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Anamorphic Lens for Rotational Scanning Laser Probe

Cross-Reference To Related Application

[0001]  This application claims priority under 35 U.S.C. §119 to U.S. Patent
Application Serial No. 13/848,228 filed March 21, 2013, the entire contents of which are

incorporated herein by reference.
Background
1. Technical Field

[0002] This application relates to a laser probe for use in ophthalmic procedures and
more particularly to an anamorphic lens in a rotational scanning laser probe for use in

ophthalmic diagnosis and therapy.

2. Description of Related Art

[0003]  State-of-the-art laser ophthalmic therapies scan the retinal tissue with a
surgical light or illumination beam. Imaging can be used to guide this scanning of the
surgical light beam and to improve its precision. Typically, Optical Coherence Tomography
(OCT) is used to image the target tissue, to perform diagnostics, and to combine diagnostics
with therapeutic procedures that use a light beam. In an OCT procedure, a laser beam is
directed at a spot of a target tissue. The OCT procedure collects data from a range of depths
in an axial or A-scan. Data corresponding to different depth can be collected sequentially
(time-domain OCT) or simultaneously (frequency domain OCT). Once the A-scan is
completed, the beam can be redirected to a new spot where the A-scan is repeated. Scanning
along a line of spots transverse to the optical axis of the system, the A-scans can be assembled
into a 1+1 dimensional image, called a B-scan. If the spot is scanned along many lines or a
line pattern covering an area, such as an X-Y pattern, a 2+1 dimensional image can be

assembled, sometimes referred to as a C-scan. In many existing imaging systems the
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assembly of A-scans into B- or C-scans is simpler if the beam spot is scanned along straight

lines.

[0004] In some ophthalmic therapies, the OCT imaging systems involve a cannula that
is introduced into the eye with its end positioned proximal to the target tissue. The cannula
carries inside an optical fiber to deliver an imaging light beam, and also has an optical head in
the cannula or distal tip. The light beam is directed by the optical head from the cannula tip to
the target tissue. The light beam is directed in a generally forward direction from the tip,
forming a soft azimuthal angle (less than 90°) with a longitudinal axis of the cannula (LA).

To reduce the invasiveness of the procedure, existing designs employ cannulas with a small
outer diameter, for example in the 200-500 microns region. The small diameter of the
cannula makes it a challenge to scan the imaging beam over a wide scanning pattern on the

ophthalmic target such as over the retina.

[0005] Some typical choices of the scanning pattern include linear, raster and circular
scanning patterns. The mechanical implementation of circular scanning can be easier and
smoother than that of a linear or raster scanning, as a circular scanner can be operated
continuously and smoothly to generate a periodic pattern, whereas a linear scanner has to be
operated in a back-and-forth manner, resulting in vibrations, large accelerations and

corresponding large forces, and thus in a faster rate of wear.

[0006] Remarkably, the advantageous linear scanning pattern, preferred because of the
simplicity of the image assembly, can be generated by the advantageous circular scanning
motion, preferred for its mechanical advantages. One design achieves this by employing two,
counter-rotating optical elements, such as two prisms or faceted lenses in a so-called PARS
design, as described, for example, in “Ex-vivo Optical Coherence Tomography Imaging of
Schlemm Channels with a Scanning Endoscopic Probe,” by Jian Ren, at IOVS, (February 25,
2011).

[0007] The drawbacks of this PARS design include that, in order to obtain a linear
scan, the two optical elements have to be synchronously rotated and counter-rotated about an
axis of the device. The rotation of the two optical elements requires separate support systems

for each, and the synchronization of the two rotations requires a complex gear mechanism.

.
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Obviously, the complexity of these three systems requires complex controls and also increases

the likelihood of malfunction.

[0008]  Furthermore, the moving elements in the cannula need to be contained in a
non-moving exterior sheath to shield the tissue from abrasive contact with the moving parts of
the cannula. The support systems, the gear system and the sheath all increase the diameter of

the cannula, making the procedure undesirably invasive.
Summary

[0009] In light of the above described disadvantages of the existing systems, there is a
need for cannula assemblies that are (a) capable of transforming circular beam scanning or
guiding motion into a linear scanning, but (b) use a smaller number of moving parts, (c) do
not require the synchronous operation of gears and optical elements, and (d) have smaller

diameters.

[00010] Embodiments of a surgical probe according to the present invention can satisfy
at least some of these needs by including an outer cannula; an inner cannula, rotatably
disposed inside the outer cannula; a rotational scanner, disposed at an end of the inner cannula
and configured to receive a light beam from a delivery fiber and to scan the light beam along
a loop; and an anamorphic optical element, disposed at an end of the outer cannula and
configured to receive the light beam scanned along the loop and to output the light beam

along an anisotropically compressed loop.

