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IMAGE-PROCESSOR-CONTROLLED MISALIGNMENT-REDUCTION FOR
OPHTHALMIC SYSTEMS

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims priority under 35 U.S.C. §119 to U.S. Patent
Application Serial No. 13/098,586, filed May 2, 2011, the entire contents of which are

incorporated herein by reference.
TECHNICAL FIELD

[0002] This patent document relates to systems and techniques for ophthalmic
imaging. In more detail, this patent document relates to systems and methods for
providing an electronically controlled fixation light for improving a precision of aligning

or docking an ophthalmic imaging system to a patient’s eye.
BACKGROUND

[0003] A variety of advanced imaging devices have been developed over the years for
ophthalmic imaging, diagnostics and surgery. For some applications, these imaging
devices perform best when their optical axis is aligned with an optical axis of the imaged
eye. Once the optical axis of the eye is aligned with the optical axis of the imaging device,
some imaging devices enhance the precision of the imaging process by immobilizing the
eye in the aligned position with the help of a patient interface or eye-docking system. As
the precision of the imaging devices improves, the demand for eye-docking systems which

provide more precise alignment also increases.

[0004] In typical existing systems the alignment is guided manually. The operator can
direct the patient verbally, manually orient the eyeball, or adjust portions of the imaging
device, such as its objective or gantry, or any combination of the above. These
adjustments are performed iteratively during the docking}process. However, the
inaccuracy of these manual approaches can make the docking process quite time
consuming and frustrating, and still fall short of achieving high quality alignment.

Because of the limited precision of the manually guided alignment, the patient interface
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often ends up docked to the eye in an off-center position, the eye’s optical axis tilted and

the eye laterally misplaced relative to that of the imaging system.

[0005] Some imaging systems use guidance mechanisms that promise improvements
for the alignment process. In some systems, such as in some surgical systems using
excimer lasers, the alignment is aided by a fixation light. The fixation light can be
centered with the optical axis of the imaging system. The patient can be instructed to train
his eye on the fixation light. This fixation can align the patient’s eye with the imaging

system. However, even these fixation light systems have limitations.
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SUMMARY

[0006] This patent document discloses fixation light controller systems with improved
functionalities. The eye of the patients typically has both lateral and angular misalignment
relative to the imaging system. Simply looking at a fixed fixation light centered with the

optical axis of the imaging device does not eliminate both types of misalignments.

[0007] Therefore, in some systems, including some YAG lasers and slit lamps, the
fixation light is not fixed and can be manually or mechanically adjusted. However, since
the adjustment is only mechanical/manual, the precision of these fixation lights is
considerably less than the precision of the imaging systems. Further, such mechanical
adjustments can be quite time consuming and frustrating because of their limited

precision.

[0008] Finally, in some systems the fixation light may be controlled in part manually
and in part electronically. In the hands of expert surgeons manual operations may improve

the alignment, in other cases such system may still lack the required precision.

[0009] The present patent document discloses fixation light controller systems that
offer solutions for the above described problems. In some implementations, an
ophthalmic system may include an ophthalmic imaging device configured to generate an
image of a portion of an imaged eye of a patient, an image processor, configured to
determine a misalignment of the imaged eye and the imaging device by processing the
generated image, and to generate a control signal according to the determined
misalignment, and a misalignment-reduction system, configured to receive the control

signal, and to generate a misalignment-reduction response.

[0010] In some implementations the ophthalmic imaging device can include an
electronic sensing system that senses a collected imaging light from the imaged eye,
including at least one of a Charge-Coupled Device (CCD) array, a Complementary Metal-
Oxide Semiconductor (CMOS) array, a pixel-array, and an electronic sensor array, and an
electronic display system that displays the image of a portion of the imaged eye in relation
to the sensed collected imaging light, including at least one of a Light Emitting Diode
(LED) display, a plasma screen, an electronic display, a computer display, a Liquid
Crystal Display (LCD) screen, a Cathode Ray Tube (CRT) display, a video-module, a

video microscope display, a stereo video microscope display, a high definition (HD) video
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microscope, a processor-based image system, an opto-mechanical projector of the

electronic or digital type, and a light-source movable by an electro-mechanical actuator.

[0011] In some implementations the image processor is configured to identify an
ophthalmic structure in the image, and to determine a measure of misalignment by
determining a location of the ophthalmic structure relative to a reference of the imaging
device. In some implementations the image processor is configured to identify the
ophthalmic structure by determining a high-gradient line in the image, separating image

elements with substantially different brightness or color.

[0012] In some implementations the image processor is configured to fit at least one of
a circle and an ellipse to the high-gradient line by measuring radial distances between the
high-gradient line and the circle or ellipse, to determine a location coordinate of the fitted
circle or ellipse by minimizing a measure of the radial distances, and to determine a
misalignment-measure by relating the determined location coordinate and a coordinate of
the reference. In some implementations the image processor is configured to determine a
high-contrast line in the image, to determine misalignment distances between the high-
contrast line and a targeting pattern, and to determine a misalignment-measure from the

misalignment distances.

[0013] In some implementations the reference of the imaging device is at least one of
an objective, a patient module, a docking tip, an interface, a contact lens, a pupil, a
viewing frame, a reference frame, and an internal lens of the ophthalmic system, and the
imaging device is configured to generate a reference pattern related to the reference to
assist the image processor to determine the misalignment of the imaged eye and the
imaging device. In some implementations the recognized ophthalmic structure is a limbus
of the imaged eye. In some implementations at least a portion of the image processed by

the image processor is not displayed by the imaging device.

[0014] In some implementations the misalignment-reduction system can include a
fixation light source, and the misalignment-reduction response comprises the fixation light
source generating a fixation light in response to the received control signal. In some
implementations the fixation light source is configured to generate the fixation light for a
non-imaged eye of the patient, and to move the generated fixation light according to the

received control signal to assist a reduction of a misalignment between the imaged eye and
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a reference-component of the ophthalmic system. In some implementations the fixation
light source can include at least one of a LED array, a plasma screen, an electronic display,
a computer display, an LCD screen, a video-module, an opto-mechanical projector of the
electronic or digital type, a CRT display, a slit-lamp, a processor-based image system, and
a light-source movable by an electro-mechanical actuator. In some implementations the
fixation light source is configured to generate the fixation light to guide the patient to

reduce an angular misalignment.

[0015] In some implementations the image processor is configured to determine the
angular misalignment by fitting an ellipse to a high-contrast line of the image, and
analyzing at least one of an aspect ratio and an area of the fitted ellipse. In some
implementations the fixation light source can include a collimator to generate a fixation

light to guide the patient to reduce a lateral misalignment.

[0016] In some implementations the misalignment-reduction system can include a
gantry, configured to move a movable portion of the imaging device, and a gantry
controller, configured to receive the control signal from the image processor, and to move
the gantry according to the received control signal, and the misalignment-reduction
response can include the gantry controller moving the gantry and thus the movable portion
of the imaging device to reduce a lateral misalignment. In some implementations the
gantry is also part of the ophthalmic imaging device. In some implementations the
misalignment-reduction system can include a support-gantry, configured to move a patient
support relative to the imaging device, and a gantry controller, configured to receive the
control signal from the image processor, and to move the support-gantry according to the
received control signal, and the misalignment-reduction response can include the gantry
controller moving the support-gantry and thus the patient support to reduce a lateral

misalignment.

[0017] In some implementations the image processor is configured to determine an
angular and a lateral misalignment by processing the image, and the misalignment-

reduction system can include only one of a fixation light source and a gantry controller.

[0018] In some implementations the image processor is configured to determine an
angular and a lateral misalignment by processing the image, and the misalignment-

reduction system can include a fixation light source, a gantry and a gantry controller. In
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some implementations, the image processor is configured to determine an angular and a

lateral misalignment by processing the image and a misalignment information.

[0019] In some implementafions the imaging system can include a locator light source,
configured to project a locator light on the imaged eye, and the image processor is
configured to identify an apical reflected locator light in the image generated by the
imaging device, and to determine the misalignment information by analyzing the apical
reflected locator light. In some implementations the misalignment information is at least
one of an angular misalignment information, related to a vector in the image between the
apical reflected locator light and a location of an imaged ophthalmic structure, and a
lateral misalignment information, related to a vector in the image between a reference of
the imaging system and at least one of the apical reflected locator light and the location of

an imaged ophthalmic structure.

[0020] In some implementations the ophthalmic system is configured to reduce the
angular misalignment by adjusting the fixation light source, and to reduce the lateral
misalignment by operating the gantry controller. In some implementations the fixation
light is adjustable so that the locator light and a location of an imaged ophthalmic structure
can be aligned by adjusting the fixation light. In some implementations the fixation light
source and the locator light source are capable of operating at different wavelengths. In

some implementations the locator light is invisible for the imaged eye.

