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Ophthalmic Systems, Devices and Related Methods

Technical Field

The present disclosure generally relates to ophthalmic devices, systems and
methods for observing a human eye and/or for treatment of a human eye by
surgery. More specifically, some examples of the present disclosure relate to
ophthalmic devices, systems and methods for diagnosis and/or laser treat-
ment of certain conditions of the human eye such as types of glaucoma. In
one aspect, the present disclosure relates to an ophthalmic system that is
usable with a gonioscopic lens, e.g., for examination and/or for treatment of
an eye by laser surgery.

Background

Glaucoma is a common eye condition that can be characterized by an inability

of the eye to maintain an appropriate balance between the amount of



10

15

20

25

30

35

WO 2024/251365 PCT/EP2023/065381

internal fluid (aqueous humor) being produced within the eye and the amount
of internal fluid being drained out of the eye. In a healthy eye, the internal
fluid is being produced and drained at the same rate. In a glaucomatous eye,
however, the drainage rate is typically lower than the production rate. As a
consequence, an excess of internal fluid builds up causing a typical symptom

of glaucoma, which is an elevated intraocular pressure (IOP).

One group of surgical treatments aims at decreasing the production rate, for
instance by treating the ciliary body in which the internal fluid is produced.
Another group of treatments aims at increasing the drainage rate, for instance
by increasing the permeability of tissues through which the fluid is drained,
such as the trabecular meshwork. Laser trabeculoplasty (LTP) belongs to the
latter group of treatments. Examples of laser trabeculoplasty are Argon Laser
Trabeculoplasty (ALT), Microsecond Pulses Laser Trabeculoplasty (MLT), and
Selective Laser Trabeculoplasty (SLT) which differ, for instance, in one or more

laser parameters, such as wavelength, laser power and/or pulse duration.

Laser trabeculoplasty generally includes application of laser energy to the
trabecular meshwork. This is commonly done by using a gonioscopic lens to
directing laser beams obliquely through the cornea into the anterior chamber
angle, which is also termed the iridocorneal region. Gonioscopic lenses (more
briefly gonioscopes or gonio lenses) are also commonly used to examine the

anterior chamber angle, a procedure generally termed gonioscopy.

As shown in FIGs. 1A and 4A, a gonioscopic lens 1100 generally contain a
contact member 1110 that is concentric to an optical or longitudinal axis 1114
of the gonioscopic lens and that is adapted to be placed onto the cornea 20,
and further comprise at least one mirror surface 1120 that is oriented at an
angle aconio with respect to the longitudinal axis of the gonioscopic lens. As
shown, for instance, in FIG. 4A, a light beam, such as an illumination beam or
a laser beam 145, impinges on the mirror surface 1120 of the gonioscopic lens
and is redirected such that it propagates through the contact member and
through the cornea into the chamber angle and irradiates the trabecular
meshwork. Observation beams of light backscattered by the chamber angle
structures propagate along the same or a similar path into the opposite

direction.
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Many standard methods of trabeculoplasty that are performed via a gonio-
scopic lens include the use a laser applicator mounted on aslit lamp in
combination with a gonioscopic lens. In these standard methods, the selection
of the treatment spots on the trabecular meshwork and the aiming of the
laser applicator at the treatment spots are performed by the physician
carrying out the treatment. At the same time, the physician may also need to
mitigate the effects of patient head and eye motions. Hence, the effectiveness
and safety of these methods depend on the manual skills of the physician.
Moreover, since gonioscopic lenses provide only a limited field of view of the
trabecular meshwork, they need to be rotated azimuthally around the patient
eye if the whole circumference of the chamber angle is to be examined
and/or treated. The need of manually rotating the gonioscopic lens further
complicates the handling of the procedure and oftentimes causes discomfort
to the patient and even carries a risk of corneal injury. Still further, in these
standard procedures, the uniform placement of the laser spots along the
trabecular meshwork by rotating the gonioscopic lens is entirely the task of
the physician. The documentation of spot placement and laser parameters is

often absent.

Hence, there is a general need for improved ophthalmic systems, devices and
related methods which alleviate one or more of the aforementioned difficul-

ties and address further problems in the prior art.

SUMMARY AND GENERAL DESCRIPTION

In one aspect, the present disclosure relates to an ophthalmic system that can
be used in combination with a gonioscopic lens to examine an eye and/or to
apply laser energy to the eye. A further aspects relate to method of examining
and/or treating an eye by applying laser energy via a gonioscopic lens. Still
further aspects relate to gonioscopic lenses, gonioscopic lens assemblies and
patient interfaces. The aspects may be combined in any combination thereof.
For instance, the gonioscopic system can be used with the gonioscopic lenses,
gonioscopic lens assemblies and patient interfaces described herein and/or to
perform any of the methods described herein. However, at least some

examples of the ophthalmic system described herein may also be used with
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conventional gonioscopic lenses. Some of the gonioscopic lenses, gonioscopic
lens assemblies and patient interfaces described herein may also be used with

known ophthalmic systems.

In one example, the ophthalmic system may comprise a gonioscopic lens. For
instance, the gonioscopic lens may be part of the gonioscopic system and may
be completely or at least partly integrated into the ophthalmic system, e.g.,
integrated into an optical system of the ophthalmic system. Alternatively, the
gonioscopic lens may not form part of the ophthalmic system. For instance,
the gonioscopic lens may be an entity separate from the ophthalmic system
and may be usable independently from the ophthalmic system. Moreover, in
one example, the ophthalmic system may be usable with different types of

gonioscopic lenses, as detailed below.

As mentioned above and as described in more detail below, a gonioscopic lens
generally includes a contact member and at least one mirror surface (also
referred to as gonio mirrors) angled relative to a longitudinal axis of the
gonioscopic lens, which centrally traverses the contact member. The gonio-
scopic lens may include a cup-shaped member with a distal end carrying the
contact member. The at least one mirror surface may be positioned on (e.g.,
attached to, or integrated into) an inner surface of a sidewall of the cup-
shaped member. The contact member may be concentric relative to the
longitudinal axis. An inclination angle daconio (also referred as gonio angle) of
the at least one mirror surface relative to the longitudinal axis of the gonio-
scopic lens is typically in a range between 10° and 60°. If the gonioscopic lens
comprises more than one mirror surface, e.g., 2, 3, 4, 5, 6, or more mirror
surfaces, the mirror surfaces may have the same or different inclination
angles, the inclination angle of each mirror surface typically being within the
aforementioned range. The at least one mirror surface may be flat. Alterna-
tively, particularly in examples comprising only one single mirror surface, the
mirror surface may have a conical shape. In addition to the inclination angle
d.conio, the optical characteristics of a gonioscopic lens may further be
specified by Mconio which specifies the image magnification of the gonioscop-
ic lens in the peripheral gonio field(s) of view (seen via the mirror surface(s)),

and Mc which specifies the image magnification of the gonioscopic lens in the
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central gonio field of view (seen centrally through the contact member

without reflection on the mirror surfaces).

The gonioscopic lens may be a hand-held gonioscopic lens. Alternatively, the
ophthalmic system may include a mount and the gonioscopic lens may be
mounted onto the mount. The gonioscopic lens may be azimuthally rotatable
relative to the mount. In some examples, the rotations may be performed
manually. Alternatively, the mount may include a motor to rotate the
gonioscopic lens. Examples of gonioscopic lenses, gonioscopic lens assemblies
and patient interfaces in accordance with the present disclosure are described
further below, which may be hand-held or mounted to a mount of the
ophthalmic system as described above, for instance, to allow rotation of the
respective gonioscopic lens, gonioscopic lens assembly, patient interface, or
parts thereof, as described further below and shown, for instance, in FIGs. 6A,
6B, and 22 to 28.

The ophthalmic system described herein comprises an illumination device for
illuminating an eye of a patient. The illumination device includes at least one
light source to generate illumination beams that propagate along beam paths
towards the eye. The illumination device is configured to illuminate the eye
through the gonioscopic lens which may be placed between the illumination
device and the eye. The illumination beams propagate through the gonioscop-
ic lens and illuminate the eye, such as the trabecular meshwork, the iris

and/or the retina.

The ophthalmic system further includes an imaging device or camera for
acquiring an image of the eye through the gonioscopic lens. The camera
includes at least one image sensor configured to receive observation beams
which propagate from illuminated parts the eye, particularly from the
aforementioned tissues, through the gonioscopic lens towards the image
sensor. The image sensor may be, for instance, a CCD sensor or a CMOS
sensor. The camera may be a video camera and the image may thus be a
video image (also termed live image) comprising a series of frames taken at a
frame rate rs. In one example, as described in more detail below, a field of

view of the camera is sufficiently large to simultaneously encompass one or
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more of the at least one mirror surface and the contact member of the

gonioscopic lens when imaging the eye through the gonioscopic lens.

The system may include an electronic processor or processing device which
may be any arrangement of electronic circuits, electronic components,
processors, program components and/or the like configured to store and/or
execute programming instructions. The processor may further be configured
to direct the operation of the other functional components of the system and
may be implemented, for example, in the form of any combination of

hardware, software, and/or firmware.

The system may include an electronic image processing module. The image
processing module may be implemented in any combination of hardware
(e.g., circuitry), software, and/or firmware (the same applies to any other
electronic “module” described herein). In one example, the image processing
module may be part of the aforementioned processor (the same applies to
any other electronic “module” described herein). The image processing
module may be configured to process the image, for instance, by performing
an image segmentation algorithm. For example, the image processing module
may be configured to process the image by performing a region-growing
algorithm, an edge detection algorithm, a pattern recognition algorithm,

and/or other image processing algorithms.

The image processing module may be configured to receive the image
acquired by the camera and to detect and/or identify at least one characteris-
tic feature of the eye within the image, for instance, within at least one
subregion of the image. As explained in greater detail below, the at least one
subregion may correspond to the at least one mirror surface of the gonioscop-
ic lens, i.e., the at least one subregion may show portions of the eye as seen
by the camera via the at least one mirror surface of the gonioscopic lens.
Hence, in the following, the subregion(s) of the image are also referred to as
peripheral gonio field sub-image(s), each corresponding to one of the at least
one mirror surfaces of the gonioscopic lens. The image processing module
may be configured to detect the at least one subregion within the image. The
at least one characteristic feature of the eye may be a characteristic feature of

the anterior chamber angle of the eye. The at least one characteristic feature
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of the anterior chamber angle may be one or more of a Schwalbe's line, a
trabecular meshwork, a scleral spur, a ciliary body, and an iris of the eye. For
instance, the image processing module may be configured to detect one or
more of these characteristic features, for instance, by means of a respective
pattern recognition algorithm. In some examples, the image processing
module may be configured to detect and/or identify the at least one charac-
teristic feature of the eye by comparing the at least one subregion of the
image with one or more reference images of the same eye. In some examples,
the one or more reference images of the eye may have been acquired
previously and/or be stored, for instance, in a memory of the ophthalmic

system.

The image processing module may be configured to restrict the search to the
at least one subregion of the image. For instance, the image processing
module may be configured to first perform the search for the at least one
subregion by means of a first search algorithm, and afterwards perform the
search for the at least one characteristic feature of the anterior chamber
angle only within the detected at least one subregion, e.g., by means of a
second search algorithm different from the first search algorithm. In this
manner, the search for the at least one characteristic feature may be per-
formed more accurately and faster. For instance, some of the characteristic
features of the interior chamber of the eye, such as the Schwalbe's line, the
trabecular meshwork, and the scleral spur, may be represented in the
(segmented) image as a curved line within one or more of the at least one
subregion and spanning the respective subregions, as described in more detail

below.

The image processing module may be configured to detect the at least one
subregion of the image in the image, for instance after having segmented the
image. For instance, the image processing module may be configured to
search for the at least one subregion, e.g., by performing an edge-detection
algorithm, as the borders of the one or more mirror surfaces of the gonio-
scopic lens may show up in the image as edges defining the respective
subregions within the image (which may have been segmented). As men-
tioned before, the gonioscopic lens may have two or more mirror surfaces.

The at least one subregion may therefore include a first subregion corre-
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sponding to a first mirror surface of the two or more mirror surfaces of the
gonioscopic lens, and a second subregion corresponding to a second mirror
surface of the two or more mirror surfaces of the gonioscopic lens. The image
processing module may be configured to identify the at least one characteris-
tic feature of the anterior chamber angle of the eye in the first and also within

the second subregion (and any further subregion) of the image.

The image processing module may be configured to detect and/or identify at
least one further characteristic feature of the eye within a subarea of the
image. As explained in greater detail below, the subarea is distinct from the at
least one subregion of the image and typically corresponds to the contact
member of the gonioscopic lens, i.e., it shows portions of the eye as seen by
the camera centrally through the contact member of the gonioscopic lens.
Hence, in the following, the subarea of the image is also referred to as central
gonio field sub-image. The image processing module may be configured to
detect the subarea. For instance, the image processing module may be
configured to first search for the subarea in the image and, once the subarea
is detected, search only within the detected subarea for the at least one
further characteristic feature of the eye. The image processing module may
be configured to search for the subarea by employing any of the image
processing algorithms mentioned herein with regard to the detection of the
subregion(s) of the image, for instance, by using an edge detection algorithm.
For example, use can be made of the fact that the shape of the subarea
typically corresponds to the shape of the contact member of the gonioscopic

lens, which may be circular, for example.

In one example, the at least one further characteristic feature of the eye may
comprise at least one characteristic feature of an iris of the eye. Additionally
or alternatively, the at least one further characteristic feature of the eye may
comprise at least one characteristic feature of a fundus of the eye. In some
examples, the image processing module may be configured to detect and/or
identify the at least one further characteristic feature of the eye by comparing
the subarea of the image with one or more reference images of the same eye.
As mentioned above, the one or more reference images of the eye may have
been acquired previously and/or be stored, for instance, in a memory of the

ophthalmic system.
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The system may further include an electronic display device configured to
display the image acquired by the camera or at least parts of the image to a
user. For instance, the display device may be configured to display one or
more of the at least one subregion of the image to a user, or at least a portion
of any of these subregions. For instance, the display device may be configured
to display simultaneously one or more or each one of the (detected) two or
more subregions to a user, such as the aforementioned first and second
subregions. The display device may be configured to show any of these
subregions completely or only partially, i.e., only a portion of the respective
subregion, such as the reduced subregion(s) described further below. The
display device may be configured to also display the subarea of the image to a
user, for instance simultaneously with displaying one or more of the at least

one subregion.

For this purpose, the display device may include a screen, such as a touch
screen which may also be used as an input device. The display device may be
controlled, for instance, by the aforementioned processor of the system, by
the image processing module and/or may comprise its own control module.
As the image is typically a video image, the display device may be configured
to display the subregion(s), i.e. the peripheral gonio field sub-image(s), and/or
the subarea, i.e. the central gonio field sub-image, as video sub-images, i.e.,
showing streams the respective subregion(s) and/or of the subarea of the

video image.

The illumination beams generated by the illumination device may comprise
central illumination beams that are directed to propagate through the contact
member without being reflected by the at least one mirror surface of the
gonioscopic lens. The central illumination beams traverse the contact member
and the cornea typically in a direction that may by approximately parallel to
the pupillary axis of the eye or in a direction that defines an angle with the
pupillary axis of less than 30°, of less than 15°, or of less than 5°. Typically, said
angle is less than an inclination angle of the at least one mirror surface of the
gonioscopic lens defined relative to the longitudinal axis of the gonioscopic
lens. After having passed through the cornea, the central illumination beams

impinge on the iris or traverse the pupil and irradiate the fundus of the eye.
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The illumination beams generated by the illumination device may further
include peripheral illumination beams that are reflected off one of the at least
one mirror surface of the gonioscopic lens and propagate obliquely through
the contact member of the gonioscopic lens and through the cornea. In one
example, the peripheral illumination beams may be approximately parallel to
the central illumination beams until they impinge on the mirror surface of the
gonioscopic lens. In one example, a lateral distance between the central
illumination beams from the pupillary axis of the eye is smaller than a lateral
distance the peripheral illumination beams from the central axis of the eye.
The peripheral illumination beams traverse the contact member and the
cornea typically in a direction that defines an angle with the pupillary axis of
more than 30°, more than 45° or more than 60°. Typically, said angle is
greater than the inclination angle of the at least one mirror surface of the
gonioscopic lens. Depending on said angle, the peripheral illumination beams
may impinge on tissue of the anterior chamber angle of the eye, such as
peripheral regions of the iris or the trabecular meshwork. At smaller angles,
the peripheral illumination beams may pass through the pupil of the eye and
impinge on tissue of the eye fundus, such as non-central or peripheral regions
of the retina.

The illumination device may be configured to spatially and/or temporally
modulate the illumination beams. The illumination device includes one or
more light sources to generate illumination beams. The illumination device
may further include an electronic illumination control module configured to
control the light source(s), e.g., so as to modulate illumination beams. The
illumination control module may be partly or completely be integrated into
the processor of the ophthalmic system mentioned above. The light sources

may be LEDs. The light sources may be integrated into an illumination array.