[00011] Some embodiments can include a method of scanning an imaging light beam
by a surgical probe, the method comprising: providing a light beam by a light source to a
delivery fiber; coupling the light beam from the delivery fiber to a rotational scanner at an end
of an inner cannula; scanning the light beam by the rotational scanner along a loop; and
receiving the light beam scanned along the loop by an anamorphic optical element and
outputting the light beam along an anisotropically compressed loop to a target. These and
other embodiments of the present invention will be described in further detail below with

reference to the following drawings.
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Brief Description of the Drawings

[00012] FIG. 1 shows a surgical probe adapted to form a linear scan of a laser beam for

ophthalmic procedures, according to some embodiments.

[00013] FIG. 2 shows an optical head in a cannula assembly, according to some

embodiments.

[00014] FIG. 3 shows optical elements in an optical head, according to some

embodiments.

[00015] FIG. 4A shows a top view of optical elements in an optical head forming a

scanning pattern, according to some embodiments.

[00016] FIG. 4B shows a side view of optical elements in an optical head forming a

scanning pattern, according to some embodiments.

[00017] FIG. 5A shows a top view of optical elements in an optical head directing a

beam onto a target surface, according to some embodiments.

[00018] FIG. 5B shows a side view of optical elements in an optical head directing a

beam onto a target surface, according to some embodiments.

[00019] FIG. 5C shows a top view of optical elements in an optical head directing a

beam onto a target surface, according to some embodiments.

[00020] FIG. 5D shows a side view of optical elements in an optical head directing a

beam onto a target surface, according to some embodiments.

[00021] FIG. 6 shows an anamorphic optical element for an optical head, according to

some embodiments.

[00022] FIG. 7 shows an anamorphic optical element for an optical head, according to

some embodiments.

[00023] FIG. 8 shows a flow chart in a method to form a scanning pattern, according to

some embodiments.

[00024] In the figures, elements having the same reference number have the same or

similar functions.
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Detailed Description

[00025] Optical probes for ophthalmic procedures including Optical Coherence
Tomography (OCT) imaging generally include a fiber-to-lens assembly generating a slowly
converging beam with a small numerical aperture (NA) to form an elongated focus spot at an
imaging distance from the tip of the probe. The imaging beam is typically directed to a
surface point on the target tissue with the imaging distance placing the focus spot to a desired
depth within the target tissue. The probe is configured to image the target in a range of depths
corresponding to the surface point. This is often referred to as generating an A-scan. The A-
scan can be generated either sequentially or synchronously. As described above, after the A-
scan is completed, the beam can be moved to a subsequent point on the surface to generate a
new A-scan. Generating a sequence of A-scans at a set of points along a line is referred to as

a B-scan; along a raster pattern a C-scan.

[00026] To respond to the above described needs and challenges, embodiments of the
present invention provide a cannula assembly that (a) is capable of transforming a rotational
guiding or scanning motion into a linear scanning, (b) by using a smaller number of moving
parts, (c) that do not require the synchronous operation of gears and optical elements, and (d)

has a small diameter.

[00027] Embodiments disclosed herein may include a scanner with a single rotational
element and an anamorphic optical element to linearly scan an imaging light beam on a target
surface. The rotational scanner can be implemented as a rotating prism to refract or guide the
imaging light beam along a circle or loop on a proximal surface of the anamorphic optical
element. The anamorphic optical element may include two cylindrical surfaces having
symmetry axes perpendicular to one another. The two cylindrical surfaces can be realized in
two separate cylindrical lenses, or as two cylindrical surfaces of a single lens. Because of the
orthogonally aligned cylindrical surfaces, the anamorphic optical element can strongly
compress the circle or loop into an ellipse whose minor axis is much shorter than its major
axis. The minor-to-major axis ratio, related to the aspect ratio of the ellipse, can be very
small, making the ellipse appear as an approximately one-dimensional line or linear scan.
The curvatures of the perpendicular cylindrical surfaces can determine the range or length of

the linear scan.
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[00028] FIG. 1 shows a surgical probe 100 adapted for ophthalmic imaging according
to some embodiments. Surgical probe 100 can receive an illumination light from an optical
cable 145 coupled to a control console 150. Using a processor circuit 155 and a memory
circuit 157, control console 150 may be configured to control an ophthalmic procedure,
performed with surgical probe 100. Control console 150 may include a light source 151 and a
detector or imaging detector 153. Light source 151 and detector 153 may be coupled to
optical cable 145 so that light source 151 can emit an imaging light beam towards a target
tissue through the optical cable 145, and detector 153 can collect a returned light, guided by
the optical cable 145 back from the imaged target tissue. Light source 151 may be a laser, a
lamp, an arc lamp, or a light emitting diode (LED). In some embodiments, light source 150
may be a monochromatic light source such as a laser, or a broadband light source, such as an
LED or an arc lamp. Further, according to some embodiments, light source 150 may include
a continuum light source, a super-continuum light source, or a broadly tunable laser source.
Moreover, in some embodiments light source 150 may be a continuous wave (CW) light

source or a pulsed light source.