[0021] In some implementations a patient interface is configured to dock to the
imaged eye of the patient after the misalignment-reduction system executed the
misalignment-reduction response. In some implementations the misalignment-reduction
system can include a fixation light source, configured to generate a fixation light for the
imaged eye of the patient, and to adjust the generated fixation light according to the
received control signal to assist a reduction of a misalignment between the imaged eye and
a reference-component of the ophthalmic system. Some implementations include a locator
light, focusable to a second focal point different from a first focal point of the fixation

light.

[0022] In some implementations a method of aligning an eye with an ophthalmic
system can include generating an image of a portion of an imaged eye of a patient by an

ophthalmic imaging device, determining a misalignment of the imaged eye and the



WO 2012/151172 PCT/US2012/035927

imaging device by an image processor processing the generated image, and generating a
misalignment-reduction response electronically by a misalignment-reduction system based

on the determined misalignment.

[0023] In some implementations the determining the misalignment can include
identifying an ophthalmic structure in the image, and determining a location of the
ophthalmic structure relative to a reference of the imaging device. In some
implementations the generating the misalignment-reduction response can include
generating a fixation light by a fixation light source according to the determined

misalignment.

[0024] In some implementations the generating the fixation light can include
generating the fixation light to guide the patient to reduce an angular misalignment. In
some implementations the generating the fixation light can include generating a fixation
light to guide the patient to reduce a lateral misalignment, wherein the fixation light source

can include a collimator.

[0025] In some implementations the generating the fixation light can include
generating the fixation light for a non-imaged eye of the patient, and the generating the
misalignment-reduction response can include adjusting the fixation light according to the
determined misalignment to assist the patient to reduce the misalignment. In some
implementations the generating the fixation light can include generating the fixation light
for the imaged eye of the patient, and the generating the misalignment-reduction response
can include adjusting the fixation light according to the determined misalignment to assist

the patient to reduce the misalignment.

[0026] In some implementations the generating the misalignment-reduction response
can include moving a gantry of the imaging system by a gantry controller to reduce a

lateral misalignment.

[0027] In some implementations the determining the misalignment can include
determining an angular and a lateral misalignment by the image processor processing the
image and a misalignment information, and the generating the misalignment-reduction
response can include adjusting a fixation light of a fixation light system and a gantry
controller. In some implementations the determining the misalignment can include

projecting a locator light onto the imaged eye by a locator light system, locating an apical
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reflected locator light in the image generated by the imaging device, and determining the
misalignment information using the located apical reflected locator light. In some
implementations the determining the misalignment information can include determining
an angular misalignment information, related to a vector in the image between the apical
reflected locator light and a location of an imaged ophthalmic structure, and determining a
lateral misalignment information, related to a vector in the image between a reference of
the imaging system and at least one of the apical reflected locator light and the imaged

ophthalmic structure.

[0028] In some implementations the generating the misalignment-reduction response
can include reducing the angular misalignment by adjusting the fixation light, and
reducing the lateral misalignment by operating the gantry controller. In some
implementations the reducing the angular misalignment and the reducing the lateral
misalignment are repeated iteratively. In some implementations the generating the
misalignment-reduction response can include projecting the fixation light into the imaged
eye, and reducing the lateral and the angular misalignment by causing the head of the

patient to move laterally to align the locator light and the fixation light.

[0029] In some implementations an ophthalmic system can include an imaging device
that generates an image of an imaged eye of a patient, an image processor that determines
an angular and a lateral misalignment of the imaged eye and the imaging device by
processing the generated image, a fixation light system that projects a fixation light on an
eye of the patient to assist a reduction of the angular misalignment, and a gantry that
adjusts a movable optic of the system to reduce the lateral misalignment. In some
implementations the ophthalmic system can include an indicator light system that projects
an indicator light on the imaged eye to provide a misalignment information for the image

Pprocessor.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1 illustrates an eye.

[0031] FIG. 2 illustrates an ophthalmic imaging system.

[0032] FIGS. 3A-C illustrate misalignments of the eye.

[0033] FIG. 4 illustrates an ophthalmic system with a misalignment reduction system.
[0034] FIGS. SA-E illustrate an image processing system.

[0035] FIGS. 6A-B illustrate a fixation light system.

[0036] FIGS. 7A-C illustrate a misalignment reduction method.

[0037] FIGS. 8A-B illustrate misalignment reduction with a fixation light.

[0038] FIGS. 9A-B illustrates an image processing method to determine an angular

misalignment.
[0039] FIGS. 10A-B illustrate a collimated fixation light system.
[0040] FIG. 11 illustrates a misalignment reduction system with a gantry.
[0041] FIGS. 12A-B illustrate an operation of the gantry system.
[0042] FIG. 13 illustrates a bed gantry system.
[0043] FIG. 14 illustrates a system combining a fixation light and a gantry.
[0044] FIGS. 15A-B illustrate an operation of the fixation light-and-gantry system.
[0045] FIGS. 16A-B illustrate a system with a locator light.

[0046] FIGS. 17A-B illustrate a locator light system processing an angular and a

lateral misalignment.
[0047] FIG. 18 illustrates the reduction of the lateral and angular misalignment.

[0048] FIGS. 19A-B illustrate a fixation light system, projecting the fixation light into

the imaged eye of the patient.
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[0049] FIGS. 20A-B illustrate a system with two fixation lights.
[0050] FIG. 21 illustrates a system with an additional OCT imaging system.

[0051] FIG. 22 illustrates a method of operating the ophthalmic system with the

misalignment reduction system.

10
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DETAILED DESCRIPTION

[0052] Implementations and embodiments in this patent document provide a fixation
light system for ophthalmic imaging devices for increasing the precision of the alignment

of the imaged eye and the imaging device.

[0053] FIG. 1 illustrates a human eye 1 in some detail. The eye 1 includes a cornea 2
that receives and refracts the incoming light, an iris 3, a pupil 4, in effect an opening for
the light to enter the inner eye, and a lens S that focuses the light on the retina. In addition,
the eye 1 includes a limbus 6, delineating the boundary between the colored iris 3 and a

white sclera 7.

[0054] FIG. 2 illustrates an ophthalmic imaging system 10 and its operation. A
patient 8 can be laid on a supporting bed. An imaging light source 11 can shine an
imaging light on an imaged eye 1i. A portion of the imaging light reflected by the imaged
eye li can be collected by an objective 12 and guided as a collected imaging light 13 to an
optic or optical system 14. The optic 14 can guide the collected imaging light 13 to an
imaging module 15. A surgeon or medical professional can analyze the image provided
by the imaging module 15 and give instructions to the patient to move the imaged eye 1i to
improve its alignment with an optical axis of the imaging system 10. In other cases, the
surgeon can manipulate the imaged eye 11 manually to improve the alignment. These
steps can be practiced to prepare the imaged eye 11 for docking a patient interface to it, or
just simply to align the eye with the imaging system 10 better. The patient interfaces can
be used either to assist the imaging the eye 11, or for performing an ophthalmic surgical
procedure. In other systems, a non-contact imaging procedure can be performed after the
alignment. In yet other systems, the alignment can be followed by a diagnostic procedure.
In any of the above described systems the ophthalmic imaging system 10 provides the
surgeon only with an image of limited precision as the alignment with the eye is only

approximate.

[0055] FIGS. 3A-B illustrate that after the use of such a limited precision ophthalmic
imaging system 10, a residual misalignment between the eye 1 and the ophthalmic
imaging system 10 can persist. In detail, a distal end 20 of the ophthalmic system 10 can
be the objective 12, or a contact module, a docking unit, a distal tip, an interface, or an

applanation module. In any of these designs, the distal end 20 can include a housing 21

11
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that supports a distal lens 22. An optical axis 28 of the ophthalmic imaging system 10,
typically shared with an optical axis of the distal lens 22, can remain misaligned with an
optical axis 9 of the eye 1 even after the above limited-precision docking procedure has

been performed.

[0056] FIG. 3A illustrates that the misalignment can be a lateral misalignment
characterized by a (4x, Ay) vector between the optical axis 9 of the eye and the optical axis
28 of the imaging system 10, lying approximately in the lateral plane perpendicular to the

optical axis 28,

[0057] FIG. 3B illustrates that the misalignment can also be an angular misalignment.
In general, the angular misalignment can be characterized by the (0, ¢) Euler angles
between the optical axis 9 of the eye and the optical axis 28 of the imaging system 10. In
many cases, the misalignment can be a combination of a lateral and an angular

misalignment.

[0058] FIG. 3C illustrates that on an imaging interface of the imaging module 15
either misalignment can appear as a displacement of the iris 3 and pupil 4 relative to a
targeting pattern 17, such as a target circle. The surgeon can give verbal instructions to
the patient to move the imaged eye 1i, or to manipulate the eye 11 manually based on this

displayed displacement.

[0059] However, verbal instructions can be unclear to an already disoriented patient,
and manipulating the eye can be cumbersome and imprecise. Also, the patient is likely to

undo or resist the actions of the surgeon or technician.