The temporal modulation is typically a periodical modulation with a modula-
tion rate rm. The illumination device may be configured to switch (e.g., by
means of the illumination control module) between two or more illumination
modes during one modulation cycle. The illumination modes may differ, for
instance, in their respective illumination intensities and/or in their respective

spatial intensity profile of the illumination beams. The illumination control
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module may be configured to provide the processor, the image processing
module and/or the camera with information about the current illumination
mode. The image frames may be (electronically) labelled, e.g., by the image
processing module or by the illumination control module, with a label
indicating which illumination mode that was present during the acquisition of

the respective image frame.

The camera may be configured to have a sufficiently large dynamic range to
function properly with the various illumination modes and intensity profiles.
For that purpose, the camera may be an HDR camera (the image sensor being
an HDR image sensor), and the acquired images may be HDR images. The
display devices may be configured accordingly to display the acquired HDR

images.

In one example, the illumination device is configured to spatially modulate
intensities of the illumination beams such that an intensity of the peripheral
illumination beams is different (e.g., higher or lower) than an intensity of the
central illumination beams. For example, when the intensity of the peripheral
illumination beams is higher than the intensity of the central illumination
beams, it can be possible to avoid or reduce dazzling of the patient with the
central illumination beams while at the same time illuminating the anterior
chamber angle with sufficient brightness via the peripheral illumination

beams.

Additionally or alternatively, the illumination device is configured to periodi-
cally modulate the illumination beams at a modulation rate rm. The modula-
tion rate r, may be, for instance, smaller, equal or larger than a frame rate r¢
of the camera. For instance, the modulation rate rn may satisfy rm =r¢ * Ny or
rm = r¢ / Ny with N; being a positive integer (e.g. Ni=1, 2, 3,...). As mentioned
above, the camera may be configured to capture a video or live image at a
frame rate r¢ such that the live image comprises a series of frames. The frame
acquisition may be synchronized with the temporal modulation of the
illumination beams. For instance, starts of the modulation cycles may be
synchronized with starts of the frame acquisition cycles. For example, for a
periodical temporal modulation with rm = r¢ (N; = 1), each frame may be

acquired during one entire modulation cycle. In an example, for a periodical
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temporal modulation with ry, = r¢ (N, = 1) with an additional synchronous
spatial modulation, each frame may be acquired during illumination of the
eye firstly with peripheral illumination beams at high intensity and then

secondly with central illumination beams at low intensity.

In a further example, the illumination device is configured to periodically
modulate the illumination beams at a modulation rate rm, that is smaller than
the frame rate r; of the camera, wherein the modulation rate ry, satisfies rm =
re / Ny with N, > 1 being a positive integer. For example, with N, =2, two
consecutive frames may be acquired under two different stages of one
modulation cycle. For example, without additional spatial modulation (same
intensity for all illumination beams) and only temporal modulation of intensity
between high intensity and low intensity, the frames may be acquired
alternately at high intensity and low intensity. The first (low) intensity (in the
first half of the modulation cycle) may be optimized for illumination of tissue
at the iris or the fundus with central illumination beams (e.g., for achieving
suitable exposure of the subarea of the image sensor corresponding to the
subarea of the image). The second (high) illumination intensity may be
optimized for illuminating tissue in the anterior chamber angle with peripher-
al ilumination beams (e.g., for achieving suitable exposure of the subregion of
the sensor corresponding to subregion of image). In a further example, with N,
=4 and two intensity levels (same for all illumination beams), during one
modulation cycle, two consecutive frames may be acquired at low illumina-
tion intensity and two consecutive frames may be acquired at high illumina-

tion intensity.

The image processing module may be configured to select two or more
frames of the live image and combine the two or more frames to form a
compound (live) image or compound frame which is also termed herein as
combined (live) image or combined frame. The frames may, for instance, be
acquired under different illumination modes, e.g. under a first (high intensity)
illumination mode and a second (low intensity) illumination mode and/or
under different focus modes as described in more detail below. For instance,
the selected and combined frames may be acquired during the same modula-
tion cycle. The selection may be based, for instance, on image data of each

frame (such as brightness values of one or more pixels) or on the frame label
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described herein, and/or on control signals received from the illumination
device or the illumination control module. The labels of the frames may
include information indicating, for instance, the respective illumination mode

or a modulation cycle number.

In some examples, the image processing module may be configured to extract
from each selected frame acquired during a first (e.g., high intensity) illumina-
tion mode a first frame portion including one or more subregions of the at
least one subregion of the image but not including the subarea of the frame
and to extract from each frame acquired during the second (e.g., low intensi-
ty) illumination mode a second frame portion including the subarea of the

frame but not including the at least one subregion of the frame.

The light beams coming back from the illuminated eye, i.e., the illumination
beams being backscattered from the eye, are called herein observation
beams. These beams may include central observation beams that emanate
from eye tissues being illuminated by the central illumination beams (i.e.,
being backscattered central illumination beams) and propagate through the
contact member towards the camera without being reflected by any one of
the at least one mirror surface of the gonioscopic lens. Similarly to the central
illumination beams, the central observation beams traverse the cornea and
the contact member typically in a direction that may by approximately parallel
to the pupillary axis of the eye or in a direction that defines an angle with
pupillary axis of less than 5°, of less than 15°, or of less than 30°. Typically, said
angle is less than an inclination angle of the at least one mirror surface of the
gonioscopic lens defined relative to the longitudinal axis of the gonioscopic

lens.

The observation beams may further include peripheral observation beams
that emanate from tissue of the eye illuminated by the peripheral illumination
beams (i.e., being backscattered peripheral illumination beams) and propa-
gate obliquely through the contact member. The peripheral observation
beams are reflected by one of the at least one mirror surface of the gonio-
scopic lens and propagate further to the camera and impinge onto the image
sensor of the camera. Similarly to the peripheral illumination beams, the

peripheral observation beams traverse the cornea and the contact member
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typically in a direction that defines an angle with pupillary axis of more than
30°, more than 45° or more than 60°. Typically, said angle is greater than the

inclination angle of the at least one mirror surface of the gonioscopic lens.

The field of view of the camera is defined in particular by the image sensor of
the camera (and typically also by the optical system the ophthalmic system
described further below). The gonioscopic lens typically has a proximal
opening or window defining a cross-sectional area through which the eye is
observed and through which the aforementioned illumination beams and
observation beams traverse. In some examples, the field of view of the
camera is sufficiently large to contain the entire cross-sectional area of the
proximal opening or window of the gonioscopic lens. In this case, the camera
can “see” at the same time the contact member and each one of the at least
one mirror surface of the gonioscopic lens. In other words, all of the afore-
mentioned central observation beams and all of the peripheral observation
beams reflected from any one of the at least one mirror surface of the
gonioscopic lens can simultaneously reach the image sensor. Alternatively, the
size of the field of view of the camera may by such that it can contain only a
part of said cross-sectional area. For instance, the field of view may be so
small that the camera can “see” at the same time only the contact member
and one single mirror surface. In other words, the field of view can only
contain the aforementioned central observation beams and the peripheral
observation beams that are reflected from one single mirror surface of the
gonioscopic lens whereas the peripheral beams reflected from other mirror
surfaces of the gonioscopic lens (if present) cannot be simultaneously
contained in the field of view. Preferably, the field of view is however
sufficiently large to accommodate at least the contact member and at least
one mirror surface of the gonioscopic lens. Typically, the field of view of the
camera has an outer border which may have a circular or rectangular shape.
Preferable, within the outer border, the field of view is continuous (i.e., does

not have any voids or gaps, such as a central “blind” zone).

Within the field of view of the camera, the contact member defines a central
gonio field (of view) and the at least one mirror surface of the gonioscopic
lens defines at least one peripheral gonio field (of view). In other words,

within the central gonio field, the camera images portions of the eye as seen
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straight through the contact member, e.g. the iris and/or the eye fundus.
Within the at least one peripheral gonio field, the camera images portions of
the eye as seen obliquely through the contact member via the at least one
mirror surface, e.g. portions of the chamber angle such as the trabecular

meshwork.

The central observation beams reaching the image sensor may be focused
onto a subarea of the image sensor and the aforementioned subarea of the
image acquired by the camera may thus correspond to the subarea of the
image sensor and contain the image formed by the central observation
beams. The subarea therefore typically corresponds to the contact member of
the gonioscopic lens. The shape of the subarea may corresponds to the shape
of the contact member, which may by circular, for instance. The subarea of
the image typically shows portions of the eye as seen by the camera centrally
through the contact member of the gonioscopic lens, for instance, portions of
the iris and/or of the fundus of the eye. The subarea of the image is therefore

also referred to as central gonio field sub-image.

The peripheral observation beams reaching the image sensor may be focused
onto one more subregions (each corresponding to one of the at least one
mirror surface) of the image sensor that is distinct from and non-overlapping
with the aforementioned subarea of the sensor. The aforementioned subre-
gion(s) of the image acquired by the camera thus correspond to the subre-
gions of the image sensor and contains the image formed by those peripheral
observation beams. Hence, the at least one subregion of the image typically
shows portions of the anterior chamber angle or peripheral portions of the
retina. The subregion(s) of the image is/are also referred to as peripheral
gonio field sub-image(s) or chamber angle sub-image(s). As the gonioscopic
lens may comprise one, two, or more distinct mirror surfaces, the image may
correspondingly include one, two or more distinct and non-overlapping
subregions, each of which corresponding to exactly one of the one, two or

more mirror surfaces of the gonioscopic lens.

The system may further include an optical system configured to direct the
light beams described herein, including the illumination beams, observation

beams and/or any laser beams, such that they follow their respective beam
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paths as described herein. For that purpose, the optical system may include
optical elements, such as an objective lens, one or more apertures, one or
more further lenses, one or more mirrors, and/or one or more beam splitters,
that may be fixed in the respective positions and orientations or be movable
rotatable or otherwise adjustable. Preferably the optical system is telecentric.
For instance, the objective lens may be a telecentric lens. For instance, an
entrance pupil of the objective lens or an exit pupil of the objective lens, or

both, may be at infinity.

For instance, the optical system may include a focusing assembly. The

focusing assembly may be configured to adjust a focus of the optical system.
For that purpose, the focusing assembly may include any of the components
of the optical system mentioned above. For instance, the focusing assembly
may include at least one adjustable and/or movable lens element, such as at
least one motorized translatable lens element and/or at least one liquid lens
element. For instance, the objective lens may be adjustable and/or movable

to adjust the focus of the optical system.

The focusing assembly may be configured to focus the observation beams
emanating from a portion of the eye onto the image sensor of the camera.

In one example, adjusting a focus of the optical system includes shifting a
conjugate focal plane of the image sensor of the camera. The conjugate focal
plane of the image sensor includes those points that are imaged, by the
optical system, onto the image sensor, i.e., light beams emanating from the
same point in the conjugated plane of the image sensor are focused (con-
verge) in the same point on the image sensor. The conjugate focal plane of
the image sensor may be defined as an object plane conjugate to an image
plane of the image sensor, the image plane being defined by the surface of

the image sensor of the camera.

For example, the central observation beams may be focused onto the
aforementioned subarea of the image sensor to form, within that subarea, a
focused image of that region of the eye which is illuminated by the central
illumination beams and from which the central observation beams emerge,
e.g., from a portion of the iris and/or from a portion of the fundus of the eye.

In this focus mode or focus configuration of the focusing assembly, the said
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region of the eye (irradiated by the central illumination beams) is located

within (or at least adjacent to) the conjugate focal plane of the image sensor.

Additionally or alternatively, the peripheral observation beams may be
focused onto the aforementioned subregion of the image sensor, which is
different from the aforementioned subarea, so as to form, within the subre-
gion, a focused image of that region of the eye which is illuminated by the
peripheral illumination beams and from which the peripheral observation
beams emerge, e.g., from a portion of the chamber angle, such as from a
portion of the trabecular meshwork, from a peripheral portion of the iris, or, if
the corresponding illumination beams and observation beams passed through
the pupil of the eye, for instance from peripheral portions of the eye fundus.
In this focus mode or focus configuration of the focusing assembly, the said
region of the eye (irradiated by the peripheral illumination beams) is located

within (or at least adjacent to) the conjugate focal plane of the image sensor.

As described in more detail below, the focusing assembly may be adjustable
between two (or more) focus modes (or focus configurations) in order to
focus the central observation beams (in a first focus mode) or the peripheral
observation beams (in a second focus mode) onto the image sensor. Addi-

tionally or alternatively, the gonioscopic lens may include a lens element

Additionally or alternatively, adjusting a focus of the optical system may
include shifting a conjugate focal plane of the illumination device, e.g., a
conjugate focal plane of the light source or of an aperture of the illumination
device. Light beams emanating from the same point at the light source or
aperture are focused (converge) onto the same point of the respective
conjugate focal plane. For instance, the conjugate focal plane of the light
source or the aperture of the illumination device may be shifted such that a
portion of the eye is near or adjacent the conjugate focal plane, so that the
illumination beams are focused onto that portion of the eye, such as the
trabecular meshwork or the retina. For instance, the peripheral illumination
beams may be focused onto the trabecular meshwork or alternatively onto a
peripheral portion of the retina, e.g., in the aforementioned first focus mode

of the focusing assembly. The central illumination beams may be focused onto
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the iris or onto a (central) portion the retina, e.g., in the aforementioned

second focus mode of the focusing assembly.

The ophthalmic system may include an electronic focus control module, which
may be at least partly be integrated into the processor of the ophthalmic
system mentioned above. The focus control module may be configured to
adjust or change a focus mode of the focusing assembly. For instance, the
focus control mode may be configured switch the focusing assembly between
different focus modes, e.g., between a first focus mode in which the object
plane of the image sensor is in a first position and a second focus mode in
which the object plane is in a second position different from the first position.
In one example, the first and second focus modes are defined as described
above. For instance, the focus control module may be configured to generate
control signals to control one or more actuators of the focusing assembly,
such as electric motors, to move or otherwise adjust one or more lens
elements of the focusing assembly, for instance, in accordance with the first
or second focus mode. In one example, the focus control module may be
configured to adjust or change the focus mode(s) in accordance with one or
more parameter values defining the optical characteristics of the gonioscopic
lens currently in use. For example, the one or more parameters values may
include one or more of aconio (inclination angle of mirror surface(s)), Mconio
(image magnification of the peripheral gonio field(s)), and M¢ (image magnifi-
cation of central gonio field). For instance, the focus control module may be
configured to receive the parameter values of the optical characteristics from
a memory device of the ophthalmic system storing the parameter values, to
receive the parameter values via an interface, such as a user input device.
Additionally or alternatively, as described in more detail below, in accordance
with the present disclosure, the gonioscopic lens, the gonioscopic lens
assembly and/or the patient interface disclosed herein may include a ma-
chine-readable identifier which may encode the aforementioned parameter
values or any other identifying information that can be used to determine the
parameter values (such as by querying a database storing the parameter
values for various gonioscopic lenses, gonioscopic lens assemblies or patient
interfaces). In one example, a reader device of the ophthalmic system may be
configured determine the parameters values from the identifier and to

provide the focus control module with the parameter values.
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The focus control module may be configured to switch the focusing assembly
between the first focus mode and the second focus mode at a focus switching
rate rr. The focus switching rate rr may be equal to, or smaller or greater than
the aforementioned frame rate r; of the camera. For instance, the switching
rate rr may be set to satisfy re = re / Nr or re = re * Ne with Ne being a positive
integer (such as Ne =1, 2, 3, ...). For instance, the focus control module may be
configured to generate control signals in accordance with the focus switching
rate to control one or more actuators of the focusing assembly, such as
electric motors, to move or otherwise adjust one or more lens elements of the

focusing assembly in accordance with the first or second focus mode.

In examples, in which the image is a video image or live image, the image
processing module may be configured to determine, for each frame of the live
image, whether the frame was acquired during the first focus mode or during
the second focus mode. The determination may be based, for instance, on
image data of each frame (such as based on image sharpness within the
subregion and/or within the subarea of the frame) or on the control signals
received from focusing control unit. The image processing module may label
the frames as belonging to the first focus mode or second focus mode.
Additionally or alternatively, the image processing module may be configured
to determine, for each frame of the live image, whether the frame was
acquired during the first illumination mode or during the second illumination
mode. The determination may be based, for instance, on image data of each
frame (such as based on an image sharpness within the subregion and/or
within the subarea of the frame) or on the control signals received from
focusing control unit. The image processing module may label the frames as

belonging to the first focus mode or the second focus mode.

In some examples, the image processing module may be configured to extract
from one or more (or each) frame(s) acquired during the first focus mode a
first frame portion including the subregion of the frame but not including the
subarea of the frame. The image processing module may be configured to
extract from one or more (or each) frame(s) acquired during the second focus
mode a frame portion including the subregion of the frame but not including

the subarea of the frame. Additionally or alternatively, as described above,
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the image processing module may be configured to extract from each frame
acquired during the first illumination mode a first frame portion including the
subregion of the frame but not including the subarea of the frame and to
extract from each frame acquired during the second illumination mode a
frame portion including the first subregion of the frame but not including the

subarea of the frame.

In one example, the image processing module is configured to combine two or
more frames of the live image to form a combined (live) image or a combined
frame which is also termed herein as compound (live) image or compound
frame. For instance, a combined frame or image may be formed using a first
portion extracted from a first frame and second frame portion extracted from
a second frame of the live image. The image processing module may be
configured to transmit the combined frames to the display device to display
the combined frames to a user. The combined frames may be generated and
displayed in a continuous manner, so that the user may continuously observe

the eye in the displayed combined frames.

