The
lateral pixel size varies across the depth of the image from 3.86 to 5.58 um.
By varying the rotationa! spaed of tha mirrer 16, the lateral sampling interval
can be changed, ai the expense of frame rate. If a higher resonance
fraquency opfical scanner is used, the sampling interval may aisc be
reduced.

For a pulsed opiical source (e.g. a 15 to 20 fs pulsed laser
emitling light with a wavelength of 860 nm), the coherence length wikt be
approximately 4.5 to 6 wm. Since the spatial sampling interval in the axial

JP 2004-502957 A 2004.1.29



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(61)

WO 0204429 POTATADI Y2

20

T

diraction is about 2 pm, which is smallér than half of the coherence length,
the image is reasonably sampled in the axial direction. Using a neas
diffraction-limited focusing lens as the focusing lens 14, the beam spot size
should be about 5 um. Since the spatial sampling interval in the lateral
direction varies from 3.88 to £.59 pm, the image iz slightly under sampled,
given that the beam waist size is about 5 pm. However, the spatial sampling
interval is not equivalent to the finai image resolution, which is also
influenced by local contrast and noise lavels. Local contrast is the difference
in reflectivity between two poinis in the sample that show up as adjacent
pixsls in the image. If the two points have similar reflectivity, i.e. Jow local
contrast, # wili be difficult to resolve these points.

maging speed should be fast encugh 1o reduce motion blurring.
Given that the targst spesd (i.e. tissue motion) is typically 5 mm/tsec, than
within a frame time (an alapsed tima of 12.6 ms), the target can move up to
83 umin a particular direction which is much larger than the designed 5 wm
resolution. In the present embodiment, the A-scan is performed
simultaneausly in all channels such that one line of the image is formed
within 0.6 pus which is the time: required to scan the coherence gate through
a 40 um distance. The time beiween two consecutive A-scans is about 18
us, which is determined by the rotational speed of the mirror 16 of the
system and the number of A-scans per image. Thus, the resultant image
should be crisp since the metion during 16 ps is 0.08 pm which is much less
than the resolution. Acsordingly, there should be no motion blurring in the
image but a motion artifact may still exist. The resultant motion artifact may
be a geometric deformation of the feaiures being imaged that may be as
large as 63 um depending on the size of the feature and the target velogity.
Thig motich artifact is due to the effect that the air-tissue interface has on
tha optical radiation fram the plurality of optical sources 50.

As lustrated in Figure 9, the focal point of an individual fiber of
the apparatus, inside the fissue being imaged, can vary dapanding an the
distahce dy of the location of the focal paint in the tissue, whether the tissue
surface had a refractive index of 1, and the actual refractive index of the
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fissue (which is typicaily approximately 1.4). Accordingly, the actual focal
pointis at z distance drbalow the tissua sudace given by:
tané, tang,

= d —b =
t dﬂtaru‘)2 i [_q{ﬂ] . )
tag| sin” | —-sim B,

]

(15}

where &, is assumed to be equal to 8, the aceeptance angle of the individual
5 fibers and @ will be determined by the refractive indest iy = 1 (i.e. ain oulside
{he tissue and rz= 1.4 inside the tissue.
The coherence gate location varies according to:

]

do= d, (16}

n2
Accordingly, due to the fact that aptical radiation travels more slowly in 2
10 medium with a Jarger refractive index there is an optigal path mismatch
between the foczl point and the coherence gate of an optical beam which is
matched in a medium with ny = 1 (i.e.,, with no tissue present). This
mismatch is:

Ad=n(d, ~d)= Ryidy tan 8, -4 (7

tm{sin" [Em—sﬂ]}
. E
is A tissue refraclive index qf 71z = 1.4 yiclds Ad = 0.897 d,. This mismatch
problem is commeon for all high-NA OCM systems and many existing high-
NA OGM systerns use some form of dynamic compensation, i.e., changing
the reference path length dynamically to compansate for Ad, however, such
dynamic compensation is difficult with & high imaging speed. Accerdingly,
20 one aspect of the embodiment of the present invention is to use flexible
triggering’ of the detected interferngram signal.
As shown above, the frae space group path length difference is
24l = 1.24 mm peak {o peak, which is much larger than the useful A-scan
range of only 40 pm. This leaves reom for dealing with the mismatch singe
25 one then can tripger to obtain the interferogram only whren the coherence
gate is passing through the focal point.
Az shown in Figure 9, the working distance for each fiber channel,
dy, varies with ny which is approximataly constant Therefore, if ohe knows
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where the lissue surface is, tp van be determined and in furn Ad can be
determined. i

Referring to Figure 10, showing a perspeclive view of a tissue
surfage  and an arbitrary axfal line 90, channel 1, which is designated to
scan the surface of the lissue, is the first to pass through the axial line 80, in
the scan area 28. The focal points of channels 1 and 2 are indicated at 91
and 92 in a schematic representation 94 of the optical radiation from the
muliiple single made fibers 10 (e channels) passing through the axial line
88. The focal point of the last channsl, i.e. channel 50 in this example, is
indicated at BE and is designated to scan the despest layer of the tissue in
the image. The overall profile of the representation 94 defines a flexible
trigger zone, within whish the coherence gate and the focel Jength can be
matched. One of the 50 channels, i.e. channel “v", will experience a large
and distinctive specular reflection since the air-tissve interface
approximates a mirror and reflects incident light. Underneath the fissue
surface, fhe tissue acts as a turhid media which scatlers and absorbs
incident optical radiation. Thus, channal "v" will determine o for this
particular axial line 20 since all of the channels before channel "v* will return
a signal that is at noise level. Accordingly, the "flexible triggering” method
comprises comparing the detected reflected apiical radiation for adjacent
channels to locate the tissue surface by identifying the channel in which
there is a large increase in reflectance compared to its 'neighboring'
channgls. This information is then passed on io each of the subscquent
channels and the triggsr point for each channel is set accordingly to reduce
mismatch between the focal point and the coherence gate.

As an example, if channel "v" is channel 13 then the apparatus is
calibrated such that channels 1 to 12 are sei to scan free space abave the
fissue surface, channel 13 to scan the tissue surface, and subsequent
channels are sef to scan deeper fissue, with no mismatch between the focal
point and the coherence gate of the aptical baam of sach channel. During
imaging, a tolerance of Ads = + 0.5 mm of the location of the tissue surface
can be allowed as indicated at 96 in Figure 10. This tolerance is related to
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the A-scan performance and the frequency response of the envelope
detectar as will now be explzined.
Given Ad, = 0.5 mm, the mismatch that needs to be compensated
for is given by:
Ad'= 0.683 x 0.5 = 0.347 mm (18)

This means that instead of triggering the interferogram signal at the

maximum carrier fraquancy, the actual carrier frequency needs to be:

T = Foon cOB(8I0 (AGYAL)) = 13.5 MHz {19)
which is about 83% of the maximum carrier frequency with the
intarferogram signal bandwidth changing accordingly. Although the
envelope detector's frequency respense can be tuned dynamically, it is
simpler and fasfer for the envelope detector to have a fixed response but it
was designed for 2 17% tolerance of the cut-off frequancies. In this way, the
entire flexible triggering scheme contains only fixed components and all of
the compensation is performed electranically to satisfy the high imaging
speed requirement.

The eptical componants shown in Figure & can be chosen as
follows. Based on Beppart, 8 A., Bouma, B.E., Pitris, C., Southern, J.F.,
Brezinski, M.E., and Fujimeto, J.G. {In vivo Celfular Opfical Coherence
Tamagraphy imaging, Nature Medicine, Vol. 4 No.7:861-865, July 1998),
an SNR of greater than 100 dB can be achieved in a non-endescopic QCT
system using 2 mW of incidemt power on the tissue to allow for imaging to a
depth of appraximately 2 to 3 mm. The oplical source used was a Kerr-lens
mode-jocked solid-state Gr**: forsterite laser operaling at a 1280 nm center
wavelength with a coherence length of 5.1 um. However, the embodiment
ol the present invention is not limited o this type or any other particular lype
of source, such as a broadband superluminascent diode. For instannce,
anather possibiiity i1s & white-light emission Cr:LISAF optical source with a
bancwidth of approximately 100 nm centered at 860 nm which will provide a
coherence length of approximately 4.5 to 6 um. This dicde-pumped, solid-
state, mode-locked laser should operate with a pulse-repatition rate of
about 100 MHz and an average power of 30 mW when operated at 860 nm.

JP 2004-502957 A 2004.1.29



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(65)

WO 0204429 POTATADI Y2

"

20

25

-3 -

The pulse energy vanation should be less than 1%. Several (8.0.. 2 or 4) of
these lasers as indicaied at 80 in Figure 6 are needed 10 provide the total
power requiremént of the 50 channels. The channels scanming the deeper
portion of the tissue will need abeut approximately 1 to 2 mW of incident
power per channel and the channels scanning the shallower portion wilt
need lass. The tree couplers 52 can be configured to split the soures power
to match these requirements. Since the maximum carrier frequency is 16.3
MHz, each interference fringe will contain al least 6 laser pulses. Therefore
the fringe pattern should be adequately sampled.

For each channel, a separate photo receiver or detector 58 may
be used to detect the interference fringes. The maximum detector
bandwidih is 125 MHz, although in the apparatus of the present invention, a
detector bandwidth of 30.8 MHz may be sufficient, as determined by the
carrier frequency and the bandwidth of the interferogram.

An alternate embodiment of the present inventien invoives the
concept of sharing optical components to reduce device complexity and
cost. Referring to Figure 11a, a fypical single channel intarferometer 150
with balanced detection in which the AC component of the interferogram is
separated from {the DC component of the interfercgram and only the AC
compenent is amplified is shown. The single channel interferometer 150
comprises an IR broadband light source L, a visible wavelengih guide light
G, @ balanced detecter BLY, a polarization controller PC, & phase modulator
¢MOCD and an optical delay generator ODG which are connected through a
network of optical flbers and 3 4B couplers 140, 142 and 144, The "%
denotes a dead and in the fiber network. The visitle wavelength guide light
G may be a green laser which indicates the direction in which the single
channel interieromeier 150 is pointing (1.e. it indicates what will be imaged).
The single channel intstferometer 150 is connested to a sample 5.

The design of Figure 11a can be exiended to oonstruct a twe
channe! interferometer 160 as shown in Figure 11b. The subscripts denate
the components that are in the two channels. A component without
subscripts indigates {that the component is used in both chanrels. Tha two
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channel interferometer 160 comprises a laser L', a visible wavelength guide
laser G', & 2 to 1 tres coupler TG, polarization controllers PC4, PC; and
phase modulator ¢gMOD', variable delay elsments VD, and VD2, an optical
delay generator ODG', detectors BDy and BD; and 3 4B couplers 162, 164,
166, 168, 170 and 172. The variable delay elements VD4 and VD; are
introduced to adjust the coherense gate posifions far each channel. The two
channels are coupled fo samples 84 and 52 which may be two points at
different locations in a tissue sample. The light scurce " is shared between
the two channels in this case, with the optical power in channel 1 being
iwice that in channel 2. Therefore, channel 1 should be used fo scan a
deeper region of tissue than channel 2. The 1 to 2 free coupler TC1 is used
so that both channels can share the same reference asm {comprising the
phase modulator gMOD' and the optical delay generator ODG’). The ability
o share the same reference arm allows one phase modulator to be used o
phase modulate the optical radiation from the multiple single mode fibers 10
li.e. all the channels). Note that the two channels are combined into one
fiber by the tree coupler TG1 and then fed to the same phase modulatar
SMOD". Accordingly, cost and complexity of the two channel inferferonveter
160 is reduced.

Based on Figure 11b, it is conceivable that a general optical
netwark can Be used to construct an N channe) OCT systent such as opfical
network 180 shown in Figure 116, The optical network 180 comprises an
optical network for an n'® channel 182 and a reference amm 184 that is
shared by all n channels. The optical network for the n™ channe! 182
comprises a datector BD,, 3 dB couplers 194, 196 and 198 and a sample
amm comprising a polarization controller PC, and a variable delay element
VD, connected to a sample S,. The optical network for the n™ channel 182
receives optical source radiation 188 from the n-1" channel and fransmits
optical saurca radiation 188 to the n+1" channel via 3 dB coupler 184. The
opiical network for the n™ channal 182 receivas guide light power 180 from
4t

the n-1" channel and sends guide Yoht power 192 to the n+1" channsi via 3

dB coupler 196. In this embodiment, a light source {not shown) may be
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shared befween each of the N channels with a power distribution that
follows & geomelric series or ancther suiiable power partitien scheme. The
reference arm 184, comprising an N to 1 tree coupler TGn, a phase
madulator $MOD" and an optical delay generator ODG", is shared between
gach of the N channels,

Each of the schematics shown in Figures i7a, 11b and 11g,
suffer from the fact that 2 portion of the optical radiation of the interference
pattern, from the interference between the reflected optical radiation from
the sample and reference arms, which is sent from the 3 dB coupler
connected to the detector is lost. In this case 50% of the optical radiation of
the interference pattern is lost since a 3 dB coupler is used. For instance in
Figure 11a, only 50% of the optical radiation of the interference pattern is
sent from 3 dB couplers 140 and 142 to the detector BD. This makes if
mare difficult ic detect the interference pattern especially for interference
patterns with low intensities. To address this, a non-reciprocal optizal
device, such as an optical circulator may be used to send, to a detector, the
portion of the optical radiation that would have been lost if only a 3 dB
coupler were used.

Referring te Figures 12a, 12b and 12¢, alternate embodiments of
a singla channel OCT device 200, a two channel QCT device 210 and an
optical network for an N channel OCT device 220 are shown comprising
oplical circulators. in Figures 12a, 12b and 12c, the opiical circulators G, Gy,
Gz and G, are used to salvage and direct the optical radiation of the
interference pattamn to the detectors BD, BD4. BD; and BD, respectively o
provide a larger intensity interference signal for detection. The rest of the
components in these emboditments are similar to those in the of the single
channel QCT device 180, the two channel QCT devioe 160 and the optical
network for the N channel OCT device 180 shown in Figures 11a {0 11c.
The concept of using optical circuiators to salvage opfical vadiation and
provide the salvaged optical radiation to a detecior may alse be applied to
the apparatus of Figure & in which optical circulatars could be placed
Letween the 3 dB couplers and the detectors.
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The schematic shown in Figure 11¢ and 12c¢ Jeads to an elegant
design, however, parallel interferometers that share components {i.e. a
phase moduiator) may produce prohibitive amounis of channel cross talk
which may consequently lead to image degradation. However, with fiber
length mismatching between channels, cross talk may be effectively
handled. Electronic cross-talk can be handfed using standard shielding and
grourding technigues. The following descrbss the optical gross-talk.