[0060] Some ophthalmic systems can utilize a fixation light to provide guidance for
the patient. However, fixation light devices still have shortcomings as discussed above.
Some devices provide adjustable fixation lights as an improvement. However, even in
such systems, the location of the fixation light is typically adjusted manually or

mechanically, still resulting in an adjustment process with limited precision.

[0061] FIG. 4 illustrates an ophthalmic imaging system 100 that can be used to align
the imaged eye 1i and the ophthalmic system 100 with improved precision. The
ophthalmic system 100 can include an ophthalmic imaging device 110, an image processor

120 and a misalignment reduction system 130. The ophthalmic imaging device 110 can be

12
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configured to generate an image of a portion of an imaged eye of a patient. The image
processor 120 can be configured to determine a misalignment of the imaged eye and the
imaging device by processing the generated image, and to generate a control signal
according to the determined misalignment. The misalignment-reduction system 130 can
be configured to receive the control signal and to generate a misalignment-reduction

response.

[0062] The ophthalmic imaging device 110 can include an imaging light source 111
that provides an imaging light for the imaged eye 1i. The imaging light source 111 can be
a single light, aring of e.g. 4, 6 or 8 lights, or a light source with a continuous ring shape.
An objective 112 can collect a fraction of the imaging light, returned by the imaged eye 11,
and direct it as a collected imaging light 113 to an optic 114. The optic 114 can guide the
collected imaging light 113 towards an imaging module 115. In general, the optic 114 can
be quite complex, including a large number of lenses and mirrors. The optic 114 can also
be multifunctional, for example also configured to guide a surgical laser beam to the
imaged eye 1i. The imaging module 115 can provide an image for an operator of the

imaging system 100 via an imaging interface.

[0063] In some implementations, the ophthalmic imaging device 110 can include a
microscope, an ophthalmic microscope, or a stereo microscope. An imaging interface of

these microscopes can include the eyepiece of these microscopes.

[0064] In some implementations, the ophthalmic imaging device 110 can generate the
image at least in part electronically. For example, the imaging module 115 of the
ophthalmic imaging device 110 can include an electronic sensing system that senses the
collected imaging light 113. The electronic sensing system can include a Charge-Coupled
Device (CCD)-array, a Complementary Metal Oxide Semiconductor (CMOS) array, a

pixel-array, or an electronic sensor array to sense the collected imaging light 113.

[0065] In these electronic imaging systems the imaging module 115 can also include
an electronic display system as an imaging interface. This electronic display can display
an electronic image of a portion of the imaged eye 1i based on the sensed light 113. This
electronic display or imaging interface can be, for example, a Light Emitting Diode
(LED), an organic LED (OLED) display, an active matrix OLED (AMOLED) display, a

plasma screen, an electronic display, a computer display, a Liquid Crystal Display (L.CD)

13
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screen, a Cathode Ray Tube (CRT) display, a video-module, a video microscope display, a
stereo video microscope display, a High Definition (HD) video microscope, a processor-
based image system, an opto-mechanical projector of the electronic or digital type, or a
light-source movable by an electro-mechanical actuator. In some implementations, the

above elements of the imaging systems can be combined.

[0066] In some implementations, the ophthalmic imaging device 110 can include an

optical coherence tomographic (OCT) imaging system, as described in relation to FIG. 21.

[0067] In some implementations, the misalignment reduction system 130 may include

the objective 112, in others portions of the optic 114,

[0068] The image processor 120 can be configured to identify an ophthalmic structure
in the image, generated by the imaging device 110, and to determine a location of the
ophthalmic structure relative to a reference of the imaging device. The reference of the
imaging device can be the objective 112, a patient module, a docking tip, an interface, a
contact lens, a pupil, a viewing frame, a reference frame, and an internal lens of the
ophthalmic system. The imaging module 115 can be configured to generate a reference
pattern related to the reference to assist the image processor to determine the misalignment
of the imaged eye and the imaging device. A targeting circle similar to the targeting
pattern 17 can be such a reference pattern. Other reference patterns may include cross

hairs, multiple circles and their combinations.

[0069] The image processor 120 may be configured to recognize the limbus 6 as the
ophthalmic structure. The image processing may be based on the pupil 4 as well, but often

the limbus 6 forms a more regular circle and thus is well suited for the image processing.

[0070] FIGS. SA-E illustrate that in operation, the image processor 120 can first
identify one or more ophthalmic structures of the imaged eye 11 e.g. by analyzing the

contrast or gradient of the nearby pixels of the image.

[0071] FIG. SA illustrates that the image processor 120 may perform a radial scan of
the image and record the pixels’ brightness, color or both along the scan. The center of the
radial scan can be chosen in different ways. Also, non-radial scans, such as circular,

linear, rectangular, mesh-type, 2D and many other types of scans can be used.

14
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[0072] Next, the image processor 120 can identify a high-gradient or high-contrast
pixel 121 along the scan as the pixel where the recorded brightness or color varies the
fastest. A high-contrast or high-gradient line 122 can be defined by connecting the high-
gradient/contrast pixels of nearby scans. Such a high-gradient/contrast line can separate
ophthalmic regions with strongly differing brightness or color and thus can be a useful
indicator of ophthalmic structures, such as the limbus 6 or the pupil 4. Numerous other
methods of machine-vision and image processing are known in the arts to determine
structures and their boundaries, which can be used in place of the above described high-

gradient/contrast method.

[0073] FIG. 5B illustrates that subsequently the image processor 120 can fit probe-
functions, such as fitting circles 124 or ellipses to the identified high-gradient/contrast
lines to identify circular ophthalmic structures, such as the limbus 6 or the pupil 4. The
fitting can take several forms. In some cases, the center and radius of the fitting circle 124
can be moved so that the fitting circle overlays the high-gradient/contrast line with the
highest precision. The precision can be quantified e.g. by defining a magnitude of the
average radial distance A as the square-root of the average of the squared radial distances
between the fitting circle 124 and the high-gradient/contrast line 122 along a preset
number of rays, such as 4, 6, or 8 rays. This magnitude of the average radial distance
A can be varied by moving around the coordinates (Cx,Cy) of the center of the fitting
circle 124 controlled by a search algorithm. Here, the (x,y) coordinate system can be
affixed e.g. to the reference system of the interface of the imaging module 115. FIG. 5B

illustrates a 4-ray implementation, where the average radial distance is defined as
A = [(A1*+A2*+A3*+A4%)/4]"

[0074] FIG. 5C illustrates that when the search algorithm reaches a minimum of the
average radial distance A by shifting the coordinates (Cx,Cy) of the center of the fitting
circle 124°, the shifted fitting circle 124” becomes essentially concentric with the
ophthalmic structure, defined by the high-gradient/contrast line 122. This can be seen e.g.
from the symmetry of the individual radial distances: Al = A2 = A3 = A4.
Correspondingly, the center coordinates (Cx,Cy) of the shifted fitting circle 124’
essentially coincide with the coordinates (Ox,0y) of the center of the ophthalmic structure,

corresponding to the high-gradient/contrast line 122. This approach can be terminated
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when the shifted fitting circle 124 becomes concentric with the ophthalmic structure 122,

but the radii of the two structures remain different.

[0075] FIGS. SD-E illustrate that some implementations can also determine the radius
of the ophthalmic structure by continuing the search after the concentric state is reached
by adjusting the radius of the shifted fitting circle 124’ until the global minimum A(min) is
found. For precisely circular structures it may be possible to reach the A(min)=0 absolute
global minimum. Once the global minimum A(min) is reached, the radius of the radius-
adjusted fitting circle 124” is essentially equal to the radius of the ophthalmic structure,

such as the limbus 6.

[0076] In a typical case, the image processor 120 may be able to fit a fitting circle 124
to the high-gradient/contrast line 122 with or without adjusting its radius and thus
conclude that the ophthalmic structure indicated by the high contract line 122 is circular,
Next, the image processor 120 may determine that the color of the pixels changes from
white to non-white across the high-gradient/contrast line 122. These findings can be
sufficient for the image processor 120 to conclude that it identified the circular limbus 6 of

the imaged eye 1i.

[0077] During this fitting process the image processor 120 determines the coordinates
of the center of the limbus 6, since the limbus 6 is concentric with the shifted fitting circle
124’ and thus the center of the limbus 6 is located at the same (Cx,Cy) coordinates as the
center of the shifted fitting circle 124°. Therefore, the image processor 120 can determine
a misalignment vector 143 that connects the (Cx,Cy) coordinates of the center of the
limbus 6 to the known center coordinates of a targeting pattern 117. The misalignment
vector 143 may be used by a misalignment reduction system 130 to reduce the

misalignment of the imaged eye 11 with the ophthalmic system 100 as described below.