Additionally or alternatively, the image processing module may be configured
to extract (image data from) the subregion of a frame depending on whether
the frame has been acquired during the first focus mode and/or during the
first illumination mode. The image processing module may be configured to
extract (image data from) the subarea of a frame depending on whether the
frame has been acquired in the second focus mode and/or in the second
illumination mode. For instance, the image processing module may be
configured to further process the thus extracted image data, e.g., for perform-
ing any of the feature detection functions described herein and/or for
providing the thus extracted image data to the display device to display the
thus extracted image data to a user. In this manner, it can be achieved that
only such image data are further processed and/or displayed that have been
acquired during the “right” focus and/or illumination mode. For instance, in
this manner, the subregion of an image/frame showing the trabecular
meshwork may be displayed only for those images/frames that are acquired
when the trabecular meshwork is illuminated in the first illumination mode
and/or the observation beams emanating from the trabecular meshwork are

focused onto the corresponding subregions of the image sensor (e.g., in the
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first focus mode). Similarly, the subarea of an image/frame showing the iris or
a central portion of the retina may be displayed only for those images/frames

that are acquired when the iris or central portion of the retina is illuminated in
the second illumination mode and/or the observation beams emanating from

the iris or central portion of the retina are focused onto the corresponding

subarea of the image sensor (e.g., in the second focus mode).

The image processing module may be configured to define an eye coordinate
system based on the at least one further characteristic feature of the eye
within the subarea of the image, e.g., based on a characteristic feature of the
iris or of the (central) retina. Additionally or alternatively, the image pro-
cessing module may be configured to define an (additional or alternative) eye
coordinate system based on the aforementioned characteristic feature within
the at least one subregion of the image, e.g., based on a characteristic feature
within the interior chamber angle, such as a peripheral portion of the iris. The
eye coordinate system may be a two dimensional or a three dimensional
coordinate system. The eye coordinate system may be, for instance, a (2D or
3D) Cartesian coordinate system, a (2D) polar coordinate system, or a (3D)
spherical coordinate system. The eye coordinate system may be defined such
that the pupillary axis of the eye runs through the origin of the eye coordinate
system. The image processing module may be configured to use the eye
coordinate system to define or determine positions of treatment regions
within the eye and/or of image points or image regions of the image of the

camera e.g., using one or more coordinates of the eye coordinate system.

Additionally or alternatively, the image processing module may be configured
to use a camera coordinate system to define or determine positions of
treatment regions within the eye and/or of image points or image regions of
the image of the camera, e.g., using one or more coordinates of the camera
coordinate system. For instance, the position of any point (pixel) of the image
may be defined relative to the eye coordinate system and/or relative to the
camera coordinate system. In particular, the position of each point or region
of the eye (e.g., treatment region) that is contained in the image of the
camera may be defined by coordinates of the eye coordinated system and/or
the camera coordinate system. In some examples, an azimuthal orientation of

any point or region may be defined or determined relative the eye coordinate
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system, for instance, by an (eye) azimuth coordinate ¢eye, and/or relative to
the camera coordinate system, e.g., by an (camera) azimuth coordinate
(camera. FUurthermore, as described in more detail below, an azimuthal orienta-
tion of any of the one or more subregions of the image (peripheral gonio field
sub-image(s)) may be defined or determined relative the eye coordinate
system, for instance, by an (eye) azimuth coordinate ®eye, and/or relative to

the camera coordinate system, e.g., by an (camera) azimuth coordinate

chamera .

The image processing module may configured to define the aforementioned
camera coordinate system. For instance, the camera coordinate system may
be defined as a Cartesian coordinate system or as a polar coordinate system.
Typically, the camera coordinate system is a two dimensional coordinate
system. The origin of the camera coordinate system may be defined such that
a central optical axis of the camera and/or a central optical axis of the
objective lens run(s) through the origin of the coordinate system. The position
of each point on the surface of the image sensor of the camera, and corre-
spondingly the position of each image point (i.e., each pixel) in any image (or
frame) acquired with the camera, can be uniquely defined by its coordinates
relative to the camera coordinate system. Accordingly, each object point,
which has a corresponding image point in the image acquired by the camera,
may be also assigned a unique set of coordinates in the camera coordinate

system, namely the coordinates of its image point.

The image processing module may be configured to determine a location
and/or an orientation of the eye coordinate system relative to the camera
coordinate system. In some examples, this may be achieved by determining,
within the camera coordinate system, the location and/or orientation of the
respective characteristic feature(s) used to define the eye coordinate system.
The image processing module may be configured to perform coordinate
transformations between the eye coordinate system and the camera coordi-
nate system. In particular, the image processing module may be configured to
transform the eye azimuth coordinate ¢eye (of any point or subregion of the
image) into the corresponding camera azimuth coordinate ¢camers, and vice

versa.

The system may further include an electronic eye tracking module, which may



10

15

20

25

30

35

WO 2024/251365 PCT/EP2023/065381

23

be a part of the system’s processor device and/or of the image processing
module. The eye tracking module configured to track translational and/or
rotational motions of the eye. For instance, the eye tracking module can be
configured to use the image acquired by the camera and/or images of any
further the imaging devices of the system to track the motions of the eye
within the respective images. For instance, the eye tracking module of may be
configured to track the translational and/or rotational motions of the eye
using the identified at least one characteristic feature of the eye within the at
least one subregion of the image. Additionally or alternatively, the eye
tracking module may be configured to track the translational and/or rotation-
al motions of the eye using the identified at least one further characteristic
feature of the eye within the subarea of the image. For instance, the eye
tracking module may be configured to determine positions of one or more of
the aforementioned (further) characteristic features, such as the iris or the
(central) retina, relative to the camera coordinate system in order to track
their translational and/or rotational motions of the eye relative to the camera.
As described in further detail below, the eye tracking module may be config-
ured to provide a laser system of the ophthalmic system, for instance a laser
control module of the laser system or a laser beam steering device of the laser
system, with eye tracking data for laser beam positioning correction to

compensate the tracked motions of the eye.

In some examples, the image processing module may be configured to
determine an azimuthal orientation of one, of more than one or of each of the
at least one subregion of the image. For instance, the image processing
module may be configured to determine for each (detected) subregion a
respective azimuthal orientation. The azimuthal orientation may, for instance,
be determined relative to the camera coordinate system or relative to the eye
coordinate system, i.e., as ®camera Or as Deye. As mentioned above, the image
processing module may be configured to transform ®eye iNto Ocamera, and vice

versa.

The image processing module may be configured to control the display device
to display, for one or more or for each subregion of the at least one subre-
gion, the respective subregion of the image on the display device with an
azimuthal orientation relative to a display coordinate system in accordance

with the determined azimuthal orientation of the respective subregion of the
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image, e.g., in accordance with the determined azimuthal orientation of the
respective subregion of the image relative to the camera coordinate system or
relative to the eye coordinate system (i.e., using @camera Or Deye). In other
words, the subregion may be displayed such that it has the same azimuthal
orientation on the display device (optionally being rotated by a fixed azimuth-
al angle, such as 180°, in order to compensate for the inflection caused by the
mirror surfaces) as it has relative to the camera or relative to the patient’s
eye. In this manner, the interpretation of the displayed information by the
user and navigation within the anterior chamber angle is facilitated. Display-
ing the subregion in accordance with the determined azimuthal orientation of
the respective subregion relative to the eye coordinate system (i.e., using
®eye) has the additional advantage that azimuthal rotational of the eye

relative to the camera are compensated.

In the following, exemplary ways of determining the respective azimuthal
orientations of the one or more subregions of the image are provided. For
instance, the image processing module may be configured to detect an edge
portion defining a boundary of one of the at least one subregion of the image
and, optionally, to determine an orientation of the detected edge portion
relative to the camera coordinate system or relative to the eye coordinate
system. The image processing module may use the orientation of the edge
portion to determine the azimuthal orientation of the respective subregion,
e.g., relative to the camera coordinate system or (after a coordinate trans-

formation, if needed) relative to the eye coordinate system.

In a further example, the image processing module may be configured to
determine, for one or more or for each of the at least one subregion, an
azimuthal orientation of the at least one characteristic feature within the
respective subregion (relative to the camera coordinate system or relative to
the eye coordinate system). For instance, the image processing module may
be configured to use the azimuthal orientation of the at least one characteris-
tic feature to determine the azimuthal orientation of the respective subregion
of the image (relative to the camera coordinate system or relative to the eye

coordinate system).

For instance, a characteristic feature of the iris or the (peripheral) eye fundus

contained within the respective subregion are particularly useful for this
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purpose as these tissues typically exhibit clear, rotationally non-symmetric
characteristic features. As such features are typically unique for every given
eye, the image processing module may be configured to use a reference
image of the eye to identify any of the characteristic features in the image

acquired with the camera.

It is also possible to use other characteristic features contained in the
respective subregion for this and other purposes, for instance, the trabecular
meshwork, the Schwalbe’s line or the scleral spur, among others. These
characteristic features are typically imaged as curved lines which span the
respective subregion of the image (in an azimuthal direction, i.e., connecting
opposite lateral edges of the respective subregion). The image processing
module may be configured to determine a normal vector oriented orthogonal-
ly to the curved line, for instance, at a midpoint of the curved line within the
respective subregion, and to determine the azimuthal orientation of the
normal vector relative to the eye coordinate system or relative to the camera
coordinate system. The image processing module may be configured to
determine the azimuthal orientation of the respective subregion of the image
based on the azimuthal orientation of the normal vector, e.g., as being equal
to the orientation of the normal vector. The azimuthal orientation of the
subregion may again be determined relative to the eye coordinate system or

relative to the camera coordinate system.

In some examples, particularly in examples involving laser trabeculoplasty, it
can be useful to take into account the local curvature of the curved line within
the subregion of the image, which corresponds to the apparent curvature of
the trabecular meshwork as seen by the camera and as displayed by the
display device. Typically, due to a perspective/ projection effect, which is
explained in more detail below with reference to FIGs. 8-10, the local curva-
ture of the curved line is not constant but varies within the subregions.
Typically, the curvature is smallest at the midpoint of the curved line within
the respective subregion and increases towards the ends of the curved line at
the lateral edges of the subregion. The separation of the lateral edges define

an azimuthal span ®oy of the subregion.

For instance, it may be useful to restrict the view and/or the laser treatment

to a central subsection of the curved line within the at least one subregion.
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The central subsection may, for instance, be defined such that the apparent
curvature of the curved line is approximately constant within the subsection
e.g., a deviation of curvature is below a predefined threshold within the
subsection. The image processing module may be thus configured to deter-
mine, for one, more than one or each subregion of the at least one subregion
a central subsection of the curved line within the respective subregion
including a midpoint of the curved line within the respective subregion. For
instance, the imaging processing module may be configured to determine the
central subsection such that, within the central subsection, a maximal
deviation of a local curvature of the curved line from the local curvature of
the curved line at the midpoint of the curved line is less than a predefined
value. In one example, the image processing module is configured to deter-
mine the central subsection of the curved line within the respective subregion
based on at least one of an iris diameter Diis of the eye, an angle aconio
defining the inclination of the mirror surface of the gonioscopic lens corre-
sponding to the respective subregion of the image relative to the longitudinal
axis of the gonioscopic lens, and/or an magnification parameter Mcgonio of the
gonioscopic lens. See equations (5) to (7) provided further below. Additionally
or alternatively, the image processing module is configured to determine the
central subsection of the curved line based on at least one of a pre-defined
spot size of a laser beam, a predefined number of laser spots to be applied to
the trabecular threshold, and the iris diameter Diis. In this manner, as
explained in more detail below with reference to equations (5) to (7) provided
further below, a more even and regular application of laser spots onto the
trabecular meshwork may be achieved and overlapping of adjacent laser
pulses may be avoided. For instance, the imaging processing module may
parametrize the curved line as an elliptic arc, as described in greater detail

below with reference to FIGs. 8-10.

The image processing module may be configured to define a portion of the
respective subregion of the image to be displayed by the display device such
that the central subsection of the curved line spans over an entire width of
the displayed portion of the respective subregion (e.g., in accordance with a
limited or maximum allowable span ®y explained in more detail below with
reference to FIGs. 8-10). The image processing module may be configured to

control the display device to show the respective subregions only partly by
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showing thereof merely said portion of the at least one subregion of the
image including the respective central subsection of the curved line, and not
showing other parts of the subregion. In this manner, the user is shown only a
portion of the trabecular meshwork in which the apparent curvature of the
trabecular meshwork is relatively constant which facilitates the application of
evenly distributed laser spots onto the trabecular meshwork. In the following,
the aforementioned portion of the subregion will also be referred to as
“reduced subregions”, “allowable subregion”, “reduced peripheral gonio
field” or “reduced peripheral gonio field sub-image”. Whenever in the
following disclosure reference is made to the subregion(s) of the image (or
peripheral gonio field, or peripheral gonio field sub-image), it is also possible
to refer instead the corresponding reduced subregion(s) (or reduced periph-

eral gonio field(s) or reduced peripheral gonio field sub-image(s)).

As a further example, the image processing module may be configured to
detect a marker that is attached to, or integrated into, the gonioscopic lens, a
gonioscopic lens assembly, or a patient interface. Typically, a position of the
marker relative to the at least one mirror surface of the respective gonioscop-
ic lens, gonioscopic lens assembly, or patient interface is fixed. The image
processing module may determine the azimuthal orientation of the at least
one subregion based on (a) the position of the marker relative to the corre-
sponding at least one mirror surface and (b) a position or azimuthal orienta-

tion of the detected marker within the image.

The ophthalmic system may include a laser system. The laser system may
comprise one or more laser sources configured to generate one or more laser
beams. For instance, the laser system may include treatment laser source
configured to generate a treatment laser beam. Additionally, the laser system
may include an aiming laser source configured to generate an aiming laser
beam. Typically, the aiming laser beam is coaxially aligned with the treatment
laser beam and has a power lower than the therapeutic laser beam, typically
sufficiently low so as to avoid any irreversible effects on, or even damages of,
the eye tissue irradiated therewith. The laser system may further include a
laser beam steering device configured to steer the at least one laser beam.
The laser steering device may be part of the aforementioned optical system
and/or focusing assembly of the ophthalmic system and include any of the

optical elements mentioned above to direct and/or focus the one or more
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laser beams. The laser system may further include an electronic laser control
module configured to control the at least one laser source and the laser

steering device of the laser system.

As described above, the optical system, e.g., its focusing assembly, may be
configured such that the illumination beams, the observation beams and, if
present, the laser beams (treatment beams and aiming beams) are focused in,
or emerge from, optical planes that are conjugate focal planes of each other,
such as the aforementioned image plane the image sensor of the camera
(defined by the surface of the image sensor) and the aforementioned object
plane of the image sensor (located, e.g., within the eye) or any other conju-
gate focal plane of the image plane, such as, an aperture of the illumination
device and/or an aperture of the laser system. In some examples, there is a
(e.g., linear) one-to-one correspondence between the camera coordinates (xc,
yc), herein also denoted as (Xcamera, Ycamera), and the coordinates (xi, y.) of the
laser beam steering device used to position the laser beam(s) within the

object plane of the image sensor:
(xc, ye) > (x1, yL); (2L, yL) = (x¢, yc) (1)

The processing device and/or the image processing module may be config-

ured to perform such coordinate transformations.

In one example, the laser control module may be configured to receive from
the eye tracking module information about tracked eye motions of the eye
and to control the laser steering device using this information to compensate
for the eye motions, e.g., to correct the coordinates (xi, yi) so as to account
for the detected eye motions and ensure that the intended treatment regions

are irradiated by the laser beams.

The ophthalmic system may further include an electronic documentation
module configured to store, for instance in a memory of the system, infor-
mation which may, for instance, specify a laser treatment that has been
performed with the laser system (or any other system) and/or which may
specify a planned laser treatment to be performed in the future with the laser
system (or any other system). For instance, the documentation module may
be configured to store information on positions of treatment regions (herein

also referred to as target regions, treatment regions, or target sites, or simply



10

15

20

25

30

35

WO 2024/251365 PCT/EP2023/065381

29

as laser spots) of a planned or performed laser treatment within the eye, such
as on the trabecular meshwork. The positions may be defined in the eye
coordinate system and/or in the camera coordinate system. The position
information may include two or more coordinates, such as an azimuth angle ¢
and a radial coordinate r. The azimuth angle ¢ may be defined, for instance,
relative to an axis of the camera coordinate system or eye coordinate system,
or relative to an azimuthal center of a subregion of the image containing the
respective treatment region during the application of the laser pulse(s) to the
treatment region. In this case, also the azimuthal orientation ® of the
corresponding subregion of the image may be stored (which again may be
defined relative to the camera coordinate system or the eye coordinate

system).

Moreover, for each treatment region, information on laser pulses that have
been delivered to the respective treatment region or that are planned to be
delivered to the respective treatment region, may be stored in the memory.
The information may include, for instance, a number of laser pulses, a spot
size (diameter), a pulse length, a time separation between consecutive laser
pulses, the laser duty cycle, a laser energy per pulse or per time unit, a
wavelength. The information may be stored in the memory as part of a

treatment plan, as described further below.

