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APPARATUS AND METHODS FOR COLOR ENDOSCOPY

CROSS-REFERENCE TO REIATED APPLICATION(S)

[o001] This application claims priority to U.S. Provisional Application Ser. No. 61/934,464
filed Jan. 31, 2014, the content of which is incorporated herein by reference in its entirety.
[o002] This application relates to U.S. Provisional Applications Ser. No. 61/934,486
(Optical probe, light intensity detection, imaging method and system for forward-view imaging),
filed Jan. 31, 2014, and to U.S. Provisional Application Ser. No. 61/934,421 (System and method
for fabrication of miniature endoscope using nanoimprint lithography), filed Jan. 31, 2014, the

entire contents of such disclosures are incorporated herein by reference.

FIELD OF THE DISCL.OSURE
[0003] The present disclosure relates generally to miniature endoscopes, and more
particularly to exemplary apparatus, systems, methods for the fabrication and use of miniature

endoscopes that conduct color imaging.

BACKGROUND INFORMATION
[0004] Spectrally encoded endoscopy (“SEE”) is a technique that uses wavelength to encode

spatial information on a sample, thereby allowing high-resolution imaging to be conducted
through small diameter endoscopic probes. SEE can be accomplished using a
quasimonochromatic or broad bandwidth light input into a single optical fiber. At the distal end
of the fiber, a diffractive or dispersive optic disperses the light across the sample, which is
reflected and returns back through the optic and optical fiber. Light from the optical fiber is
detected by a wavelength detecting apparatus, such as a spectrometer. By detecting the light
intensity as a function of wavelength, the image may be reconstructed. SEE techniques have
been described in, e.g., U.S. Patent Nos. 7,843,572, 8,145,018, 6,341,036, 7,796,270 and U.S.
Patent Publication Nos. 2008/0013960 and 2011/0237892, the entire contents of which are
herein incorporated by reference.

[0005] Conventional endoscopy uses RGB color information as cues to diagnosis. By using
wavelength information to encode spatial location, SEE images utilize much of the color
information to encode spatial location and therefore important color information may be lost.

Previously, methods for conducting color imaging in an SEE probe have been proposed. For
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example, color SEE imaging in a bench top setup has been described (See, e.g., Optics Express,
17(17), 15239-15247; 2009). In this bench top setup, three light beams, each with one of the red,
green, and blue spectral bands, were used. These light beams were incident on the grating at
different angles, which resulted in same diffraction angle for all three spectral bands. Therefore,
each point on the tissue was illuminated with three spectral bands. While this method showed a
feasibility of conducting color SEE imaging, implementing this method into a miniature SEE
probe has many technological challenges. Three fibers need to be precisely aligned and
assembled with the miniature lens. These three fibers generally make the scanning on a SEE
probe challenging. In a different approach, color SEE imaging was demonstrated using a single
illumination beam (see, e.g., Optics Express, 19(7), 6913-6922; 2011). In this method, each point
of the specimen was illuminated with single wavelength, but the specimen was translated
relative to the SEE set up. Therefore, each point of the specimen was examined by multiple
wavelengths, and the spectral information was used to recover color images of the specimen.
This conventional method, however, uses a precise translation of the specimen in a controlled
manner, which is not feasible in endoscopic imaging applications.

[0006] Accordingly, there may be a need to address and/or overcome at least some of the

deficiencies described herein above.

SUMMARY OF EXEMPILARY EMBODIMENTS

[0007] According to various exemplary embodiments of the present disclosure, apparatus

and methods for color imaging using spectrally encoded endoscopy techniques can be provided.
Certain exemplary apparatus and method can retain color information including, for example, a
conventional red-green-blue color space.

[0008] Thus, according to an exemplary embodiment of the present disclosure, a probe can
be provided which can include a waveguide configuration, a light focusing configuration, and a
grating configuration that can have a first grating pattern and a second grating pattern. The
waveguide configuration can be configured and/or structured to cause to propagate a light
having a first wavelength and a light having a second wavelength to propagate from the
waveguide component, and the light focusing and waveguide configurations can provide the
light to be incident on the grating configuration. The grating configuration can be configured
and arranged such that the light having the first wavelength is diffracted by the first grating
pattern to substantially the same location as the light having the second wavelength is diffracted

by the second grating pattern.
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[0009] For example, the first grating pattern and the second grating pattern can have
different groove densities. The first and second grating patterns can be substantially parallel to
each other. The grating configuration can be configured and/or arranged such that the light
having a third wavelength is diffracted by a third grating pattern to substantially the same
location as the light at the first wavelength and the light at the second wavelength. The first,
second and third grating patterns can be substantially parallel to each other. The first and
second grating patterns can be repeated at least two times each on the grating configuration.