[0078] FIGS. 6A-B illustrate an implementation of the ophthalmic imaging system
100 where the misalignment reduction system 130 includes a fixation light source 140.
The fixation light source 140 can project a fixation light 145 into a non-imaged control eye
lc of the patient 8. The patient 8 can be instructed to focus on or follow the fixation light
145 with the control eye 1c. The misalignment reduction response of the misalignment

reduction system 130 can be an adjustment of the fixation light 145.
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[0079] FIG. 7A illustrates that the imaging module 115 can assist the determination of
a misalignment of the imaged eye 1i and a reference-component of the ophthalmic
imaging device 110 by simultancously displaying an image portion of the imaged eye 11

and the reference or targeting pattern 117, such as a target circle, via its imaging interface.

[0080] The reference-component of the imaging device 110 can be the objective 112, a
patient module, a docking tip, an interface, a contact lens, a pupil, a viewing frame, a

reference frame, an internal lens of the ophthalmic system, or any equivalents.

[0081] The location or display of the targeting pattern 117 can be fixed to the
reference-component, in effect indicating the position of the reference-component.
Therefore, the simultaneous display of the image portion of the imaged eye 1i and the
targeting pattern 117 by the imaging module 115 can effectively assist the determination

of the misalignment of the imaged eye 1i.

[0082] The image processor 120 can analyze the simultaneously displayed image
portion of the imaged eye 11 and the target pattern 117 and compute the misalignment.
The details of computing the misalignment were described above extensively. The image
processor 120 can summarize the computed direction and magnitude of the misalignment
by generating the misalignment vector 143. Based on this misalignment vector 143, the
image processor 120 can compute a misalignment reduction vector 144 to be used by the
misalignment reduction system 130 to reduce or eliminate the computed misalignment. In
general, the misalignment reduction vector 144 need not be the same or simply opposite as
the misalignment vector 143, as it represents how the misalignment reduction system is to
be adjusted to reduce or eliminate the misalignment. As such, the misalignment reduction
vector 144 also depends on the distance of the misalignment reduction system 130 from
the eye 1 and on other factors and thus can refer to a large variety of misalignment

reduction measures.

[0083] Next, the image processor 120 can generate a fixation light control signal for
the fixation light source 140 according to the determined misalignment reduction vector

144.

[0084] In some implementations, the image of the eye portion and the targeting pattern

117 are not necessarily displayed. Rather, they can be provided for the image processor
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120 by the imaging device 110 in an electronic form only, invisible for the system

operator or surgeon.

[0085] Some image processors 120 do not utilize the fitting circle 124 of FIGS. SB-E.
Instead, these implementations can (a) directly determine misalignment distances A*1 ...
A*n between the high-contrast line 122 and the targeting pattern 117 along n rays, as
described above, where n is an integer; and (b) perform a search algorithm to find a
misalignment of the ophthalmic structure corresponding to the high-contrast line 122
relative to the targeting pattern 117 or another reference of the imaging system 100. A
difference to the previously described method is that in the present method the targeting
pattern 117 is centered to the imaging device 110, whereas in the previous systems in an
intermediate step the fitting circles 124 were shifted to be concentric with the ophthalmic
structure and then the misalignment of the fitting circle was determined relative to the

targeting pattern 117.

[0086] The search algorithm can be based e.g. on minimizing a misalignment-
measure, such as the average misalignment A above, or on symmetrizing the misalignment
distances A*1 ... A*n in opposing directions, among others. After the search, the
misalignment vector 143 can be determined to characterize the misalignment. The image
processor 120 can then compute the misalignment reduction vector 144 based on the
determined misalignment vector 143 and output a fixation light control signal towards the

fixation light source 140 corresponding to the misalignment reduction vector 144,

[0087] FIG. 7B illustrates that the fixation light source 140 can receive the fixation
light control signal and generate, project, or display a fixation light 145 according to the
received fixation light control signal. For example, if the misalignment of the imaged eye
1i was in the upper-left direction in the reference frame of the imaging system 110, as
shown by the misalignment vector 143 in FIG. 7A, the image processor 120 can compute
the misalignment reduction vector 144f by which the fixation light 145 is to be adjusted to
the lower right direction so that if the control eye 1c¢ follows the adjusted fixation light
145, the misalignment 143 of the imaged eye 1i will be substantially reduced, or optimally

even eliminated.

[0088] The fixation light source 140 can first generate and display the fixation light

145, and then move the displayed fixation light 145 according to the received fixation light
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control signal. Since the movements of the control eye 1c¢ and the imaged eye 1i closely
track each other, as the control eye 1c¢ is moved by the patient according to the displayed
fixation light 145, the imaged eye 1i moves in a correlated manner. Because of this
correlation between the movements of the imaged eye 1i and the control eye lc, the
fixation light system 120 can assist the reduction of the misalignment of the imaged eye 1i

relative to the ophthalmic imaging system 110.

[0089] Other embodiments may simply display the fixation light 145 by the fixation
light source 140 at a properly chosen location according to the fixation light control signal,
instead of moving it. In either of these embodiments, the patient can be instructed to

follow, or focus on, the fixation light 145 with the control eye lc.

[0090] The fixation light source 140 can include a LED array, a plasma screen, an
electronic display, a computer display, an LCD screen, a video-module, an opto-
mechanical projector, a slit-lamp, a processor-based image system, or a light-source,

movable by an electro-mechanical actuator.

[0091] FIG. 7C illustrates that after the patient followed the adjustment of the fixation
light 145 with the control eye lc, the imaged eye 1i can become essentially centered with
the targeting pattern 117 and thus aligned with the optical axis 28 of the imaging system
100. Implementations may not adjust the radius of the targeting pattern 117 to fit the

radius of the limbus 6, thus these circles may appear only concentric, but not overlaid.

[0092] FIG. 6B illustrates the appearance of the ophthalmic system 100 for the patient
8 in some embodiments. The left panel shows that the imaged eye 11 can see the objective
112, surrounded by e.g. six imaging light sources 111. The right panel shows that the non-
imaged/control eye 1c can see the fixation light 145 displayed on the fixation light source
140. In this embodiment, the fixation light source 140 can be an LCD screen or an
equivalent, and the fixation light 145 can be a bright spot displayed on the dark LCD

screen 140,

[0093] To facilitate procedures on both eyes, some embodiments may include two

fixation light sources 140, one on each side of the objective 112.

[0094] In some implementations, the image processor 120 may display the processed

image e.g. for informing the medical technician or surgeon. In other implementations at
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least a portion of the image processed by the image processor 120 may not be displayed by
the imaging system 100, only provided in electronic format to the image processor 120 by

the imaging device 110.

[0095] FIGS. 8A-B illustrate the case when the eye’s misalignment is purely angular,
as was discussed in relation to FIG. 3B. As before, the optical axis 9i of the imaged eye
11 may be rotated by the Euler angles (8, ¢) relative to the optical axis 28 of the imaging
system 100. Correspondingly, the optical axis 9¢ of the control eye 1¢ may be rotated
approximately by the same Euler angles (6,¢) relative to the axis of the fixation light

source 140, along which the fixation light 145 also propagates.

[0096] FIGS. 9A-B illustrate an operation of the image processor 120 configured to
analyze the angular misalignment of FIGS. 8A-B. First, the image processor 120 can
identify the various ophthalmic structures of the imaged eye 11, such as the limbus 6i, by

identifying the high-gradient/contrast lines 122 of the image, as described above.

[0097] FIG. 9A illustrates that while an aligned limbus 6ia would appear as a circle, in
the case of angular misalignment the rotated limbus 6ir appears elliptical from the
viewpoint of the image processor 120. Thus, in operation the image processor 120 will
not be successful fitting a fitting circle 124 as a probe function to the high-

gradient/contrast line 122,

[0098] FIG. 9B illustrates that once the image processor 120 is unsuccessful fitting a
fitting circle 124 then it can attempt to fit a fitting ellipse 124’ to the high-gradient/contrast
line 122 to identify the rotated limbus 6ir or the rotated pupil 4ir. The aspect ratio a/c, i.e.
the ratio of the length of the minor and major axes of the fitting ellipse 124°, can be used

to determine the Euler angles (6, ¢) of angular misalignment of the imaged eye 1i.

[0099] FIG. 8B illustrates that once the image processor 120 was successful
determining the Euler angles (6, ¢) of the angular misalignment from the aspect ratio a/c of
the fitting ellipse 124’ fitted to the high-gradient/contrast line 122°, it can compute the
misalignment reduction vector 144fa with which the fixation light 145 should be moved
on the fixation light source 140. This misalignment reduction vector 144fa can be
constructed so that if the control eye 1c¢ follows the fixation light 145 adjusted by the

angular misalignment reduction vector 144fa, as indicated by the solid black arrow, the
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angular misalignment can be reduced, or possibly even eliminated. Here the f label of the
misalignment reduction vector 144fa indicates that the misalignment reduction system 130

is of the fixation light 140 type, and the a label refers to an angular misalignment.