The documentation module may be configured to receive the aforementioned
information from the image processing module, from the laser control
module, from the camera, from a user input device (such as display device,
particularly if configured as a touchscreen), or from any other electronic
component or electronic module of the ophthalmic system. Furthermore, the
documentation module may be configured to receive from the image
processing module, from the camera and/or from any other imaging device,
such as an OCT imaging device, one or more images (or frames) or portions
thereof that has been acquired before the treatment, such as a reference
image of the eye, or during the treatment (such as the subregions, subareas
and/or portions thereof), or any information associated with the images (or
frames). For instance, the information associated with the image(s) may
include the determined respective azimuthal orientation ® of one or more or
each subregion of the at least one subregion of the image, for instance,

relative to the camera coordinate system and/or relative to the eye coordi-
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nate system. Preferably, the (live) image or a frame of the live image is stored
or the at least one subregion labelled with the respective azimuth orientation
angle ®. For instance, the reference image and/or the (live) image (or any
portion thereof) of the camera, or a panoramic image described further
below, may be shown to the user by the display device, allowing the user to
define treatment regions within the respective image, e.g. using the display

device as input device.

Examples of the ophthalmic system are configured to apply laser pulses to the
patient’s eye, for instance, to the trabecular meshwork. Some examples
enable semi-automatic or automatic application of laser pulses. The image
acquired by the camera typically is a “live” video image so that the eye can be
observed on the display device in (“synchronous”) real time. The operations
described below may be performed or controlled, for instance, at least partly
by the aforementioned processor. Additionally or alternatively, it is also
possible to configure one or more of the electronic modules described herein
to perform or control the operations, such as the image processing module,
the laser control module and/or the laser control module. Hence, in the
following description, any reference to the image processing module could as

well be replaced by a reference to the processor or any other module.

In some examples, the image processing module is configured to provide
instructions to the display device to show, in addition to the displayed at least
one subregion of the live image, one or more shot markers indicating on the
display device the positions of one or more planned laser treatment regions.
The shot markers may be displayed on the display device in accordance with
respective azimuthal angles ¢',ian of the one or more planned laser treatment
regions (i > 0 being an index for each treatment region). For instance, the
azimuthal angles ¢'s.n may be defined relative to the camera coordinate
system or relative to the eye coordinate system. The shot markers may be
displayed on the display device with an azimuthal orientation relative to the
display coordinate system in accordance with the respective azimuthal angles
d'pian Of the one or more planned laser treatment regions. The image pro-
cessing module may further be configured to use respective one or more
azimuthal angles ¢'orev Of ONe or more previously treated laser treatment
regions in the eye to determine the one or more azimuthal angles ¢'pian of the

one or more planned laser treatment regions, for instance, in accordance with
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a predefined azimuthal step or increment value ®step. For example, one more
of the azimuthal angles ¢'pian may be calculated using the formula ¢'pian = G'orev
+ Dsiep. The image processing module may be configured to retrieve the
azimuthal angles ¢'orey from a memory of the system or from the documenta-
tion module described herein. Additionally or alternatively, the image
processing module may be configured to determine the azimuthal angles ¢'pian
of the one or more planned laser treatment regions such that the azimuthal
angles ¢'pan are within the aforementioned azimuthal span ®rov (which
defines the azimuthal field of view captured within one subregion of the at
least one subregion of the image), within the aforementioned limited or
maximum allowable azimuthal span ®y (which is smaller than the azimuthal
span ®rov), and/or within the central subsection of the curved line described
above. Examples of the azimuthal span ®rov and the maximum allowable
azimuthal span @y are depicted in FIG. 10.

In some examples of the ophthalmic system, the image processing module is
configured to use information about coordinates, e.g., azimuthal angles ¢prev
(label j being a positive integer), of previously treated laser treatment regions
in the eye and information about a current azimuthal orientation ® of the at
least one subregion of the image to determine coordinates, e.g., azimuthal
angles ¢'cur (label i being a positive integer), of one or more current laser
treatment regions to be irradiated within the at least one subregion at the
current azimuthal orientation ®. For instance, the previously treated laser
treatment regions may have been irradiated using an azimuthal orientation of
the gonioscopic lens that is different from the current azimuthal orientation of
the gonioscopic lens. Thus, some or all of the previously treated treatment
regions may be positioned outside the peripheral gonio field of view provided
by the mirror surfaces of the gonioscopic lens at its current azimuthal
orientation, i.e., some or all of these treatment regions may not be included in
the subregions of the live image as presently displayed on the display device.
However, in case of an overlap of the peripheral gonio field of view at the
current azimuthal orientation of the gonioscopic lens with the peripheral
gonio field of view at the previous azimuthal orientation of the gonioscopic
lens, it is also possible that some treatment regions that have been treated
under the previous azimuthal orientation of the gonioscopic lens are also

included in the gonio field of view of view at the current azimuthal orientation
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of the gonioscopic lens. The image processing module may therefore be
configured to ensure that the current laser treatment regions are all different
from the previously treated laser treatment regions, e.g., by at least a
predefined minimal (angular) distance value, to avoid multiple treatments of
such treatment regions. The image processing module may be further
configured to provide instructions to the display device to show, within the
displayed at least one subregion of the live image, for each of the one or more
laser treatment regions to be irradiated within the at least one subregion at
the current azimuthal orientation ® a shot marker indicating on the display
device the position of the respective current laser treatment region in
accordance with the coordinates (e.g., the azimuthal position ¢'cur) of the
respective current laser treatment region. The image processing module may
further be configured to provide instructions to the display device to show, in
addition to the displayed at least one subregion of the live image and the shot
markers of the current treatment regions within the at least one subregion of
the live image, treated regions markers indicating the positions of any
previously treated treatment regions in accordance with the coordinates (e.g.
azimuthal angles ¢/orev) Of the respective previously treated laser treatment

regions.

In some examples, the image processing module is configured to determine
the respective coordinates, e.g., azimuthal angles ¢'wr, of the of the one or
more current laser treatment regions such that the coordinates (e.g. azimuth-
al angles ¢'cr) are one or more of: within the azimuthal span ®roy defining the
azimuthal field of view that is captured within one of the at least one subre-
gion of the live image, within the azimuthal span ®\ of one of the at least one
subregion of the live image, within the central subsection of the curved line
described above, and/or such that the treatment regions is spaced apart from
the previously treated laser treatment regions by at least a predefined
distance value, such as the distance value d in accordance with equation (8)
defined below.

In some examples, the image processing module may be configured to select
one or more frames of the live image and to extract, from the one or more

selected frames, one or more subregions of the at least one subregion of the
respective selected frame of the live image and to provide instructions to the

display device to display, in addition to the at least one subregion of the live
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image shown on the display device, the extracted one or more subregions of
the one or more selected frames of the live image, e.g. as one or more still
images. For instance, as described above, the selected frames may be
acquired under the same azimuthal orientation of the gonioscopic lens under
which laser pulses have been previously applied to the eye. The extracted
subregions may each show treatment regions onto which laser pulses have
been applied. The image processing module may further be configured to
control the display device to additionally show shot markers at the respective
treatment regions within the extracted subregions. The image processing
module may be configured to provide instructions to the display device to
display, for each of the one or more selected frames of the live image, the
respective extracted one or more subregions, and optionally any of the
aforementioned shot markers included therein, in accordance with an
azimuthal orientation of the respective one or more subregions. The image
processing module may be configured to determine whether the displayed at
least one subregion of the live image overlaps with one or more of the
displayed subregions extracted from the selected frames of the live image
and, optionally, to use this information to determine treatment regions within
the current at least one subregion of the live image. For example, as explained
above, the image processing module may be configured to avoid defining any
region as a new or intended treatment region if that region has already been
treated under a different azimuthal orientation of the gonioscopic lens. The
image processing module may be configured to instruct the display device to
mark previously treated regions that are located within overlaps of the
current at least one subregion of the live image with any additionally dis-
played extracted subregions (that have been acquired previously and under a
different azimuthal orientation of the gonioscopic lens than the current
azimuthal orientation of the gonioscopic lens) as being already treated, for
instance, by means of a corresponding indication displayed on the display
device at each of such previously treated region, such as by the aforemen-

tioned treated region markers.

An exemplary first method of using the ophthalmic system described herein
may comprise one or more of the following steps. In the following, this
exemplary method is also referred to as “auto-advance mode trabeculoplas-

ty.” In a step 1, a user, such as a medical practitioner or physician, applies the
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gonioscopic lens to the cornea of a patient’s eye as described herein. The user
may observe the at least one subregion of the live image that is captured by
the system’s camera and shown by the system’s display device. Within the
subregion, which corresponds to a respective mirror surface of the gonioscop-
ic lens and to a respective peripheral gonio field of view having an azimuthal
span ®rgy, the user may observe a sector of the anterior chamber angle of the

eye including particularly a section of the trabecular meshwork.

In a step 2, using the image processing module, the (at least one) subregion of
the image corresponding to the (at least one) mirror surface is identified, e.g.,
using a segmentation algorithm, and the current azimuth orientation of the
subregion, and thus the azimuth angle ® of the chamber angle sector shown
in the subregion of the image, is determined, for instance, relative to the
patient's eye coordinate system (e.g., using the iris or the fundus identified in
the subarea of the image showing central gonio field of view) or relative to
the camera coordinate system. The subregion may be shown on the display

device in accordance with its current azimuthal orientation.

In a step 3, a segment of the trabecular meshwork (TM) within the (at least
one) subregion is identified, e.g., using a segmentation algorithm. One or
more shot markers, which indicate on the display device the positions of one
or more planned laser treatment region, are applied to the identified segment
of the TM in accordance with respective azimuthal angles ¢'sian of the one or
more planned laser treatment regions, for instance, manually using the
display device as an input device (e.g., via a touch screen function) or auto-
matically by means of the image processing module as described above. For
instance, the shot markers may be applied in a non-overlapping manner
and/or to a central segment of the TM with approximately constant curva-

ture, as described herein.

In a step 4, the laser shots may be released, by the user or automatically, onto

the treatment regions in accordance with the shot markers.

In a step 5, information about the treatment of the TM segment within the
current chamber angle sector, such as the azimuthal angles ¢',ian of the shot
markers, may be stored in a memory of the system for documentation and/or

for later use during the same session. Additionally, image data of the subre-
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gion of the image acquired at the azimuthal orientation ® during application

of the laser shots may be stored in the memory.

In a step 6, optionally, said subregion may be shown on the display as a still
image at the corresponding azimuthal orientation. The irradiated treatment
regions therein may be marked with treated region markers that are distinct
from the shot markers. In addition, the corresponding subregion of the live
image is shown on the display device in accordance with its current azimuthal

orientation ©.

In a step 7, in order to treat further treatment regions, corresponding further
shot markers are generated. For instance, in order to treat treatment regions
within an adjacent chamber angle sector that is adjacent to the current
chamber angle and that corresponds to an azimuth orientation ®@ + ®sep with
a (predefined) increment Dstep, it is possible to automatically determine the
azimuth angles of new treatment regions from the azimuth angles of the
previously treated treatment regions, e.g., using the formula ¢'pian = ¢'orev +
®step, Wherein the previously stored azimuthal angles ¢'pian may be retrieved
from the memory and used as ¢'prev in order to perform the calculation. The
new shot markers may be shown on the display in accordance with the

respective new azimuth angles ¢'pian.

By manually automatically rotating the gonioscopic lens about its longitudinal
axis, e.g., by the aforementioned azimuthal increment ®s:ep, the gonio field of
view corresponding to the respective mirror surface may be rotated towards
the adjacent sector of the chamber angle which thus becomes visible within
the corresponding subregion of the image shown on the display device. In a
step 8, the gonioscopic lens is therefore rotated manually or automatically by
Dstep until the TM segment within the rotated (i.e., the new current) subre-
gion of the live image is aligned with the new shot markers at the new

azimuth angles ¢'pian.

In a step 9, when alignment is established, the laser shots may be released
manually or automatically so that the segment of TM is irradiated with laser

pulses at the planned treatment regions in accordance with the shot markers.

In a step 10, optionally, information about the treatment of the TM segment

within the chamber angle sector @ + ®sp may be stored in the memory of



10

15

20

25

30

WO 2024/251365 PCT/EP2023/065381

36

the system for documentation and/or for later use during the same session in

the same way as described above in step 5.

In a step 11, the subregion including the new shot markers within the
subregion may optionally be shown on the display as a standstill image at the
azimuthal orientation @ + ®s;ep. In addition, the corresponding subregion of
the live image is shown on the display device in accordance with its new

current azimuthal orientation, which may again be denoted as ©.

In a step 12, by repeating the seventh to eleventh steps, laser shots may be
applied in multiple sections of the TM in a step wise manner in accordance

with the predefined increment @siep.

In this exemplary method, a preliminary imaging of the anterior chamber is
not required prior to the treatment procedure. Moreover, the method may in
principle be performed without automatic patient or eye tracking, particularly
when the physician manually brings the device in alignment with the targeted
area in the patient’s eye and manually rotates the gonio lens to bring the
mirror surface in the right position, as indicated by automatically generated
shot markers.

An exemplary second method of using the ophthalmic system described
herein, which herein is also referred to as “automatic mode trabeculoplasty,”
may comprise steps 1 to 6 of the exemplary first method described above.
Additionally, the exemplary second method may include one or more of the

following steps.

In an step 7, in order to treat further treatment regions in a different or new
section of the TM contained in a different or new chamber angle sector, the
gonioscopic lens is rotated manually or automatically to a corresponding new
azimuthal orientation ® = @y until the new TM segment to be irradiated is

shown within the rotated, i.e., new or current subregion of the live image.

In a step 8, step 2 is applied again after the rotation to identify the new (at
least one) subregion and to determine the new azimuth angle ® of the
subregion and thus the azimuth angle ® of the chamber angle sector shown in

the subregion.
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In a step 9, step 3 is applied again to identify within the new (at least one)
subregion a corresponding new segment of the TM. Furthermore, any overlap
with previously treated segments, if any, may be detected, e.g., using the
image processing module. For instance, an overlap between treated segments
may be determined using the stored coordinates of previously treated
treatment regions, e.g., by determining whether these coordinates fall within

onto the current (new) segment of the TM.

In a step 10, new shot markers are applied onto the new segment of the TM.
Preferably, the shot markers are automatically generated by means of the
image processing module as described above, particularly avoiding definition
of any region that has already been treated under a previous azimuthal
orientation of the gonioscopic lens as a new treatment region. For instance,
the image processing module may generate the new such markers such that
the new treatment regions are spaced apart from the previously treated laser
treatment regions by at least a predefined distance value. The new shot
markers may be shown on the display in accordance with respective new

azimuth angles ¢'pian. Treated region markers may be displayed accordingly.
In a step 11, step 4 is performed again to treat the new treatment regions.

In astep 12, step 5 is performed again to store information about the
treatment of the TM segment at new treatment regions within the current
chamber angle sector and to acquire a standstill image of the currently

treated chamber section.

In a further step (12B), optionally, step 6 is performed to show the treated

section of the TM on the display as a standstill image.

In a step 13, the steps 7 to 12 (and optionally step 12B) are repeated to apply
laser shots in multiple sections of the TM in a step wise manner. Also in this
exemplary second method, acquiring a preliminary imaging of the anterior
chamber prior to the treatment procedure is not needed. Preferably, the
method is performed while the patient and/or the patient’s eye are tracked,

e.g., in order to compensate motions of the eye relative to the system.

While with the ophthalmic system of the present disclosure, it may not be

necessary to first acquire images of the anterior chamber before starting the
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actual treatment session, there is also provided herein a mode of operation of
the ophthalmic system in which a circumferential panoramic image, i.e., a
snapshot of the entire chamber angle, may be acquired prior to performing

the actual treatment procedure.

An exemplary third method of using the ophthalmic system described herein,
may comprise one or more of the following steps. In the following, this
exemplary method is also referred to as “planned mode trabeculoplasty.”
First, a treatment plan is defined, e.g., automatically or based on manual user
input as described in more detail below. As an example, the user may define
the treatment plan by placing laser spots or treatment regions on the
subregions of the (live) image or onto a circumferential snapshot or panoram-
ic image which is described further below. Each laser spot can be character-
ized, for instance, by its coordinates (such as its position around the iris and
its lateral or radial position, e.g., relative to the device or the center of the
pupil), and by laser parameters, such as laser pulse power/energy, and pulse
duration (if applicable). Secondly, during the actual treatment, the TM is
treated segment by segment in accordance with the peripheral gonio field of
view at the current azimuthal orientation of the gonioscopic lens. Once an
azimuthal segment of the TM has been treated, the system may advance to
the adjacent segment either by displaying on the display device the corre-
sponding shot markers in the adjacent segment in accordance with the
treatment plan, thereby suggesting the physician where to (manually) rotate
the gonioscopic lens accordingly, or by automatically rotating the gonioscopic
lens (in its entirety or only partly, e.g., rotating a component thereof carrying
the gonio mirror surface(s)). The laser pulses may be released either automat-
ically by the system device or the physician may be prompted by the system
to release the shots.