Referring now to Figure 13a, a two channel OGT system 230 was
assembled 1o investigate channel cross tak. The two channel OCT system
230 comprises a laser Lg, detectors Dy and Dy, beam splitters BS, and BS,,
a 1 to 2 tree coupler TCg, & phase modulator PMg, an optical delay
generator ODGg, beam collimators BC4 and BC; and two mirrors S and
Sk which simulate samples. In the two channel QCT system 230, the
desired imaging signals come from the channel 1 and channel 2 optical
paths. The desired imaging signal for channel 1 occurs when light from the
optical pathway:

Le >BS; 2> S, >B5 > Dy (20)
inteiferes coherently with light from the optical pathway;
L > BS: > ODGe » BS; > Dy {21)

and is defacted by the detector [y, The desired imaging signa! for channsl 2
wcours when iight from the optical pathway:

Le > B%>5; > BS: > Dy {22)
interferes coherently with light from the optical pathway:
L3885, > QDG > BS; > D; {23}

and is detected by the detector Dz, Furthermore, OCT imaging in the two
channels occurs only when the optical distance BSy > 84 is equal o the
optical distance BSy - ODGe and when the optical distance BS; > §; is
equal to the optical distance BS; 3 ODGe. Otherwise, image degradation
could occur fiom constructive interference of light reflected from two (or
mare) different paths that are not the desired imaging paths stated above.
Based on the optical network shown in Figure 13a, there may be
fwo major classes of potentiai cross talk. The primary source of cross talk
may be coherent light that is reflected (from a mirror or the sample) from
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one channel's beam splitter into the other channets beam splitter and
detector. Such cross falk would have intensities equal to the imaging signal
intensities and could potentially cause significant image degradation.
Reftection from one channe! to the other could occur at the optical delay
generator ODGg or at the samples 54 or ;. Therefore, light from the optical
pathway:

Le > BS; > §; > B§, 2 Dy (20)
may intarfers with light from the optical pathway:

Le > BB: > ODG: > BS; > Dy {24)
Alternatively, light from the optical pathway:

Le>B5:>8,>BS;>D; 22)
may inferfere with light from the optical pathway:

Le > BS; > ODGe > BS2 > D2 {25)

Sample arms 1 and 2 wouid not nermally be separated ag they
are in Figure 13a because the sample arms would be aimed at different
points {i.e. different depths) on a lissue sample. When the samples are not
separate, reflection could oceur from channel 1 into channel 2 and vice-
versa. In such a case, light from the optical pathway:

Le 3 BS; > 5, >BS > Iy {26)
may interfere with light from the optical pathway:

Le > B3y > 0DGe > B3 > Dy 21)
Alternatively, light from the optical pathway:

Le 2 B8 > 5 2>B8:> D2 {27)
may interfers with light from the optical pathway:

Le > BS; > 0DGg > BS5; > D; {23)

It should be recalled that reflection may also oceur &t undesirable
locations such as beam splitters and connecter insertion points.
Conceivably, such reflections may contribute te image noise if the light from
these pathways praduced interference fringes having a significant intensity.
However, this kind of noise may be secondary io the channel cross talk
previcusly described because of its lower intensity.
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Analysis of the system revealed that the worst-case scenario far
interference of such back-reflections involves one reflection from a
connector. For exampls, fight from the following optical path:

L >B& > 5285 > D (20)
may ‘miﬁrfere with light from the optical pathway:
Lg 2> BS; » ODGe = PM: > ODGe = BS, 2> D, (28)

There are four possible outcomes for the intarference of light from
any two pathways and the outcome depends on path length difference.
Firstly, if the path lengths are identical, then the intensity of the interference
fringes at the detector will be greater than the true signal intensity based
salely on the sample reflectivity. This sort of image noise would not be
detectable as noise and would alier the measured sample intensity
throughout the image. Fortunately, the probability of the path lengths
matching exactly is remote. A second possibility is that the path lengths
could match ta within the coherence length of the light source. This situation
would result in an increase in the width of the interference fringe envelope
and consequently degradafion fn axial resolution. This situation is unlikely,
but it may be detected by measuring the full-width-half-maximum of the
mirror surface depth profile. A third possibility involves ihe paih lengths
differing by a distance greater than the coherence lengih of the source Le
and less than the scanning depth of the optical delay generator QDGg. This
situation may manifest as two separate coherence envelopes within one
depth sweep by the aptical delay generator ODGe. The final and most likely
possibility is that the path lengths differ by more than the scanning depth of
the opiical delay generator ODGg and no noise or extranecus interference
fringes will be detected by the system.

The primary type of channel cross talk should be unlikely becsuse
of fiber optic manufacturing. Optical path lengths BS; -> ODGE and B3z >
ODGe are essentially predetermined by the lengths of the fiber pigtails
coming from beam splitters BSy and BS,. Optical path lengths BS 5 54
and BS; 2 5; are deliberately matched to the predetermined corresponding
reference arm lengths. Typically manufactured fiber lengths differed by
several tens of millimeters which is at least one order of magnitude greater
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than the scanning depth of the optical delay generator ODGg. Therefore,
this type of cross talk shoutd not be a problem in a dual channel system.

In the case of insertion point reflections, if the optical distence
PMe > QDGe matched the path length difference between opticat paths
BSy > 5y and BS; > Q0 Gg, then interference fringes and image
degracdation may occur. Again, this sort of secondary nolse should be
unlikely because the fiber langths are about 300 mm whils the optical dslay
generator ODGEg scans through only a couple of millimeters. Furthermore,
the intensity of such interference fringes would be lost in the sysiem nojise.
Secondly, the equipment used has a maximum (.6 dB insertion loss (in
other words a maximum of reflection of 0.6 dB) and therefore such a signal
is below the detaction limits used i the setup of Figure 13a

Te demonstrate that two channels can use the same fber and
optical components, the OCT system 230 was evaluated. The sample arm
mirrors S+ and 8; were placed such that the sample arm optica) path length
and the optical delay generator ODGe reference arm oplical path length
matched for each channel and & sef of interference fringes were seen at
each of the detectors Dy and D, The sample arms for samples 5+ and §;
were kept separate for alignment purposes and to eliminale the possibility
of light from channel 1 refiecting into the fiber containing channel 2 and
vice-versa. Although an optical delay generator gould be used to produes
both phase modulation and group delay (Tearney et al. 1997), with the
setup shown in Figure 13a, the oplical delay generator ODGg was used for
group delay (l.e. depth scanning) while the phase modulater PMg in the
reference arm was used to produce phase delay.

In the experimental setup of Figure 12a, the hght source Le
comprsed a 1315 nm, 9 mW light source {model BBS1310) made by AFC
Technologies Inc. The sentral wavelength of the light source Le was 1310
nm with a measured speciral spread of + 40 nm. Tha measured coherence
fength of the light source 1g was 10 pm. The detectors D; and Dz were 155
Mbps Perkin Elmer InGaAs photodicde receivers with a detection band
centered &t 1310 nm having a handwidth greater than or equal to 100 nm.
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The phase modulator PMe was a JDS Uniphase 43 MHz phase modulator,
The beam splifters BS4, and BS; were made by MetroTek. OZ Optics
manufactured the beam collimators BC4 and BCz. Alternate suitable
components may he used from thesa or ather suppliers.

The optical delay generator ODGe dispersed the collimated light
using a 150 line/mm diffraction grating blazed for 1310 nm which was made
by CV1 Spectral Produsts. A Melles Griot glass doublet lens with a 30 mm
diameter and 100 mm focal length was used to focus light onto the
oscillating mirrer. EQPC  {Fiectra-Optical Products Corporation}
rmanufaciured the resonant scanner that operated at 8 kHz and scanned
through a + 1° mechanical or a & 2° optical angle. This angular setting
rorresponded to a depth scan of about 1 mm in the sample arms for the
samples 84 and S2. Scanning dopth is an impartant consideration in terms
of mismatching the opfical lengths of the 1wo channels. For instance, if the
optical paih lengths differ by more than 1 mm then cross talk between the
two channels should be minimal and proper shielding and grounding
techniques shoutd address electronic cross-talk as well.

Figures 13h and 13c show results from experiments conducted
on the sefup shown in Figure 13a. Figure 13b shows the cscifioscope trace
from the detectors Dy and Dz in channel 1 and channel 2, Figure 13b shows
that the interference fringes ccour at different poinis in the cycle of the
opiical delay gengrator ODGe which reflacts the slightly different posiiioning
of the two channels within the cycle of the opt'\éal delay generator QDGg,
i.e, the sample arm mirrors Sy and $2 were deliberately offset by a smali
amount to simulate imaging at different depths. Figure 13k shows that there
is a strong maging signal in each of the ¢hannels and no evidenca of any
cross talk. The arrows 232 and 234 indicéte reflection from two different
sample points which could correspond to two different peints in a tissue
sample. Furthermore, the full-width-half-maximum of the envelope of each
teterted pulse corresponded fe the coherence length of the light source Le
which indicates that the light signal in @ach channel originated from the light
soumce Le. Figure 136 shows the experimental resulis whan ong of the
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sampie points was moved relafive to the other sample point. In this case,
cross-falk was also not chserved.

in anather embodiment of the invention, the fiber oplic network,
previously disclosed herein, is incorporated into an endoscope so that the
multi-channel OCT methodolegy may be used clinically. Due to the size of
the fiber bundle tip 12 of the apparatus, the fiber bundle fip 12 will not fit into
the working channel of a conventional diagnostic endoscope (although it
may be incorporated into the lerger-diameter therapeutic endoscopes).
Therefarg, an afternate design appreach was taken. Instead of desigring
the fiber bundle tlip 12 to accommodate the working channel of a
conventional diagnostic ehdoscope, all of the functionality of a conventional
diagnostic endoscope was designed aroung the fiber bundle tip 12. As
shown in Figure 14, one embodiment of a Gl endoscops 300
(corresponding to the tip 56 of Figure ) incorporating the endomicroscope
of the present invention is approximately 11 mm in diamster. This is slightly
larger than the conventicnal diagnostic endoscope which is 8 - 8 mm in
diameter. The Gl endoscope 300 has the endomicroscopy capability
disclosed above in addition to conventionai forward-viewing white light
imaging. Therefore, a user of the Gl endoscope 300 should be able to
ohiain a 2 by 2 mm cross-sectional image as ifusirated in Figure 18,

The Gl endoscope 300 ingludes a 2.7 mm diameter
suction/biopsy channei 302. The end of the suction/biopsy channel 302 is
bent s¢ as to present an opening 304 direcied towards the tissue area of
interest 306. The axis of the suction/biopsy channel 302 may be on the
order of 6.7 mm from the center of the fissue area of interest 306, Two
channels 308 and 31D are provided for white light Hllumination and a
channel 312 is provided for white light endoscope forward viewing. Each of
the channels 308, 310 and 312 may have a diameter of 2.7 mm. A small
channel 314 is also provided for an &ir or water nozzle.

In accordance with the present invention, a side-viewing
Endoscopic Coherent Optical Microscope (ECOM) 316 is provided in the GI
endoscope 300. The side-viewing ECOM 316 includes a drive mechanism
318 for rotating the mirror 16 (not shown in Figures 14 and 13). As
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mantioned praviously, radia!, translational or helical scanning may be
amploysd. Furthermore, as previcusly mentioned, @ MEMS drive
mechanism may be used instead of @ mechanical drive mechanism. The
side-viewing ECOM 318 is configured to scan through the tissue area of
interest 306 having the depth set by the boundaries 320 and the angular
extent set by the boundaries 322. Additionally an optical window 324 may
be provided far the side-viewing ECOM 316 (see Figure 14).

The forward-viewing while lighi channe! 312 is updated af a rate
of 30 frames/sec. The cross-sectional images obfained by the side-viewing
ECOM 316 are updated at 4.4 frames/sec. All imaging channeis are
displayed simultaneously. The images that may be generated by the GI
endoscope 300 are illustrated in Figures 18 and 17. Figure 16 shows a
simulated image of & human calon epithelium incorporating the expected
spatial resofufion which may achievable with the side-viewing ECOM 314.
Figuree 17a and 175 are a comparisen of micrescopy imaging versus in
vive OCT imaging. Figure 17a has fwo panels which each show a
microscopy image of sweat ducts in the human skin. Figure 17b has three
panels which gach show an /n vivo OCT image of sweat ducts in the human
skin. The in vive OCT images were genetaied with & light source operating
at a wavelength of 1300 nm.

Typical maneuvers aor use of the Gl endoscope 300 by an
endescapist will incorparate the following sieps: ‘
a} Following the steps of a genaral endoscaopy procedure, the Gl

endoscope 300 is inserted under the guidance of the

conventional forward-viewing whiie light chanrnel 312, This
maneuver should be no different from that of currently available

Gl endoscopes.
by When the endoscopist needs to make micrascopic examinations,

hefshe first pushes the G! endescope 200 into contact with the

wall of the lumen as shown in Figure 13. The optics are designed
such that when the Gl endoscope 300 is in contact with the
tissue, the correct working distance of the eniire optical systemn is
obtained. Although the Gl endoscope 300 is in contact with the
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wall, the part of the tissue undar microscopic examination is not,
as illustrated in Figure 15. Therefare, the surface featurss of the

tissue are not distorted by contact pressure. However, this does

not imply that the Gt endescope 300 can only be operaied in a |

contact mode. In fact, the G endoscope 300 may be gperated in
a non-contact mode, as long as images are formed, which is
dictated by whethar the previously described dyhamic triggering
algorithm has found an air-lissue nterface. If the air-tissue
interface hes within the working distance of the syster thien the
interface should be specific and easily detected since the
interface produces clear peaks in the detected lighi pattern as
praviously described in the 'flexible triggering’ mathod.

o) if the endoscopist needs to examine a region adjacent to the area
imaged in step (b), then the endoscopist can forque the Gl
endoscope 300 and rotate the field of view to a new location.

The best techniques currenily in use for visualization of the
gastrointestinal (GI) tract include endescapic ultrasonography (EUS) and
magnification endoscopy (ME). The resolution of high-frequency EUS,
approximately 70 ta 100 mim, is insufficient for the idertificalion of many
conditions that periurb tissue misrostructure, most notably subtle pathologic
changes arising within the superficial layers of the Gl tract {mucosa and
submuscosa). ME, with a magnification of up to 170X, provides excellent
images of fine superficiai mucosa! patterns but subsurface structures and
lesion staging cannhot be determined. Accordingly, tissue biopsy and
histology currently remain the standard of care for detecting micrescopic
diseases involving the Gl tract.

The side-vigwing ©COM 318 disclosed hergin may achieve real
time, 2 mm deep cross-sectional imagss of the Gl wall at a resolution of 5
W in bath axial and iransverse (lateral) dimensions. For reference,
gastroiniestinal epithelial cells average 7 to 10 pm in size which increases
further as dysplastic or neoplastic fransformation ensues. In the Gl tract, a
dapih of view at 2 mm is navertheless sufficient to detact mucosally-hased
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diseases as well as any neoplastic invasion into the underying submucosa,
which is of important for prognostic ang therapeutic 'purposes. The image
resolution of the side-viewing ECOM 316 may correspond to observing an
unsiained histology slide under a2 100X {total magnificatioty) microscope.
Accordingly, many important entilies such as dysplasia {cellular neoplastic
alterations) or neoplastic violation of structures such as the lamina propria
or muscufaris mucosae may be discernibfe with the side-viewing ECOM
316.

The present invention may allow for in-sifu diagnosis of diverse
micrescopic mucosal patholegies and lesion staging. In essence, this
“optical biopsy” technique may replace, or at the very least, guide the
standard biopsy and histology method. This may franslate into reducing
unnecessary biopsy samples and tissue processing, decreasing patient risk
and increasing sampling rate and diagnosiic yield thus providing immediate
diagnostic feedback both to the physician and the patient and targeting
biopsigs (which in itself may become a therapeutic mansuver in some
cases). Pre-neoplastic Gl condilions such as Barreit's esophagus, chronic
uicerative colitis, early flat adenomas, or foci of aberrant colonic crypts, to
name a few, may be applicable to the side-viewing ECOM 318. Currently,
detection and survelllance of necplastic progression within these conditions
are suboptimal due to their microscopic nature.

Secondly, the side-viewing ECOM 318 may serve as a functional
imaging system permitting monitoring of neoplastic and non-neoplastic
tissug alterations over time. For instance, the racovery of the structure of
small intestinal villi and reduction in infliammatory cells may be monitored by
the side-viewing ECCM 316 in diverse malabsorptive disorders of the gut
such as gluten-sensitive enteropathy, tropical sprue and iniestinal
infestation. The natural history of many mucosal diseases at the
microecopic tevel may alse be assessed in a minimally invasive manner,
The ability to moniter structural cellular changes that are cocuming in vivo
with time may provide important physiclogic information on cellular function
and insight into cellular pathoingic transformation.
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Thirdly, the side-viewing ECOM 316 may be used in the
maonitering of tissue post therapy. In vivo micrascopic evaluation of surgical
resection margins or ireatment margins during post-therapeutic surveilance
of cancer resection ar assessment of the adeguacy of photodynamic
therapy of mucosal preneoplastic conditions are anly seme examples.

Applications in other medical specialties may also be possible. It
should be undersiood by those skilled in this art that the multichannel OGT
apparatus disclosed herein may have application in a large number of
medical specialties such as dermatolagy, hematelogy, ancology {medicai
and radiation), ophthalmology, urclogy, surgery, respirclogy and
gasfroenierology.

The multichannel OCT system disclosed herein may be aliered to
further improve system performance. For instance a modification that may
be made would be to employ caded transmission for the optical radiation
which is radiated from ihe optical sources. This technigue may increase the
wmage resolution by increasing the SMR of the optical radiation of the
interference pattern obtained in channels which suffer from poor SNR.