[00100] FIGS. 10A-B illustrate a case of a lateral misalignment A. The fixation
light sources 140 can include a collimator 142 that can be configured to generate a fixation
light 145 to guide the patient to reduce the lateral misalignment A efficiently. The
collimator 142 can generate a fixation light 145 with essentially parallel rays, as if it had
been generated by a light source at infinity. Thus, the patient 8 can see this collimated
fixation light 145 only if he/she looks up straight along the line of the fixation light 145.
Therefore, in systems where the collimated fixation light 145 is projected along the optical
axis 28 of the system, when the patient manages to adjust the imaged eye to see the
collimated fixation light 145, the optical axis 9i of the imaged eye is parallel to the system

optical axis 28.

[00101] In operation, the image processor 120 can determine a lateral misalignment A
of the imaged eye from the analysis of the image of the imaged eye 1i, and compute a
corresponding misalignment reduction vector 144fl, the label | referring to the lateral
misalignment in this fixation light system, referred to by the label f. The image processor
120 then can generate a fixation light control signal representing the calculated
misalignment reduction vector 1441l to be sent to the fixation light source 140. Upon
receiving the fixation light control signal, the fixation light source 140 can move or adjust
the collimated fixation light 145 with the misalignment reduction vector 144fl, shown by
the solid arrow. The patient 8 can be instructed to move his/her head to find the adjusted
collimated fixation light 145. In order to actually see the collimated fixation light 145, the
patient 8 will have to move his/her head laterally until the lateral misalignment A is

essentially eliminated.

[00102] FIG. 11 illustrates an implementation of the misalignment-reduction system
130 that includes a gantry controller 150, configured to receive the fixation light control
signal from the image processor 120 and to move a gantry 155 accordingly, wherein the
gantry 155 is configured to move a movable portion of the imaging device 110. A motor
or actuator, moving the gantry 155 can be part of either the gantry controller 150 or the
gantry 155. The movable portion of the imaging device 110 can be the objective 112 or a

portion of the optic 114. In this implementation the misalignment-reduction response
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includes the gantry controller 150 moving the gantry 155 to reduce a lateral misalignment.
In some implementations the gantry 155 can be part of the ophthalmic imaging device

110.

[00103] FIGS. 12A-B illustrate an operation of the gantry-based system of FIG. 11.
Often it is the case that the angular misalignment of the imaged eye 1i is minimal, thus the
primary purpose of the adjustment process is to reduce the lateral misalignment of the
optical axis 9i relative to the optical axis 28 of the imaging device 110. This lateral
misalignment, or displacement can be characterized by the misalignment vector 143
(Ax,Ay), or the magnitude of this misalignment vector 143, A, as discussed e.g. in relation

to FIG. 3A.

[00104] FIG. 12A illustrates that the image processor 120 may analyze the image of
the imaged eye 11, determine the misalignment vector (Ax,Ay), then determine the
corresponding misalignment reduction vector 144gl, and output a control signal to the
gantry controller 150 representing the misalignment reduction vector 144gl. Here the

label g refers to the gantry type misalignment reduction system 130.

[00105] Some aspects of these gantry-based systems differ from those of the fixation
light systems of FIGS. 6-10. In these gantry-based systems, the patient is not necessarily
asked to move the imaged eye 1i, as the gantry 155 is configured to move the movable

portion of the imaging device 110 to reduce or eliminate the lateral misalignment.

[00106] FIG. 12B illustrates that the gantry controller 150 can, in response to the
control signal, move the gantry 155 with the lateral misalignment reduction vector 144gl
to eliminate the lateral misalignment A and align the optical axis 91 of the imaged eye with

the optical axis 28 of the imaging device 110.

[00107] In practice, an ophthalmic surgeon often faces a combination of the above
angular and lateral misalignments. Advanced single-component implementations of the
misalignment-reduction system 130 may be able to reduce or eliminate both of these

misalignments, as described next.

[00108] For example, in a misalignment-reduction system 130 with a fixation light
source 140 component only, in a first phase the image processor 120 may follow the

method of FIG. 9 to compute the angular misalignment of the imaged eye 1i. However,
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the elliptic distortion of the limbus 6i can be caused both by the angular misalignment and

by the lateral misalignment and these two effects need to be separated.

[00109] In an implementation the image processor 120 can project the fixation light
145 at a suitable first location and the patient can be instructed to focus on this once-
adjusted fixation light 145. From measuring the ellipticity of the limbus 61, the knowledge
of first location and the location of the eye on the imaging interface 115, the image
processor 120 can determine the lateral and angular misalignments. Based on the
determined lateral misalignment, the patient can be instructed to move the imaged eye 1i
to the center of the imaging device 110. This process may be performed iteratively to
reach sufficient precision. Sometimes the fixation light 145 can be readjusted and the

ellipticity re-measured to assist the process.

[00110] After the eye is centered with sufficient precision, the image processor 120
may adjust the fixation light 145 for a second time, typically to a second location
corresponding to the center of the imaging device 110. The patient 8 focusing on this

twice adjusted fixation light 145 can eliminate the angular misalignment as well.

[00111] The apparent ellipticity of the limbus 61 may have a third cause as well
besides the two types of misalignments: often the limbus 6i itself is not entirely circular.
In some implementations, the image processor 120 may need to perform an advanced
image processing algorithm to separate the three causes of the ellipticity. The advanced
image processing may include tracking suitably chosen merit functions or the analysis of
optical distortions of the image. An example of the merit function can be the area of the

fitted ellipse.

[00112] Similarly, the single-component gantry-based misalignment-reduction system

130 may be able to correct both types of misalignments in separate phases as well.

[00113] If the above described two-phase methods only reduced the two
misalignments but did not eliminate them, the two phases can be repeated iteratively to
substantially eliminate the two types of misalignments. A large variety of optimization

and other search algorithms can be used to facilitate such iterative approaches.

[00114] FIG. 13 illustrates an implementation of the misalignment-reduction system

130 that includes a movable patient support, such as a bed 168, moved by a support/bed
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gantry 165 that is controlled and moved by a bed gantry controller 160. Upon receiving
the control signal from the image processor 120, the gantry controller 160 can move the
support/bed gantry 165 by a lateral misalignment reduction vector 144bl, which in turn

moves the patient support/bed 168. Here the b label stands for the bed 168.

[00115] Aspects of this implementation include that the relative position of the optical
clements in the imaging device 110 are not changed during regular operations, thus a high
level of alignment and precision of the optics can be maintained. At the same time, the
weight and physical extent of the patient support 168 is much greater than that of the
objective 112, thus the high precision adjustment of the patient support 168 has its own

challenges.

[00116] FIG. 14 illustrates that some implementations of the misalignment reduction
system 130 may contain both a fixation light system 140-145 and a gantry system 150-
155. Such an integrated misalignment reduction system 130 may allow the surgeon to

reduce and eliminate both types of misalignments in an efficient manner.

[00117] FIGS. 15A-B illustrate that in some embodiments, the image processor 120
may be able to determine the lateral and angular misalignments by the above described
methods and direct the fixation light source 140 and the gantry controller 150 to reduce the

misalignments.

[00118] FIG. 15A illustrates a typical situation, where the imaged eye has both a
lateral misalignment A or (Ax,Ay) and an angular misalignment (6,¢). To handle such
situations, the image processor 120 can be configured to analyze the image and compute a
lateral misalignment reduction vector 1441 and an angular misalignment reduction vector
144a. As before, there are a large number of different measures of the misalignment,
which can be expressed in terms of angular, linear, percentage and other variables. The
term “misalignment vector” can refer to any of these variables, measures and their

combinations.

[00119] FIG. 158 illustrates that the patient can be instructed to follow the fixation
light 145 that is adjusted by the angular misalignment reduction vector 144fa to eliminate
the angular misalignment. Then the gantry controller 150 can adjust the gantry 155 with
the lateral misalignment reduction vector 144gl to eliminate the lateral misalignment.

Integrated embodiments with such a gantry 155 can reduce the lateral misalignment
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efficiently and with high precision as they do not rely on the patient moving the imaged

eye laterally.

[00120] The two phases of alignment reduction can be performed in the opposite
order or in alternating repeated phases. Referring to FIG. 13, the gantry can also be the
support gantry 165, moving the patient support 168 instead of the objective 112 or the

movable portion of the optic 114.

[00121] FIGS. 16A-B illustrate that in some integrated systems the image processor
120 may be configured to determine the angular and the lateral misalignment by

processing the image and an additional misalignment information.

[00122] The misalignment information can be originated by a locator light source
170. The locator light source 170 can generate a locator light 175 which can be coupled
into the main optical pathway by a beam splitter 171. The optic 114 and in particular the
objective 112 can guide or project the locator light 175 onto the imaged eye 1i.

[00123] If the imaged eye 1i can be approximated by a reflecting sphere, or at least a
portion of a reflecting sphere, then standard geometric considerations reveal that the
portion of the locator light 175 that reflects back into the objective 112 parallel to the
optical axis 28 is the one that is reflected from the apex of the spherical eye 1. This
reflected light will be referred to as an apical reflected locator light 177. The other rays

are shown to reflect away from the system optical axis 28.

[00124] FIG. 16B illustrates that an image 1771 of the apical reflected locator light
177 can be detected by the image processor 120 in the overall image generated by the

imaging device 110 on the imaging module 115, as shown by the white spot.