As mentioned above, in some examples, the processing device or the image
processing module may be configured to define a treatment plan including
one or more treatment regions within the eye to be irradiated with laser
energy. For instance, the image processing module may be configured to
define the one or more treatment regions within the at least one subregion of
the image (which may a live image or a still image acquired with the camera)
or within the aforementioned panoramic image. In some examples, the image

processing module may be configured to define the one of more treatment



10

15

20

25

30

35

WO 2024/251365 PCT/EP2023/065381

39

regions using information received, for instance, via a user interface of the
ophthalmic system, i.e., based at least partially on user input. Additionally or
alternatively, the image processing module may be configured to define the
one of more treatment regions using information determined automatically
by the image processing module based on image data, as described further
below, and/or using stored information. The stored information may, for
instance, be stored in and received from, a (local) memory of the ophthalmic
system and/or a database internal or external of the ophthalmic system.
Additionally or alternatively, the memory and/or the database may, for
instance, be part of a computer network, such as a computer cloud, and/or be
accessible via a wired or wireless computer network, such as via the internet.
For instance, the memory and/or database may be accessible via an electronic
data interface of the ophthalmic system, such as a wired or wireless network

interface.

The information (whether stored, input by the user, automatically determined
based on image data) may include information about the patient and/or the
patient’s eye (as described above and further below), information about
locations of individual or single treatment regions. Moreover, the information
may specify treatment plans or patterns and may, for instance, specify the
locations (coordinates) of a plurality of individual treatment regions, a number
of laser shots or pulses to be applied on each treatment region, a laser spot
size and/or a spatial laser spot density. The information may further include
laser parameters, such as laser wavelength, laser energy, laser energy per
pulse, laser spot diameter, pulse duration time, pulse separation time, duty

cycle, among others.

In some examples, the system is configured to generate a panoramic image of
the anterior chamber. For instance, the image processing module may be
configured to extract from images of a set of two or more images (e.g. from
different frames of the image if it is a video image or live image), which have
been acquired with the camera at different azimuthal orientations ®/gonio of
the gonioscopic lens (j>0 being an index for indexing each one of the different
azimuthal orientations of the gonioscopic lens), the at least one subregion of
the respective image (e.g. frame) and to join together the extracted subre-
gions (or at least portions thereof, such as the corresponding allowable spans

O of the respective subregions) to create a (composite) panoramic image of
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the anterior chamber angle of the eye. For instance, the extracted subregions
and the panoramic image composed thereof may cover the entire chamber
angle of the eye. The number of subregions required to cover the entire
chamber angle of the eye depends on the azimuthal width ®rov of the
peripheral gonio field of view of each subregion or on the allowable span ®w.
Moreover, the number of different azimuthal orientations ®gonio of the
gonioscopic lens needed to cover the entire chamber angle also depends on
the number of subregions that are included in each image, i.e., on the number
of mirror surface of the gonioscopic lens used. In an example, the image
processing module may be configured to determine which of the extracted
subregions are adjacent to each other (e.g., based on the azimuthal orienta-
tion of each extracted subregion), and to join together each pair of adjacent
subregions, for instance, by means of co-registering the adjacent subregions
(e.g., within their mutual intersection or overlap region) and/or by stitching
the adjacent subregions together. The subregions forming the panoramic
image may be aligned in a linear array to form a linear panoramic image or
alternatively in a circular array to form a circular panoramic image. According-
ly, the image processing module may be configured to control the display
device to display the panoramic image as a linear panoramic image or as a
circular panoramic image. In the circular panoramic image, the joined
subregions are arranged and displayed in accordance with the azimuthal
orientations of the respective subregions. In the linear panoramic image, the

extracted and joined subregions are arranged along a straight axis.

In some examples, the processor and/or the image processing module of the
ophthalmic system may be configured to automatically retrieve or produce
information that may be used to define or alter the aforementioned treat-
ment plan (e.g., prior to, at the beginning of, or even during a treatment
session) and/or information that may be used to determine, set and/or adjust
laser parameters (e.g. at the beginning or during a treatment session). The
information may particularly comprise all or at least some pieces of the
aforementioned information, particularly information about the patient’s eye
such as tissue characteristics and/or information on measured laser tissue
interaction. The processor and/or the image processing module of the
ophthalmic system may be configured to automatically determine said

information based on the images, i.e. based on image data generated by the
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camera, particularly based image data extracted from the at least one
subregions of the image, and/or based on images or image data generated by
other imaging devices, such as optical coherence tomography (OCT) imaging
devices. The system may further be configured to determine, set and/or
adjust laser parameters based on said information, e.g., using a laser parame-

ter adjustment module.

For instance, the ophthalmic system may comprise an (electronic) laser
parameter adjustment module, which may be part of the processing device of
the ophthalmic system. The laser parameter adjustment module may be
configured to determine, set and/or adjust, based on the information, such as
tissue characteristics or laser tissue interaction, at least one laser parameter
to be used by the laser system when applying laser energy at a treatment
region to be irradiated (which may be identical to or different from a location
at which the said information has been determined). For instance, the laser
parameter adjustment module may be configured to provide the laser control
module with the newly set or adjusted laser parameters and the laser control
module may be configured to control the laser system (e.g., the laser
source(s), the laser steering device etc.) to irradiate treatment region(s) in
accordance with the newly set or adjusted laser parameters. For instance, the
laser parameter adjustment module may be configured to newly set laser
parameters, or adjust laser parameters that have been previously set, based
on the measured at least one observable of laser tissue interaction and/or
based on the tissue characteristics, e.g., in response to receiving such
information from the image processing module. For instance, the laser
parameter adjustment module may be configured to set or adjust laser

parameters for one or more treatment regions included in a treatment plan.

For example, the image processing module may be configured to determine,
as tissue characteristics, a degree of pigmentation of the tissue of the eye,
particularly a degree of pigmentation at the TM. For example, the image
processing module may be configured to determine, for one or more locations
of the eye within the at least one subregion of the image, such as one or more
test sites or one or more treatment regions, the tissue characteristics, such as

the degree of pigmentation of the tissue of the eye at the respective location.

In some examples, the image processing module may be configured to
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measure, based on image data, one or more observables of laser tissue
interaction for one or more locations in the eye, such as one or more test sites
or one or more treatment regions. The one or more observable may be
indicative of, or correlated with, the aforementioned laser induced effect in
the tissue. The image processing module may be configured to extract the
image data, for instance, from one or more frames of the image of the
camera, e.g., from the at least one subregion of the image, and/or from one
or more OCT images acquired by an OCT imaging device. The image data may
include reference image data obtained from frames or OCT images acquired
prior to the application of one or more laser pulses to a test site or a treat-
ment region in the eye and measurement image data obtained from frames or
OCT images acquired after the application of the one or more laser pulses to
the test site or the treatment region in the eye. The image processing module
may be defined to measure the one or more observables of laser tissue
interaction based on a comparison of the image data obtained before and
after the application of one or more laser pulses of a set of one or more laser

pulses.

For example, the predefined effect may be bubble formation at the site of
laser tissue interaction (i.e., at a target site, such as a test site or a treatment
region) and the at least one observable may be related to bubble formation at
that site. The at least one observable may include a growth rate of bubbles, a
number of bubbles generated at the site, a size of bubbles generated at the
site (such as a mean size, a maximum size, a minimum size or a size distribu-
tion), a signal change due to micro-bubbles and/or due to macro bubbles at

the site of laser tissue interaction.

Aspects of the present disclosure relate to gonioscopic lenses, gonioscopic
lens assemblies, and patient interfaces. The ophthalmic system described
herein may be operated with, and/or include, the gonioscopic lens, the
gonioscopic lens assembly, or the patient interface, or any standard gonio-
scope lens. As described in greater detail below, the gonioscopic lens may be
part of the gonioscopic lens assembly. Additionally or alternatively, the
gonioscopic lens may be formed by the patient interface. In a further exam-
ple, the gonioscopic lens may be formed by the combination of the patient

interface and a coupling member of the ophthalmic system.
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In some examples, a gonioscopic lens assembly in accordance with the
present disclosure includes, in addition to the gonioscopic lens, a lens
element. The additional lens element may be located at a proximal end of the
gonioscopic lens assembly and may be concentric with the contact member of
the gonioscopic lens of the gonioscopic lens assembly. A semi-diameter (SD\)
of the proximal lens element may be less than a (maximal) radial distance of
the at least one mirror of the gonioscopic lens assembly from the longitudinal
axis of gonioscopic lens. In some examples, the semi-diameter (SD\) of the
proximal lens element may be approximately the same as semi-diameter
(SDcm) of contact member. The proximal lens element may be attached to or
integrated into a proximal window element of the gonioscopic lens assembly.
For instance, as mentioned above, the gonioscopic lens may include a cup-
shaped member with a distal end carrying the contact member and a proximal
end carrying the proximal window element and/or the proximal lens element.
The converging lens may be configured to converge the illumination beams,
i.e., the central illumination beams, onto the iris. Alternatively, the proximal
lens element may be a diverging lens. The diverging lens may be configured to
diverge the illumination beams, i.e., the central illumination beams, such that
they are focused onto the retina. For instance, the proximal lens element may
be configured to focus the central illumination beams onto the iris or onto the
central retina, when the peripheral illumination beams are focused onto eye
tissue of the anterior chamber, e.g., onto the trabecular meshwork. For
instance, when the focusing assembly is in the first focus mode, as described
above, the proximal lens element may focus the central illumination beams
onto the iris or onto the central retina. In this example, the proximal lens
element may provide an alternative to switching between different illumina-

tion modes for the central and peripheral illumination beam:s.

In some examples, the gonioscopic lens assembly may include a filter element
which may be located, for instance, at a proximal end of the lens assembly.
The filter element may be concentric with the contact member of the
gonioscopic lens. For instance, the proximal filter element may be attached to
the proximal end of the aforementioned cup-shaped element of the gonio-
scopic lens. A semi-diameter (SD¢) of the filter element may be less than a
(maximal) radial distance of the at least one mirror surface of the gonioscopic

lens from the longitudinal axis of gonioscopic lens. In some examples, the
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semi-diameter (SD¢) of the filter element may be approximately the same as a
semi-diameter (SDcwm) of contact member. The proximal filter element may be
a neutral-density filter. The proximal filter element may be configured to
reduce the intensity of the central illumination beams reaching the eye and to
reduce the intensity of the central observation beams reaching the image
sensor. In this manner, dazzling of the patient and/or an overexposure of the
image sensor (particularly in the subarea of the image sensor onto which the
central observation beams are focused) may be reduced or avoided, while the
peripheral illumination and observation beams may have a sufficient intensity
for illuminating and imaging the anterior chamber, for instance, when the
illumination device is operated in the aforementioned first illumination mode.
In this example, the filter element may provide an alternative to switching
between different illumination modes for the central and peripheral illumina-

tion beams.

In accordance with the present disclosure, a patient interface is adapted for
imaging an eye through the patient interface and/or for applying laser energy
to the eye through the patient interface, as detailed below. The patient
interface generally comprises a contact member which may share the same
features as the contact member of the gonioscopic lens. The contact member
includes a contact surface that is concentric relative to a longitudinal axis of
the contact member and that is adapted to be placed adjacent to, or onto, a
cornea of the eye. The contact member further includes an interface portion
adapted to allow illumination beams and laser beams, e.g. from the ophthal-
mic system described herein, to propagate through the interface portion
towards the contact surface of the contact member and to allow observation
beams propagate from the contact surface through the interface portion, e.g.

towards the camera of the ophthalmic system.

In some examples, the contact member may be, or include, a lens forming the
contact surface, such as a plano-concave lens, a convex-concave lens or a
meniscus lens. The contact member may include a body portion which may
form the lens. Additionally or alternatively, the body portion may form the
interface portion or at least parts thereof. The body portion may be formed
completely or at least in regions of a material that is optically transparent for
the illumination beams, laser beams and observation beams. The transparent

material may be for instance, a glass or polymer, such as silica or PMMA.
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In some examples, in which the patient interface forms the gonioscopic lens,
the interface portion may include one or more of the mirror surfaces of the
gonioscopic lens, the mirror surface(s) being inclined relative to the longitudi-
nal axis of the contact member in accordance with respective gonio angles
oLgonio, in order to redirect peripheral illumination and observation beams, as
described herein. The one or more mirror surfaces may be attached to at least
one side surface of, or integrated into, the contact member, such as to the

body portion, preferably to or into the transparent material mentioned above.

In one example, the interface portion may include at least one sidewall which
laterally defines or surrounds a receiving space of the patient interface. The
interface portion may further comprise a proximal opening which provides
access to the receiving space from the proximal side of the patient interface.
The receiving space and the opening may be concentric relative to the
longitudinal axis of the contact member. In such an example, the contact

member may be a cup-shaped member.

In some examples, the contact member is a sterile, single-use article. Prefera-
bly, the contact member is made of a low cost material and is discarded after
use. In this way, the user avoids the costs and efforts involved in re-
sterilization for multi-use. In some examples described in greater detail below,
multi-use may be prevented by providing each the patient interface with a

unique identifier.

The patient interface may further comprise a machine-readable identifier
attached to, or integrated into, the contact member. The machine-readable
identifier may include, for instance, an optically, magnetically or electronically
readable code, e.g. a linear or a 2D barcode. Additionally or alternatively, the
identifying may be or include a RFID tag. The machine-readable identifier may
encode, in a machine-readable manner, information about the patient
interface, such as information allowing to uniquely identify each entity of the
patient interface. Additionally or alternatively, the information may specify
optical characteristics of the patient interface, such as the imaging magnifica-
tion value Mc of the central gonio field of the patient interface, as described
above. Moreover, in examples in which the patient interface includes gonio
mirrors and thus forms a gonioscopic lens, the information may include the

number of mirror surfaces included in the patient interface, the inclination
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angle aconio of the one or more mirror surfaces, and/or at least one imaging
magnification value Mgonio associated with one more of the peripheral gonio

fields of the respective mirror surfaces.

In some examples, the patient interface may further comprise a forceps or at
least one lid opening element or a combination thereof. Typically, the forceps
or the one or more lid opening element extending laterally from a side surface

of the contact member.

In some examples, the patient interface may further comprise a pressure
sensor configured to measure and/or indicate one or more pressures. For
instance, the pressure sensor may be configured to measure and/or indicate a
pressure with which the contact surface of the contact member is pressed
against the cornea. Additionally or alternatively, the pressure sensor may be
configured to measure and/or indicate an intraocular pressure (IOP) of an eye

which the contact is in contact with.

In one example, the pressure sensor includes a flexible element which is
configured to gradually deform depending on the magnitude of the pressure.
The pressure sensor may, for instance, be configured to indicate a degree of
the deformation of the flexible element in response to the pressure. The
pressure sensor may include, for instance, a flexible membrane covering at
least a portion of the contact surface of the contact member and forming a
chamber between the contact surface and the flexible membrane. The
contact member may further include a channel extending within the contact
member, one end of the channel being in fluid communication with the
chamber via an opening formed in the contact surface of the contact member.
The chamber may be filled with a fluid. The fluid may enter the channel
through the opening and flow through the channel in response to a pressure
of the fluid within the chamber. The pressure in the chamber may depend, for
instance, on the pressure with which the contact member is pressed against
the cornea of the eye and/or on the IOP. The pressure sensor may include one
or more markings along the channel, which may form a (pressure) scale
allowing to measure the pressure in accordance with a height of a liquid
column formed by the liquid within the channel relative to the markings. In
order to facilitate viewing the channel and the fluid therein from a proximal

side of the contact member, the channel may extend in a direction (approxi-
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mately) orthogonal to the longitudinal axis of the contact member of the

patient interface.

In some examples, the ophthalmic system as described herein may include a
coupling member configured to establish a connection state between the
ophthalmic system and the patient interface. In the connection state, the
coupling member may mechanically contact the interface portion of the
contact member. In the connection state, a longitudinal axis of the coupling
member may be, at least within a (predefined) tolerance range, aligned with
the longitudinal axis of the contact member of the patient interface. Moreo-
ver, in the connection state, an axial distance between the coupling member
and the interface portion typically is within a (predefined) tolerance range.
Hence, the connection state allows for accurate illumination, observation and

application of laser energy through the patient interface.

In some examples, the coupling member may include a resilient member
configured to transition into a loaded or compressed state when the coupling
member is pushed or pressed against the interface portion of contact
member in the connection state. When the coupling member is separated
from the interface portion of contact member (i.e. when the connection state
is terminated), the resilient member may revert back to an unloaded or
uncompressed state (or to a less loaded or less compressed state). The
resilient member may include an elastic member, such as a spring member or
a bellows member. The resilient member may be concentric with the longitu-
dinal axis of the coupling member. The coupling member may be configured
to contact the interface portion of the contact member of the patient
interface (only) via the resilient member. For instance, the resilient member
may extend from a main body of the coupling member in a distal direction.
The interface portion may include a flange at a proximal end of the interface
portion. The resilient member may be configured to abut against the interface
portion, e.g., against the flange thereof, in the connection state. The resilient
member may be configured to dampen and/or compensate axial motions
between the coupling member and the interface portion of the contact
member of the patient interface in the connection state, e.g. by reversibly or
elastically changing its length along the longitudinal axis of the coupling
member. In principle, the resilient member may also be part of interface

portion, extending proximally from the interface portion of the contact
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member and configured to abut against the coupling member, for instance

against a flange thereof.