[00029] Processor circuit 155 may control the operation of light source 151 and
detector 153 by executing commands stored in memory circuit 157 or inputted by a system
operator. Moreover, console 150 may store data collected from detector 153 in memory

circuit 157. Optical cable 145 may include an optical fiber bundle or a single optical fiber.

[00030] Inan OCT procedure, an illumination light beam can be emitted from light
source 151 to the target tissue through optical cable 145 and surgical probe 100. Probe 100
can be inserted in the patient’s eye through an incision to guide the light beam received from
optical fiber 145 through an optical head 105 onto the target tissue. A returned light from the
target tissue can be guided back by probe 100 and optical cable 145 to detector 153 in console
150. Detector 153 can generate an interference from a reference light and the returned light in
detector 153. The reference light is often generated from a portion of the imaging light. The
interference can then be used to form an OCT image in control console 150, for example by

processor 155 executing commands stored in memory circuit 157.

[00031] Surgical probe 100 may include a delivery fiber 101 inside a cannula assembly
110, a handling piece or handpiece 120, an adapter 130, and a motor 135. Motor 135 can be

-6 -
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configured to rotate an inner cannula 210, as described in detail in relation to FIG. 2. Adapter
130 can couple the light beam received from optical cable 145 into delivery fiber 101.
Adapter 130 may include optical elements to efficiently couple the light beam from optical
cable 145 into delivery fiber 101. Delivery fiber 101 may be a single mode optical fiber, a
multimode optical fiber, a fiber bundle, or a graded index (GRIN) optical fiber. Likewise,
optical cable 145 may include a single mode optical fiber, a multimode optical fiber, a fiber

bundle, or a combination of the above.

[00032] Cannula assembly 110 can include optical head 105 at the distal end. Optical
head 105 can include a proximal rotational scanner 115 and a distal anamorphic optical

element 125 to project or direct imaging light beam 104 toward the target tissue.

[00033] As shown in FIG. 1, in embodiments described hereinafter a ‘proximal’
element or portion refers to an element or portion that is closer to control console 150 along
an optical path of the probe 100. Likewise, a ‘distal’ element or portion refers to an element
or portion that is farther from the console 150 along the optical path, and thus closer to the

target tissue.

[00034] FIG. 1 illustrates a three-dimensional (3D) XYZ Cartesian coordinate system,
with its Z-axis oriented along the longitudinal axis (LA) or optical axis, in order to describe
the orientation and operation of various elements of the embodiments. Obviously, there are
many other possible orientations of the reference frame, all suitable for the description of the
embodiments. With the present choice, the target tissue may be oriented substantially or
approximately within an XY plane, perpendicular to the Z-axis, while imaging beam 104 may
be directed substantially along the Z-axis or Z direction, substantially orthogonal to the XY
plane. In some cases, the target tissue may make a large but less than 90 degree angle with

the Z-axis.

[00035] In ophthalmic procedures using surgical probe 100, light beam or imaging
beam 104 can be scanned along a scanning pattern that can be an anisotropically compressed
loop, a line, or a two-dimensional pattern, to obtain an OCT image of the target tissue. In
some embodiments, this scanning is achieved by cannula assembly 110 having moving

components that adjust, refract, redirect or guide the direction of light beam 104 to follow the

-7 -
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scanning pattern. Embodiments consistent with the present disclosure can achieve an
essentially linear or strongly compressed loop scan by rotating only rotational scanner 115
without rotating anamorphic optical element 125, thus achieving some of the above described

goals (a)-(d) as discussed in detail below in relation to FIG. 2.

[00036] FIG. 2 shows optical head 105 in cannula assembly 110, according to some
embodiments. In some embodiments, cannula assembly 110 can include an outer cannula
220; an inner cannula 210, rotatably disposed inside outer cannula 220; rotational scanner
115, disposed at an end of inner cannula 210 and configured to receive a light beam from
delivery fiber 101 and to scan the light beam along a loop; and anamorphic optical element
125, disposed at an end of outer cannula 220 and configured to receive the light beam scanned

along the loop and to output the light beam along an anisotropically compressed loop.

[00037] In some embodiments, cannula assembly 110 can include bearings 215 to
enable inner cannula 210 to rotate relative to outer cannula 220. In some embodiments, the
imaging light beam can be scanned by rotating inner cannula 210 and rotational scanner 115
without rotating outer cannula 220 and anamorphic optical element 125. Outer cannula 220
may remain fixed during the rotation of inner cannula 210, thus eliminating the need for a

rotating mechanism for outer cannula 220.