[00125] For a spherical imaged eye 1i having a lateral misalignment A relative to the
system optical axis 28, the white spot image of the apical reflected locator light 177i does
not coincide with the system optical axis, indicated by the solid cross. It is noted though
that the relative locations of the white spot and the black cross are independent from a
possible angular misalignment of the image eye. Thus, for spherical eyes the vector
connecting the imaged apical reflected locator light 1771 with the cross-mark of the system

optical axis 28 can provide the additional alignment information for the image processor
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120 that enables it to determine the lateral misalignment independently from the angular

misalignment.

[00126] FIGS. 17A-B illustrate that the imaged eye is more appropriately modeled as
a primary sphere with a protruding secondary sphere, corresponding to the cornea 2.
Some implementations of the image processor 120 can be configured to determine the
misalignment information by analyzing the imaged apical reflected locator light 1771 on
the basis of this more realistic model. For this analysis, the image processor 120 can use

one or more fitting parameters, or the results of pre-procedure imaging measurements.

[00127] FIGS. 17A-B illustrate a generic case with simultaneous angular
misalignment (6, ¢) and lateral misalignment A. If the imaged eye 1i has only the lateral
misalignment A, then the image spot of the apical reflected locator light 1771 coincides
with the center of the limbus 6ic, indicated by a solid x in FIG. 17B. This limbus center
6ic is not directly detected, but can be computed e.g. by fitting the fitting circle 124 to the

image of the limbus 6i.

[00128] Therefore, the vector or distance connecting the image spot of the apical
reflected locator light 1771 and the limbus center 6ic is an example of a dominantly or
purely angular misalignment information that can be used by the image processor 120 to
generate a misalignment reduction vector 144fa for the fixation light source 140 to correct

this angular misalignment.

[00129] On the other hand, determining the lateral displacement A, e.g. between the
system optical axis 28 and the center 1x of the imaged eye 1i, may be more challenging
when the complex shape of the eye is taken into account than the procedure in FIGS. 16A-
B. Therefore, in a first phase, an operator of the system 100 may adjust the fixation light
145 and instruct the patient to focus on the adjusted fixation light 145 until the limbus
center 6ic and the image spot of the apical reflected locator light 1771 overlap or coincide,
thus eliminating the angular misalignment and aligning the system optical axis 28 with the

imaged eye’s optical axis 9i.

[00130] In a subsequent second phase, the distance or vector between the system
optical axis 28, indicated by the solid cross, and the overlapping image spot of the apical

reflected locator light 1771 and the limbus center 6ic (solid x) can provide a lateral
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misalignment information. The image processor 120 may compute the lateral
misalignment reduction vector 144gl using this lateral misalignment information and send
a corresponding control signal to the gantry controller 150. In response, the gantry
controller 150 can adjust the gantry 155 with the lateral misalignment reduction vector

144g].

[00131] Numerous equivalent implementations of the above principles can be
practiced as well, for example performing the first and second phases in repeated iterative

steps or in reverse order.

[00132] FIG. 18 illustrates that some implementations of the misalignment reduction
system 130 are configured to reduce or even eliminate both the angular and lateral
misalignments by the above operations. As shown, the lateral misalignment can be
reduced by the movement of the imaged eye 1i alone, or by the complementary lateral

movement (Ax,Ay) of the imaged eye 1i and (Ax’,Ay’) of the imaging device 110.

[00133] Once both types of misalignments have been reduced or eliminated by the
misalignment-reduction system 130, the operator of the ophthalmic system 100 may lower
a patient interface 180, configured to dock to the imaged eye 1i of the patient. This patient
interface 180 can immobilize the imaged eye 1i to keep it fixed for subsequent procedures.
These procedures may include diagnostic procedures, imaging procedures and ophthalmic

surgical procedures.

[00134] In detail, the objective 112 of the ophthalmic system 100 can include a distal
objective lens 112-1, contained in an objective housing 112-2. The patient interface 180
can include an interface lens, contact lens, sometimes also called applanation plate 180-1,
contained in an interface housing 180-2. The patient interface 180 may be attached to the
objective 112 or to the distal end of the imaging system 110. In other embodiments, part
of the patient interface 180 can be attachable to the eye and the other part to the distal end
of the imaging system 110. The patient interface 180 can be attachable to the eye with a

suction ring or vacuum skirt 180-3.

[00135] In these architectures, the patient interface 180 can be docked with the
imaged eye 1i after the alignment of the imaged eye 1i with the imaging device 110 has
been completed. In other embodiments, the patient interface 180 can be docked with the

imaged eye 1i in an iterative manner. First, the imaged eye 11 can be brought into
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alignment with the imaging device 110. Second, the patient interface can be lowered onto
the imaged eye 1i to make contact, but still allowing the imaged eye 1i some movement.
But since during the first phase the imaged eye 11 may have moved, or the image
processor 120 may not have determined the alignment perfectly, in a third phase the
alignment procedure can be repeated and one or more new misalignment reduction vectors
can be computed by the image processor 120. Fourth, the imaged eye 1i can be realigned
using the newly computed misalignment reduction vector(s). These partial or stepwise
phases can be followed by the full strength docking of the patient interface 180 onto the
imaged eye 11, preventing further relative movement of the imaging device 110 and the

imaged eye 1i.

[00136] FIGS. 19A-B illustrate that in some embodiments of the ophthalmic system
100°, the fixation light source 140’ can project the fixation light 145° not onto the control
eye lc, but into the main optical pathway of the imaging device 110° with a beam splitter

BS, so that the fixation light 145’ is projected onto the imaged eye 1i instead.

[00137] FIG. 19B illustrates the appearance of the embodiment 100 for the patient:
the fixation light 145” appearing in the objective 112’ itself, instead of a separate fixation
light source 140°. In these embodiments, the patient may be instructed to follow the
fixation light by the imaged eye 1i instead of the control eye lc. The other elements of
these embodiments 100 as well as the principles of their operation can be analogous or

equivalent to the above described systems.

[00138] FIGS. 20A-B illustrate variations of the embodiment 100’ of FIGS. 19A-B.
In these embodiments, the locator light 175” can be used as a second fixation light. For
example, the locator/second fixation light 175’ can be focused to a second focal point 176,
located at a z-coordinate z2 different from the z-coordinate z1 of the first focal point 146
of the first fixation light 145°. Here the z-coordinates of the fixation lights can be
measured from a z0 reference level along the optical pathway. The z-coordinate z1 of the
first focal point 146 of the first fixation light 145’ need not be at the distal end of the
objective 112 as shown. The patient § can be instructed to move and rotate the imaged
eye 11 to align the first fixation light 145’ and the second fixation light 175’, in effect to
align the first focal point 146 and the second focal point 176. If the first and second focal
points 146 and 176 both lie on the system optical axis 28, this procedure guides the patient
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to align the imaged eye optical axis 9i with the system optical axis 28. This functionality

can be implemented in several different ways.

[00139] In some cases the first focal point 146 can be fixed to lie on the system
optical axis 28. In these implementations, (i) the image processor 120’ can identify the
lateral and angular misalignments of the imaged eye i by processing the image of the eye
11; (i1) the image processor 120’ can present or project the second fixation light 175 with
a suitably located initial focal point 176, and (iii) the image processor 120’ can move or
adjust the second fixation light 175° towards the system optical axis 28 to guide the patient
8 to align the imaged eye optical axis 91 with the system optical axis 28. In FIG. 20A the

adjustability of the second focal point 176 is indicated with a solid arrow.

[00140] In another implementation, the second fixation light 175 and its focal point
176 can be fixed on the system optical axis 28 and the first focal point 146 can be adjusted
by the image processor 120’ to guide the patient 8 to align the imaged eye optical axis 9i
with the system optical axis 28. In FIG. 20A the adjustability of the first fixation light

145° and its focal point 146 is indicated with a solid arrow.

[00141] FIG. 20A illustrates that in yet other implementations, both the first focal
point 146 and the second focal point 176 can be adjustable, indicated by the two solid
arrows. In these implementations the image processor 120’ can carry out more complex or
optimized guidance protocols to guide the patient 8 to align the imaged eye optical axis 9i

with the system optical axis 28.

[00142] FIG. 20B illustrates yet other embodiments based on the above design
principles. In the collimator implementation of FIGS. 10A-B the ophthalmic system 100
projects a collimated fixation light 145 to the eye. However, since the collimator 142
makes the rays of the fixation light 145 essentially parallel, the patient may not be able to
see the collimated fixation light 145 from a typical misaligned initial position. In such
systems, the patient 8 may not be able to follow instructions to align the imaged eye with

the collimated fixation light 145 and may need assistance.