In some examples, the coupling member of the ophthalmic system includes a
first marking and the contact member of the patient interface includes a
second marking. The first and second markings may be positioned within a
field of view of the camera of the ophthalmic system in the connection state.
The image processing module may be configured to identify the first and the
second marking within the image acquired by the camera and to determine a
spatial relation between the first marking and the second marking within the
image. For example, determining the spatial relation between the first
marking and the second marking may include determining at least one of a
distance between the first marking and the second marking within the image,
an alignment of the first marking relative to the second marking, a displace-
ment of the first marking relative to the second marking, and/or a size
difference between the first marking and the second marking. The image
processing module may be further configured to use the determined spatial
relation between the first marking and the second marking to determine
whether a positioning of the coupling member relative to the patient inter-
face in the connection state is within a predefined range and/or whether a
pressure with which the patient interface is pressed against the patient’s eye

is within a predefined range, as describe below.

For example, the predefined range may include at least one of a predefined
range of an axial distance between the coupling member and the interface
portion of the contact member of the patient interface, a predefined range of
displacement orthogonally to the longitudinal axis of the interface portion of
the contact member of the patient interface, and/or a predefined range of a
rotation of the coupling member relative to the interface portion of the
contact member about the longitudinal axis of the contact member of the
patient interface. For example, the axial distance may be determined based
on the size difference between the first marking and the second marking in
the image, as the size difference increases with the axial distance between the

first and second markings.

In some examples, the first marking may be a circular ring and the second

marking may be a circular dot (or vice versa). The spatial relation between the
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first marking and the second marking may be defined to be within the
predefined range, for instance, if the dot is within the ring and completely fills
the region defined by the ring.

For example, the imaging processing module may be configured to generate a
confirmation signal indicating that the connection state has been successfully
established if the determined spatial relation is within the predefined range
and/or to generate a warning signal indicating that the connection state has
not been successfully established if the determined spatial relation is not
within the predefined range. In some examples, the laser system may be
configured to receive the signal(s) and to allow emission of laser beams only
after receiving the confirmation signal and/or to prevent emission of laser
beams after receiving the warning signal. Additionally or alternatively, the
display device may be configured to receive the confirmation signal and/or
the warning signal and to display to the user a corresponding warning or

confirmation signal.

In some examples, the image processing module is configured to determine at
least one pressure using the determined spatial relation between the first
marking and the second marking. The at least one pressure may be selected,
for instance, from a pressure with which the coupling member of the patient
interface is pressed against the contact member of the patient interface
and/or an intraocular pressure of the eye the contact member is in contact
with. The image processing module may further be configured to determine

whether the thus determined pressure is within a predefined range.

Additionally or alternatively, the aforementioned pressure sensor may be
configured to be completely or least partly within a field of view of the
camera, if the connection state between the ophthalmic system and the
patient interface is established. The image processing module may be
configured to determine the pressure as measured and/or indicated by the
pressure sensor within the image of the camera. The image processing
module may further be configured to determine whether the pressure
measured and/or indicated by the pressure sensor is within a predefined

range.

The imaging processing module may be configured to generate a confirmation
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signal indicating that the pressure, i.e., the pressure obtained using the
pressure sensor or the pressure determined based on the spatial relation of
the first and second markings, is within the predefined range and/or to
generate a warning signal indicating that the pressure is above or below the
predefined range. Additionally or alternatively, the display device may be
configured to receive the confirmation signal and/or the warning signal and to
display to the user a corresponding warning or confirmation signal. Addition-
ally or alternatively, the display device may be configured to receive the
determined pressure(s) and to display to the user the determined pressure(s),

e.g., corresponding values thereof.

For example, to establish the connection state between the ophthalmic
system and the patient interface, the coupling member may be configured to
be inserted through the aforementioned proximal opening of the interface
portion of the patient interface into the receiving space of the interface

portion of the patient interface.

In the connection state between the ophthalmic system and the patient
interface, the coupling member of the ophthalmic system and the contact
member of the patient interface in combination may form the gonioscopic
lens. In this example, the coupling member of the ophthalmic system includes
the at least one mirror surface of the gonioscopic lens and the contact
member forms the contact member of the gonioscopic lens. The at least one
mirror surface may, for instance, be angled relative to the longitudinal axis of
coupling member and configured to redirect the peripheral illumination
beams from the illumination device towards the contact member and direct
peripheral observation beams from the contact member towards the camera
of the ophthalmic system. The ophthalmic system may include a drive
member which may be configured to move, for instance, under the control of
the processor or the image processing module of the ophthalmic system, the
coupling member axially along the longitudinal axis of the coupling member
and/or to rotate the coupling member about the longitudinal axis of the
coupling member. For instance, the processor or image processing module
may be configured to control the drive member to move the coupling
member so as to establish the connection state, e.g., such that the aforemen-
tioned spatial relation between the first marking of the coupling member and

the second marking of the contact member is moved into, or kept within, the
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predefined range. Additionally or alternatively, the processor or image
processing module may be configured to control the drive member to move
the coupling member such that the aforementioned pressure (e.g., the
pressure with which the contact member is pressed against the cornea of the

eye, or the IOP) is moved into or kept within the predefined range.

In some examples, the ophthalmic system further includes a reader device
configured to read out the information from the aforementioned machine-
readable identifier of the patient interface. The reader device may be, or
include, the aforementioned camera of the ophthalmic system and/or an
additional camera of the ophthalmic system. Additionally or alternatively, the
reader device may be, or include, an RFID reader. The machine-readable
identifier may be positioned, for instance, on the contact member of the
patient interface such that it is readable by the reader device at least during
the connection state between the ophthalmic system and the patient
interface. The ophthalmic system may further include an electronic identifica-
tion module that is configured to identify the patient interface based on the
information from the machine-readable identifier that has been readout by
the reader device. For instance, the electronic identification module may be
configured (e.g., via a suitable data interface or network interface) to assess a
data base storing uniquely identifying information (e.g. IDs) of used patient
interfaces. For instance, the electronic identification module may be config-
ured to assess the data base, e.g., via the internet, and to perform queries on
the database, for instance, whether the uniguely identifying information
readout from an instant patient interface (e.g. that is momentarily connected
to the coupling member of the ophthalmic system) is stored as belonging to a
previously used patent interface. Hence, in some examples, the identification
module may be configured to determine whether the patient interface has
already been used in a previous session and, if so, to not support any use of
the patient interface in a present or future session. For instance, the identifi-
cation module may be configured to control the illumination device, the
camera, the image processing module, and/or the laser system not to operate
(or to operate only in a restricted mode) as long as the coupling member is
connected to the patient interface, if the patient interface is determined as

being previously used.

Additionally or alternatively, in examples in which the machine-readable



10

15

20

25

30

WO 2024/251365 PCT/EP2023/065381

52

identifier encodes information specifying optical characteristics of the patient
interface as described above, the identification module may be configured to
provide one or more of the optical characteristics to the image processing
module, to the illumination device or the illumination control module
described above, and/or to the focusing assembly or the focus control module
described above, each of which may be configured to operate in accordance
with the received optical characteristics of the patient interface. For instance,
the image processing module may be configured to perform a search of
subregions of the image corresponding to the one or more mirror surface
using the information, e.g., specifying the number of mirror surfaces included
in the patient interface. As a further example, the focus control module may
be configured to adjust the focus of the focusing assembly using the infor-
mation, e.g., specifying the imaging magnification value Mc of the central
gonio field of the patient interface and/or the at least one imaging magnifica-
tion value Mgonio associated with the one more peripheral gonio fields of the

patient interface.

In one example of the patient interface, the contact member may comprise a
marker configured to indicate an azimuthal orientation of the contact
member about the longitudinal axis of the contact member. For instance, the
marker may be configured to be visible from a proximal side of the contact
member (the proximal side facing the ophthalmic system, e.g., facing the
mount or coupling member thereof). In this example, the image processing
module may be configured to identify the marker within the image of the
camera and to use the identified marker to determine one or more of an
azimuthal orientation of the patient interface (e.g. relative to the camera
coordinate system and/or eye coordinate system), an azimuthal orientation of
the at least one mirror surface (e.g. relative to the camera coordinate system
and/or eye coordinate system), an azimuthal orientation of the at least one
subregion of the image (e.g. relative to the camera coordinate system and/or
eye coordinate system) and/or an azimuthal orientation of at least one
characteristic feature of the eye within the image relative to the marker,
relative to the camera coordinate system and/or relative to the eye coordi-

nate system.
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BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate aspects and various examples of the
present disclosure that, together with the written descriptions herein, serve
to explain this disclosure. Each drawing depicts one or more aspects of this

disclosure as follows:

FIG. 1 depicts an exemplary ophthalmic system in accordance with the

present disclosure, and a gonioscopic lens being placed onto an eye.
FIG. 1A depicts a gonioscopic lens placed onto the cornea of an eye.

FIGs. 2A-2D show exemplary variants of the ophthalmic system shown in FIG.

1 in accordance with the present disclosure.

FIGs. 3A-B shows the field of view as seen by a camera of an exemplary

ophthalmic system in accordance with the present disclosure.

FIGs. 4A-4C depict exemplary illumination beams and observation beams
generated using an exemplary ophthalmic system in accordance with the

present disclosure and a gonioscopic lens placed on an eye.

FIG. 5 shows an exemplary image generated by an exemplary ophthalmic
systems in accordance with the present disclosure, the image depicting

characteristic features of different portions of the eye.

FIGs. 6A-B depict further exemplary illumination beams and observation
beams generated using an exemplary ophthalmic systems in accordance with
the present disclosure and exemplary of gonioscopic lens assemblies in
accordance with the present disclosure with distributed optical power

elements.

FIGs. 7A-B show exemplary images which are in accordance with the beam

paths shown in FIGs. 6A-B, respectively.

FIG. 8 illustrates an exemplary chamber angle viewing geometry in accordance

with the present disclosure.

FIG. 9 illustrates an exemplary parametrization of an ellipse approximating the

observed trabecular meshwork using a gonioscopic lens in accordance with
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the present disclosure.

FIG. 10 depicts an example of determining an azimuthal orientation of a

peripheral gonio field in accordance with the present disclosure.

FIG. 11 shows an exemplary procedure workflow of using an exemplary
ophthalmic system to perform laser trabeculoplasty via a gonioscopic lens in

an “auto-advance mode” in accordance with the present disclosure.

FIG. 12 illustrates treatment regions of a trabecular meshwork of an eye being

treated in accordance with the “auto-advance mode” illustrated in FIG. 11.

FIG. 13 shows an exemplary procedure workflow of using an exemplary
ophthalmic system to perform laser trabeculoplasty via a gonioscopic lens in

an “automatic mode” in accordance with the present disclosure.

FIG. 14 illustrates treatment regions of a trabecular meshwork of an eye being

treated in accordance with the “automatic mode” illustrated in FIG. 13.

FIG. 15 illustrates treatment regions of a trabecular meshwork of an eye being
treated using an exemplary ophthalmic system in a “planned mode” in

accordance with the present disclosure.

FIGs. 16A-B depict exemplary camera images generated using an exemplary

ophthalmic system in accordance with the present disclosure.

FIGs. 17A-B depict exemplary images generated using the camera images
shown in FIGs. 16A-B.

FIGs. 18A-B depict exemplary camera images generated using an exemplary

ophthalmic system in accordance with the present disclosure.

FIGs. 19A-B depict exemplary images generated using the camera images
shown in FIGs. 18A-B.

FIG. 20 illustrates an exemplary method of imaging and displaying an eye’s
chamber angle along its entire circumference using an exemplary ophthalmic

system in accordance with the present disclosure.

FIG. 21 illustrates an exemplary method of applying laser pulses into an
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anterior chamber angle along its full circumference using an exemplary

ophthalmic system in accordance with the present disclosure.

FIGs. 22 to 27 show examples of patient interfaces in accordance with the

present disclosure.

FIG. 28 depicts an example of an ophthalmic system in accordance with the
present disclosure, the ophthalmic system including a coupling member to

establish a connection with a patient interface of the present disclosure.
DETAILED DESCRIPTION

Aspects of the present disclosure are now described with reference to
exemplary ophthalmic systems, gonioscopic lenses, gonioscopic lens assem-
blies, patient interfaces, and associated methods. Some aspects are described
with reference to operations where a laser beam is directed to eye tissue, for
instance, to the trabecular meshwork. Reference to such particular type of
operation is provided for convenience and not intended to limit the present
disclosure unless claimed. Accordingly, the concepts described herein may be
utilized for any analogous device or method - medical or otherwise, eye-

specific or not.

nn

As used herein, the terms "comprises,” "comprising," or like variation, are
intended to cover a non-exclusive inclusion, such that a device or method that
comprises a list of elements does not include only those elements, but may
include other elements not expressly listed or inherent thereto. Unless stated
otherwise, the term "exemplary" is used in the sense of "example" rather
than "ideal." Conversely, the terms "consists of" and "consisting of" are
intended to cover an exclusive inclusion, such that a device or method that

consists of a list of elements includes only those elements. As used herein,

nn nn

terms such as "about," "substantially," "approximately," or like variations,
may indicate a range of values within +/- 5% of a stated value. Moreover, as
used herein, the term “proximal” is intended to refer to a direction (or side)
facing (or pointing) away from the patient’s eye and towards the ophthalmic
system or a user of the system, whereas the term “distal” is intended to refer
to a direction (or side) facing (or pointing) towards the patient’s eye and away

from the ophthalmic system or the user of the system.
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Aspects of the present disclosure pertain to an exemplary ophthalmic system,
examples of which are depicted in FIGs. 1 to 2D and 28. Further aspects of the
present disclosure pertain to an exemplary gonioscopic lens assemblies,
examples of which are depicted in FIGs. 1 to 2D and 28.

FIG. 1 shows a block diagram of an exemplary ophthalmic system 100 in
accordance with the present disclosure. The ophthalmic system can be used in
combination with a gonioscopic lens 1100 which may be an entity separate
from the ophthalmic system 100. Alternatively, the ophthalmic system 100
may also comprise the gonioscopic lens 1100. For instance, a variant of the
ophthalmic system 100 that is shown in FIG. 28 and has the reference

numeral 600, comprises at least parts of a gonioscopic lens that are integrat-
ed, for instance, into a distal coupling member 690 of the ophthalmic system,
the coupling member being configured to be connected with a patient
interface 3600.

Accordingly, the ophthalmic system 100 may be used with different types of
gonioscopic lenses 1100, gonioscopic lens assemblies 2100, 2200, and patient
interfaces 3100, 3200, 3300, 3400, 3500, 3600, examples of which being
described below, particularly with reference to FIGs. 1, 3A-3B, 6A-B, and 22-
28. FIG. 1A schematically shows details of a patient’s eye 10 and a gonioscopic

lens 1100 being placed onto the cornea 20 of the eye 10.

The exemplary ophthalmic system 100 shown in FIG. 1 may be implemented
in various ways, for instance, by using different optical components (such as
lenses, mirrors, beam splitters, etc.) and/or arranging the optical components
differently. For instance, as mentioned above, FIGs. 2A-2D and 28 show
exemplary variants 200, 300, 400, 500, 600 of the ophthalmic system 100
shown FIG. 1. Unless indicated otherwise, the description of the ophthalmic
system 100 shown in FIG. 1 may also be applied also to the ophthalmic
systems 200, 300, 400, 500, 600 shown in FIGs. 2A-2D and 28, and vice versa.

The ophthalmic system 100 comprises an illumination device 110 with one or
more light sources 111 configured to generate illumination beams 112
(shown, for instance, in FIGs. 2A-D), that propagate, via optical components

specified further below, through the gonioscopic lens 1000 and illuminate the
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eye 10. The light sources 111 may, for instance, be LEDs configured to emit
light in the visible spectrum and in the infrared spectrum, an integrated into
an illumination array (not shown). The illumination beams 112 may thus
comprise, or consist of, light beams with wavelengths in the visible wave-
length range, e.g. between 400 nm and 780 nm. Additionally or alternatively,
the illumination beams 112 may comprise, or consist of, light beams with
wavelengths in the infrared wavelength range, e.g. in a wavelength range
between 780 nm and 2000 nm. For instance, the illumination device 110 may
be configured to selectively emit visible (e.g., white) or infrared IR illumination
beams. White visible illumination beams may be particularly useful for the
physician to better discern certain anatomical features (such as the pigment-
ed trabecular meshwork) but may be uncomfortable to the patient and cause
dazzling. Once features of interest for treatment have been identified in a
succession of images (frames) acquired under white visible illumination, the
illumination device may be switched to only emit IR illumination beams. For
instance, tracking of patient head and eye motion during the procedure may

be performed using a live or video image acquired under IR illumination only.

For instance, as shown in FIGs. 2A-D, the illumination beams 112 may be
directed to impinge on tissue in the anterior chamber angle 40 of the eye 10,
such as the trabecular meshwork 45 and/or adjacent eye tissues, such as the
iris 30. Additionally or alternatively, the illuminations beams may be directed
to impinge on tissue of the peripheral or central eye fundus 50, such as the
peripheral parts 57 or central parts 56 of the retina 55. See FIG. 1A. The
illumination beams 112 are backscattered from the eye and return to the
system as observation beams 114. Further details on different paths of
illumination beams 112 and the corresponding observation beams 114 are

described further below, particularly with reference to FIGs.4A to 7B.