[00038] (a) In the above embodiments, probe 100 can scan the light beam along a loop
by rotational scanner 115 towards anamorphic optical element 125 that can output an
essentially linear scanning beam without rotating outer cannula 220. (b) Thus, probe 100 can
use a smaller number of moving parts than the existing rotating-counter-rotating systems. (c)
Further, probe 100 does not require the synchronous operation of gears and optical elements.
(d) For all these reasons, probe 100 can have a smaller diameter and thus enable a less
invasive ophthalmic procedure. Accordingly, in some embodiments the outer diameter Dc of

the outer cannula 220 can be in the range of 100-800 microns, in others 200-500 microns.

[00039] FIG. 3 shows rotational scanner 115 and anamorphic optical element 125 in
optical head 105, according to some embodiments. Rotational scanner 115 can receive the
imaging light beam from delivery fiber 101 through adapter 130 and refract, redirect or guide

the light beam in a loop 301 to a first or proximal surface 321 (S;) of anamorphic optical

-8 -
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element 125. Anamorphic optical element 125 can be configured to transform loop 301 into a
transformed loop 302 at its distal surface 322 (S,). The light beam emitted according to
transformed loop 302 from distal surface 322 (S;) can appear as an anisotropically
compressed loop 304 on the target surface 300 with an aspect ratio less than 1:10, in others,
less than 1:50. This strongly anisotropic compression can make the loop 304 appear as an

essentially linear scan 304 of light beam 104 on target surface 300.

[00040] In some embodiments, loop 301 may be generated by an anisotropic surface
element of rotational scanner 115. Anisotropic surface element can be a wedge or a prism in
order to deflect or refract the light beam 104 from delivery fiber 101 at an angle relative to the
LA or Z-axis. In some embodiments, rotational scanner 115 can include a distal facet of a

GRIN type lens, polished at an angle other than orthogonal relative to the Z-axis.

[00041] In some embodiments, rotational scanner 115 may include a lens or other
optical element disposed off an optical axis or Z axis of the probe 100. Such a disposed or de-
centered lens or optical element can cause a beam travelling along the LA or Z-axis to exit

rotational scanner 115 at an angle different form zero, relative to the LA.

[00042] As described next in detail, in some embodiments anamorphic optical element
125 can be an anamorphic lens applying a scaling or magnification factor less than one in a
first direction (e.g., Y-axis), and a scaling or magnification factor larger than one in a second
direction perpendicular to the first direction (e.g., X-axis), while in other embodiments
anamorphic optical element 125 can have two lenses, one applying a scaling factor in a first
(Y) direction, the other lens applying a scaling factor larger than one in a second (X)

direction.

[00043] In detail, in some embodiments, anamorphic optical element 125 may include
proximal surface S; 321 and distal surface S, 322. For example, surface S; 321 may have a
symmetry axis 311 (A;) oriented parallel to the X-axis, and surface S; 322 may have a
symmetry axis 312 (A;) oriented parallel to the Y-axis. Thus, according to some
embodiments, surface S; 321 may focus or de-focus the light beam in the Y-direction.

Likewise, surface S; 322 may focus or de-focus the light beam in the X-direction.
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[00044] While FIG. 3 shows anamorphic optical element 125 as a single optical
element, some embodiments may include more than one optical element. For example, in
some embodiments anamorphic optical element 125 may include a first cylindrical lens

having surface S; 321, and a second cylindrical lens having surface S, 322.

[00045] In these embodiments, the net effect of anamorphic optical element 125 can be
to provide an anisotropic scaling or magnification for loop 301. Such anisotropic scaling or
magnification may include a scaling or magnification factor My in the Y-direction less than
one (My < 1). In some embodiments, My may be much lower than 1, such as 1/10, 1/20, 1/50,
or even 1/100. The anisotropic scaling may also include a scaling factor in the X-direction
larger than one: Mx > 1. In some embodiments, the scaling factor in the X-direction may be
much larger than 1, such as 10, 20, 50 or 100. The anisotropic scaling will be discussed in

detail in relation to FIGS. 4A-B, below.

[00046] FIG. 4A shows a top view of optical elements in an optical head forming a
scanning pattern, according to some embodiments. In this schematic view in the XZ plane,
trajectory or loop 301 may be a circle with a diameter L /x as rotational scanner 115 is rotated
about the Z-axis or LA. Anamorphic optical element 125 can anisotropically scale light beam
104 to form anisotropically compressed loop or line 304 on target surface 300 with an extent
L2x along the X axis on target surface 300. The scaling or magnification in the X-direction
by anamorphic optical element 125 can be characterized by scaling or magnification factor

Mx:

Mx=—"— (1)

[00047] The value of Mx may be determined by the concavity or convexity of surface
S; 321. In some embodiments, Mx can be greater than one. In some embodiments, surface S;
321 may have a strong concavity such that Mx >> 1. For example, in some embodiments Mx

may be 10, 20, 50, or 100.