[00143] Some embodiments may assist the alignment process in these collimator
implementations with providing the locator light 175°, focused at the second focal point
176. Since the locator light 175’ is not collimated, the patient 8 is able to see the second

focal point 176 even from misaligned positions. In these embodiments, after the patient 8
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fixates on the locator light 175°, the image processor 120’ can subsequently move or
adjust the locator light 175" (shown by the solid arrow) to assist the patient to rotate and

move the imaged eye until the patient sees the collimated fixation light 145°.

[00144] FIG. 21 illustrates that some ophthalmic systems 100” can also include a
procedure laser 190. The procedure laser 190 can be used to perform an ophthalmic
surgical procedure after the high precision alignment and docking made possible by the
misalignment reduction system 130. The surgical procedure can include a cataract
surgery, a refractive procedure, a retina-related procedure and a wide variety of other

ophthalmic procedures.

[00145] Some of these ophthalmic systems 100” may also include a secondary
imaging system 195. This secondary imaging system 195 can include an optical
coherence tomographic (OCT) system. OCT systems, especially the spectrometer based
frequency-domain type, are well suited to image three dimensional ophthalmic target
regions, as they are capable of acquiring image data from all depth of the target region
simultaneously. The beams of the procedure laser 190 and the secondary imaging system
195 can be coupled into the main optical pathway by beam splitters BS1 and BS2,
respectively. Such systems may combine the z-directional imaging functionality of the
OCT imaging system 195 with the above described image processing-based alignment
procedure to achieve alignment both with visible ophthalmic structures as well as with

targets inside the eye.

[00146] FIG. 22 illustrates an operation of the above described ophthalmic systems
100-100°-100”. A method 200 of aligning an eye with the ophthalmic system 100-100’-
100” can include the following phases. (a) A generating of an image 210 that generates an
image of a portion of the imaged eye 1i of a patient by the ophthalmic imaging device
100-100°-100”. (b) A determining a misalignment 220 that determines the misalignment
of the imaged eye 1i and the imaging device 110 by an image processor 120 processing
the generated image. (c) A generating a misalignment-reduction response 230 that
generates a misalignment-reduction response electronically by a misalignment-reduction

system based on the determined misalignment.

[00147] The generating an image 210 can include generating an image 212 of a

portion of the imaged eye 11 with the imaging device 110-110°-110".
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[00148] The determining the misalignment 220 can include (1) identifying an
ophthalmic structure 222 in the image 212. The ophthalmic structure can be the pupil 4,
the lens 5, and the limbus 6, among others. The determining 220 can also include (2)
determining the misalignment by determining a location of the ophthalmic structure 222
relative to a reference of the imaging device by the image processor 120. The reference of
the imaging device can be the objective 112, a patient module, a docking tip, an interface,
a contact lens, a pupil, a viewing frame, a reference frame, an internal lens of the
ophthalmic system, or a reference pattern 117 generated by the imaging device 110-110°-
110”. The misalignment can be a lateral or an angular misalignment, determined by the
image processor 120 by analyzing the image using software implementations. Finally, (3)
the image processor 120 can generate a control signal according to the determined
misalignment and output the generated control signal to the misalignment-reduction

system 130.

[00149] The generating the misalignment-reduction response 230 can include
generating the misalignment-reduction response 230 by the misalignment reduction
system 130. In some embodiments, the generating the misalignment-reduction response
230 can include generating the fixation light 145 by the fixation light source 140
according to the misalignment determined by the image processor 120, in response to the
control signal from the image processor 120. The fixation light 145 can guide the patient

8 to reduce an angular or a lateral misalignment.

[00150] In an implementation, the fixation light source 140 may include a collimator
142 to generate the fixation light 145 to guide the patient 8 to reduce a lateral
misalignment. The fixation light 145 can be generated for the non-imaged, or control eye
lc, and the fixation light 145 can be adjusted according to the determined misalignment to
assist the patient to reduce the misalignment. In other implementations, the fixation light

145 can be generated for the imaged eye 1i.

[00151] The generating the misalignment-reduction response 230 can include the
gantry controller 150 moving the gantry 155 of the imaging device 110 to reduce a lateral
misalignment. In other embodiments, the gantry controller 150 can move the bed 168, or

a combination of the bed 168 and the gantry 155.
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[00152] The determining the misalignment 220 can include determining an angular
and a lateral misalignment by the image processor 120 processing the image and an
additional misalignment information. Correspondingly, the generating the misalignment-
reduction response 230 can include operating the fixation light system 140 and the gantry

controller 150 to reduce the angular and the lateral misalignment.

[00153] The determining the misalignment 220 can include (1) projecting the locator
light 175 onto the imaged eye 1i by the locator light source 170, (2) locating an image
1771 of the apical reflected locator light 177 in the image generated by the imaging device
110, and (3) determining the misalignment information using the located imaged apical

reflected locator light 1771.

[00154] The determining the misalignment information 220 can include determining
an angular misalignment information, related to a distance or vector between the image of
the apical reflected locator light 1771 and a location of an imaged ophthalmic structure;
and determining a lateral misalignment information, related to a distance or vector
between the imaged apical reflected locator light 1771 or the location of the imaged
ophthalmic structure and a reference of the imaging system. The generating the
misalignment-reduction response 230 can include reducing the angular misalignment by
adjusting the fixation light system 140 and reducing the lateral misalignment by operating
the gantry controller 150. As the first phase of reducing the misalignment may only
reduce the misalignment but not eliminate it, the reducing the angular misalignment and
the reducing the lateral misalignment phases can be repeated iteratively and alternately in

some implementations.

[00155] In some embodiments, the generating the misalignment-reduction response
230 can include using the locator light as a second fixation light 175°. In these
embodiments, the reducing the lateral and the angular misalignment can include
instructing the patient 8 to align the first fixation light 145’ and the locator/second fixation

light 175.

[00156] Finally, some implementations of the ophthalmic imaging system may
include an imaging device that generates an image of an imaged eye of the patient and a
processor that determines a misalignment of the imaged eye and the imaging device by

processing the generated image. The processor can control a fixation light system to
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project a fixation light on an eye of the patient to reduce an angular misalignment, and
control a gantry to adjust a movable optical element of the system to reduce a lateral

misalignment.

[00157] Some implementation of the ophthalmic imaging system can include an
indicator light system that projects an indicator light on the imaged eye to provide

misalignment information for the processor.

[00158] While this specification contains many specifics, these should not be
construed as limitations on the scope of the invention or of what can be claimed, but rather
as descriptions of features specific to particular embodiments. Certain features that are
described in this specification in the context of separate embodiments can also be
implemented in combination in a single embodiment. Conversely, various features that
are described in the context of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable subcombination. Moreover, although features
can be described above as acting in certain combinations and even initially claimed as
such, one or more features from a claimed combination can in some cases be excised from
the combination, and the claimed combination can be directed to a subcombination or

variation of a subcombination.
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CLAIMS
l. An ophthalmic system, comprising:
an ophthalmic imaging device configured to generate an image of a portion of an
imaged eye of a patient;
an image processor, configured

to determine a misalignment of the imaged eye and the imaging device by

processing the generated image, and

to generate a control signal according to the determined misalignment; and
a misalignment-reduction system, configured
to receive the control signal, and

to generate a misalignment-reduction response.

2. The ophthalmic system of claim 1, the ophthalmic imaging device
comprising:
an electronic sensing system that senses a collected imaging light from the

imaged eye, including at least one of

a Charge-Coupled Device (CCD) array, a Complementary Metal-Oxide
Semiconductor (CMOS) array, a pixel-array, and an electronic sensor array;

and

an electronic display system that displays the image of a portion of the imaged

eye in relation to the sensed collected imaging light, including at least one of

a Light Emitting Diode (LED) display, an organic LED (OLED) display, an
active matrix OLED (AMOLED) display, an a plasma screen, an electronic
display, a computer display, a Liquid Crystal Display (LCD) screen, a Cathode
Ray Tube (CRT) display, a video-module, a video microscope display, a stereo
video microscope display, a high definition (HD) video microscope, a
processor-based image system, an opto-mechanical projector of the electronic

or digital type, and a light-source movable by an electro-mechanical actuator.
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3. The ophthalmic system of claim 1, wherein:
the image processor is configured
to identify an ophthalmic structure in the image, and

to determine a measure of misalignment by determining a location of the

ophthalmic structure relative to a reference of the imaging device.

4. The ophthalmic system of claim 3, wherein:

the image processor is configured to identify the ophthalmic structure by
determining a high-gradient line in the image, separating image elements with

substantially different brightness or color.

5. The ophthalmic system of claim 4, wherein:
the image processor 1s configured

to fit at least one of a circle and an ellipse to the high-gradient line by

measuring radial distances between the high-gradient line and the circle or ellipse;

to determine a location coordinate of the fitted circle or ellipse by minimizing a

measure of the radial distances; and

to determine a misalignment-measure by relating the determined location

coordinate and a coordinate of the reference.

6. The ophthalmic system of claim 3, wherein:
the image processor is configured
to determine a high-contrast line in the image;

to determine misalignment distances between the high-contrast line and a
targeting pattern; and

to determine a misalignment-measure from the misalignment distances.