FIGs. 1A, 3A-B, and 4A-D show exemplary variants of the gonioscopic lens
1100 which generally includes a contact member 1110 and at least one mirror
surface 1120 which is angled relative to a longitudinal axis 1114 of the
gonioscopic lens 1100. As shown in FIG. 4A, the longitudinal axis 1114
centrally traverses the contact member 1110, i.e., the contact member 1100
is typically concentric relative to the longitudinal axis 1114. In the examples

shown, an inclination angle a.conio of the at least one mirror surface 1100
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relative to the longitudinal axis 1114 of the gonioscopic lens 1100 may be in a
range between 10° and 60°, for instance, approximately 30°. If the gonioscop-
ic lens 1110 comprises more than one mirror surface 1120, e.g., 4 or 6 mirror
surfaces 1220, as shown for instance, in the examples depicted in FIGs. 3A-B,
the mirror surfaces 1220 may have the same inclination angle ciconio. In
alternative examples, the mirror surfaces 1120 may have different inclination
angles olconio, (i being an index labelling the mirror surfaces) the inclination
angle olgonio of each mirror surface 1120 typically being within the aforemen-

tioned range.

During use, as shown for instance in FIGs. 1, 1A, 2A-D, and 4A-B, the contact
member 1100 of the gonioscopic lens 1100 is placed onto, or adjacent to, the
cornea 20 of the eye 10 such that a contact surface 1112 of the contact
member 1110 facing the cornea 20 is adjacent to the outer surface of the
cornea 20. An interspace defined between the contact surface 1112 of the
contact member 1110 and the outer surface of the cornea 20 typically has a
maximum width of less than 3 mm, less than 2 mm or less than 1 mm. The
interspace may be filled with a liquid or a gel, such as tear liquid, saline, or a
coupling gel, such as an index matching gel. During use, the gonioscopic lens
1110 is typically oriented relative to the eye 10 such that the longitudinal axis
1114 of the gonioscopic lens 1100 and a pupillary axis 36 of the eye 10, which
may be defined as running through a midpoint of the cornea 20 and centrally
through the pupil 35 of the eye 10, are parallel or define an angle in a range
typically between 0° and 15°, between 0° and 10°, or between 0° and 5°. In
the example shown in FIG. 1A, the longitudinal axis 1114 of the gonioscopic
lens 1110 and the pupillary axis 36 of the eye coincide with each other and are

both represented by the central dashed line depicted in FIG. 1A.

The ophthalmic system 100 further includes an imaging device or camera 120
for acquiring an image 125 of the eye 10 through the gonioscopic lens 1100.
The camera 120 includes at least one image sensor 121, as shown in FIGs. 1
and 5A-B, configured to receive the aforementioned observation beams 114
propagating from the illuminated parts the eye 10, particularly from the
aforementioned illuminated tissues of the trabecular meshwork 45, iris 30
and/or retina 55, through the gonioscopic lens 1100 towards the image sensor

121. The image sensor 121 can be a CMOS sensor or a CCD sensor, for
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example. Examples of images 125 generated by the camera 120 are shown in
FIGs. 3A-B, 7A-B, 12, 14, 15, 16A, and 18A. In the present examples, a field of
view 126 of the camera 125 is sufficiently large so that the image 125 can
encompass at least one or all of the mirror surfaces 1120 and the contact
member 1110 of the gonioscopic lens 1100 simultaneously, when imaging the
eye 10 through the gonioscopic lens 1100. In the present examples, the
camera 120 may be a video camera and the generated image 125 may thus be
a video image comprising a series of frames taken at a frame rate r¢ of the
camera 120. For instance, the frame rate rf may be in a range of 50 to 100 Hz,

for instance.

The illumination beams 112 generated by the illumination device 110 are
shown, for instance in FIGs. 2A-D, 4A-C, and 6A-B. As specifically shown in
FIGs. 4B-C and 6A-B, the illumination beams 112 may comprise central
illumination beams 112C that are directed to propagate through the contact
member 1110 without being reflected by any one of the at least one mirror
surface 1120 of the gonioscopic lens 1110. The central illumination beams
112C traverse the contact member 1110 and the cornea 20 in a direction that
is typically parallel to the pupillary axis 36 of the eye 10 or in a direction that
defines an angle with the pupillary axis 36 of less than 30°, of less than 15°, or
of less than 5°. Typically, said angle is less than the inclination angle of the at
least one mirror surface 1120 of the gonioscopic lens 1100. After having
passed through the cornea 20, the central illumination beams 112C may, for
instance, impinge on the iris 30, as shown in FIGs. 4B and 6A, or traverse the
pupil 35 and irradiate the retina 55 on the fundus 50 of the eye 10, as shown
in FIGs. 4C and 6B.

As shown, for instance, in FIGs. 2A-D, 4A, 6A-B, the illumination beams 112
further include peripheral illumination beams 112P that are reflected by one
of the at least one mirror surface 1120 of the gonioscopic lens and propagate
obliquely through the contact member 1110 of the gonioscopic lens 1100 and
though the cornea 20. The peripheral illumination beams 112P may be
approximately parallel to the central illumination beams 112C until they
impinge on the respective mirror surface 1120 of the gonioscopic lens. During
use, a lateral distance of the central illumination beams 112C from the

pupillary axis 36 of the eye 10 is typically smaller than a lateral distance the
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peripheral illumination beams from the pupil axis 36 of the eye 10. The
peripheral illumination beams 112P traverse the contact member 1110 and
the cornea 20 in a direction that defines an angle with the pupillary axis 36
that is typically greater than 30°, greater than 45° or greater than 60°.
Typically, said angle is greater than the inclination angle of the respective
reflecting mirror surface 1120 of the gonioscopic lens 1100. Depending on
said angle, the peripheral illumination beams 112P may impinge on tissue of
the anterior chamber angle 40 of the eye 10, such as peripheral regions of the
iris 30 or the trabecular meshwork 45. At smaller angles, the peripheral
illumination beams 112P may pass through the pupil 35 of the eye and
impinge on tissue of the eye fundus 50, such as non-central or peripheral

regions of the retina 55.

The observation beams 114 may include central observation beams 114C that
emanate from eye tissues being illuminated by the central illumination beams
112C (i.e., being backscattered central illumination beams 112C) and that
propagate through the contact member 1110 towards the camera 120
without being reflected by any one of the at least one mirror surface 1120 of
the gonioscopic lens 1100. As shown in FIGs. 2A-D, 4A and 6A-B, the central
observation beams 114C are reflected by tissue of the iris 30 or the fundus 50
of the eye, particularly from the retina 55. Similarly to the central illumination
beams 112C, the central observation beams 112C traverse the cornea 20 and
the contact member 1110 typically in a direction that may by approximately
parallel to the pupillary axis 65 of the eye or in a direction that defines an
angle with pupillary axis of less than 5°, of less than 15°, or of less than 30°.
Typically, said angle is less than an inclination angle of the at least one mirror
surface1120 of the gonioscopic lens 1100 defined relative to the longitudinal

axis 1114 of the gonioscopic lens 1100.

The observation beams 1114 further includes peripheral observation beams
114P that emanate from tissue of the eye illuminated by the peripheral
illumination beams 112P (i.e., being backscattered peripheral illumination
beams 112P) and propagate obliquely through the contact member 1110. The
peripheral observation beams 114P are reflected by one of the at least one
mirror surface 1120 of the gonioscopic lens 1110 and propagate further to the

camera 120 and impinge onto the image sensor 121 of the camera 120. As
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shown in FIGs. 2A-D, 4A and 6A-B, the peripheral observation beams 114P are
reflected by tissue in the anterior chamber angle 40 of the eye, particularly
from the trabecular meshwork 45. Similarly to the peripheral illumination
beams 112P, the peripheral observation beams 114P traverse the cornea 20
and the contact member 1110 typically in a direction that defines an angle
with pupillary axis 36 of more than 30°, more than 45° or more than 60°.
Typically, said angle is greater than the inclination angle of the at least one

mirror surface 1120 of the gonioscopic lens.

As further shown in FIG. 1, the ophthalmic system 100 may include an optical
system 130 that is configured to direct and/or focus the aforementioned
illumination beams 112 and observation beams 114 such that they follow
their respective beam paths and are focused as described further below. If the
system 10 further comprises a laser system 140, as in the present examples
shown in the Figures, the optical system 130 may be further configured to
also direct and/or focus one or more laser beams 145 of the laser system 140
as described further below. The optical system 130 may include an objective
lens 133 and further optical elements 131, each of which may be fixed in their
respective positions and orientations or be movable and/or rotatable for
adjusting a focus of the optical system 130 and/or to change a direction the
respective beam paths. Preferably, the objective lens 133 is a telecentric lens.
For instance, the optical system 130 includes a focusing assembly 132
configured to adjust a focus of the optical system 130, for instance, by shifting
an object plane that is conjugate to an image plane defined by the image
sensor 121 of the camera 120, as described below. For instance, the afore-
mentioned objective lens 133 and optical elements 131 of the optical system

130 may be integrated into the focusing assembly 132.

The laser system 140 comprises one or more laser sources 141 to generate
one or more laser beams 145 (shown in FIGs. 2A-D), such as at least one
treatment laser source configured to generate at least one treatment laser
beam and at least one aiming laser source configured to generate at least one
aiming laser beam. The aiming laser beam may be coaxially aligned with the
treatment laser beam and have a power sufficiently low so as to avoid any
irreversible effects on, or even damages of, the eye tissue irradiated there-
with.
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The light beams depicted in FIGs 4A-C and 6A-B may represent illumination
beams 112 or observation beams 114, as these beams may share the same or
similar beam paths at least within the eye 10 and within the gonioscopic lens
1100. For instance, observation beams 114 emanating from one object point
60 in the eye 10 may be focused and/or directed by the optical system 130 of
the ophthalmic system 100 such that they converge in one image point 127 on
the image sensor 121 of the camera 120, see FIGs. 5A-B, in order to image
that object point 60 onto the image sensor 121. The image points 127 form
the image 125 generated by the camera 120 (e.g., see FIGs. 6A-B, 7A-B).
Moreover, in order to illuminate a defined region within the eye 10, the
illumination beams 112 may be focused by the optical system 130 of the
ophthalmic system 100 so that they converge on that defined region within
the eye 10. For example, the illuminated region may comprise the object
points 60 of the eye 10 that are at the same focused onto the image sensor
121 of the camera 120 (i.e., the object points 60 are in or adjacent to the
aforementioned object plane). As shown in the examples depicted in FIGs. 4A-
C and 6A-B, the central illumination beams 112C may share the same or
similar beam paths within the eye 10 and within the gonioscopic lens 1110 as
the central observation beams 114C, and the peripheral illumination beams
112P may share the same or similar beam paths within the eye 10 and within
the gonioscopic lens 1110 as the peripheral observation beams 114P. Further
details regarding the beams paths of the illumination beams 112 and observa-
tion beams 114, and examples of separating these beams within the ophthal-

mic system 100, are provided below with reference to Figures 2A-D.

As mentioned above, FIGs. 2A-D and 28 show exemplary variants or embodi-
ments of the exemplary ophthalmic system 100 shown in FIG. 1. In order to
facilitate comparison between the embodiments 200, 300, 400, 500, 600
shown in FIGs. 2A-D, 28 respectively, their elements are denoted with the
same reference numerals as the corresponding elements of the exemplary
ophthalmic system 100, or with reference numerals that are increased,
relative to the corresponding elements shown in FIG. 1, by 100, 200, 300, 400
or 500, respectively. Unless specified otherwise, ophthalmic systems 100, 200,
300, 400, 500, 600 and their corresponding elements, may be similar or even
identical in structure and configuration. In particular, unless specified

otherwise, the description of the various elements of the exemplary ophthal-
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mic system 100 may apply equally to the corresponding elements of the
embodiments 200, 300, 400, 500, 600 and vice versa. The embodiments 100,
200, 300, 400, 500, 600 may thus have similar or even identical illumination
devices 110, 210, 310, 410, 510, cameras 120, 220, 320, 420, 520, laser
systems 140, 240, 340, 440, 540, optical systems 130, 230, 330, 430, 530,
electronic processing devices 150, display devices 160 etc.. The components
of the embodiments 200, 300, 400, 500, 600 may thus have the same
functions and configurations as described with reference to the exemplary
ophthalmic system 100. Particular differences between the optical systems
230, 330, 430, 530 of the ophthalmic system 200, 300, 400, 500, particularly
between focusing assemblies 232, 332, 432, 532 and the beam paths of the
respective illumination beams 212, 312, 412, 512, observation beams 114,
214, 314, 414, 514, and laser beams 145, 245, 345, 445, 545, are described

below with reference to FIGs. 2A-D.

In the ophthalmic systems 200, 300, 400, 500 shown in FIGs. 2A-D, the
respective optical system 230, 330, 430, 530 includes a focusing assembly 232,
332,432, 532 to focus the illumination beams 212, 312, 412, 512, observation
beams 114, 214, 314, 414, 514, and/or laser beams 145, 245, 345, 445, 545,

In the ophthalmic systems 100, 200, 300, 500 shown in FIG. 2A, 2B, and 2D,
the respective focusing assembly 232, 332, 532 includes an objective lens 233,
333, 533. The beam paths of illumination beams 212, 312, 512, observation
beams 114, 214, 314, 514, and laser beams 145, 245, 445, 545 run through
the objective lens 233, 333, 533.

The focusing assemblies 232, 332, 432, 532 may comprise further optical
elements, for instance, lenses and/or apertures that may for part of the
respective illumination device 110, 210, 310, 410, 510, camera 120, 220, 320,
420, 520, and/or laser system 140, 240, 340, 440, 540. For instance, in each of
the examples shown in FIGs. 2A-D, the illumination device 110, 210, 310, 410,
510 includes a first converging lens 215, 315, 415, 515, a second converging
lens 216, 316, 416, 516, and an aperture 217, 317, 417, 517 between the first
converging lens 215, 315, 415, 515 and the second converging lens 216, 316,
416, 516. The aperture 217, 317, 417, 517 may be fixed or may be configured

as an oscillating slit shutter. In one example, the first converging lens 215,
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315, 415, 515 is configured to collimate the illumination beams 212, 312, 412,
512 emitted from the light source 111, 211, 311, 411, 511. The second
converging lens 216, 316, 416, 516 may be configured to focus the illumina-
tion beams 212, 312, 412, 512 exiting the aperture 217, 317, 417, 517. In the
examples shown FIG. 2A, 2B, and 2D, focusing of the collimated illumination
beams 212, 312, 512 is performed using both the second converging lens 216,
316, 416, 516 and the objective lens 233, 333, 533. In the example shown FIG.
2C, which is configured as Greenough type microscope, focusing of the
collimated illumination beams 412 is performed using the second converging
lens 416 without any objective lens. In each of these examples, however, the
illumination beams 212, 312, 412, 512 may be focused into one or more
regions of the eye 10, as described herein. By virtue of the oscillations of the
oscillating slit 217, 317, 417, 517, the illumination beam 212, 312, 412, 512
may be scanned over different regions of the eye 10. Additionally or alterna-
tively, scanning of the illumination beams 212, 312, 412, 512 may be also
achieved by other known means, for instance, by means of one or more
rotatable scanning mirrors. For instance, the optical systems 230, 530 of the
ophthalmic systems 300 and 500 shown in FIGs. 2B and 2D include an
illumination beam steering device 336, 536 separate from the (fixed) aperture
317,517, such as a scanning mirror, e.g. a 2D-rotatable scanning mirror.
Examples of oscillating slits and beam steering devices are described in US
2010/007849 A1, the entire content of which being incorporated herein by

reference.

The focusing assembly 232, 332, 432, 532 may further comprise a lens
forming part of the camera 120, 220, 320, 420, 520. For instance, in the
examples shown in FIGs. 2A-D, the camera 120, 220, 320, 420, 520 may
include a converging lens 222, 322, 422, 522 that is configured to focus the
observation beams 114, 214, 314, 414, 514 emanating from the eye 10 onto
the image sensor 121, 221, 321, 421, 521. In the examples shown FIG. 2A, 2B,
and 2D, focusing of the observation beams 214, 314, 514 is achieved using
both the converging lens 222, 322, 522 of the camera 222, 322, 522 and the
objective lens 233, 333, 533. In the example shown FIG. 2C, focusing of the
observation beam 412 is performed using the lens 422 without any objective
lens. The camera 120, 220, 320, 420, 520 by be configured to be operable

with an electronic rolling shutter that is synchronized with the scanning of the
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illumination beams 112. Alternatively, the camera 120, 220, 320, 420, 520
may include an oscillating aperture, such as an oscillating slit, that is located
between the converging lens 222, 322, 422, 522 and the image sensor 121,
221,321, 421, 521 and configured to move synchronously with the scanning
motions of the illumination beams, for instance, synchronously with the
oscillating slit 217, 317, 417, 517 or scanning mirror, as described for instance
in US 2010/007849 A1l. As shown in FIG. 2C, the focusing assemblies 432 may
also comprise a converging lens 446 of the laser system 440 to focus the laser

beam 540 onto a target region of the eye 10.