In addition, a detection waveguide can be provided, which can include an optical fiber
positioned such that a reflected light reflected by a tissue travels through the grating
configuration before it is incident on the detection optical fiber. The portion of the grating
configuration provided in front of the detection waveguide can have the first grating pattern and
the second grating pattern that are repeated at least two times each. The detection optical fiber
can be positioned such that a reflected light reflected by a tissue is incident on the optical fiber
without previously traveling through the grating configuration.

[o010] These and other objects, features, and advantages of the present disclosure will
become apparent upon reading the following detailed description of exemplary embodiments of
the present disclosure, when taken in conjunction with the appended drawings, and provided

claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[o011]  Further objects, features and advantages of the present disclosure will become
apparent from the following detailed description taken in conjunction with the accompanying

figures showing illustrative embodiments of the present disclosure, in which:

[0012] FIG. 1is a diagram of an exemplary SEE probe according to an exemplary

embodiment of the present disclosure.

[0013] FIG. 2is a diagram of an exemplary SEE system according to an exemplary

embodiment of the present disclosure.

[0014] FIG. 3is a diagram of an exemplary SEE probe according to an exemplary

embodiment of the present disclosure.

[0015] FIGs. 4A and 4B are graphs showing data for three different grating pitches
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(1600/mm, 2000/mm, and 2400/mm)., with FIG. 4A showing a graph of diffraction efficiency
versus wavelength, and FIG. 4B showing a graph of diffraction efficiency versus angle of

diffraction.

[0016] FIGs. 5A and 5B are graphs showing data for three different grating pitches
(2400/mm, 3000/mm, and 3500/mm), with FIG. 5A showing a graph of diffraction efficiency
versus wavelength, and FIG. 5B showing a graph of diffraction efficiency versus angle of

diffraction.

[0017]  FIGs. 6A-6C are cross-sectional diagrams of an exemplary grating according to an

exemplary embodiment of the present disclosure.

[0018] FIGs. 7A-7C are cross-sectional diagrams of the exemplary grating according to

another exemplary embodiment of the present disclosure.

[o019] FIG. 8 is a schematic diagram of an exemplary SEE probe according to an exemplary

embodiment of the present disclosure in a first exemplary configuration.

[0020] FIG. gis a schematic diagram of the exemplary SEE probe shown in FIG. 8 in a

second exemplary configuration.

[0021] FIG. 10 is a schematic diagram of the exemplary SEE probe shown in FIG. 8 in a

third exemplary configuration.

[0022] Throughout the figures, the same reference numerals and characters, unless
otherwise stated, are used to denote like features, elements, components or portions of the
illustrated embodiments. Moreover, while the subject invention will now be described in detail
with reference to the figures, it is done so in connection with the illustrative embodiments. It is
intended that changes and modifications can be made to the described embodiments without
departing from the true scope and spirit of the subject disclosure as defined by the appended

claims.
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DETAILED DESCRIPTION OF EXEMPILARY EMBODIMENTS
[0023] A diagram of an exemplary embodiment of the SEE probe is shown in FIG. 1. For
example, the SEE probe 150 can include an optical fiber 100, a focusing lens 110, and a
diffraction grating 120. Broadband light 130 (or other electro-magnetic radiation) can be
delivered to the focusing lens 110 though the optical fiber 100. The light (or other electro-
magnetic radiation) can then be diffracted by the grating 120. This grating 120 can have three or
more spatial frequencies for the grating pattern so that each point of the specimen 140 is
illuminated by three diffracted light beams, each of which can be included in one of the red
(wavelength: 585-660nm), green (500-575nm), and blue (415-490nm) spectra.
[0024] Adiagram of an exemplary embodiment of the SEE system that can include the
exemplary probe of FIG. 1 is shown in FIG. 2. For example, broadband light from a source 160
(or other electro-magnetic radiation) can be coupled to a coupler 180, and then delivered to the
SEE probe 150. Light (or other electro-magnetic radiation) reflected from the specimen 140 can
be coupled back to the SEE probe 150, and transferred to the coupler 180. Then, the light (or
other electro-magnetic radiation) can be delivered to a spectrometer 170, where the spectrum of
the reflected light can be analyzed. The acquired spectrum can be divided into three sub-spectra,
each of which represents one of the red, green, and blue spectra. The three sub-spectra can be
processed and combined into a single color line image of the specimen. The exemplary SEE
probe can be rotationally scanned back and forth to obtain two-dimensional images of the
specimen 140.
[o025] FIG. 3 shows the exemplary probe (shown in FIG. 1) according to the exemplary
embodiment of the present disclosure, in further detail. For example, the grating 120 can have
multiple regions that have distinctive groove densities. Groove density parameters of the
gratings can be chosen such that such that a light having a first wavelength A; incident on the
grating component from the waveguide component and focused by the light focusing component
is diffracted from the first grating region (groove density: G,) to substantially the same location
as the diffraction of a light having a second wavelength A. incident on the second grating region
(groove density: G.) from the waveguide component and focused by the light focusing
component. If the refractive index of the grating and the incident angle to the grating are the
almost the same between for A, and A., the relationship of A,, As, G, and G. will be as follows:
GiA = Gola
Each region can have a certain number of grooves, for example, 10 grooves, 50 grooves, 100