It should be undarstood that various modifications can be made
o the preferred embodiments described and illusirated herein, without
departing from the present invention, the scope of which is defined in the
appended claims. For instance, in each of the schematics, herein disclosed,
other opfical couplers may also be used in place of the 3 dB couplers.
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1. An apparatus for optical examination of a sample, the apparatus
s comprising:
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an opticai source means for providing & pluralily of separaie
opiical radiation sources;

a first optical path extending from the source means;

& focusing means in the first optical path for focusing optical
radiation from the optical radiation scurces into a plurality of respactive focal
points located on a surface within the first optical path to provide
substantialiy continuous coverage of a sefested portion of the first optical
path, whersby, in use, a sample can be located at least partially within seid
selected poriion, thereby permitting simufianecus scanning of a plaraiity of
points within the sarmple.

2. An apparatus as claimed in claim 1, wherein the opiical source
means comprises a primary optical source and optical coupling means
connecting the primary optical source {o the optical radiation sources and
camprising a plurality of optical fibers,

3 An apparatus as claimed in claim 2, wherein the plurality of optical
fibars terminate in a ficer bundle tip, whersin ends of the optical fibers in the
fiber bundle tip are stepped relative to cne another along the first optical
path and wherein aptical radiation from each optical fiber is fecused to =
different fecal peint.

4, An apparstus as claimed in claim 1, 2 or 3, which includes &
rotatable mirror in the first optical path, for deflecting radiation from the
optical radiation sources to permit rotational movement of the surface.

5. An apparzius as claimed in claim 1, 2 or 3, which includes a
mirror in the first opfical path and wharein the optical source means, the

JP 2004-502957 A 2004.1.29
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fecusing means and the mirror, in combination, may be linearly trans/ated to
permit linear movement of the surface.

g. An apparatus as claimed in ¢laim 1, 2 or 3, which includes a
rotatable mirror in the first optical gath and wherein the optical source
means, the focusing meesns and the rotatable mirror, in combination, may be
lingarly translated o permit helical movement of the surface.

7. An apparatus as claimed in claim 4, 5 or §, wherein the surface is
a compiex surface.

8. An apparatus as claimed in claims 4, 5 or 6, wherein ihe mirror is
a surface of a prism.

9. An apparatus as claimed in claims 4 or 6, including a
micromachined electro-mechanical system coupled to the mirror for rotating
the mirror.

10. An apparatus as claimed in claim 5 or 6, including a

micromachined eleciro-mechanical system for lingarly translating the optical
source means, the focusing means and the mirror.

11. An apparatus as claimed in claim 2, 3 or 4, which further includes
a plurality of optical couplers between the primary opticat source ang the
optical fibers, an opfical delay generator coupled to the optical couplers and
detector means coupled to the optical coupiers, wherein the optical couplers
transmit a portion of the radiation from the primary aptical source alang the
first optical path and a porticn of the radiation frem the primary optical
source to the optical delay generator, the optical delay generator providing a
second optical path, wherein an interference effest ccours between
radiation returned along the first and second optical paths to the optical
couplers and the optical couplers transmit the radiation returned along the
first and second optical paths to the detector means.
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12. An apparatus as claimed in claim 11, which includes a prality of
primary optical sources and a plurality of tree couplers, sach tree coupler
being associated with one primary optical source and coupling said one
primary optical source 1o at least one of the optical couplers.

13. An apparatus as claimed in claim 12, which includes a plurality of
optical circulators, placed hetween the optical couplers and the detectors for
providing salvaged aptical radiation to the detectors.

14. An apparatus as claimed in claim 11, wharein a plurality of optical
Tibers couple the optical couplers to the ogtical delay generator, the opticat
delay generator having a grafing and a scanning mirror, the scanning mirror
having an axis, wherein the graiing separates optical radiation from each
optical {iber info spectral compenents linearly orlented on the scanning

mirror, wharein tha midpoint of said spectral components is offset fram the .

axis of ihe scanning mirror by a distance x4 to phase modulate said speciral
components.

15. An apparatus as claimed in claim 11, which includes a first
plurality of optical fibers for coupling each optical coupler to a phase
madulator and a secend plurality of optical fibers for coupling each phase
madulator to the optica! delay generator, the oplical delay generator having
a grating and a scanning mirror, the scanning mirror having an axis, wherain
for each optical fiber, the phase modulater phase modulates the optica)
radiation and said grating separates said phase modulated optical radiation
into speciral components which are linearly oriented on said scanning
mirrer, the midpoint of said specttal componenis being centered on the axis
of sait scanming mirror and wherein the speciral compenants from each
optical fiber is spaced apart from the spactral componants of the oplical
radiation frorn the other aptical fibers.
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16. An apparatus as claimed in claim 11, which ncludes a plurality of
optical fibers coupling sach optical coupler to a free coupler for combining
optical radiation from sach of the optical fibers info a first apticaf fiber, said
first optical fiber connected 1o a phase modulator for phase modulating said
combined optical radiation and including a second optical fiber for coupling
said phase modulator and said oplical delay generator,

17. An apparatus as claimed in claims 4, 5 or 6, wherein the
apparatus is configured as an endoscope for intarnal examination of a body,
wherein the first oplical path, the focusing means and the mirror are
provided in the endoscope, and wherein the endoscope inciudes at least
one af: at least one channe! for white light illumination; a channel for white
light endoscope forward viswing; a channel far one of an air nozzle and a
water nozzle; and a suction/hiapsy chaﬁnel.

8. An apparaius as claimed in claim 17, whersin the endoscope is
adapted to perform radial, franslational or helical scanning.

19. An apparatus as claimed in claim 18, wherein the endoscope
further includes a micromachined efectre-mechanical system as a drive
machanism.

20. An N channel apparatus for optical examination of a sample,
wherein the N channel apparatus comprises a plurality of optical networks
and a reference arm, each optical network providing one channel for the N
channel apparatus and sharing the reference arm.

21. An N channel apparatus as claimed in claim 20, wherein the
oplical nelwork comprises a defector, an optisal coupling means and a
sample arm, wherein the oplical coupling means is configured to receive
optical radiation from a previcus optical network and to transmit optical
radiaticn to a next optical hetwork.
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22 An M channel apparatus as clatmed in ¢laim 271, wherein the
sample arm comprises a polarization control means, a variable delay

element and a sampie.

23. An N channef apparatus as clalmed in ciaim 20, wherein the
refergnce am cemprises a tree coupling means, a phase modulating means
and an optical delay means.

24, A two channgl apparatus, for optical examination of & sample,
said two channel apparatus comprising two opiical networks as claimed in
claim 20, 21, 22, 23, an optical source and a visible light source for guiding
the orfentation of the two channel apparatus.

25. A method for optical examination of a sample, the method
comprising:

(@}  providing radiation from a plurality of separate optical
radiatian sources, along a first oplical patn;

(b} providing focusing means in the firsi optical path;

{c) focusing the optical radiation from the oplical sources into
a plurality of respactive focal points along a surface within the first opfical

.path to provide substantially continuous coverage of a selected portion of

the first optical path; and

{d)  providing a sample located at least partially within the first
opticai path; and,

&)  simultanecusly scanning a plurality of points within the
sample.

26. A method as claimed in claim 25, which includes providing
radiation from a primary optical source and fransmitting the radiation along a
plurality of optical fibers to a pluraity of separate optical radiation sources,

27. A method as claimed in claim 26, which includes terminating the
plurality of optical fibers in a fiber bundle fip, providing the ends of the
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optical fibbers in the fiber bundle fip in a common plane and stepping the
ends of the aptical fibers relative to one anather, along the first eptical path,
and focusing radiation from the optical fibers through a commen lens.

28. A method as claimed in claim 27, which includes:

{a} providing a rotatable mirrer in the first optical path;

{b} deflecting the first opfical path;

{c) causing the plurality of focal points to be located on a surface;

{dy performing an axial scan;

(e} rotating the mirror to move the surface; and,

(i repeating step (d} at laast two times and performing step (g}
between each repetition.

20, A mathod as claimed in claim 27, which includes:

{(a} providing & mirror in the first optical paih;

(b} deflecting the first optical path;

{c} causing the plurality of focal points o be located on a surface,

(d) performing an axial scan;

(e} linearly transiating, in combination, the focusing means, the
phurality of optical radiation sources and the mirror fo move the surface; and,

(f) repeating step (d) at least two times and performing step ()
between each repetiticn.

30. A method as claimed in ¢laim 27, which includes:

(@) previding a mirrer in the first optical path;

(1) deflecting the first opfical path;

(¢} causing the plurality of focal points to be located on a suiface;

(d) performing an axial scan;

(e) simultanaously rotating the mirror and tinearly translating, in
sombinaticn, the focusing means, the plurality of optical radiation sovrces
and the mirror to move the surface; and,

(f) repeating step (d) at least two times and performing step (e)
between each repatition. ’

A 2004.1.29



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(84)

WO 0204429 POTATADI Y2

20

30

- 49 .

3. A method as claimed in claims 28, 29 or 30, which includes
providing & surface of a prism as the mirror.

32 A method as claimed in claims 28, 29 or 20, which includes
supplying radiation from the primary optical source through a plurality of
couplers to the optical fibers, providing an optical delay generaior
connected to the oplical couplers and providing a second optical path,
permiiting radiation to be transmitied back along the first and second optical
paths 1o the couplers, for forming interference, and transmitting radiation
recaived from the first and second optical paihs at the oplical couplers to
detection maans for dataction of the inferference pattam.

33 A method as claimed in claim 32, which includes providing a
plurality of primary cptical scurces and, for each primary optical source, a
respective tree coupler, and coupling each primary optical source through
said respective tree coupler to each of the optical couplers.

34. A method as claimed in claim 32, which inciudes providing optical
girculator means between the optical couplers and the detection means for
providing salvaged optical radiation io the detection means.

3a. A methad as claimed in claim 33, which inciudes providing the
apparatus as an endoscope adapted for examining an internal cavity of the
beody, including at least one of: at least one channel for whiie light
illumination, a white light endoscops forward viewing channel, a
suction/biopsy channel and a channel for cne of an air nozzle and a water
nozzle.

28. A method as cfaimed in claims 30, 31 or 32, wherein there is a
change in refractive index between a medium containing the optical
radiation sources and the sample and for each focal poini, a distance
mismatch due to the change in refractive index between the coherence gate

JP 2004-502957 A 2004.1.29
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of each optical radiation source and the focal point in the sample due is
obtained according to the steps of:

(a) scanning opiical radiation from the plurality of cptical radiation
sources in said first optical path such that the facat points of the aptical
radiation sources are aligned along a path extending from fhe madium
cantaining the optical radiation sources into the sample;

(b) detecting the reflacted optical radiation for each focal point;
and,

(c} locating the focal point for which there is a large change in
refiscted opfical radiation compared to neighboring focal points,
whereby, the focal peint located in step (¢} indicates the location of the
interface between the sample and the medium containing the optical
radiation sources.

37. A method as claimed in claim 38, wherein the method further
comprises repeating sleps (a) 1o (o) for each axial scan to obtain proper
spatial resclution for the selacted scan zone.

JP 2004-502957 A 2004.1.29
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Title: METHOD AND APPARATUS FOR HIGH RESQLUTION
GOHERENT OPTICAL IMAGING

IELD OF THE INVENTION
This invention relates to both a method and an apparatus for high-
resolution opticat imaging. More pariicularly, this invention is concerned with
providing high-resolution imaging suitable for incorporation into an
endoscope.

BAGKGROUND OF THE INVENTION

Modern medical imaging techrigues have important applications
in health care. Madalities such as X-ray computed tomography {CT),
magnelic resonance imaging (MR{) and uffrascund imaging are the main
tomographlc iechniques available in most modern medical centers. Visible-
light endoscopy is another rmajor imaging modality which is used
exiensively in precedures like branchoscopy or colonoscapy. Each of these
techniques employs different physical principles and measures different
properties of the biological fissue under study with different resoiution.
Further, they can commonly be performed in-viva. A third type of imaging,
optical microscopy, is still utilized widely in clinical medicine. However,
optical micrescopy i currently limited to detailed examination of excised ar
rasected specimens and is not used in-vive. In many circumstances, the
superior contrast and resolution afforded by optical microscopy is such that
physical biopsy followed by optical microscapic histology is considered the
gold standard for diagnosis.

. Combinalions of thesz fechniques, such as using a low-resolution
tomographic moedality along wiih high-resolution imaging, biopsies or
interventional procedures are constantly being studied and avaluated.
Evaluation of these technicues is based on technelogical feasibility, clinical
benefit and cost

Opticai Coherence Tomography (OCT) is a relatively new imaging
technique based on the low-coherence property of electromagnetic radiation

that enables high-resclution depth profilometry in 2 turbid, highly scattering
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media such as biological tissue. its use In blomedical imaging is currently
being investigated in sevaral research and industrial laboratories. The main
advantage of OCT lies in its ability to localize the depth of reflection from a
sub-surface site in tissue. This localization s essantially determined by the
coherence properties of the light source used and can be as low as 2 to 20
um for selected near-IR sources {e.g. lasers or amplified spontansous
emission devices). This gives @ measure of the depth resclution attainahle
with OCT. Independently of the coherence characteristics, the lateral
resolution is determined by the beam cross-section at the depth of imaging
and by the lateral spacing of the acquired data. Typical values for lataral
spacing ik the literature are in the 5 to 30 pm range. The price to be paid for
this remarkable cross-sectional imaging ahility in intact turbid tissue is the
limited imaging depth since, due to multiple scattering and abserption, both
scherence and penetration of light are degraded resulting in OCT imaging
depths of approximately 2 to 3 mm.

Most current implementations of OCT are based on Michelsan
interferemetry with a 50/50 beam splitter directing the incident coherent light
beam into a reference path containing & mirror (i.e. a reference arm) and a
sample path containing the interrogated sample {i.e. a sample arm}. Both
free-space optic and fiber-optic implementations of this scheme are currently
used, Reflected beams from the mirror in the reference arm and from the
tissue in the sample arm are recombired in the same splitter and half of the
resuitant light energy impinges an a detector. Incoherent superposition of the
wo light fluxes typically occurs except when the opiical path lengths of the
two beams are matched to within the coherence length of the source. Within
this limited distance, the coherent superposition of the two light fluxes yields
an interference patiern with a fringe magnitude that s proportional to the
reflectivity of the lissue at that particular depth. Depth profiling of the sample
is then achieved by scanning the reference arm fength or more comectly by
scanning the opfical path length of the reference arm by using a time delay in
the reference arm (this is equivalent to lengthening the reference arm).
Various detection methods o measure and quantify these faint amplitude
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modulations amidst large background diffuse reflectance have been
developed having a dynamic range of approximately 70 to 110 dB.
Furthermore, lateral transiation of the beam and axial motion of the reference
mirrer enables one to construct a two-dimensional reflectivity picture over a
desired field of view. Means of improving the final image guality, such as
rerforming image processing through de-convaolution, have alse been
investigated.

The feregoing is a brief description of conventional raflectivity OCT
knaging. Other variations include, for example, flow {Doppler) imaging and
polarization maging (albeit at the expense of additicnal complexity of the
OCT optics andfor signal processing techniques). Images from these
additioral techniques are usually obtained i cenjunction with fmages from
conventional OCT sp some image overay or fusion is possible. Upon further
technological development and/or clinical implementation, may add sufficient
information content to increase the clinical utility of OCT in medicine.

However, many OCT designs and approaches that have been
successfuliy implemented in tabletop research systems are not direclly
suitable for in-vivo imaging such as in gastroenterclogic or bronchoscopic
endoscopy. Inslead, they may be more suitable for dermatoiogical,
ophthalmolegic and dental applications. In contrast, in-vive OCT imaging
must address the issues of spaed, resolution, contrast, penetration and
instrument size. Images must be obtained sufficiently quickly to negate the
effects of patient motion while still achieving suitable axial and lateral
rasolution, and maintaining an instrument size which is small enough to be
endoscopically useful. Powerful near-IR sources, fast means of attering the
refarence armm length and custem-designed distal optical devices have been
successiully developed to overcome the difficuit chalenges posed by in-vivo
endoscopy,

The latest OCT iechnology employs a single-made aptical fiber
with distal side-viewing optics introduced into the accessory channs! of a
conventional whilg-light endoacope. To build-up an image, the viewing
diraction of the QCT fiber is either linearly scanned te and fro over an

approximate 2 min distance, or is rotated via a flexible guide-wire or
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interlocking gear mechanism at several revoluliohs per second.
Simultaneous with this franslation or rotation, the refersnce arm length
outside the endoscope is rapidly varied via an optical phase delay to
generate depth scans {i.e. A-scans). Currently, these OCT systems operate
at frame rates up fo conventional video rates but more typically at 4 o 8
frames per second, with a frame presenting a fully circumferential view to a
depth of 2 to 3 mm, The resultant resolution values are appreximately 5 te
25 um in the depth {axial) direction and approximately 2¢ to 40 pm in the
lateral direction. As well, the lateral resolutich generally degrades with an
increase in distance from the fiber tip of the OCT device due to geometric
divergence. These OCT systems have a dynamic range which is somewhat
lower than that of carresponding ex-vive systems due to increased noise
levels and faster imaging speeds.