[00048] FIG. 4B shows a side view of optical elements in optical head 105 forming a
scanning pattern, according to some embodiments. In this schematic view in the YZ plane,

trajectory or loop 301 may be a circle with a diameter L/y, as rotational scanner 115 is rotated

-10 -
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about the Z-axis or LA. In the case of trajectory or loop 301 being a circle, L7y is equal to
LIx. Anamorphic optical element 125 can refract, redirect or deflect light beam 104 to form
anisotropically compressed loop 304 on target surface 300, such that anisotropically
compressed loop 304 has a diameter L2y along the Y-axis on target surface 300. Anamorphic
optical element 125 can scale or magnify loop 301 into anisotropically compressed loop 304

by the scaling or magnification factor My along the Y direction:

L2y

My=—=— 2
ly L1y (2)

[00049] The value of My may be determined by the concavity or convexity of surface
S, 322. In some embodiments, My can be less than one. In some embodiments, surface S,
322 may have a concavity such that My << 1. For example, in some embodiments My may be

less than 1/10, 1/20, 1/50 or 1/100.

[00050] In general, anisotropically compressed loop 304 is an elongated ellipse, with a
high degree of eccentricity, or highly anisotropic aspect ratio. In terms of the scaling or
magnification ratios, in embodiments the ratio of the scaling factors, Mx/My can be larger

than 10, 20, 50 or 100.

[00051] In some embodiments, L2y may be comparable to or smaller than a spot size of
light beam 104 on target surface 300, thus making anisotropically compressed loop 304

substantially a line or linear scan.

[00052] While FIGS. 4A-B show a specific choice of scaling factors such that My <
Mx, or My << Mx, one of ordinary skill may recognize that this relation depends on the choice
of the orientation of the coordinate axes X and Y. In general, embodiments consistent with

the present disclosure may have scaling factors Mx and My with Mx <1 < My.

[00053] FIGS. 5A-B show two orthogonal side views of optical head 105 in a specific
configuration. FIG. SA shows a side view in the XZ plane and FIG. 5B shows a side view in

the YZ plane.

[00054] FIG. SA shows a top view of optical elements 115 and 125 in optical head 105

directing light beam 104 onto target surface 300, according to some embodiments. Rotational

-11 -
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scanner 115 may include a lens 116 and a wedge prism 117. In some embodiments, lens 116
and wedge prism 117 may be coupled so that when element 115 is rotated about the LA, lens

116 and wedge prism 117 rotate together.

[00055] Anamorphic optical element 125 may include a first optical element, such as a
first cylindrical lens 126, and a second optical element or second cylindrical lens 127. First
cylindrical lens 126 may have a cylindrical symmetry axis along the X-axis, and second

cylindrical lens 127 may have a cylindrical symmetry axis along the Y-axis.

[00056] In embodiments consistent with the present disclosure, diameters L/x and L1y
of loop 301 can be determined by the distance between elements 117 and 126 and by the
wedge angle of prism 117. The focusing power of lens 116 may be adjusted to focus light
beam 104 to an imaging distance that can be on target surface 300 or beyond it to image the

target in depth.

[00057] FIGS. 5C-D show two orthogonal views of optical head 105 in another
specific configuration. Optical head 105 may include similar elements as those shown in
FIGS. 5A-B, with rotational scanner 115 additionally including lens 118. Lens 118 may be
positioned distal to wedge prism 117. Some embodiments may include lens 118 having axial
symmetry about the Z-axis or LA to provide an additional degree of freedom for controlling
the size and shape of scan pattern 304. By adjusting the focusing power of lens 118, diameter
LIx (and L1y) of loop 301 may be adjusted. Furthermore, adjusting the focusing power of
lens 118 may adjust the numerical aperture of input and output rays for anamorphic optical
element 125. Thus, scaling factors Mx and My may also be adjusted with lens 118. In some
embodiments, lens 118 can be positioned off-axis, providing additional rotational scanner
functionality. Finally, in some embodiments lens 118 may be coupled to lens 116 and wedge
prism 117 in rotational scanner 115. Thus, lens 118 may rotate together with lens 116 and

wedge prism 117.

[00058] FIG. 6 shows an embodiment of anamorphic optical element 125 according to
some embodiments, such as shown in FIG. 3. As before, surfaces S; and S, may be
cylindrical surfaces disposed such that the symmetry axis 311 (A;) of surface S; is

perpendicular to the symmetry axis 312 (A;) of surface S;. For example, in FIG. 6 axis A; is
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parallel to the X-axis, and axis A; is parallel to the Y-axis. In the embodiment of FIG. 6
anamorphic optical element 125 has a diameter 601 (d;) in the X-direction and a diameter 602
(d2) in the Y-direction. According to some embodiments, d; can be essentially equal to d», so
that anamorphic element 125 may fit in cylindrical outer cannula 220 of FIG. 2. A length L
of anamorphic element 125 along the Z-axis can be length 605.