grooves, 500 grooves, etc. In some exemplary embodiments, the total number of grooves in a
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region can be at least 100 to maintain sufficient light diffraction from the regions. For example,
the three regions in FIG. 3, i.e., regions 310, 320 and 330, can have the groove densities of 1600,
2000, and 2400 lines/mm, respectively such that 675nm, 540nm and 450nm light can be
diffracted to the same location on a tissue surface. Each of the regions 310, 320 and 330 can be
located in the same plane and has a size that is at least 50 um x 50um square.

[0026] Asdiscussed herein, the term substantially the same location in the context of two or
more light beams incident on a surface at substantially the same location can mean, but not
limited to, for example, that the area of the light beams overlaps by at least 50%, at least 70%, or
at least 80%, or at least 90%. Similarly, as discussed herein, the term substantially parallel can
mean, but not limited to, for example, that the direction of the grooves in the grating patterns
are angled, relative to each other, less than 10%, less than 5%, or more particularly less than 2%.
[0027] Inthis exemplary embodiment, the grating refractive index is 1.5037. The incident
angle into the grating surface can be about or exactly 20.94 degrees. The groove depth can be
about or exactly goonm for all three grating patterns, and the duty cycle of each pattern can be
about or exactly 0.5. The 1600, 2000 and 2400 lines/mm gratings can diffract light of
wavelength 619-730nm (as red), 495-584nm (as green) and 413-487nm (as blue) to the same
range of diffraction angle (27-39 degrees), respectively. Exemplary graphs of calculated
diffraction efficiency of the three gratings vs. wavelength and angle of diffraction are shown in
FIGs. 4A and 4B, respectively. For example, the calculation method can include, but not limited
to, Rigorous Coupled-Wave Analysis (RCWA). Red light 311 with an exemplary wavelength of
675 nm can be diffracted by the region 310 at an angle of 33°. Green light 321 with an exemplary
wavelength that can be about or exactly 540 nm can be diffracted by the region 320 to an angle
of about or exactly 33°, and blue light 331 with an exemplary wavelength of about or exactly 450
nm can be diffracted by the region 330 to the same diffraction angle. From this example, it is
obvious that three different wavelengths can be diffracted to the same direction if the grating
can have three regions with distinctive groove densities. As illustrated in FIG. 3, the grating
patterns on the three regions 310, 320, and 330 can be designed using the exemplary method as
described herein to provide appropriate diffraction efficiencies for respective working
wavelengths.

[0028] In another example, exemplary gratings of 2400, 3000 and 3500 lines/mm can be
used to diffract light of wavelength 615-713nm (as red), 492-571nm (as green) and 422-489nm
(as blue) to the same range of diffraction angle (38-58 degrees), respectively, when the grating

refractive index is about or exactly 1.5037 and the incident angle to the gratings is about or



WO 2015/116939 PCT/US2015/013788

exactly 35 degrees. Exemplary graphs of variations of diffraction efficiency of the three gratings
versus wavelength and angle of diffraction are shown in FIGs. (A and 5B, respectively. In these
exemplary graphs, the duty cycle of the patterns (air part) is about or exactly 0.4, and the groove
depth is about or exactly 8oonm.

[0029] Various exemplary embodiments can provide the use of two, three, four, or more
grating patterns. According to other various exemplary embodiments, the groove densities in
the various regions of the grating can be adapted to reflect two, three, or more specified
wavelengths of light at the same or similar diffraction angles (e.g., within 5°, 4°,3°,2°,1° or
less of each other for the specified wavelengths).