Based on the tatsst OCT technology, it is quesiionable whether
coherent in-vive OCT sysiems are adequats for successiul clinical imaging.
The images are cerfainly useful, but substantial improvement is required if
the elusive goal of "optical biopsy” is to be realized. For example axial and
lateral resolution can be improved. While the impravement in the former
usually involves the use of better law-coherence sources (i.e. CW and
pulsed sources), the issue of sub-optimal and depth-varying fateral
resolution is more difficult 1o address. In ex-vivo sysiems, with its relaxed
constraints of speed and physical size, lateral resolution is improved by
focusing the beam to a few microns with a high-NA {numerical aperture)
objective lens. In contrast to conventional GGT scanning, the imaging can
now be performed in the lateral (e face) direction with a pre-selected depth
with small oscillations in path length difference, followed by a small depth
increment as necessary. The high-NA objective lens is often coupled to
tissue via a refractive-index matching liquid. The general approach of using
QCT with a high-NA distal optic lens is known as Optical Coherance
Micrascopy (OCM). However, the improved lateral resclution at the bsam
waist location comes at the expense of fateral blurring at other depths
hecause the highly focused beam has a very shallow depth of field. Thus,
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ihe lens-to-surface distance must be varied to focus to different depths. In
addition, a dynamic tracking scheme is needed to keep the location of the
coherence gate (within which coherent interference between the optical
beams from the sample arm and the reference arm is possible) and the
beam waist at the same depih. These techniques for lateral resolution
improvement have not baen attempted during in-vivo endoscapy because of
size and speed requirements.

SUMMARY OF THE INVENTION

The present invention is based on the coneept of providing an

endoscopic optical cohererce tomograpity {OCT) device with microscopic
resolution which will hereinafter be referred fo as an endomicroscope. After
reviewing possible clinical applications of the endomicrescope, the following
parameters and features were identified since it is difficult to achieve these
parameters and features simulianecusly with current in vive OCT systems,

1, High Resolution

In order lo achieve cellular and sub-ceffular resolutian, an
endomicroscope should preferably resolve features smaller than 5 um both
in the axial and lateral directions. In contrast t¢ most existing in vivo OCT
systems, the laterai resolution must not degrade substantially with the depth
of the tissus being imaged due 1o geometric divergence.

2. large field of view

An, appropriate field of view of the endcmicroscope s
approximately 2 x 2 mm in the axial and lateral directions of the optical axis.
This field of view is cansidered to be adequate for clinical applications. In
order to achieve a 5 pm resolution in both the axial and lateral direcfions
throughout the entire image, more than B00 A-gcans {i.e. depth &cans) have
to be performed for each frame. The resultant image wilt contain more than
840,000 pixels. This is several orders of magnitude higher than existing in
vivo OCT systems.

JP 2004-502957 A 2004.1.29
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3. Small size of endoscops tip

Most of the existing in vivo OCT systems are designed around the
constraints of the instrument channel of existing endoscopes. As a result,
the cuter diameter of ihese svstems is restricied to approximately 2 to 3 mm
which limits the numerical aperture of the imaging system, This makes it
difficult to abtain high lateral resclution under in viva conditions, These
constraints may be techmically unnecessary and limit one from fully
exploiting the benefit of QCT/OCM in the clinical applications under
consideration. Accordingly, a larger outer diameter, such as 3 mm or more,
for example, may be used for the endoscope as well as a length of less
than 20 mm for the rigid tip.

4. High imaging spead

Since the endomicroscape will be used io image a large area at
high resolution under in vivo cenditions, mation artifzets must be considersd
because of tissue motion due o physiclogical motion. These mation
artifacts should be eliminated to ensure good imags quality. Accordingly,
the endomicroscope should preferably be able to acquire a singie frame
image within 12.8 ms given a typical physiolegical motion speed of 5 mmis.
This resulte in 63,000 A-scans per second. This imaging speed is more than
ane order of magnitude higher than that of current in vivo OCT systems.

5. Integration with currently available endeseopic imaging procedures

In order to improve clinical usefulness, conventional white light
imaging should prefergbly be inlegrated inte the endomicroscope. In
addition, instrument channels should be preferably designed so that an
excisional biopsy could be performed under the guidance of the
endomicroscope. As well, instrument channels for water and air delivery
may be preferably made available.

The advanced requirements for an endomicroscape outlinsd
above are not compatible with sxisiing OCT/OGM dssigns. For instance, i
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an guter diameter of 8 mm is allowed for the endomicroscope and a distal
optical design is used based on a single rotating fiber as described by
Tearney, G.J., Brezinski, M.E., Bouma, B.E., Boppart, S.A,, Pitris, C.,
Southern, J.F., and Fujimoto, J.G. {"In vive Endoscopic Optical Biopsy with
Optical Coherence Tomography", Science, 276: 2037-2039, 27 June 1897),
then although the & um lateral resclution can be achieved at a single
specific depth within the tissue in any one scan, such lateral resolution wili
degrade due to beam divergence at other depths. In addition, since a high
NA, systermn will be required o produce the requisite small beam waist size,
the coherence gate and the focal peint will not stay together in depth over a
substantial (e.g. 2 mm) distance unless some dynamic compensation is
implemented as described by Schmitt, J.M., Lee, $.L., and Yung, K.M ("An
Optical Cohetence Microscope with Enhanced Resolving Power in Thick
Tisstie", Optics Communrications, 142: 203-207, 1997). Therefora, in arder
te achieve soms of ithe aforementicned regquirements of the
endomicroscape, dynamic focusing {changing the probeftissue distance)
and dynamic compensation (changing the path length difference) must be
used. However, these focusing and compensation techniques complicate
the practical realization of the device and may make it more difficult to
satisfy the high imaging speed requirement. If one fries {o first satisfy the
imaging speed, as described by Rolling, AM., Kulkamni, M.D., Yazdanfar, S.,
Ung-arunyawes, R, and |zaft, J.A ('In vivo Video Rate Optical Coherence
Tomeography", Opfics Express, Vol. 3 No. 6. 218-229, 14 September 1998),
then image resolution. particulariy lateral resoiution, is degraded to an
extent that the clinical utility of (ke device is compromised.

The present invention provides an endemicroscope with multiple
fibers {i.e. channels} employing OCT to allow for different parts of the image
to be scanned in parallel, instead of in seties as is currently implemented
existing /7 viva of ex vivo OCT/OCM systems. Using multiple paraliel
channels focused to diffsrent depths in the tiesue, with each channe!
cellecting high-resolution OCT data only across a very small axial range
allows for a series of fight facal points to be achieved throughout the entire
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fleld of view without dynamic focusing or dynamic compensation. This
greatly simplifies the design of the device which may now use mostly fixed
optical compenents, and may facllitate high-speed operation. in addition, the
intrinsically miniature dimension of the fiber optic based QCT techniqus
makes the multichanne! concept poesible to implement in a flexible
endoscopic device while the proximal part of the endoscope, which is
outside of the patient, allows room for sources, detectors, and other
equipment.

In acrordance with a first aspect of the present invention, there is
an apparatus for optical examination of a sample, the apparaius comprising:

an optical source means for providing a plurallly of separate
optical radiation sources;

a first optical path extending from the source means; and,

a focusing means in the first optical path for focusing optical
radiation from the optical radiation sources into a plurality of respective focal
poinis localed on a surface within the first optical path to provide
substantiafly continuous coverage of a selected portion of the first optical
path, whereby, in use, a sample can be located at least partially within the
selected porlion, thereby parmitting simuitansous scanning of a plurality of
points within the sample.

In accordance with a second aspect of the present invention, an N
channel apparatus for optical examination of a sample, wherein the N
channal apparatus comprises a plurality of aptical netwarks and a reference
arm, each optical network providing one channal for the N charnel
apparatus and sharing the reference arm.

In accordanca with another aspect of the present invention, there
is provided a method for optical examination of a samgle, the method
comprising:

(@) providing radialion from a plurality of separate opticai
radfation sources, along a first aptical patty;

(b)  providing focusing means in the first optical path;

(c}  focusing the optical radiafion from the optical sources into
a plurality of respective foca!l points along a surface within the first opticaf
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path to provide substantially continuous coverage of a selected portion of
the first optical path; and

(d)  providing a sample located at least parially within the first
optical path; and,

(8) simultaneously scanning a plurality of paints within the
sample.

It is to be appreciated that a sample, for use with the present
invention, may comprise any biological tissue or other syitable material.

Further objects and advantages of the invention will appear from

the following description, taken fogather with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Far a better understanding of the present invention and to
demanstrate how it may be carried into effect, reference will now be mads,
by way of example, to the accompanying drawings which show a preferred
embadiment of the present invention and in which:

Figure 1a is a top view of the tip of an apparatus in accordance
with the present invention showing optical paths and ignoring the refraction
sffacts of an air-tissue interface;

Figura 1b is a side view of the tig of an apparatus in accordance
with the present invention showing optical paths and ignering the refraction
effects of an air-tissue interface;

Figure 1¢ is an end view of the tip of an apparatus in accordance
with the present invention showing optical paths and ignaring the refraction
effects of an air-tissus interface;

Figure 1d is an altsrnate embodiment of the tip of the apparatus
of Figure 1a showing optical paths and ignering the refraction effects of an
air-tissue interface;

Figure 2a shows the fiber bungle tip of Figure 1;

Figure 2b is 2 top view of an enlarged section of the fiber bundle
tip;

Figurs 2¢c is an end view of an enlarged section of the fiber
bundle tip;
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Figure 3a illusirates the focal points of three of the imaging fibers
of the flber bundle tip of Figure 1;

Figure 3b is a magnified view of the focal points of Figure 3a
showing details of the focal points at different depths;

Figure 4a is a schematic indicating different directions for
directing the aptical beams from the fiber bundle tip of Figure 1;

Figures 4b and 4c are top and end views of cptical beams in
directions A and C of Figure 4a;

Figures 4d and 4e arve fop and side views of optical beams
directed in directions B anct D of Figure 4&;

Figure 4f shows a perspective view of the optical beams in the
directions 8 and D

Figure Sa is a beam spot diagram of a 5 channel fiber bundle tip
showing electric field strength distribution near multiple focal zones;

Figure 5b is a seam spot diagram of 5 central channels of a 16
channel fiber bundle tip showing electric field strength distribution near
multiple foca! zones;

Figure 5¢ i & graph of beam spot diameter versus focal zone
distance for the fiber bundle tip of Figure 5a;

Figure 5d is a graph of beam spot diameter versus focal zane
distance for the fiber bundle tip of Figurs 5b;

Figure 6 is a schematic layout of an apparatus in accordance with
the present invention;

Figures 7ais a top view of an oplical delay generatar used in the
apparatus of the present invention;

Figure 7b is a frant view of & scanning mirror used in the aptical
delay generator of Figura 7a.

Figure 8a is an and view of the mirror and the facal points fram
three of the itmaging fibers of the fiber bundle tip of Figure 1a;

Figure 8b shows a combined A-scan and a two-dimeangional
brightness-mode (B-mode) scan path for light radiated from a single
imaging fiber of the present invention;

JP 2004-502957 A 2004.1.29



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(122)

WO 02004929 PCTACAN LS

25

-1l-

Figure 9 is a diagram illustrating misr;‘natch between the
coherence gate and the focal point due to the air-tissue interface for light
radiating from a single imaging fiber of the prasent invention;

Figure 10 is a diagram illustrating flexible triggering of the
apparatus of the present invention to accommodate the mismatch shown in
Figure 9

Figure 11a is a schematic diagram of a Prior Art single channel
Optical Coherance Temagraphy device;

Figure 11b is a schematic diagram of a two channel Optical
Caherence Tomography device;

Figure 11c is a schematic diagram of an optical network that
could be vsed te construct an N-channel Optical Goherence Tomography
device;

Figurs 12a is a schematic diagram of a single channe! Optical
Coherence Tomography davice with an aptical circulator;

Figure 12b is a schematic diagram of a two channel Cptical
Coherence Tomography device employing optical circulators;

Figure 12c is a schematic diagram of an optical network that
could be used to construct an N channel Optical Coherence Tomography
device employing an optical circulatar;

Figure 13a is a schematic of an experimenial setup used to
fnvestigate cross-talk between optical channels sharing components;

Figure 13k is an experimental result from experimentation on the
setup of Figure 13a;

Figure 13¢ is another experimental result from experimentation on
tha setup of Figure 13a;

Figure 14 is an end view of 2 G endoscopic coharent optical
microscope in accordance with the present invention,

Figure 15 is a cutaway side view of the Gl endoscopic coherent
optical microscope of Figure 14 showing a biapsy channel;

Figure 16 is a simulated image of a human colon epithelium that
i expected to be ohtained with the apparatus of the present invention;
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Figure 17a has two panels which each show a microecopy image
of sweat ducts in the human skin; and,

Figure 17 b has three panels which each show an jn vivo QCT
image of sweat ducts in the human skin.

DETAILED DESCRIPTION OF THE INVENTION
In the following description, various specific dimensions and other

parameters are mentioned such as the wavelength used by the imaging
source and the physical dimensions of the optical components used in the
apparatus. It is to he appreciated that this is for exemplary purposes only
and does not limit this invention. Specific parameters, dimensions and the
like may be chosen depending on an intended application of the invention.

Referring to Figure 1, the preseni invention provides an
apparatus comprising an endescopic coherent optical microscope having
mulfiple single mode fibers 10, a fiber bundle 1ip 12, a focusing lens 14 and
a mirror 16, The multiple single mode fibers 10 and the focusing lens 14 are
stationary while the mirror 18 is rotatable. Accorgingly, the mirror 16 is
mounted for rotation in known manner. Details of the rotating mechanism
for the mirrar 16 are not described further and can be conventional. Multiple
single mode fibars 10 {of which there may be approximately 50 fibers) form
an array at the fiber bundle tip 12, This array is cleaved and arranged in a
"staircase” pattern as shown in Figure 2. Radiated light from the fiber
bundle tip 12 is focused by the focusing lens 14 and reflected by the mirror
16. The focusing lens 14 may have a diameter of 5 mm (i.e. ¢ =& mm) and
a focal length of 5 mm (i.e. f = 5 mmj. The mirror 16 may have a diameter of
5§ mm and a froni face that is cleaved at 45°. A magnified image of the fecal
points of the fiber bundle tip 12 is shown in Figure 3,

Figure 1a shows three beams 21, 22 and 23 from three
exempiaty fibers arbitrarily chosen fram the muifiple single mode fibers 10.
Due to the staggered or staircase nature of the multiple single made fibers
10 (see Figure 2), each of the beams 21, 22 and 23 originates from a
different point and consequently is brought into focus, by the facusing lens
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14, at a different point 21a, 22a and 23a on a surface 18 whean the mirror 16
Is not used. It will be appreciated that a similar effect is achievad for all of
the multiple single mode fibers 10 of the fiber bundle fip 12 to produce
beams facused to different peints on the surface 18. As indicated at 24 (and
as shown in Figure 3}, if the muldple single mode fibers 10 comprise 50
opiical fibers, each being fogused within a short range of approximately 40
microns and having their ends staggered to space the focal peinta apart by
40 microns {as measured along axis 20 of the focusing Jens 14), a total
range or depth of 2 mm Is covered. The axis 20 for the focusing lens 14 is
part of a first optical path.