[00059] A desirable feature of anamorphic optical element 125 as shown in FIG. 6 is
that a single optical element may provide anisotropic scaling in both X and Y directions: Mx #
My. This reduces the assembly complexity, since alignment between surfaces S; and S, is
provided in a single optical element. Moreover, having a single optical element allows a

substantial reduction of length L 605.

[00060] Surface S; 321 can have a curvature that, combined with the refractive index of
the material used in anamorphic element 125 and the focusing power of the one or two lenses
116/118 in rotational scanner 115 determine the scaling factor My of optical head 105.
Likewise, the curvature of surface S; 322, combined with the refractive index of the material
used in anamorphic element 125 and the focusing power of the one or two lenses 116/118 in

rotational scanner 115 determine the scaling factor Mx of optical head 105.

[00061] FIG. 7 shows anamorphic optical element 125 for optical head 105 according
to some embodiments. Anamorphic optical element 125 may be formed as a single optical
element, similarly to FIG. 6, having first surface S; 321 and second surface S; 322. As a
generalization of the previous embodiments, surface S; 321 may have a first curvature 730
along the X-direction and a second curvature 731 along the Y-direction. Likewise, surface S;
322 may have a first curvature 740 along the X-direction and a second curvature 741 along

the Y-direction.

[00062] In this generalized embodiment of anamorphic optical element 125 each
anisotropic scaling factor Mx and My is impacted by both surfaces, thus providing larger
flexibility for the system design, and the possibility of improving the system performance in
other aspects, like astigmatism. A desired scaling factor Mx may be obtained by selecting
curvatures 730 and 740, and the material element 125 is made of. Likewise, a desired scaling

factor My may be obtained by selecting curvatures 731 and 741, and the material of element
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125. Curvatures 731 and 741 can be selected independently of curvatures 730 and 740.
Embodiments consistent with the present disclosure may use materials and optical properties
of rotational scanner 115 independently from materials and optical properties of anamorphic
optical element 125. For example, curvatures 730, 731, 740 and 741, may be chosen
independently of the focusing power of lens 116, the distance between lens 116 and wedge

prism 117, and the wedge angle in wedge prism 117.

[00063] As described before, surgical probe 100 can include optical cable 145,
configured to deliver light beam 104 from light source 151 to probe 100, and adapter 130,
configured to receive light beam 104 from optical cable 145 and to couple the received light

beam into delivery fiber 101.

[00064] Surgical probe 100 can also include handpiece 120 to partially encase outer
cannula 220; and motor 135 to rotate inner cannula 210. Surgical probe 100 can also be a part
of an Optical Coherence Tomography (OCT) imaging system, where the OCT imaging
system includes light source 151, configured to emit light beam 104 into optical cable 145
toward surgical probe 100; imaging detector 153, configured to receive a returned imaging
beam from surgical probe 100 through optical cable 145 and to create an interference from the
returned imaging beam and a reference beam; and imaging processor 155, configured to

generate an image from the interference.

[00065] FIG. 8 shows a flow chart of a method 800 of scanning an imaging light beam
by a surgical probe, such as surgical probe 100. Step 810 can include providing a light beam
by a light source to a delivery fiber, such as providing light beam 104 by light source 151 to
delivery fiber 101. Step 820 can include coupling the light beam from the delivery fiber to a
rotational scanner at an end of an inner cannula, such as coupling light beam 104 from
delivery fiber 101 to rotational scanner 115 at an end of inner cannula 220. Step 830 can
include scanning the light beam by the rotational scanner along a loop, such as scanning light
beam 104 by rotational scanner 115 along loop 301. Finally, step 840 can include receiving
the light beam scanned along the loop by an anamorphic optical element and outputting the
light beam along an anisotropically compressed loop to a target, such as receiving light beam
104 scanned along the loop 301 by anamorphic optical element 125 and outputting light beam

104 along an anisotropically compressed 304 loop to a target. In some embodiments, the
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anisotropically compressed loop can be a line. The details of this method can proceed

analogously to the operation of surgical probe 100 provided above in relation to FIGS. 1-7.

[00066] Some embodiments of the method can include receiving a returned light from
the target by surgical probe 100, the returned light travelling in opposite direction to the light
beam; interfering the returned light and a reference light by an image detector 153; and
generating an image from the interfered light by an image processor 155. These steps can be
part of forming an OCT image of the target. The OCT image can be an A-scan, B-scan or C-

scan, as detailed above.