[o030] Exemplary groove depth can be different between different gratings in order to
optimize diffraction efficiency and/or to make their fabrication easy. For example, grating 120
can have grating patterns 310 (e.g., groove density: 1600 lines/mm, groove depth: 1000nm),
320 (e.g., groove density: 2000 lines/mm, groove depth: goonm), and 330 (e.g., groove density:
2000 lines/mm, groove depth: 8oonm). To make such a grating or its replication master,
reactive ion etching (RIE) can be used. In RIE, micro-loading effect is known, i.e., etching
through wide opening etching mask is faster than through narrow opening etching mask, which
can enable fabrication of three diffraction gratings with different groove depths. Incident angle
can be optimized for diffraction efficiency and view angle of SEE probe.

[0031] FIGs. 6A-6C show cross-sectional diagrams of exemplary gratings 120 according to
an exemplary embodiment of the present disclosure. An exemplary grading according to one
exemplary embodiment shown in FIG. 6A has three grating regions 310, 320, and 330 that are
spaced vertically, while the grooves of the grating run along the horizontal direction as shown in
the magnified view 300 of the grating region. In other exemplary embodiments, the three
gratings regions can be spaced horizontally (see FIG. 6B) or radially (see FIG. 6C).

[0032] FIGs. 7A-7C show other exemplary embodiments of the gratings 120 according to the
present disclosure. The three grating regions can be interlaced vertically (see FIG. 7A) or
horizontally (see FIG. 7B). The three grating regions can also be interlaced along both vertical
and horizontal directions (see FIG. 7C). These exemplary designs can have an advantage that
precise alignment between grating patterns and grating outer shape is not necessary when
grating is fabricated.

[0033] FIG. 8 shows a schematic diagram of an exemplary SEE probe according to an
exemplary embodiment of the present disclosure that includes an additional fiber for detection.

For example, the additional fiber 500 can be employed in the SEE probe to detect light from the
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specimen. The additional detection fiber 500 can be connected via the grating 120. This can
make the nominal angle of detection aligned with the nominal angle of illumination. The
detection fiber 500 can be a multi-mode fiber. In certain exemplary embodiments, a grating can
be provided on the detection fiber having patterns with all groove density of the grating on
illumination path.

[0034] FIG. 9 shows an exemplary SEE system that can include the SEE probe of FIG. 8
according to an exemplary embodiment of the present disclosure. The distal end of the
detection fiber 500 can be angle polished to make a detection cone 520 coincide with a
illumination cone 510. During the illumination process, an illumination can be provided outside
the intended illumination cone 510, shown as 530. Coincidence of the detection cone 520 and
intended illumination cone 510 can reject the light from the region 530. Instead of angle-
polishing the fiber 500 obliquely, it is possible to put a prism or a mirror on the fiber 500 to the
same purpose. The detection fiber can be a multi-mode fiber. Numerical aperture (NA) of the
multi-mode fiber and the angle of polishing/prism/mirror can be optimally selected in order to
limit the detection field angle to a smaller value than illumination field angle. In other words,
the detection fiber 500 can be configured to accept a reflected light from the tissue, e.g., only
from region of interest, for example, from the region where multiple lights of different
wavelength are illuminated (e.g., the intended illumination cone 510).

[0035] For example, when the NA of the multi-mode fiber is about 0.1 and its polish angle is
about 0 degree, the detection fiber 500 can be configured to accept light from the direction
between +5.7 degrees to the optical axis. When the NA is approximately 0.1 and its polish angle
is about 35 degrees, the detection fiber 500 can be configured to accept light from the direction
between 15.9 and 35.1 degree to the optical axis. There are a number of ways to adjust the
detection field to the illumination field. For example, a mirror 550 can be used in front of the
detection fiber 500, as shown in FIG. 10. A prism, angle-polished fiber as a mirror surface,
and/or other optical components can be used for this purpose as well.

[0036] The grating 120 can be fabricated in several ways. For example, the grating 120 can
be made by, for example, lithography, including soft-lithography and nanoimprint lithography,
which is described in concurrently filed application and claims priority to U.S. Provisional
Application Ser. No. 61/934,421, or holography. It is within the scope of the present disclosure
to make patterns of the grating 120 prior to integration with a probe. In another exemplary
embodiment, it is possible to make various patterns of the grating 120 on the probe.