With the mirrer 16 present, the optical beams 21, 22 and 23 are
focused as shown in Figures 1b and 1c. Thus, three focal points 21b, 22b
and 23b are spaced apart in a vertical er depih direction along axis 26
which forms an extension of the first oplical path. As the view of Figure 1¢
shows, the three focal points 21b, 22k and 23b are also spaced apart in the
circumferential direction (i.e. they are spaced apart laterally) relative to the
motion of the mirror 16. The three focal points 21b, 22b and 23b fall an a
surface 27 to facilitate imaging of a selected portion of the first optical path.
The surface 27 may be a complex suface or & planar surface. ¥ multiple
single mode fibers 10 comprises 50 individual fibers, then the focal points of
all the individual Tibers from the fiber bundls tip 12 would be spaced apart
correspondingly. - Alternatively, the reflected focai points 21k, 22b and 23b
do not necessarily have to be perpendicular to the axis 20 but may be at a
large angle fo the axis 20.

Rotation of the mirror 16 results in motion of tha surface 27. This
enables a two-dimensichal B-scan image 30 to be obtained, as shown in
Figure 1c, covering a scan area 28 which hag a square shape with
preferable dimensions of 2 mm x 2 mm. The B-scan image 30 indicates an
exemplary view that may be obtained for the scan area 28.

Redesigning the multiple single mode fibers 10, for example, by
changing the diameter of the core and cladding of the mulfiple single mode

fibers 10, results in variations an the surface 27. Furthermore, optical wave
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guide walers may also be used in the placs of the muitiple single mode
fibers 10.

In an alternative ernbodiment, the mirror 16 may be replaced by a
mirror 18" that moves linearly in combination with the focusing lens 14 and
the fiber bundle tip 12 as shown in Figure 1d. The linear translaiion may
preferably incorporate a reciprocal motion. In terms of mechanics, the finer
bundle tip 12, depicted in Figure 1a, ulilizes a radial scanning mation. The
tadial scanning motion is well suited for scanning crgans having larger
diameters, such as the esophagus or the large intestine. However, due to
tha comglax driving mechanism needed for radiai scanning, the diameter of
the fiber bundle tip 12 will not allow for endomicroscopy in organs kaving
small inner diameters such as blood vessels. Therefore, the alternative
embodiment shown in Figure 1d may be used which camprises a similar
fiber bundle tip 12’ that is adapted to perform linear translational scanning
instead of radial scanning.

As shown in Figure 1d, the main differences between the two
methods of scanning are that the mirror 16" will not be rotating and the
eniire fiber bundle tip 12" needs to be translated along #s horizonta! axis in
preferably a reciprocal mofion over a range of 4 mm for example.
Mecharically, the linear translational scanning mation is less complicated
than the radial scanning motion. in addition, linear franslational scanning is
better suited for endomicroscopy in organs having a small inner diameter
such as blood vessels. However, for some larger organs, such as the large
intestine, linear translational scanning is not as well suited due to
positioning difficulties.

In a further alternative embodiment, both of the scanning motions
may be combined io produce an endomioroscopy device having helical
scanning. The helical scanning motien would comprise the rotational
movement of the miror 16 in combination with the lingar translation of the
mirror 18, the focusing lens 14 and the fiber bundle tip 16. Such an
endomicroscopy device may be more suitable for imaging certain types of
organs such as the human large intestine. The helical scanning
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endomicroscopy device wmay be implemented by (inearly translating the
apparatus shawn in Figure 1a.

In yet anather alternative smbodiment, the fiber bundle tip 12 may
be altered to employ a Micromachined Electro-Mechanical System {MEMS)
driving mechanism. Since the aforementioned embodiments require some
form of motion for the mirror 18, all embodiments requive mechanical driving
mechanisms. Accordingly, a motar is situated outside of the endoscope and
a mechanical drive-train mechanism or wire is placed along the entire
length of the endoscepe. However, the multi-channel fiber oplical design is
not restricted to such mechanical driving means. In fact, due tc the
extremely small spatial resolutions realizable by the multi-channel sysiem,
adverse effects, such as vibration induced polarization dependence, from
the mechanical drive means, may imit the full potenfial of the present
fnvention if a mechanical drive means is utilized. Therefore, a MEMS
elactrical driving mechanism may be employed where electricaliy-driven,
micro-mechanical optical devices are used to fadilitate the scanning. This
implementation may petentially circumvent the adverse effects that may be
caused by a mechanical driving mechanism since the MEMS
implementation reduces vibratiens alang the axis of the device except in the
vicinity of the object which is being translated such as the mirrer 18. The
MEMS implemantation may also offer advantages in terms of
miniaturization and perfarmance.

In a further alternative embodiment, the fiber bundle tp may not
requirg the mirror 16. The combination of the fiber bundle tip 12 and the
focusing lens 14 may ke pivotally attached. Accordingly, through a pivoting
mation, the combination of the fiber bundle tip 12 and the focusing lens 14
may be adapted to direct a plurality of focusing pointe along portions of a
plurality of surfaces extending into the sample to construct the B-scan
image 39 of the scan area 28.

In yet another embadiment, the mirror 16 may be a surface of a
prism. The rest of the apparatus would foilow as previously described and
shown in Figures 1ato 1d.
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It should further be understoed that the optical path can be
straight, bent or curved. Furthermere, the aplical path may he a 3
dimensional path having a length, width and height. Depending on the
scanning motion {i.e. radial, linear or hellcal), the orientatian of the surface,
upon which the focal points reside, may also vary. Furthermore, the optical
path may comprise cptizal radiation from one cptical radiation source or a
plurality of gptical radiation sources (i.e. a plurality of light sources or a
plurality of fibers each transmitting optical radiation).

Referring now to Figures 2b and 2¢, a magnified view of the fiber
bundle tip 12 comprising the multivle single mode fibers 10 is shown. Each
of the multiple single mode fibers 10 comprises a cladding 10a around a
core 10b having diametsrs of, for example, 40 pm and § um respectively.
The ends of the multiple single mode fibers 10 may be stepped by 40 pm so
that the focal points of the optical radiation through each of these fibers are
spaced apart, However, a step spacing other than 40 um may also he used.

Referring now to Figure 3, A-scans for each of the multiple single
modle fibers 10, in the fiber bundie tip 12, are acquired over approximately
the entire 2 mm imaging depth, but retained only over a short axial range of
approximately 40 pm near the focal point of each fiber where the beam
diameter is ¢lose to a minimum {indicated at 34) and does not vary
substantially with axial position. This range of 40 um, in this exemplary
design. s indicated at 31. The A-scans are parformed simuitaneously by
each of the multiple single mode fibers 10 wiihin the fiber bundle tip 12.
Effectively, the multiple A-scans cover the entire depth of 2 mm in the
sampie tissue at differeni radial directions, but for each of the multiple single
mode fibers 10, only sectichs of the respesctive A-scan in a carrssponding
40 pm depth-of-focus 31 are used o build up the image. As shown in the
focal zone 31, each of the beams 21h, 22b and 23b show a distinct
“hourglass” shape for the focal points 38, 37 and 36, in known manner, For
each of the beams 21b, 22Zb and 23b, the far fickd beam spread Is indicated
by lines 32 and the near field beam spread is indicated by lines 34.
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The purpose of rotating the mirror 18 is tc create radial (i.e.
lateraly scans in a direction thai is perpendicular to the A-scan direction o
create a B-scan image, i.e. the scan area 28 of Figure 1. The resultant
radial scan pattern of the focal points of the individual fibers from the
multipie single mods fibers 10 s illustrated in Figure 4. It is worth noting that
a continuous scan surface is only present when the cleaved face of the
mirror 16 is faced substantially in the direction of locations A" and "C",
where B-scan images should be taken. Al other locations on the radial scan
patiern, a "dead space” between the individual A-scans is foo large to allow
for sufficient sampling of the tissue. Therefore, the present imvention
comprises a sector-scan imaging device, to scan a sectar substantially in
the "A" or "C" locations, with & sectar angle of about 207, within which a 2
mm by 2 mm image is obtained. In this example, with the given geometry, a
larger sector angle will preduce "dead spaces” which are too large to form a
suitable cross-sectional image.

Figures 4b and 4¢ show beam focal points 36, 37 and 38 from
both a top view and an end view respectively. As shown, and corresponding
to earlier figures, the individual focal points 36, 37 and 38 are spaced apart
in the radial plane perpendicular fo the axis 20. As Figure 4c shows, in an
end view along the axis 26, the focal points 36, 37 and 38 are spaced apart
in terms of depth but overap to create a continuous scanning surface or
scan area 28.

If, the cleaved face of the mirror 16 is faced substantially in the
direction of the locations indicated at "B" and "D", in Figure 4a, which is
perpendicular to the scanning surface or scan area 28, then the patterns
shown in Figure 44 (a top view of the patter) and Figure 4e (a side view of
the pattern) are obtained. Here, the focal points are indicaled at 40, 41 and
42 As shown in Figure 4d, the focal points 40, 41 and 42 are each in an
individual plane 49, 41" and 42' which are spaced apart coraspending to
the spacing of the fibers in the fiber bundle tip 2. The plaries 40°, 41° and
42" are perpendicular to the axis 20. In Figures 4b to 4e, arrows 44 indicate
the direction of the radial scan.
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For the linearly translated system shown in Figure 1d, there are
no "dead spaces” and thus linear translation can produce images suitable
images approximately 2 mm by 2 mm in size.

In the exemplary design of the endomicroscopic system, the
maximal speed of tissue meation, due to physiotagical motion, was chasen
as 5 mm/s for in vivo imaging. A near diffraction-limited focusing lens {i.e. a
lens which approximates an ideal lens by providing very small focal points)
was chosen as the focusing lens 14. The near diffraction-limited focusing
lens was supplied by Melles Griot Inc. In addition, each single mode fiber,
from the plurality of single mode fibers 10, had a core diameter of 5 microns
{i.8. @;= 5 um) and was operated at a wavelength of 0.86 pm. Furthermare,
the design incorporates an approximate core index of ne= 1.447 and a
difference in the refractive index between the care and the cladding of An =
0.005. Using these values, the NA of the fiber is then given by:

NA =n.(24n) = 0.145 (1)
and the acceptance angle, &,, of the fiber is given by:
= 3in T (NA) = 8.32° = 0.145 rad (2)

The design further incorporates the cencept of an ideal lens
which is used to forus optical radiation, from the plurality of single mode
fibers 10, at a magnification of 1 to T and that the far field beam divergence
angle is similar to /;,. Then, for light beam radiation with a center
wavelength i, the beam diamster at the focal point is given by:

o=y Ao o -
&= 2w, = afs.gsum D )]

The spot diameter @ is approximately equal to the core diameter (&.=5um)
which results in efficient optical coupling. The depth of focus is 2”;L =272
L]
mm and the-beam diameter at the ends of the focal zones far focal poinis
36, 37 and 38 is given by:
B=22 wy= 5.59 mm 4

Since the EFand &' parametars are defined in terms of amplitudes, within
40 pm of the focal peint in the axial direction, the beam diameter based on
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light intensity (i.e. the sguare of the light amplitude) may actually be smallet
than 5 pm.

The above calculation is based on ideal optics operating on the
principle optical axis. Using an off-the-shelf lens systern with & = 5 mm, f=
5 mm, and a working distance of 8.2 mm, it has been found that the off-axis
angle redquired to cover a 2 by 2 mm image is about 5° using commerciai
ray-tracing software. At approximately an 80% fill factor of the focusing lens
14, the ray-tracing results show the on-axis RMS focal point to be 5.3 um in
radius, and the 5" off-axis RMS focal point to be 10.3 pm in radius. A
sustom designed lens system should have better performance.

As illustrated in Figure 1, the working distance of the entire optical
system, i.e. the distance from the focusing lens 14 to the focal point of the
apparatus is determinad by the focal length of the lens system, the diameter
of the focusing lens 14 and the gap between the focusing fens 14 and the
mirror 18. Using the off-the-shell lens system discussed above, the working
distance is about 2.35 mm. The distance from the center of the image to the
rotalicnal axis of the mirror 16 is about 5.47 mm. To obtain a 2 mm scan in
the radial direction, the sector scanning angle should be approximately
+10.47, or about 20° h lolal. as determined by the geometry of the optical
system.

Currently existing in vivo OCT systams perform radial scans at 4
to 8 revoiuticns per second {RPS} to yield a biologically acceptable 4 to 8
frames per second. For the design of the present embodiment, 4.4 RPS is
chosan as the rotational speed. The rotational speed depends an the
repetition rate of the A-scans and the number of A-scans required to obtain
a 5 um lateral resalution. Therefore, the imaging speed of the apparatus of
the present invention is 4.4 frames/s while ather imaging speeds may be
chosen based on different end-user applications. The imaging time for each
individual frame is 12.6 ms, as determined by the rotation speed and the
sector scanning angle. Therefore, for a given frame, the system is acquiring
signals for {2.8 ms and the lime betwaen frames is about 215 ms during
which data pracassing is performed. These parameters are dependent on
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the performance of the optical delay generafor (which is described later)
that is usad in the system.

While the abeve calciylations were made based on a light source
operating at a light wavelength of B60 nm and custom made single mode
fibers, implementation using a light seurce operating at other wavelengths,
such as 1300 nm, and off-the-shelf fiber may alsa be possible. Figure 5a
shows a heam spot diagram far a 5 channel fiber bundle fip operating at a
wavelength of 1300 nm and using off-the-sheif fibers (Corming SMF-28),
The fiber bundle tip has a fiber step size of 125 um. The light beams from
these fibers, focused by a kens having & 5§ mm diameter and a 4.5 mm focal
fength, cover a focai zane of approximately 0.66 mm. The resuiting lateral

imaging resolution is approximately 10 pm. Figure 5b shows a beam spot.

diagram for a 15 channel fiber bundle tip aperating at a wavelength of 850
nm and using custom designed fibers having a core diameter of 5 ym and a
cladding diameter of 40 um. This fiber bundle tip has a fiber step size of 40
um. The bgams spois of only the central 5 channels are shown. The
resulting lateral imaging resclution is approximately 5 pm over a focal zone
of approximatety 0.65 mm.

Figure 5c shows beam spot diameter versus distance along the
focal zone for the 5 channel fiber bundle tip of Figure 5a. Figure 5¢ shows
that the beam spot diameter is consistently less than 15 pm over the entire
088 mm focal zone. Figure 5d shows beam spot diameter versus distance
along the focal zane for the 15 channel fiver bundle tip of Figure 5b. Figure
id shows that the beam spot diamster is approximalely & um over the entire
066 mm focal zone,

Referring now to Figure §, the overall gereral layout of the basic
optical elements of the apparatus of the present invention compriges a
plurality of optical sources 50, a plurality of tree couplers 52, a piurality of 3
dB couplers 54, a fiber bundle tip 56, a plurality of detectors 58, a plurality
of demodulators 60 and an optical delay generator 64, The plurality of
optical sources 50, which may be lasers, are connected to the plurality of
tree coupiers 52. More than one laser may be needad to ensure that
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adequate oplical radiation is previded to each of the fibers (i.e. channels) in
the tip §6. Each tree coupler 52 couples a respective optical source 50 to a
subset of the plurality of 3 dB couplers 54, The piurality of 3 dB couplers 54
are connected to the fiber bundle tip 58 for onward transmission of
approximately half of the light radiation from the plurality of optical saurces
50, The fiber bundle tip 54 inciudes fibar bundie tip 12 and the other optical
elements of Figure 1 (i.e. the focusing lens 14 and the mirrer 18). The other
half of the radiation from the plurality of cptical sources 50 is reflacted back
to detectors 58 which in furn are connected through the demodulaters 80 to
a computer 62 which functions to process the sampled data o generate the
B-scan image 3. Ths optical delay genserator 64 is used hy the 3 dB
couplers 54 to provide a delayed reflected signal to the detectors 58. The
sample being investigated by the tip 56 is indicated at 65.

In the layaut shown in Figure 6, 1 dB or 10 dB opfical couplers
and the like may be used in place of the 3 dB couplers 54. Furhermore, the
intensity of the optical radiation fransmitted to each of the 3 dB couplers 54,
and consequently each fiber, by the tree couplers 52 nead nat be the same
and in fact is chosen depending on whether the 3 dB coupler provides
optical radiation to a fiber {l.e. channel} that facilitates a deep or shallow
scan info the tissue. High ntensity optical radiation is needed o scan
deeply into the tissue. Accordingly, tree couplers 52 and 3 dB couplers 54
that feed optical radiation to fibers that scan deeply into the tissue are
adapted to pravide larger amounts of optica) radiation.