[00067] In some embodiments, steps of method 800 may be performed by a control
console coupled to a surgical probe, such as control console 150 and surgical probe 100 in
FIG. 1. Control console may include a processor circuit and a memory circuit (e.g., processor
circuit 155 and memory circuit 157). The processor circuit in the control console may
execute operations upon receiving commands stored in the memory circuit, thus performing at
least some steps in method 800. In some embodiments, steps in method 800 may be partially
performed by an operator handling the surgical probe, directing the probe onto a target tissue.
For example, an operator may use a handling piece to manipulate the surgical probe (e.g.,
handpiece 120 in FIG. 1). The handling piece in the surgical probe may include a button or a
plurality of buttons, coupled to electrically operate some of the components in the surgical
probe. For example, a manually operated button may start a rotational motion of an optical
element in the surgical probe. In some embodiments, an operator actuated button in the
handling piece may turn on a light source coupled to the surgical probe (e.g., light source 151,

cf. FIG. 1).

[00068] Embodiments of the invention described above are exemplary only. One
skilled in the art may recognize various alternative embodiments from those specifically
disclosed. Those alternative embodiments are also intended to be within the scope of this

disclosure. As such, the invention is limited only by the following claims.
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Claims

1. A surgical probe, comprising:

an outer cannula;

an inner cannula, rotatably disposed inside the outer cannula;

a rotational scanner, disposed at an end of the inner cannula and configured to receive
a light beam from a delivery fiber and to scan the light beam along a loop; and

an anamorphic optical element, disposed at an end of the outer cannula and configured
to receive the light beam scanned along the loop and to output the light beam along an

anisotropically compressed loop.

2. The surgical probe of claim 1 wherein:
the rotational scanner comprises at least one of a wedge, a wedged prism, and a GRIN

lens with an angled distal surface.

3. The surgical probe of claim 1 wherein:
the rotational scanner comprises an optical element disposed off an optical axis of the

probe.

4.  The surgical probe of claim 1 wherein:
the rotational scanner is rotatable by a rotation mechanism without rotating the

anamorphic optical element.

5. The surgical probe of claim 1, the anamorphic optical element comprising:

a proximal surface having a first symmetry axis perpendicular to an optical axis of the
probe; and

a distal surface having a second symmetry axis perpendicular to the first symmetry

axis and to the optical axis of the probe.

6.  The surgical probe of claim 1, the anamorphic optical element comprising:
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a first optical element with a surface having a first symmetry axis perpendicular to an
optical axis of the probe; and

a second optical element with a surface having a second symmetry axis perpendicular

to the first symmetry axis and to the optical axis of the probe.

7. The surgical probe of claim 6, wherein:
the first optical element is a first cylindrical lens with the first symmetry axis; and

the second optical element is a second cylindrical lens with the second symmetry axis.

8. The surgical probe of claim 1, the anamorphic optical element comprising:
a proximal surface having a first proximal curvature in a first proximal direction and a

second proximal curvature in a second proximal direction; and

a distal surface having a first distal curvature in a first distal direction and a second

distal curvature in a second distal direction.

9.  The surgical probe of claim 1, wherein:
the anisotropically compressed loop is scaled in a first direction by a first scaling
factor and in a second direction by a second scaling factor, wherein

a ratio of the first scaling factor and the second scaling factor is larger than 10.

10. The surgical probe of claim 1, wherein:

the anisotropically compressed loop is a line.

11. The surgical probe of claim 1, comprising:

an optical cable, configured to deliver a light beam from a light source to the probe;
and
an adapter, configured to receive the light beam from the optical cable, and to couple

the received light beam into the delivery fiber.
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12.  The surgical probe of claim 1, comprising:

a handpiece to partially encase the outer cannula; and

a motor to rotate the inner cannula.

13. The surgical probe of claim 1, wherein:

the surgical probe is part of an Optical Coherence Tomography (OCT) imaging

system, the OCT imaging system comprising

a light source, configured to emit the light beam into an optical cable toward the
surgical probe;

an imaging detector, configured to receive a returned imaging beam from the
surgical probe through the optical cable and to create an interference from the returned
imaging beam and a reference beam; and

an imaging processor, configured to generate an image from the interference.

14. A method of scanning an imaging light beam by a surgical probe, the method

comprising:

providing a light beam by a light source to a delivery fiber;

coupling the light beam from the delivery fiber to a rotational scanner at an end of an
inner cannula;

scanning the light beam by the rotational scanner along a loop; and

receiving the light beam scanned along the loop by an anamorphic optical element and

outputting the light beam along an anisotropically compressed loop to a target.

15. The method of claim 14, wherein:

the anisotropically compressed loop is a line.

16. The method of Claim 14, further comprising;:
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receiving a returned light from the target by the surgical probe, the returned light
travelling in opposite direction to the light beam;
interfering the returned light and a reference light by an image detector; and

generating an image from the interfered light by an image processor.