[0037] Thus, there is provided a particularly advantageous color SEE probe and system. The
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described exemplary embodiments of the grating can be made and used within a small diameter
endoscopic probes. For example, the exemplary grating may have a diameter of, for example,
less than 500 um, or less than 350um. This exemplary configuration can be useful for in vivo
applications.

[0038] The foregoing merely illustrates the principles of the invention. Various
modifications and alterations to the described embodiments will be apparent to those skilled in
the art in view of the teachings herein. Indeed, the arrangements, systems and methods
according to the exemplary embodiments of the present invention can be used in connection
with SEE or other imaging systems including those referenced above in U.S Patent Nos.
7,843,572; 8,145,018; 6,341,036; 7,796,270; and U.S. Patent Application Publication Nos.
2008/0013960 and 2011/0237892. It will thus be appreciated that those skilled in the art will
be able to devise numerous systems, arrangements and methods which, although not explicitly
shown or described herein, embody the principles of the invention and are thus within the spirit
and scope of the present invention. In addition, to the extent that the prior art knowledge has
not been explicitly incorporated by reference herein above, it is explicitly being incorporated
herein in its entirety. All publications referenced herein above are incorporated herein by

reference in their entireties.
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WHAT IS CLATMED IS:

1. A probe comprising:

a waveguide configuration;

a light focusing configuration; and

a grating configuration that comprising a first grating pattern and a second grating

pattern,

wherein the waveguide configuration is configured and structured to cause a propagation
of a light having a first wavelength and a light having a second wavelength propagate from the
waveguide component, and the light focusing and waveguide configurations provide the light to
be incident on the grating configuration, and

wherein the grating configuration is configured and arranged such that the light having the
first wavelength is diffracted by the first grating pattern to substantially the same location as the

light having the second wavelength is diffracted by the second grating pattern.

2. The probe of claim 1, wherein the first grating pattern and the second grating pattern have

different groove densities.

3. The probe of claim 1, wherein the first and second grating patterns are substantially parallel

to each other.

4. The probe of claim 1, wherein the grating configuration is configured and arranged such that
the light having a third wavelength is diffracted by a third grating pattern to substantially the
same location as the diffracted light at the first wavelength and the diffracted light at the second

wavelength.

5. The probe of claim 4, wherein the first, second and third grating patterns are substantially

parallel to each other.

6. The probe of claim 1, wherein the first and second grating patterns are repeated at least two

times each on the grating configuration.

7. The probe of claim 1, further comprising a detection waveguide.

10
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8. The probe of claim 7, wherein the detection waveguide includes an optical fiber positioned
such that a reflected light reflected by a tissue travels through the grating configuration before it

is incident on the detection optical fiber.

9. The probe of claim 8, wherein the portion of the grating configuration positioned in front of
the detection waveguide, in an optic an path of the light, has the at least the first grating pattern

and the second grating pattern that are repeated at least two times each.

10. The probe of claim 7, wherein the detection optical fiber is positioned such that a reflected
light reflected by a tissue is incident on the optical fiber without previously traveling through the

grating configuration.

11. The probe of claim 7, wherein the field angle of a light entering the detection waveguide is
smaller than the field angle of the diffracted light having the first wavelength and the diffracted
light having the second wavelength.

12. The probe of claim 7, further comprising an optical element positioned such that a light
reflected by a tissue reflects off of or is angled by the optical element before it is incident on the

detection waveguide.

13. The probe of claim 7, wherein the detection waveguide comprises an angle-polished optical
fiber configured such that the detection field of the detection optical fiber substantially overlaps

the illumination field of the probe.

14. The probe of claim 2, wherein the groove densities of the first and second grating pattern

differ from one another by at least 200 lines/mm.

15. A spectrally encoded probe comprising:
an excitation optical fiber;
a light focusing configuration;
a grating configuration that comprising a first grating pattern and a second grating

pattern; and

11
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a detection optical fiber,

wherein the excitation optical fiber is configured and structured to cause a propagation of
a light having a first wavelength and a light having a second wavelength propagate from the
waveguide component, and the light focusing configuration and excitation optical fiber provide
the light to be incident on the grating configuration,

wherein the grating configuration is configured and arranged such that the light having the
first wavelength is diffracted by the first grating pattern to substantially the same location as the
light having the second wavelength is diffracted by the second grating pattern, and

wherein each of the first grating pattern and second grating pattern are configured and

arranged to forward a spectrally-dispersed light.

12
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