Figures 7a and 7b show the aptical delay generator 64 in greater
detail. The opfical delay aeneratar 84, similar to those in existing i vive
OCT systems, is used to perfarm the A-scans using the coherence
envalope of each individual fiber. The optical delay generator 64 comprises
a grating 66, a lens 67, & scanning mirror 68 and a mirrar 70. Rapid depth
scanning can be achieved with the optical delay generator 64 by dispersing
quasi-monochrematic light from the multiple single mode fibers 10 in the
fiber bund'e tip 12 onto the diffraction grating 86 and facusing the dispersed
light anto the oscillating mirror 68. This has the effect of applying a linear
ramp in the frequency or Fourier domain as described by G. J. Tearney,
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B.[. Bouma and J. G. Fujimoto ("High-speed phase and group delay
scanning with a grating hased phase control line" Mature Medicine 4(7),
861-865 (1988)). With recombination of the reflected wavelangths at the
diffraction graiing 66, a real space-time delay is created. The angle of the
scanning mirror 68 is rapidly oscillated through several degrees of rotation
creating a rapidly varying time delay in the reference arm which allows for
fast, repeated depth scanning of a sample.

The optical radistion 70 from cne fiber from the multiple single
mode fibers 10 is shown in Figure 7a. The optical radiation 70 is dispersed
intc spectral components represented by spectral components 71, 72 and
73 by the grating 66. Spectral camponent 71 represents the lowest
wavelength in the optical radiation 70; speciral compenent 73 represents
the highest wavelength in the optical radiation 70, and spectral samponent
72 represents the center wavelength in the optlical radiation 70. These
spactral components of the optical radiation 70 are verticaliy aligned in the
oplical delay generater 64. In a similar fashion, cptical radiation from other
fibers from the multiple single mode fibers 10 are dispersed and vertically
aligned, with a vertical spacing between the dispersed optical radiation from
the different fibers. The cofiset of the center wavelength of the dispersed
optical radiatian from the pivol axis of the scanning mirror 68, for a given
fiber, is represented by x; which facilitates phase madulation of the
dispersed optical radiation from each of the multiple single mode fibers 10.
Alternatively, if ¥y were zaro then a phase modulator would be needed, for
each of the single mode fibers 1@, to phase modulate the aptical radiation
from each of the single mode fibers 10, This has the advantage of allowing
for a reduction in size of the scanning mirror 88 which in turn allows for a
higher frame rate to be used. Furthermore, the phase modulatar is
electrizally controfled which allows for very stable signals are genarated

Referring now to Figure 7o, the muliiple single mode fibers 10 are
aligned in the fiber bundle tip 12, such that dispersed opfical radiation from
each of the multiple single mede fibers 10 is vertically aligned on the
scanning mirror 68 as rows 76, 76, 77 and 78. Alternatively, other ardered
arrangements may aiso be used for the spactral compenents of the optical
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radiation from each fiber from the multiple single mode fibers 10 such as
columns.

As illustrated in Figure 8, a single optical delay generator may be
used fa infroduce delay in multiple fibers. The limiting factor in determining
the number of chanrels that may be coupled to a single optical delay
generator is the physical size of the scanning mircor which is in turn limited
by the resanance frequency of the optical delay generater. Commercially
available resonznce optical scanners can pperate up to 16 kHz.
Aceordingly, a size of 4 mm by 5 mm may be used for the scanning miror
88 Sinee tha fiher bundle array is about 2 mm fn size, # is possible {o fit the
entire array onto one optical delay generatar. Therefare, for the
embodiment of the present invention, a single optical delay generator is
used having an optical scanner operaling at #; = 16 kHz with an opfical scan
angle @ of + 2°. The embodiment also incorporates a grating pitch of p =
3.33 um, a cenier wavelength of 3, = 0.86 um and a focal length of f; = 21
mm. Accordingly, the free space group path length differenice 4, is given by
(from Rollins et al. 1868):

A;g:m(_ﬂ.%}l_xﬁ):&ms mm (5)

which is zlso 1.24 mm peak to peak. In equation 5, x¢ = 1 mm is the
displacement between the ), spectral line and the pivoting axis on the

resonance mirror. The peak A-scan speed is given by:

Vamay = ZnAly £= 621 mls (6)
and the A-scan speed variss according to eguation 7.
Vi = VamexCOS( 27D (7

Choosing a source with a coherence length I of 5 pm and a Gaussian
emissicn spectrum, the equivatent emission bandwidth is given by:

Al:ﬁjlmT?:QBnm (8)

where b = 0.66 for a Gaussian envelope.
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The size of the resonant mirrar is determined next. For an optical
delay generator with a grating having a first order diffraction, the diffraction
angle is given by:

83 = sin'tadp) (9
The spread of the speatrum from (A, - A1/2) fo (4, +AA/2) at the Fourier
glane of the lens is given by;

Ax =2 flB(A, + AR2) - 6(A, - AL/2)]| = 1.3 mm (10)

Since the miror width is 4 mm, one can it the spectrum on one
side of the resonant mirror with the displacement x4 having a value of
approximately 1 mm. This is illusirated in Figures 7a and 7b. The carrier
frequency of an individual channel of the system is given by (Rollins et al.
1998):

o= (432t Ag)COs(2mF) 1)
which is 16.3 MHz at the maximum.

The bandwidth of the interfercgram (i.e. the interference fringe
pattern} is given by:

A= %1'47:%3(}‘}% =1, Jeos(20.0) (12)
which is 8.4 MHz at the maximum.

Sinca f; (i) > AF (i), proper demodulation can be performed by
conventional rectifying and low-pass filfering, although a sharp freguency
cut-off is needed. It is preferable to set up the individual channels of the
system such that 04= 40 wmn (the depth of the A-scan performed by a single
channel) coincidas with the maximum carrier frequency, so that the variation
in carrier frequency over Da is minimized. The carrier frequency varies
slnusoidaliy in time given by:

A, = £41 - cos[sin(DafAl] ) = 34 kHz {(13)
which is about 0 2% of £,

At other locations, the signal can still be properly demadulated,
but the variation in carier frequency will be larger The demodulatars 60
may ineorporate an analog high-speed rectifier and a 10-pole low-pass filter
to demodulate the signal. Effectively, the signal is frequency down-shifted
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such that the sigrmal is centered at DC and has a bandwidth of Af The
demodulated envelope signal is then digitized at an appropriate sampling
rate. Current existing data acquisition (DAQ) cards operate at 30
MegaBamples per second (MS/s) with an SNR of about 60 dB. Choosing a
Gaussian shape for the intetferogram spectrum with Af = 8.4 MHz, the 60
dB point is at about 14.5 MHz. Accordingly, the Nyquist rate for digitizing
such a signal is approximately 29 MS/s. Therefore, current existing DAQ
cards will be able to digitize the envelope signal without aliasing.

Given a sampling rate of 30 MS/s for digitizing the envelope
signal at the maximum carrier frequency, the spatial sampling interval in the
axial direction 18! Aaig = Yama/S = 2.07 um. As shown in Figure 8, a scan
path 80 is indicated showing A-scans alternately gaing up and down
through the sample. Sampling peints are indicated at 82, The axial spacing
of 2.07 um is indicated at 84. The spatial sampling interval in the lateral
direction is determined by the lateral or B-scan velocity and the resonant
frequency of the optical scanner in the optical delay generator 64. At the
center of the image, where the radial distance r is 5.47 mm from the
ratational axis of the mirrer, the radial sampling interval is given by:

Amw=wm”2f=2ﬁ¥éf=473um {14}

This interval is indicated at 88 in Figure 8. For the fiber scanning the
shallowest depth, the spatial Jateral sampling interval is 3.86 pm and for the
deapest channal it is 5.59 um. Therefore, the pixel size at the center of the
image is 2.07 by 4.73 pm in the axial and lateral directicn respectively. The
lateral pixel size varies across the depth of the image from 2 86 to 5.59 pm.
By varying the rotational speed of the minor 16, the lateral sampling interval
can be changed, at the expense of frame rate, If a higher resonance
frequency optical scanner is used, the sampling interval may also be
reduced.

Far a pulsed oplical source (e.g. a 15 to 20 fs pulsed laser
emitting light with a wavelength of 850 nm). the coherence length will be
appreximately 4.5 {o 6 wm. Since the spatial sampling Interval in the axial
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direction is about 2 pm, which is smaller than half of the coherence length,
the image is reasanably sampled in the axial direction. Using a near
diffraction-limited facusing lens as the focusing lens 14, the beam spot size
should be about 5 pm. Since the spatial sampling interval in the lateral
direstion varies from 3 86 to 5.59 yum, the image is slightly under sampled,
givan that the beam walst size is about 5 pm. However, the spatial sampling
interval is not equivalent to the final image resolution, which is also
influenced by Iocal contrast and noise levels. Local contrast is the difference
in reflectivity between twa points in the sample that show up as adjacent
pixels in the image. If the two points have similar reflectivity, i e. low local
contrast, it will be difficult te resclve thess paints.

Imaging speed should be fast enough to reduce motion blusring.
Given that the larget speed (i_e. tissue moiion) is typically 5 mm/sac, then
within a frame time (an elapsed time of 12.8 ms), the target can move up to
63 um in a particular direction which is much larger than the designed 5 um
reseluiion. In the present embodiment, the A-scan is performed
simultanecusly in all channels such that ane line of the image is formed
within 0.8 ps which is the time required fo scan the coherence gaie through
a 40 pm distance. The time between two consecutive A-scans is about 16
us. which is determined by the rofational speed of the mirrer 16 of the
systemn and the number of A-scans per image. Thus, the resultant image
should be crisp since the metion during 16 ps is 0,08 um which is much less
than the resclution, Accordingly, there should be no motion blurring in the
image but a metion artifact may still exist. The resultant motion artifact may
be a geometric deformation of the features being imaged that may be as
large as 83 pm depending on the size of the fealure and the target velocity.
This motion artifact is due to the effsct that the air-tissue interface has an
the optical radiation from the plurality of optical saurcas 50.

As illustrated in Figure 8, the focal point of an individual fiber of
the apparatus, inside the tissus being imaged, can vary depending on the
distance dj of the Iocation of the focal peint in the tissue, whether the tissue
surface had a refractive index of 1, and the actual refractive index of the
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tissue (which is lypically approximately 1.4). Accordingly, the actua! focai

paint is at a distance drbelow the fissue surface given by:
tand, tané,

o= d, ang, rn \ (15}
: tan| sin”| —-sind
L”v

where 8 is assumed to be equal to 8, the acceptance angle of the individual

s fibers and &2 will be determined by the refractive index ns= 1 {i.e. air) outside
the fissue and iy = 1.4 inside the tissue,

The coherence gate location varies according to:
d;= ;idﬂ (16}

Accordingly, due te the fact that optical radiation travels more slowly in a

10 medium with a larger refractive index there is an optical path mismatch
between the focal point and the coherence gate of an optical beam which is
matched in a medium with 7y = 1 (i.e., with no tissue present). This
mismatch is:

g tan B,

R

1% A tissue refraciive index of n, = 1.4 yields Ad = 0.97 o,. This mismatch

Ad=m(d, -d)= oy 7

problam is common for all high-NA OCM systems and many existing high-
NA OCM systems use some form of dynamic compensation, L.e., changing
the reference path length dynamically to compensate for Ad, however, such
dynamic compensation is difficult with a high imaging speesd, Accordingly,

20 one aspect of the embediment of the present invention is to use flexible
triggering’ of the detected interferogram signal.

As shown above, the free space group path length difference is
24k, = 1.24 mm peak io peak, which is much iarger than the useful A-scan
range of cnly 40 um. This leaves room for dealing with the mismatch since

25 one then can trigger to obtain the interferogram anly when the coherance
gate is passing through the focal point,

As shown in Figure 9, the working distance for each fiber channel,

dy, varies with nz which is approximately constant Therefore, if one knows
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where the tissue surface is, dy can be determined and in furn Ad can be
determined. ‘

Referring to Figure 10, showing a perspective view of a tissue
sutface and an arbitrary axial line 80, channel 1, which is designated to
scan the surface of the tissue, is the first fo pass through the axial line 90, in
the scan area 28 The focal peints of channels 1 and ? are indicated at 91
and 92 in a schematic representation 84 of the optical radiation from the
multiple single mode fibers 10 (i.c. channels) passing through the axial line
89, The focal point of the last channel, i.e. channel 50 in this example, is
incicated at 95 and is desighated to scan the deepest layer of the tissue in
the image. The overall profile of the representalion 94 defines a flexible
trigger zone, within which the coherence gate and the focal length can ba
maiched. Cne of the 50 channels, i.e. channel "v", will experience a large
and distinctive specular reflection since the airtissue interface
approximates & mitror and reflects incident light. Underneath the tissue
surface, the tissue acts as a turbid media which scalters and absorbs
incident optical radiation. Thus, channel "v" will determine dg for this
particular axial line 90 since all of the channels before channel “v” wilt return
a gignal that is at noise level. Accordingly, the “flexible triggering” method
comprises comparing the detected reflected oplical radiation for adjacent
channels to locats the tissue surface by identifying the channel in which
there is a large increase in reflectance compared to its 'neighboring'
channels. This information is then passed on to each of the subsequant
channels and the trigger point for each channel is set accordingly o reduce
mismatch batween the focal point and the coherence gate.

As an example, if channel "v" is channel 13 then the apparatus is
calibrated such that channels 1 to 12 are set to scan free space above the
tissue surface, channel 13 to scan the tissue surface, and subsequent
channels are set to scan deeper tissue, with no mismatch batween the facal
paint and the coherence gate of the optical beam of each channel. During
imaging, & folerance of Ad, = + 0.5 mm cof the location of the tissue surface

can be allowed as indicated at 96 in Figure 10. This tolerance is related to
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the A-scan performance and the frequency responze of the envelope
detector as will now be explained.

Given Ad, = 0.6 mm, the mismatch that necds to ba compensated
for is given by:

Ad’=0.693 x 0.5 = 0.347 mm (18}
This means that instead of triggering the interferogram signal at the
maximum carrier frequency, the actual carrier fraquency needs to be:
£ = fomax COS{sIn (Ad/AL)) = 13.5 MHz (19)

which is about 83% of the maximum carrier frequency with the
interferogram signal bandwidth changing accordingly. Although the
envelope detector's frequency response can be tunad dynamically, it is
simpler and faster for the envelepe detector to have a fixed response but it
was designed for a 17% tolerance of the cul-off frequencies. In this way, the
entire flexible triggering scheme contains only fixed components and all of
the compensation is performed electronically to satisfy the high imaging
speed requirementi.

The optical components shown in Figure 6 can be chosen as
follows. Based on Boppart, S.A,, Bouma, B.E., Pitris, C., Southern, J F.,
Brezinski, M.E., and Fujimoto, J.G. {In vivo Cellular Optical Coherence
Tomography imaging, Naiure Medicine, Vol 4 No.7:861-865, July 1998),
an SNR of greater than 100 ¢B can be achieved in a non-endoscopic OGT
systent using 2 mW of incident power on the tissue fo allow for imaging o 2
depth of approximately 2 to 3 mm. The optical source used was a Keir-lens
mode-locked solid-state Cr™: farsterite laser operafing at a 1280 nm center
wavelength with a coherence length of 5.4 um. However, the embodiment
of the: present invention is not limited to this type or any cther paricular type
of source, such as & broadband superluminescent diode. For instance,
another pessibility is a white-light emission Cr.LiSAF optical source with &
bandwidth of approximately 100 nm centared at 850 nm which will provide a
coherence length of approximately 4.5 to 6 jum, This disde-pumped, sofid-
state, mode-locked laser should vperate with a pulse-repetition rate of
about 102 MHz and an average power of 30 myW when operated at 860 nm.
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The pulse energy variation sheuld be less than 1%. Several {e.g., 2 or 4) of
these lasers as indicated at 50 in Figure & are needed to provide the total
power reguirement of the 50 channels. The channels scanning the deeper
portian of the tissue will need about approximately 1 to 2 mW of incident
power per channgl and the channels scanning the shallower portion will
neeq less, The tree couplers 52 can be configured to split the source power
to matct: these reguirements. Since the maximum cartier frequency is 16.3
NiHz, each interference fringe will contain at Ieast 6 laser pulses. Therefore
the fringe pattern should be adequately sampled.

For each channel, a separate photo recelver or detector 58 may
be used io deiect the interference fringes. The maximum detector
bandwidth is 125 #MHz, although in the apparatus of the present invention, a
detactor bandwidth of 30.8 MHz may be sufficient, as determined by the
camier frequency and the bandwidth of the interferogram.