-19-



PCT/US2014/031158

WO 2014/153379

1/16

Svi 7

L 101034 ap0

€Sl

TST|

Azouiaul

32UN0S

£S1

5

10sser04d |

0ST

.,(Rwﬂais;ssff
R\ L ot
4 e e o,

Y, (/ {.r?xw!““”.w\f @....K.v
A sﬁxf ‘ I EN
o,
RINIBIANS N

ol § *‘*&‘\“&»‘“
o
\.\

o ?\,\.ﬁ“\

s, 1uailed IEThIN



PCT/US2014/031158

WO 2014/153379

2716

¢ Ol

e —_— /
T - .\,\‘i\\ N e { w
.\\ S, 7y .
7 i
P .
AN
1 AY
i i v
_— ZT | STT | R
\ : O1¢
/ o
N i ~
~ iy
e -~
~T 1 Py



PCT/US2014/031158

WO 2014/153379

3/16

¢ Ol

RSy




PCT/US2014/031158

WO 2014/153379

4/16

Vv 5ld




PCT/US2014/031158

WO 2014/153379

5/10

>Nam

1203

dv ‘Dld

e
i,
-,

00¢€




PCT/US2014/031158

6/10

WO 2014/153379

B i A0

e

Sl o M s et e g, s 5 e ik s nn i i e G i

F !

i
! j
V1

St e St cth i
- W LTT 9zt w ;
VS 'Did M : ) : L1T 91T !
L b / “ / ./ ;
: \ A\\, M .\“ \\ xf\ M
! { } § ‘ e ; w 1
A B M m S . i
i N m § ¥ B \)\ks\sml).\.)wl M H wsz(a- ;
L s S
: R - : : e b
: s T : w ‘ e S
it ;o 1 N e
: : 1 i vl
1 e} — i W w L
b N [ St N : / ot \\\M
“ w i ! ! T iei..f..::r..e w for ;
3! i s e i
§ ....... 7 .w \ :
M </ L. ; , N H
4.;...1,({,.... § ! i
00€ w ¢t W
w. B e T = s T PP P - el s wwm cwEs wea s e R trmi. Ny stk e Prn. wiee iede Cuwe dew iwes wwa e :




PCT/US2014/031158

WO 2014/153379

7718

ds ‘Si4

wQM
|

% i AT
i e T

i

i e et o s g on e 2

L2t 92T

f 7

N
o
X

f
f
1
4
;
;
§

3 el

e

~ V1

00t

¥
S
i

s =
H

e
1

ame ] wan A A Aas aw

e i Sl il Nl e i W e st oot . Wbt ot R,

Ry

P g
/ _Nhﬁ

H \ 1

P i

e B

t

et aenr

i o
i S

e




PCT/US2014/031158

WO 2014/153379

8/16

—qCT



PCT/US2014/031158

WO 2014/153379

$/10

SR

YA



PCT/US2014/031158

WO 2014/153379

16/10

8 Dld

Ajjesidosiosiue ue suoje weaq s sy
Buimndino pue uawsis jeondo sydioweue ue Ag
doo| ay3 8uoje pauueds weaq 1y3i| syl SUAIR3I

V1 2°]

dooj e 3uoje
Jauueds jeuoiielod ayl Aq wesq

1431 2y3 Suiuueds

08

B{NUUED J2UUI UR JO PUD U }B J2UUEDS |BUOile}0) B
0} Jaqi} ARAlap 23 wouy weaq 1y3y ayl Suydnod

—a

SELIWVETNETe

B 01 224n0s 131 e Ag weaq 1y3diy e Suipiaocid

S —t]n




INTERNATIONAL SEARCH REPORT

Internanonal applicaton No.
PCT/US2014/031158

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A61B 1/07 (2014.01)
USPC - 600/177

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC(8) - A61B 1/00, 1/04, 1/07, 3/00, 17/00; GO1B 11/00; G02B 6/32, 13/08, 13/10 (2014.01)
USPC - 351/221; 359/669; 385/33; 600/106, 160, 173, 177, 342; 606/1

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
CPC - A61B 1/00, 1/04, 1/07, 3/00, 17/00; GO1B 11/00; GO2B 6/32, 13/08, 13/10 (2014.07)

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

Orbit, Google Patents, Google, Google Scholar

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2012/0330101 A1 (BRENNAN et al) 27 December 2012 (27.12.2012) entire document 1-4,9-16

Y 5-8

Y US 2007/0081257 A1 (BOWRON et al) 12 April 2007 (12.04.2007) entire document 5-8

A US 2012/0245569 A1 (PAPAC et al) 27 September 2012 (27.09.2012) entire document 1-16

D Further documents are listed in the continuation of Box C.

[

* Special categorics of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlicr application or patent but published on or after the intcrnational
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other

_special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“p»  document published prior to the international filing date but later than

the priority datc claimed

“T” later document published after the international filing date or riority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular rclevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive

step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

ey

“&” document member of the same patent family

Date of the actual completion of the international search

14 August 2014

Date of mailing of the international search report

28 AUG 2014

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - wo-search-report