7. The ophthalmic system of claim 3, wherein:

35



WO 2012/151172 PCT/US2012/035927

the reference of the imaging device is at least one of

an objective, a patient module, a docking tip, an interface, a contact lens, a
pupil, a viewing frame, a reference frame, and an internal lens of the ophthalmic
system; and

the imaging device is configured to generate a reference pattern related to the
reference to assist the image processor to determine the misalignment of the imaged

eye and the imaging device.

8. The ophthalmic system of claim 3, wherein:

the recognized ophthalmic structure is a limbus of the imaged eye.

9. The ophthalmic system of claim 1, wherein:

at least a portion of the image processed by the image processor is not displayed by

the imaging device.

10. The ophthalmic system of claim 1, wherein:
the misalignment-reduction system comprises a fixation light source; and

the misalignment-reduction response comprises the fixation light source generating

a fixation light in response to the received control signal.

11.  The ophthalmic system of claim 10, wherein:
the fixation light source is configured
to generate the fixation light for a non-imaged eye of the patient; and

to move the generated fixation light according to the received control signal to
assist a reduction of a misalignment between the imaged eye and a reference-

component of the ophthalmic system.
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12. The ophthalmic system of claim 10, the fixation light source comprising at
least one of:

a LED array, an organic LED (OLED) array, an active matrix OLED (AMOLED)
array, a plasma screen, an electronic display, a computer display, an LCD screen, a
video-module, an opto-mechanical projector, a CRT display, a slit-lamp, a processor-

based image system, and a light-source movable by an electro-mechanical actuator.

13, The ophthalmic system of claim 10, wherein:

the fixation light source is configured to generate the fixation light to guide the

patient to reduce an angular misalignment.

14. The ophthalmic system of claim 13, wherein:
the image processor is configured to determine the angular misalignment by
fitting an ellipse to a high-contrast line of the image; and

analyzing at least one of an aspect ratio and an area of the fitted ellipse.

15. The ophthalmic system of claim 10, wherein:

the fixation light source comprises a collimator to generate a fixation light to guide

the patient to reduce a lateral misalignment.

16.  The ophthalmic system of claim 1, wherein:
the misalignment-reduction system comprises
a gantry, configured to move a movable portion of the imaging device; and
a gantry controller, configured
to receive the control signal from the image processor, and

to move the gantry according to the received control signal; and
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the misalignment-reduction response comprises the gantry controller moving the
gantry and thus the movable portion of the imaging device to reduce a lateral

misalignment.

17. The ophthalmic system of claim 16, wherein:

the gantry is also part of the ophthalmic imaging device.

18.  The ophthalmic system of claim 1, wherein:
the misalignment-reduction system comprises

a support-gantry, configured to move a patient support relative to the imaging

device; and
a gantry controller, configured
to receive the control signal from the image processor, and
to move the support-gantry according to the received control signal; and

the misalignment-reduction response comprises the gantry controller moving the

support-gantry and thus the patient support to reduce a lateral misalignment.

19.  The ophthalmic system of claim 1, wherein:

the image processor is configured to determine an angular and a lateral

misalignment by processing the image; and

the misalignment-reduction system comprises only one of a fixation light source

and a gantry controller.

20.  The ophthalmic system of claim 1, wherein:

the image processor is configured to determine an angular and a lateral

misalignment; and

the misalignment-reduction system comprises a fixation light source, a gantry and

a gantry controller.

38



WO 2012/151172 PCT/US2012/035927

21.  The ophthalmic system of claim 20, wherein:

the image processor is configured to determine an angular and a lateral

misalignment by processing the image and a misalignment information.

22.  The ophthalmic system of claim 21, wherein:

the imaging system comprises a locator light source, configured to project a locator

light on the imaged eye; and
the image processor is configured

to identify an apical reflected locator light in the image generated by the

imaging device; and

to determine the misalignment information by analyzing the apical reflected

locator light.

23. The ophthalmic system of claim 22, wherein:
the misalignment information is at least one of

an angular misalignment information, related to a vector in the image between
the apical reflected locator light and a location of an imaged ophthalmic structure;

and

a lateral misalignment information, related to a vector in the image between a
reference of the imaging system and at least one of the apical reflected locator light

and the location of an imaged ophthalmic structure.

24.  The ophthalmic system of claim 23, wherein:
the ophthalmic system is configured
to reduce the angular misalignment by adjusting the fixation light source; and

to reduce the lateral misalignment by operating the gantry controller.

39



WO 2012/151172 PCT/US2012/035927

25. The ophthalmic system of claim 22, wherein:

the fixation light is adjustable so that the locator light and a location of an imaged

ophthalmic structure can be aligned by adjusting the fixation light.

26.  The ophthalmic system of claim 22, wherein:

the fixation light source and the locator light source are capable of operating at

different wavelengths.

27.  The ophthalmic system of claim 26, wherein:

the locator light is invisible for the imaged eye.

28. The ophthalmic system of claim 1, comprising:

a patient interface, configured to dock to the imaged eye of the patient after the

misalignment-reduction system executed the misalignment-reduction response.

29. The ophthalmic system of claim 1, wherein:
the misalignment-reduction system comprises a fixation light source, configured
to generate a fixation light for the imaged eye of the patient; and

to adjust the generated fixation light according to the received control signal to
assist a reduction of a misalignment between the imaged eye and a reference-

component of the ophthalmic system.

30. The ophthalmic system of claim 29, comprising:

a locator light, focusable to a second focal point different from a first focal point of

the fixation light.

31. A method of aligning an eye with an ophthalmic system, the method

comprising:
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generating an image of a portion of an imaged eye of a patient by an ophthalmic
imaging device;

determining a misalignment of the imaged eye and the imaging device by an image

processor processing the generated image; and

generating a misalignment-reduction response electronically by a misalignment-

reduction system based on the determined misalignment.

32. The method of claim 31, the determining the misalignment comprising:
identifying an ophthalmic structure in the image; and

determining a location of the ophthalmic structure relative to a reference of the

imaging device.

33. The method of claim 31, the generating the misalignment-reduction

response comprising:

generating a fixation light by a fixation light source according to the determined

misalignment.

34. The method of claim 33, the generating the fixation light comprising:

generating the fixation light to guide the patient to reduce an angular

misalignment.

35. The method of claim 33, the generating the fixation light comprising:

generating a fixation light to guide the patient to reduce a lateral misalignment,
wherein

the fixation light source comprises a collimator.

36. The method of claim 33, wherein:

the generating the fixation light comprises
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generating the fixation light for a non-imaged eye of the patient; and
the generating the misalignment-reduction response comprises

adjusting the fixation light according to the determined misalignment to assist

the patient to reduce the misalignment.

37. The method of claim 33, wherein:
the generating the fixation light comprises

generating the fixation light for the imaged eye of the patient; and
the generating the misalignment-reduction response comprises

adjusting the fixation light according to the determined misalignment to assist

the patient to reduce the misalignment.

38.  The method of claim 31, the generating the misalignment-reduction

response comprising:

moving a gantry of the imaging system by a gantry controller to reduce a lateral

misalignment.

39. The method of claim 31, wherein:
the determining the misalignment comprises

determining an angular and a lateral misalignment by the image processor

processing the image and a misalignment information; and
the generating the misalignment-reduction response comprises

adjusting a fixation light of a fixation light system and a gantry controller.

40. The method of claim 39, the determining the misalignment comprising:

projecting a locator light onto the imaged eye by a locator light system;
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locating an apical reflected locator light in the image generated by the imaging
device; and

determining the misalignment information using the located apical reflected locator

light.

41. The method of claim 40, the determining the misalignment information
comprising:

determining an angular misalignment information, related to a vector in the image
between the apical reflected locator light and a location of an imaged ophthalmic

structure; and

determining a lateral misalignment information, related to a vector in the image
between a reference of the imaging system and at least one of the apical reflected

locator light and the imaged ophthalmic structure.

42, The method of claim 41, the generating the misalignment-reduction

response comprising:
reducing the angular misalignment by adjusting the fixation light; and

reducing the lateral misalignment by operating the gantry controller.

43, The method of claim 42, wherein:

the reducing the angular misalignment and the reducing the lateral misalignment

are repeated iteratively.

44. The method of claim 40, the generating the misalignment-reduction

response comprising:
projecting the fixation light into the imaged eye; and

reducing the lateral and the angular misalignment by causing the head of the

patient to move laterally to align the locator light and the fixation light.
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45.  An ophthalmic system, comprising:
an imaging device that generates an image of an imaged eye of a patient;

an image processor that determines an angular and a lateral misalignment of the

imaged eye and the imaging device by processing the generated image;

a fixation light system that projects a fixation light on an eye of the patient to assist

a reduction of the angular misalignment; and

a gantry that adjusts a movable optic of the system to reduce the lateral

misalignment.

46.  The ophthalmic system of claim 45, comprising:

an indicator light system that projects an indicator light on the imaged eye to

provide a misalignment information for the image processor.
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