An alternate embadiment of the present invention involves the
concept of sharing optical cermponents to reduce device complexity and
cost. Referring to Figure 11a, a typical single channel interferometer 150
with balanced detection in which the AC component of the interferogram is
separated from the DC companent of the interferogram and only the AC
componeni is amplified is shown. Tha single channel interferometer 150
comprises an IR broadband light scurce L, a visible wavelength guide light
G, a balanced detector BD, a polarization controfler PG, a phase modulator
¢MOD and an optical delay generator DG which are connected through a
network of optical fibers and 3 dB couplers 140, 142 and 144. The “x"
denotes a dead end in the fiber network. The visible wavelength guide light
G tnay be a green laser which indicates the direction in which the singls
channel interferometer 180 is pointing {i.e. it indicates what will be imaged).
The single channel interferometer 150 is connecied to a sample S.

The design of Figure 11a can be axtended to construct a fwo
channei inferferometer 160 as shawn in Figure 11b. The subscripts dencte
the componenis that are in the iwo channels. A component without
subscripts indicates that the component is used in both channels. The two
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channel interferometer 180 comprises a laser L', a visible wavelength guide
laser G', & 2 to 1 tree couplsr TG, polarizatioh controllers PG4, PCz and
phase modulator 9MCD', variable delay elements VD, and VD, an optical
delay generator ODG", detectors BD; and BDz and 3 dB couplers 162, 164,
166, 1688, 170 and 172. The variable delay elements VD, and VD, are
introduced to adjust the coherence gate positions for each channel. The two
channels are coupled to samples 8, and Sz which may be two peints at
different locations in a tissue sample. The light source L' is shaved between
the two channels in this case, with the optical power in channel 1 being
iwice that in channel 2. Therefore, channel 1 shauld be used to scan a
deeper region of tissue than channel 2. The 1 to 2 tree coupler TG is used
so that both channels can share the same reference arm (comprising the
phase modulater §MOD' and the optical delay generator ODG'). The ability
to share the same reference arm allows one phase modutator to be used to
nhase modulate the optical radiation from the multiple single mode fibars 10
{i.e. all the channels). Note that the iwo channels are combined into one
fiber by the tree coupler TG1 and then fed to the same phase modulator
AMOD'. Accordingly, cost and complexity of the twe channel interferometer
180 is reduced.

Based on Figure 11b, it is concsivable that a general optical
network can be used ta construct an N channel OCT system such as optizal
network 180 shown in Figure 11c. The optical network 180 comprises an
aptical network for an n channel 182 and a reference arm 184 that is
shared by all n channels. The optical network for the ' channel 182
comprises a detector BDy, 3 dB couplers 194, 198 and 198 and g sample
arm comprising a polarization controller PC» and a variable delay element
VD, connected to a sample S,. The optical network for the n'® channel 182
receives optical source radiation 186 from the n-1" channel and transmits
optical source radiation 188 to the n+1" channe! via 3 dB coupler 194. The
optical network for the n™ channel 182 receives guide fight power 1980 from
the n-1" channel and sends guide light power 192 to the n+i™ channel via 3
dB coupler 196. [n this embodiment, a light source (nat shown) may be
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shared between each of the N channels with a power distribution that
follows a geometric series or another suitable power partition scheme. The
reference arm 184, comprising an N to 1 tree coupler TCn, a phase
modulator ¢MOD™ and an optical delay generator ODG", is shared batwaen
sach of tha N channals.

Each of the schematics shown in Figures 11a, 11b and 11¢,
suffer from the fact that a periion of the optical radiation of the interference
pattern, from the Interference between the refiected optical radiation from
the sample and reference arms, which is sent from the 3 dB coupler
connected to the detector is lost. In this case 50% of the optical radiation of
the interference pattern is lost since a 3 dB coupler is used. For ingtance in
Figure 11a, only 50% of the optical radiation of the interference pattern is
sent from 3 dB couplers 140 and 142 to the detectar BD. This makes if
mare difficult to detsct the interference pattern especially for interference
pattetns with low intensities. To address this, a non-reciprocal optical
device. such as an optical circulator may be used to send, to a detector, the
portion of the optical radiation that would have been lost if only a 3 dB
coupler were used.

Refarring to Figures 12a, 12b and 12c, alternate embodiments of
a single channe! OCT device 200, a two channel OCT device 210 and an
cptical netwoerk for an N channel GCT device 220 are shown comprising
optical circulators. In Figures 12a, 12b and 12¢, the optical circulators €, Gy,
Gy and G, are used to salvags and direct the optical radiation of the
interference patiern to the detectors BD, BD41. BD2 and BD,, respectively to
provide a larger intensity interference signal for detection. The rest of the
cemponents in these embadiments are similar {o those in the of the single
channel OCT device 150, the two charnnel OCT device 160 and the optical
network for the N channe! QCT device 180 shown in Figures 11a to TTc.
The concept of using oplical circulators to salvage optical radiation and
provide the salvaged optical radiation to a deteclor may also be applied to
the apparatus of Figure & in which eptical circulators could be placed
between the 3 dB couplers and the detectors.
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The schematic shown in Figure 11¢ and 12c¢ leads to an elegant
design, however, parallel interferometers that share components (i.e. a
phas& modulator} may produce prohibitive amounts of channel cross talk
which may consequently lead to image degradation. However, with fiber
length mismatching between channels, cross talk may be effectively
handied, Electronic cross-talk can be handled using standard shielding and
grounding techniques. The following describes the oplical cross-taik.

Referring now to Figure 13a, a two channel OCT system 230 was
assembled o invesfigate channe! cross talk. The two channel OCT system
230 comprises a laser Lg, detectors Dy and Dy, beam sphitters BSy and BSa,
& 1 io 2 tree coupler TCg, a phase modulator PMe, an optical delay
genetator ODGe, beam collimators BG4 and BG; and two mirrors Sqe and
Sze which simulate samples. In the two channel OCT system 230, the
desired imaging signals come from the channel 1 and channel 2 optical
paths. The desired imaging signal for channe! 1 occurs when light from the
optical pathway:

Le > BS: > 8¢ > BS, > Dy (20)
interferes coherently with Tight fram the oplical pathway:
Lg > BS; > ODGe » BS, 2> D 21

and is detected by the datector I)+. The desired imaging signal for channel 2
oecurs when light from the eptical pathway;

Le>BB:> S$: 3 B5; > D, (22)
interferes coherently with light from the opfical pathway:
L > BS: > ODGg > BS: > D2 (23)

and is detected by the detector Dz. Furthermore, QCT imaging in the twao
channels accurs only when the optical distance BS,-> 81 is equal to the
oplical distance B84 = ODGe and when the optical distance BS; > 8z is
equal to the optical distance BSz » ODGe. Otherwise, image degradation
could occur from constructive interferance of light reflected from two (or
more) different paths that are not the desired imaging paths stated above.
Based on the optical network shown in Figure 13a. there may be
two mgjor classes of potential cross talk. The primary scurce of cross talk
may be coherent light that is reflected (from a mirror or the sample) fram
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one channel's beam splitter into the other channel's beam splitter and
detector. Such cross talk would have intensities equal io the imaging siana!
intensitias and could potentially cause significant image degradation.
Reflecfion from one channsl fo the other could occur at the optical delay
generator ODGe or at ihe samples 84 or S2. Therefore, light fram the optical
pathway:

Le > BS5; =5, > BS; > Dy (20}
may interfere with light from the optical pathway:

L > BS; > 0DG: > BS, > Dy (24)
Alternatively, light from the optical pathway:

Le-» BS; > S: > BS; > D; (22)
rnay interfere with light from the optical pathway:

Le > BS) > ODGe > BS: > D {25)

Sample arms 1 and 2 would not normally be separated as they
are in Figure 13a because the sample arms would be aimed at different
points (i.e. different depths) on a tissue sample. When the samples are not
separate, reflection cauld occur from channel 1 into channel 2 and vice-
versa, Insuch a case, light from the optical pathway:

Le>BS; > 85;>BS > Dy (28)
may interfare with light from the optical pathway:

L: = BS,-» ODGe > B8 > Dy (21)
Alternatively, lfight from the opticaf pathway:

Le > BS( = 81> BS; > D2 (27)
may inferfere with light frem the optical pathway:

Le » BS: » ODGe > BS; > D; (23)

It should be recalled that reflection may alsc ocour at undesirable
iocations such as beam splitters and connecior insertion points.
Conceivahly, such reflections may contribute to image noise if the light from
these pathways produced inferference fringes having a significant intensity.
However, this kind of noise may bhe secondary to the channel cross talk
previously described because of its lower intensity.
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Analysis of the system revealed thaf the worst-case scenario for
interference of such back-reflections involves one reflestion from a
connacfor. For example, light from the foliowing optical path:

Le > BS; > 5, 2> BS; > Dy (20)
may interfers with light from the optical pathway:
Le > BSz - CDGe > PAl: 2 ODGe -» BS: » b4 {z8)

There are feur possibie outcomes for the interference of light fram
any two pathways and the cutcome depends on path length difference.
Firstly, if the path lengths are identical, then the intensity of the inlerference
fringes at the detector will be greater than the true signal intensity based
solely on the sample reflectivity. This sort of fmage noise would not be
detectable as nolse and would alter the measured sample intensity
throughout the image. Fortunately, the probability of the path lengths
maiching axactly is remocte. A second possibility is that the path lengths
could match to within the coherence length of the light source. This situation
would result in an increase in the width of the interference fringe envelape
ans consequently degradation in axial resolution, This situation is unlikely,
but it may be detected by measuring the fullwidth-half-maximum of the
mirror surface depth prefile. A third possibility involves the path lengths
differing by a distance greater than the coherence length of the source Lg
and less than the scanning depth of the opiical delay genarator ODGg, This
siluation may manifest as two separate coherence envelopes within ane
depth swaep by the optical delay generator ODGe. The final and most likely
possibility is thal the path lengths differ by more than the scanning depth of
the optical delay generator ODGe and no noise or extraneaus interference
fringes will be detecied by the system.

The primary lype of channel cross talk should be unlkely because
af fiber optic manufacturing. Optical path lengths BS, > ODGg and BS; =2
ODGe are essentially predetermined by the lengths of the fiber pigtails
caming from beam eplitters BS, and BS;. Optical path lengths B8y 3 $4
and BS; - 5; are delibarately matched ia the predetermined corresponding
reference arm lengths. Typically manufactured fiber lengths differed by
several tens of milimeters which is at least one order of magnitude greater

JP 2004-502957 A 2004.1.29



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(147)

WO 02004929 PCTACAN LS

k]

-36-

than the scanning depth of the optical dejay generator ODGe. Therefore,
this type of cross talk should net be a problem in a dual channe! system.

In the case of insertion paint reflections, if the optical distance
PMe - ODGe matched the path length difference betwéen optical paths
BSy > 5. and BS: -» ODGg, then interference fringes and image
degradation may occur. Again, this sort of secondary hoise should be
unlikely becauss the fiber lengths are about 300 mm while the optical delay
generator ODGg scans through only a couple of milimeters. Furthermore,
the intensity of such interference fringes wauld be lost in the system noise
Secondly, the equipment used has a maximum 0.6 dB insertion loss (in
other words & maximum of reflection of 0.6 dB) and therefore such a signal
is below the detection limits used in the setup of Figurs 13a.

To demonstrafe that two channels can use the same fiber and
optical components, the OCT system 230 was evajuated. The sample arm
mirrors §; and Sz were placed such that the sample arm aptical path length
and the optical delay generator ODGE reference arm aptical path langth
matched for each channel and a set of inferference fringes were seen at
each of the deteciors Dy and De. The sample arms for samples S and Sz
weare kept separate for alignment purposes and to eliminate the possibility
of light from channel 1 reflecting inta the fiber containing channel 2 and
vice-versa. Although an optical delay generator could be used to produce
both phase modulaticn and group delay (Tearney et al. 1997), with the
setup shawn in Figure 13a, the optical defay generator ODGg was usad for
group delay {i.e. depth scanning) while the phase modulator P in the
reference arm was used to produce phase delay.

In the experimental sstup of Figure 12a, the light source Lg
comprised a 1310 nn, & mwW light source (mode| BBS1310) made by AFC
Tachnologies Inc. The ceniral wavelength of the light source Lg was 1310
ntn with a measured spectral spread of & 40 nm. The measured coherence
length of the light source Lg was 10 pm. The detectors Dy and D2 were 155
Mbps Perkin Eimer InGaAs photodiode receivars with a detsction band
cenfered at 1310 nm having a bandwidth greater than cr equal to 100 nm.
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The phase modutator PMe was a JDS Uniphase 43 MHz phase madulatar.
The beam splitters BS; and BS: were made by MetroTek. OZ Optics
manufactured the beam collimators BG, and BG;. Alternate suitable
components may be used from these or other suppliers.

The optical delay generator ODGe dispersed the collimaled light
using a 150 line/mm diffraction grating blazed for 1310 nm which was made
by GV Spectral Products. A Melles Griot giass doublet lens with a 30 mm
diameter and 100 mm focal length was used to focus light onto the
oscillating mirror. EOPC  (Electro-Optica! Products Carporation)
manufacturad the rescnant scanner that operated at 8 kHz and seanned
through a = 1° mechanical or a i 2° optical angle. This angular setting
corresponded to a dapth scan of about 1 mm in the sample arms for the
samples §, and Sz. Scanning depth s an important consideration in terms
of mismatching the optical iengths of the two channels. For instance, if the
optical path lengths differ by more than 1 mm then croes talk between the
two channels sholld be minimal and proper shiekding and grounding
technigues should address elecironic cross-ta'k as well,

Figures 13b and 13c show results from experiments conducted
on the seiup shown in Figure 13a. Figure 13b shows the vscilloscope frace
from the detectors Dy and Dz in channel 1 and channel 2. Figure 13b shows
that the interference fringes cccur at different points in the cycle of the
optical delay generator ODGe which reflects the slightly different positioning
of the twe channels within the cycle of the optical delay generator OD Ge,
i.e. the sample arm mirrors 84 and Sy were deliberately offsat by a small
amount to simulate imaging &t different depths. Figure 13b shows that there
is & strang imaging signal in each of the channels and no evidence of any
cross talk. The arrows 232 and 234 indicate reflection from two differant
sample points which could correspond to two different points in a tissue
sample. Furthermore, the fullwidth-half-maximum of the envelope of each
detecled pulse comesponded to the coherence langth of the light source Le
which indicates that the iight signal in each channel originated from the light
source Le. Figure 13b shows the experimental results when one of the
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sample points was moved refative o the other sample paint. In this case,
uross-talk was also not observed.

in another embodiment of the invention; the fiber optic network,
previously disclosed herein, is incarporated into an endoscope go that the
multi-channel OCT methodology may be used ¢linically Due to the size of
the fiber bundle tip 12 of the apparatus, the fiber bundle tip 12 will not fit inta
the working channe| of a conventional diagnostic endoscape (aithough it
may be incorporated into the larger-diameter therapeutic endoscopes).
Therefore, an alterate design approach was faken. Instead of designing
tha fiber bundle tip 12 to accommodate the working channel of a
conventional diagnostic endoscope, all of the functicnality of a conventional
diagnostic endoscope was designed around the fiber bundle tip 12, As
shiown in Figure 14, one embodiment of a G! andoscope 3040
{corresponding to the tip §8 of Figure ) incerporating the endomicroscope
of tha present invention is approximately 11 rm in diameter. This is slighily
larger than the conventional diagnostic endoscope which is 8 - 9 mm in
diameter, The Gl endoscope 300 has the endomicroscopy capability
disclosed above in addition to conventional forward-viewing white light
imaging. Therefore, a user of the Gl endoscope 300 should be able to
obtain a 2 by 2 mm cross-sectional image as flusirated in Figure 18,

The Gl endescope 300 includes & 2.7 mm diameter
suction/biopsy channel 302. The end of the suction/biopsy channe! 302 is
bent so as to present an opening 304 directed towards the tissue area of
interast 306, The axis of the suction/biopsy channel 302 may be on the
order of 8.7 mm from the center of the tissue area of interest 306. Two
channels 308 and 310 are provided for white light illumination and a
channel 312 is provided for whita light endoscope forward viewing. Each of
ihe channels 308, 310 and 312 may have a diameter of 2.7 mm. A small
channel 314 is also provided for an air or water nozzie.

In accordance with the present invention, a side-viewing
Endescopic Coharant Optical Microscope (ECOM) 316 is provided in the Gl
endoscope 300. The side-viewing ECOM 318 includes a drive mechanism
318 for rotating the mirrer 18 {not shown in Figures 14 and 15). As
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mentioned previously, radial, translational or helical scanning may be
employed. Furthermore, as previously meniiened, a MEMS drive
mechanism may ba used instead of @ mechanical drive mechanism, The
side~viewing ECOM 316 is coanfigured to scan through the tissue area of
interest 306 having the depth set by the houndaries 320 and the angular
extent set by the boundaries 322. Additicnally an optical windaw 324 may

be provided for the side-viewing ECOM 316 (see Figure 14).

The forward-viewing white light channel 312 is updated at a rate
of 30 frames/sec. The cross-sectional images obtained by the side-viewing
ECOM 316 are updated at 4.4 frames/sec. All imaging channels are
displayed simuitaneously. The images that may be generated by the Gl
endoscope 304 are illustrated n Figures 16 and 17. Figure 16 shows a
simulated image of a human eolan epithelium incorporating the expected
spatial resolution which may achievable with the side-viewing ECOM 316.
Figures 17a and 17h are a comparison of microscopy imaging versus in
vive QCT imaging. Figure 17a has two panels which each show a
microscopy image of sweat ducts in the human skin. Figure 17b has three
panels which each show an in vivo CCT image of sweat ducts in the human
skin. The in vivo OCT images were generated with a light source operating
at a wavelength of 1300 nm.

Typical maneuvers or use of the (1 endoscope 300 hy an
endoscopist will incorperate the following steps: ’
a) Following the steps of a general endoscopy procedure, the Gl

endescope 300 is inserted under the guidance of the

conventional farward-viewing white light channel 312. This
maneuver should be no different from that of currently available

Gl endoscepes.

b} When ths endoscopist neads to make microscopic examinations,
hefshe first pushes the Gl endeoscope 300 into coniact with the
wall of the lumen as shown in Figure 13, The optics are designed
such that when the Gl endoscope 300 is in contact with the
tissue, the correct working distance of ihe entire optical system is
chtained. Although the Gi endoscope 300 is in contact with the
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wall, the part of the tissue under microscopic examination is not
as lllustrated in Figure 15, Therefore, the surface features of the
tissue are not distorted by contact pressure. However, this does
not imply that the Gl endoscope 300 can only be operated in a
cantact mode. In fact, the GI endoscope 300 may be operated in
a non-confact mode, as long as images are formed, which is
dictated by whether the previausly deseribed dynamic triggering
algorithrnt has found an air-tissue interface. If the air-tissus
interface lies within the working distance of the system then the
interface shouid be specific and easily delected singe the
interface produses clear peaks in the detected Hight patiermn as
previously described in the 'flexible triggering’ methad.

c) If the endoscopist needs to examine a region adjacent to the area
imaged in step (k). then the endoscopist can torque the Gi
endoscape 309 and rotate the fisld of view to a new locaticn,

The best techniques currently in use far visualization of the
gastrointestinal (Gl} tract include endoscopic ultrasencgraphy (EUS) and
magnification endoscopy (ME}. The resolution of high-frequency EUS,
approximately 70 to 160 mm, is insufficient for the identification of many
conditions that perturb tissue microstructure, most notably sublle pathelogic
changes arising within the superficial layers of the Gl tract (mucosa and
submucosa). ME, with 2 magnification of up to 170X, providaes excellant
images of fing superficial mucosal patferns but subsurface structures and
leslon staging cannot be determined. Accordingly, tissue biopsy and
histology currently remain the standard of care for detecting microscopic
diseases inveiving the Gl tract.

The side-viewing ECOM 316 disclosed herein may achieve real-
time, 2 mm desp cross-sectional images of the G wall at a resclution of 5
wm in both axiat and transverse (lateral) dimensions. For reference,
gastrointestinal epithetial celis average 7 to 10 pm in size which increases
jurther as dysplastic or neoplastic transformation ensuss. In the Gl tract, a
depth of view at 2 mm is nevertheless sufficient to detect mucosally-based
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diseases as well as any neoplastic invasicn into the undarying submucosa,
which is of important for prognostic and therapautic purpeses. The mage
resolution of ihe side-viewing ECOM 316 may correspond to ohserving an
unstained histology slide under a 100X (total magnification) microscope.
Accordingly, many important entities such as dysplasia {cellular nsoplastic
alterations) or neoplastic violation of structures such as the lamina propria
or muscularis mucosas may be discernible with the side-viswing ECOM
316.

The present invention may alfow for jn-situ disgnosis of diverse
microscopic mucosal pathalogies and lesion staging. In essence, this
“optical biopsy” technique may replace, or at the very least, guide the
standard biopsy and histology methad. This may franslate inta reducing
unnecessary biopsy samples and tissue processing, decreasing patient risk
and increasing sampling rate and diagnostic yield thus providing immediate
diagnostic feadback both to the physician and the patient and targeting
biopsies (which in ifself may become a therapeutic maneuver in some
cases). Pre-neoplastic G conditions such as Barretl's esophagus, chronic
vlceraiive calitis, early flat adenomas, or foci of aberrant colenic crypts, to
name a few, may be applicable to the side-viewing ECOM 316. Gurrently,
datection and survsillance of neoplastic progressicn within these conditions
are suboptimal due to thefr micrascopic nature.

Secondiy, the side-viewing ECOM 316 may serve as a functional
imaging systam permitting monitoring of neoplastic and non-neocplastic
lissue alterations over time. For instance, the recovery of the structure of
small intestinai villi and reduction in inflammatory cels may be monitored by
the side-viewing ECOM 316 in diverse malabsorptive disorders of the gut
such as gluten-sansitive enteropathy, tropicel sprug and infestinal
infesiation. The natural history of many mucosal diseases at the
migroscopic ievel may also be assessed in a min/mally invagive mannet.
The ahility to monitor siructural cellular changes that are occutring in viva
with tims may provide important physiologic information on cellular functian
and insight into cellular pathclegic fransformation.
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Thirdly, the side-viewing ECOM 316 may be used in the
monitoring of tissue post therapy. /i vivo microscopic evaluation of surgical
rgsection margins or treatment margins during postiherapeutic surveillance
of cancer resection or assessment of the adequacy of photodynamic
therapy of mucosal preneoplastic conditions are cnly some examples.

Applications in other medical specialties may also be possihle. It
should be understood by those skilled in this art that the multichannel OCT
apparatus discloged herein may have appiication in a large number of
medical specialties such as dermatclogy, hematology, oncology (medical
and radiation), ophthalmolegy, urclogy, surgery, respirology and
gastroenterology.

The mullichannel GCT system disclosed herein may be altered to
further improve system performance. For instance a modification that may
be made would be to employ coded transmissian for the aptical radiation
which is radiated from the cptical spurces. This technique may increase the
image resolution by increasing the SNR of the optical radiation of the
interference pattern obiained in channels which suffer from poecr SNR.

It shoutd be understood that various medifications can be made
to the preferred embodiments described and illusirated herein, without
departing from the presant invention, the scope of which is defined in the
appended claims. For instance, in each of the schematics, herein disclosed,
other opiical couplers may also be used in place of the 3 dB couplers.

JP 2004-502957 A 2004.1.29



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(154)

WO 02/004929 PCTCAOLANYL
43 -
CLAIMS:
1. An apparatus for optical examination of a sample, the apparatus
5 comprising:

an optical source means for providing a plurality of separate
optical radiation sources;

a first optical path extending from the source means;

a focusing means in the first opfical path for focusing optical
radiation from the optical radiation sources intc a plurality of respective focal
points located on a surface within the first oplical path to provide
substantially continuous coverage of 2 selected portion of the first optical
path, whereby, in use, a sample can be located at leasi partially within said
selected portion, thereby permitting simultaneous scanning of a plurality of
points within the sample.

2. An apparatus as claimed in claim 1, wherein the optical source
means comprises a primary optical scurce and opticai coupling means
connecting the primary optical source to the optical radiation sources and
comprising a plurality of optical fibers.

3. An apparatus as claimed in claim 2, wherein the plurality of optical
fibers terminate in a fiber bundle tip, wherein ends of the optical fibers in the
fiber bundle tip are stepped relative to one another along the first optical
path and whareln optical radiation from sach optical fiber is focused to a
different fogal paint.

4. An apparatus as cizimed in claim 1, 2 or 3, which includes a
rotatable mirror in the first optical path, for deflecting radiation from the
oplical radiation sources te permit rotational movement of the surface.

5, An apparatus as claimed in claim 1, 2 or 3, which includes a
mirror in the first optical path and wherein the cptical source means, the
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feeusing rmeans and the mirror, in combination, may be linearly translated to
parmit linear movement of the surface.

G An apparatus as claimed in claim 4, 2 or 3, which includes a
rotatable mirror in the first optical path and wherein the optical source
means, the focusing means and the rotatable mirrer, in combination, may be
linearly transkated to permit helical movement of the surface,

7. An apparatus as claimed in claim 4, 5 or 8, wherein the surface is
a complex surface.

8. An apparatus as claimed in claims 4, § or 6, wherein the mirror is
a gurface of a prism,

9. An apparatus as claimed in claims 4 or 6, including a
micromachined electre-meachanical system coupled to the mirror far rotating
the mirror.

10. An apparatus as claimed in claim 5 or 8, including a

micromachined electre-mechanical system for linearly franslating the optical
source means, the focusing means and the miror.

11. An apparatus as claimed in claim 2, 3 or 4, which further includes
a plurality of optical couplers between the primary optica! source and the
oplical fibers, an optical delay generator coupled to the optical couplers and
detector means caupled o the optical couplars, whersin the aptical couplers
transmit a portion of the radiation from the primary optical source along the
first optical path and a portion of the radiation from the primary opfical
source to the optical delay generator, the opfical delay generator providing a
second optical path, wherein an interference effect occurs between
radiation returned along the first and second optical paths to the oplical
couplers and the optizal couplers transmit the radiation returned aleng the
first and second optical paths to the deteclor means.
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12. An apparatus as claimed in claim 11, which includes a plurality of
primary optical sources and a plurality of free couplers, each tree coupler
being associated with one primary optical source and coupling 2aid one
primary optical socurce to at least one of the optical couplers.

13. An apparatus as claimed in claim 12, which includes a plurality of
optical circulators, placed hatween the optica! couplars and the dstectors for
providing salvaged optical radiation to the detectors.

14. An apparatus as claimed in claim 11, wherein a plurality of optical
fibers couple the optical couplers to the optical delsy generator, the optical
delay generator having a grating and a scanning mirror, the scanning mirror
having an axis, wherein the grating separates optical radiation from each
optical fiber into spectral components linearly oriented on the scanning

mirror, wherein the midpoint of said spectral components is offset from the .

axis of the scanning miror by a distance x4 1o phase modulate said spectral
companants.

15. An apparatus as claimed in claim 11, which includes a first
plurality of optical fibers for coupling each optical coupler to a phase
modulaior and a second plurality of aptical fibers for coupling each phase
medulator to the optical delay generator, the optical delay genarator having
a grating and a scanning mirror, the scanning mirror having an axis. wherein
for each oplicai fiber, the phase modulator phase modulates the optical
radiation and said grating separates said phase modulated optical radiation
into spectral components which are linsarly oriented on said scanning
mirror, the midpoint of said spectral components being centersd an the axis
of said scanning mirror and whergin the spectral components from each
optical fiber is spaced apart from the spectral components of the optical
radiation from the ather optical fibars.
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22, An N channel apparatus as claimed in claim 21, whereln the
sample arm comprises a polarization control means, a variable delay
element and a sample.

23. An N channel apparaius as claimad in claim 20, wherein the
reference arm comprises a tree coupling means, a phase modulating means
and an optical delay means.

24, A two channel apparatus, for optical examinatian of a sample,
said two channel apparaius comprising two aptical netwarks as claimed in
claim 20, 24, 22, 23, an optical source and a visible light source for guiding
the orientation of the two channel apparatus.

25 A method for optical examination of a sample, the method
comprising:

(a) providing radiation from a plurality of separate optical
radfation sources, along a first optical path;

(by  providing focusing means in the first optical path;

(c} focusing the optical radiation from the oplical sources into
a plurality of respective focal points along a surface within the first optical
path to provide substantially cantinuous coverage of a sefected portion of
the first opdical path; and

(d)  providing a sample located at least partially within the first
optical path; and.

(&) simultaneously scanning a plurality of points within the
sample.

28. A method as claimed in claim 25, which includes providing
radiation from a primary optical source and fransmitting the radiation along a
plurality of optica! fihers to a plurality of separate optical radiation sources.

27. A method as claimed in claim 26, which includes terminating the
plurality of optical fibers in a fiber bundle tip, providing the ends of the
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optical fibers in the fiber bundle tip in a common plane and stepping the
ends of the optical fibers relative 1o one anather, along the first apfical path,
and focusing radiation from the optical fibers through a common lens.

28. A method as claimed in cfaim 27, which includes:

(a) providing a rotatable mirror in the: first opticai path:

{b} deflecting the first optical path;

(e} causing the pluraltty of focal points te ba located on a surface;

(d) performing an axial scan;

(2} rotating the mirror to meve the surface; and,

() repeating step (d) at least two times and performing step (&)
between each repetition.

29, A method as claimed in claim 27, which includes:

(8) providing a mirrar in the first optical path;

(b} deflacting the first optical path;

(c) causing the plurality of focal points to be located on a surfage;

{d) performing an axial scan;

(2) linearly translating. in combination, the focusing means, the
plurality of aptical radiation scurces and the mirror o move the surface; and,

{f) repaating step {d) at least two times and performing siep (2)
between each repetition.

30. A method as claimed in claim 27, which includes:

(&) providing a mirror in the first opiical paih;

{b) deflecting the first optical path;

() causing the plurality of focal peinis to be located on a surface;

{d) performing an axial scan;

{€) simultaneously rotating the mirror 2nd linearly translating, in
combination, the focusing means, the plurality of optical radiation sources
and the miror to move the surface; and,

{f) repaating step [d) at least two times and performing step (&)
between 2ach repetition.
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31. A method as claimed in claims 28, 28 or 30, which includes
providing a surface of a prism as the mirror.

32. A method as ¢laimed in claims 28, 29 or 30, which includes
supplying radiation from the primary optical source through a plurality of
couplers to the cptical fibers, providing an apfical delay genserator
connected to the optical couplars and providing a second optical path,
permitling radiation ta be fransmitted back along the first and sscond gptical
paths to the couplers, for forming interference, and transmitting radiation
received from the first and second optical paths at ihe aptical couplers to

detection msans for detection of the interfarence pattern.

33. A method as claimed in claim 32, which includes providing a
plurality of primary optical sources and, for each primary optical source, a
respective free coupler, and coupling each primary optical source thraugh
said respective tree coupler to each of the optical couplers.

34. A method as claimed in claim 32, which includes previding optical
circulater means between the optical couplers and the detection means for

providing salvaged optical radiation to the detection means.

a5, A method as claimed in claim 33, which includes providing the
apparatus as an endoscope adapted for examining an internal cavity of the
body, including at least one of. af least one channel far white light
illumination, & white light endoscope ferward viewing channel, a
suction/biopsy channel and a channel for one of an air nozzle and a water

nozzle.

36. A method as claired in claims 30, 31 or 32, whearein there is a
change in refractive index between a medium containing the optical
radiation sources and the sample and for each focal point, a distance
mismaich due io the change in refractive index between the coherence gate
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of each optical radiation source and the focal point in the sample due is
obtained accerding to the steps of.

(a) scanning optical radiation frem the plurality of optical radiation
sources in said first optical path such that the focal points of the optical
radiation sources are aligned along a path exiending from the medium
containing the optical radiation sources into the sample;

{by detecting the reflacted oplical radiation for each focal point;
and,

(e) lecating the focal point for which there is a large change in
reflected optical radiation compared te neighboring focal poinis,
whereby, the focal point located in step (¢} indicates the location of the
interface between the sample and the medium containing the optical
radiation sources.

37, A method as claimed in claim 36, wherein the method further
comprises repeating steps (a) to {c¢) for each axial scan to obtain proper
spatial resolution for the selected scan zeone.

JP 2004-502957 A 2004.1.29
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