The focusing assembly 132, 232, 332, 532 assembly may include one or more
actuators (not shown) operable to move the objective lens 233, 333, 533, the
lens 222, 322, 422, 522 of the camera 222, 322, 422, 522, and/or the lens 446
of the laser system 440 in order to focus the illumination beams 212, 312,
512, the observation beams 214, 314, 514, and/or the laser beams 245, 345,
545.

Each of the exemplary focusing assemblies 132, 232, 332, 532 may be
configured to focus the observation beams 114 emanating from the eye 10
onto the image sensor 121, 221, 321, 421, 521 of the camera 120, 220, 320,
420, 520. For instance, the focusing assembly 132, 232, 332, 532 may config-
ured to change between two different focus modes in which the object plane
of the camera is shifted between two different positions, such as a first
proximal position which may be adjacent to the anterior chamber angle of the
eye 10, for instance at the TM 45, as shown in FIGs. 4A and 4B, and a second
distal position which may be adjacent to the fundus 50 of the eye 10, such as
at the (central) retina 55, as shown in FIG. 4C. The central observations beams
114C may thus be focused using a first focus mode and the peripheral
observation beams 114P may be focused using a second focus mode different
from the first focus mode. For example, any one of the objective lens 233,
333, 533, the lens 222, 322, 422, 522 of the camera 222, 322, 422, 522, and/or
the lens 446 of the laser system 440 may be adjustable, such as translatable
by means of an actuator or configured as liquid lens elements in order to
focus the illumination beams 212, 312, 512, the observation beams 214, 314,
514, and/or the laser beams 245, 345, 545, and/or to change the focus mode,

e.g., switch between the first and second focus modes.
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For instance, the electronic focus control module 137, which may be integrat-
ed into the processor 151 or be a separate electronic processing device, may
be configured to switch the focusing assembly 132, 232, 332, 532 between
the first focus mode and the second focus mode at a focus switching rate rr.
The focus switching rate rr may be equal to, or smaller or greater than, a
frame rate r¢ of the camera 120. For instance, the switching rate rr may be set
to satisfy re = re / Ne or re = re * Ne with N being a positive integer (such as Ng =
1, 2, 3, ...). For instance, the focus control module 137 may be configured to
generate control signals in accordance with the focus switching rate to control
one or more of the actuators of the focusing assembly 132, 232, 332, 532,
such as electric motors, to move or otherwise adjust one or more lens
elements of the focusing assembly 132, 232, 332, 532 in accordance with the

first or second focus mode, respectively.

Additionally or alternatively, as shown in FIGs. 6A-B, and described in more
detail below, the gonioscopic lens 1100 may be part of a gonioscopic lens
assembly 2100, 2200 which additionally includes one or more lens elements
1130 configured to selectively converge or diverge the central observation
beams 114C and central illumination beams 112C while not affecting the

peripheral observation beams 114P.

The optical system 230 of the ophthalmic system 200 shown in FIG. 2A
includes a beam splitter 234 to reflect the illumination beams 212 emitted
from the illumination device 210 towards the objective lens 233 and to
transmit the observation beams 214 coming from the objective lens 233
towards the camera 220. Between the beam splitter 234 and the patient’s eye
10, the beam paths of the illumination beams 212 and observation beams 214

are coaxial.

The optical systems 230, 330 of the ophthalmic systems 200, 300 shown in
FIGs. 2A and 2B each include a dichroic mirror 235, 335 configured to transmit
the illumination beams 212, 312 emitted from the illumination device 210,
310 towards the objective lens 233, 333, and to reflect the laser beam 245,
345 emitted from the laser system 240, 340 towards the objective lens 233,
333. In the ophthalmic system 200 shown in FIG. 2A, the beam paths of the
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illumination beams 212 and observation beams 214 are coaxial between the
dichroic mirror 235 and the patient’s eye 10. In the ophthalmic systems 300
and 500 shown in FIGs. 2B and 2D, the beam paths of the illumination beams
312,512 and observation beams 314, 513 are shifted laterally relatively to

each other.

In the ophthalmic systems 100, 200, 300, 500 shown in FIGs. 1, 2A, 2B, 2C, and
2D, the respective laser system 140, 240, 340, 540 includes a laser beam
steering device 148, 248, 348, 448, 548 to steer the at least one laser beam
145, 245, 345, 445, 545, and a laser control module 142 (see FIG. 1) config-
ured to control the at least one laser source 141, 241, 341, 441, 541 and the
laser steering device 148, 248, 348, 448, 548. For instance, the laser beam
steering device 148, 248, 348, 448, 548 may include one or two tiltable
mirrors configured to steer the laser beam 245, 345, 445, 545. The laser
control module 142 may be implemented, for instance, by the processor 150

or by a separate electronic processing device.

In the ophthalmic systems 400 and 500 shown in FIGs. 2C and 2D include a
mirror 447, 547 configured to direct laser beams 445, 545 emitted from the
laser system 440, 540 towards the eye 10. In the example shown in FIG. 2D,
the mirror 547 is fixed, whereas in the example shown in FIG. 2C, the mirror
447 is a single 2D-rotatable mirror and forms part of the laser beam steering

device 448 of the laser system 440 to steer the laser beam 455.

In the ophthalmic systems 100, 200, 300, 400, 500, 600, the laser systems 140,
240, 340, 440, 550 may further include a laser beam shaping device 149, 249,
349, 449, 549 configured to adjust a shape, beam profile and/or diameter of
the laser beam 145, 245, 345, 445, 555 emitted from the laser source 141,
241, 341, 441, 541, including optical elements, such as lenses and/or aper-

tures.

Each of FIGs. 3A-B, 5A-B, 7A-B can be interpreted as showing the field of view
126 as seen by the camera 120, 220, 320, 420, 520. Alternatively, each of FIGs.
3A-B, 5A-B, 7A-B may also be interpreted as depicting the image sensor 121,
221, 321, 421, 521 of the camera 120, 220, 320, 420, 520 with the observa-

tions beams 114 being focused onto its surface or, as yet another interpreta-
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tion, as showing an image 125 generated by the camera 120, 220,320, 420,
520 or the displayed image 162 as displayed by the system’s display device
161 described further below. For the sake of consistency, FIGs. 3A-B are
interpreted below as showing the field of view 126 seen by the camera, FIG.
5A is interpreted as showing the image sensor 121, 221, 321, 421, 521 of the
camera 120, 220, 320, 420, 520 with the observations beams 114 being
focused onto its surface. FIG. 5B is interpreted as showing the image 125
generated by the sensor 121, 221, 321, 421, 521 with the observations beams
114 being focused onto its surface as shown in FIG. 5A. FIGs. 7A-B are
interpreted as showing images 125 generated by the sensor 121, 221, 321,
421, 521 with the observations beams 114 shown in FIGs. 6A-B being focused
onto its surface.

FIGs. 3A-B show the field of view 126 of the camera 120, 220,320, 420, 520
which is defined by the image sensor 121, 221, 321, 421, 521 and the optical
system 130, 230, 330, 430, 530. In the example shown FIG. 3A, the gonioscop-
iclens 1110 includes 4 mirror surfaces 1120, 1121, 1122, 1123. In the example
shown FIG. 3B, the gonioscopic lens 1110 includes 6 mirror surfaces 1120,
1121, 1123, 1124, 1125. The gonioscopic lens 1100 generally has a proximal
opening or window 1140 defining a cross-sectional area through which the
eye 10 is observed and through which all of the aforementioned illumination
beams 112, 112C, 112P and observation beams traverse 114, 114C, 114P. In
the examples shown, the field of view 126 of the camera is sufficiently large to
contain the entire cross-sectional area of the proximal opening or window
1140 of the gonioscopic lens 1110 so that the camera 120, 220, 320, 420, 520
can see at the same time the contact member 1110 and each mirror surface
1120, 1121, 1123, 1124, 1125, 1126 of the gonioscopic lens 1110. In other
words, all of the aforementioned central observation beams 114C and all of
the peripheral observation beams 114P reflected from any one of the at least
one mirror surface 1120, 1121, 1123, 1124, 1125, 1126 of the gonioscopic lens
1110 simultaneously reach the image sensor 121, 221, 321, 421, 521. In
alternative examples, the size of the field of view 126 of the camera may be

such that it can contain only a part of said cross-sectional area.

Within the field of view 126, the contact member 1110 defines a central gonio
field (of view) 1150 and each of the mirror surfaces 1120, 1121, 1123, 1124,
1125, 1126 defines a respective peripheral gonio field (of view) 1160. In other



10

15

20

25

30

WO 2024/251365 PCT/EP2023/065381

69

words, within the central gonio field 126, the camera 120, 220,320, 420, 520
can image portions of the eye 10 as seen straightly through the contact
member 1110, e.g. the iris 30 and/or a portion of the retina 55. Within one or
more peripheral gonio fields 1160, the camera 120, 220,320, 420, 520 can
image portions of the eye as seen obliquely through the contact member
1110 via the respective one or more mirror surfaces 1120, 1121, 1123, 1124,
1125, 1126, e.g., a respective portion of the chamber angle 40 such as the

trabecular meshwork 45 and a respective peripheral portion of the iris 30.

As shown in FIGs. 5A-B, the central observation beams 114C reaching the
image sensor may be focused onto a subarea 123 of the image sensor 121 and
a corresponding subarea 128 of the image acquired by the camera 120 may
thus contain the image formed by the central observation beams 114C. The
subarea 128 of the image 125 therefore corresponds to the contact member
1110 of the gonioscopic lens 1100 so that the shape of the subarea 128
corresponds to the shape of the contact member 1110. In the following, the
subarea 128 of the image 125 is also referred to as the central gonio field sub-
image 128. The peripheral observation beams 114P reaching the image sensor
121 can be focused onto one more subregions 124 (each corresponding to
one of the at least one mirror surface) of the image sensor 121 that is distinct
from and non-overlapping with the aforementioned subarea 123 of the image
sensor. A corresponding subregion 129 of the image 125 contains the image
formed by those peripheral observation beams 114P. The subregion of the
image 129 is also referred to as peripheral gonio field sub-image or chamber

angle sub-image.

As illustrated in FIGs. 4A-C, 6A-B, 7A-B, the central observation beams 114C
may be focused onto a subarea 124 of the image sensor 121 to form, within
that subarea 124, a focused image of that region of the eye which is illuminat-
ed by the central illumination beams 112C and from which the central
observation beams emerge 114C, e.g., from a portion of the iris as shown in
FIGs. 4B and 6A, or from a portion of the fundus 50 of the eye 10 as shown in
FIGs. 4C and 6B. Correspondingly, depending on the (first or second) focus
mode or configuration of the optical system, the subarea 128 of the image
may, for instance, include a focused image of the iris 30, as shown in FIG. 7A,

or a focused image of the retina 55, as shown in FIG. 7B.
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For example, the images 125 shown in FIGs. 5B may be a compound image
125C formed by the image processing module 151 by combining frames
acquired during two, three or more different focus modes, e.g. the focus
modes described with reference to FIGs 4A-C. As shown, the subarea 128 of
the compound image 125C may thus include both a focused image of the iris
30 and a focused image of the retina 55, as illustrated, for instance, in FIG. 5B.
As illustrated in FIGs. 4A-C, 6A-B, 7A-B, the peripheral observation beams
114P are focused onto a subregion 124 of the image sensor 121, which is
different from the subarea 123, so as to form, within the subregion 124, a
focused image of that region of the eye which is illuminated by the peripheral
illumination beams 112P and from which the peripheral observation beams
114P emerge, e.g., as shown, from a portion of the chamber angle 40, such as
from a portion of the trabecular meshwork 45, from a peripheral portion of
the iris 30. The subregion 129 of the compound image 125c shown in FIG. 5B

may therefore include a focused image of the TM 45.

It is thus possible to form a compound (live) image 125C by combining images
or frames acquired during different focus modes or focus configurations, so
that the subarea 128 of the compound image 125C may include a focused
image of the iris 30 and/or a focused image of the retina 55, whereas the one
or more subregions may include a focused image of the trabecular meshwork
45, as illustrated, for instance, in FIGs. 5B, 7A-B.

The illumination device 110 may be configured to spatially and/or temporally
modulate the illumination beams 112. The illumination device 110 may, for
instance, include an electronic illumination control module 115 which may be
partly or completely be integrated into the processor 151 or a separate
electronic processing device. The illumination control module 115 may be
configured to control the light sources 111 so as to temporally and/or spatially

modulate the illumination beams 112.

An example of a temporal modulation is a periodical modulation of the
illumination beams 112 with a modulation rate rm. During one modulation
cycle, the illumination device 110 may be configured to switch between two
or more illumination modes. The illumination modes may differ, for instance,
in their respective illumination intensities and/or in the spatial intensity

profile of the illumination beams 112. The illumination control module may be
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configured to provide the processor 150, the image processing module 151
and/or the camera 120 with information about the current illumination mode.
The image frames may be labelled, e.g., by the image processing module 151,
with a label indicating the illumination mode(s) under which the respective
frame has been taken by the camera 120. The camera 120 may be configured
to have a sufficiently large dynamic range to function properly with the
various illumination modes and intensity profiles. For that purpose, the
camera may be an HDR camera (the image sensor being an HDR image
sensor), and the acquired images may be HDR images. The display device 161

may be configured accordingly to display the acquired HDR images.

In an example of spatial modulation of the illumination beams 112, an
intensity of the peripheral illumination beams 112P is different (e.g., higher or
lower) than an intensity of the central illumination beams 112C. For example,
when the intensity of the peripheral illumination 112P beams is higher than
the intensity of the central illumination beams 112C, dazzling of the patient
may be reduced or avoided while still illuminating the anterior chamber angle

40 with sufficient brightness.

In one example, the illumination device 110 is configured to periodically
modulate the illumination beams at the aforementioned modulation rate rm.
The modulation rate rn, may be, for instance, smaller, equal or larger than a
frame rate rt of the camera. For instance, the modulation rate rn, may satisfy
rm =r¢ * Nyor rm = r¢ / Ny with Ny being a positive integer (e.g. Ni=1, 2, 3,...) and
with r¢ being the frame rate of the camera 120. The frame acquisition may be
synchronized with the temporal modulation of the illumination beams 112.
For instance, the starts of the modulation cycles may be synchronized with
the starts of the frame acquisition cycles. For example, for a periodical
temporal modulation with rn, = r: (N; = 1), each frame may be acquired during
one entire modulation cycle. In a further example, for a periodical temporal
modulation with rm = rf (N; = 1) with a synchronous spatial modulation (which
may be as described above), each frame may be acquired during illumination
of the eye firstly with peripheral illumination beams at high intensity and then

secondly with central illumination beams at low intensity.
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In a further example, the illumination device 110 is configured to periodically
modulate the illumination beams 112 at a modulation rate rm that is smaller
than the frame rate r; of the camera, wherein the modulation rate rn, satisfies
rm =r¢ / Nywith N, > 1 being a positive integer. For example, with N; = 2, two
consecutive frames may be acquired under two different stages of one
modulation cycle. For example, without additional spatial modulation (same
intensity for all illumination beams 112P and 112C) and only temporal
modulation of intensity between high intensity and low intensity, the frames
may be acquired alternately at high intensity and low intensity. The first (low)
intensity (in the first half of the modulation cycle) may be optimized for
illumination of tissue at the iris 30 or the fundus 50 with central illumination
beams 112C (e.g., for achieving suitable exposure of the subarea 123 of the
image sensor 121 corresponding to the subarea 128 of the image or frame
125). The second (high) illumination intensity may be optimized for illuminat-
ing tissue in the anterior chamber angle 40 with the peripheral illumination
beams 112P (e.g., for achieving suitable exposure of the subregion 124 of the
image sensor 121 corresponding to the subregion 129 of the image). In a
further example, with N; = 4 and two intensity levels (same for all illumination
beams 112C and 112P), during one modulation cycle, two consecutive frames
125 may be acquired at low illumination intensity and two consecutive frames

may be acquired at high illumination intensity.

As described above, the image processing module 151 may be configured to
select two or more frames 125 of the live image and combine the two or more
frames 125 to form a compound image 125C. For example, the image 125
shown FIGs. 5A-B and 7A-B may be compound images. The frames of the
compound image 125 may, for instance, be acquired as described above
during different focus modes and/or during different illumination modes, e.g.
under a first (high intensity) illumination mode and a second (low intensity)
illumination mode. For instance, the selected and combined frames may be
acquired during the same modulation cycle. The selection may be based, for
instance, on image data of each frame (such as brightness values of one or
more pixels) or on the frame label described above, and/or on control signals
received from the illumination device 110, e.g. from the illumination control

module 115. The labels of the frames may include information indicating, for
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instance, the respective illumination mode and/or a modulation cycle

number.

For instance, the image processing module 151 may be configured to extract
from each selected frame acquired during the first (e.g., high intensity)
illumination mode a first frame portion including one or more of the at least
one subregion 129 of the respective frame but not including the subarea 128
of the respective frame and to extract from each frame acquired during the
second (e.g., low intensity) illumination mode a second frame portion
including the subarea 128 of the frame but not including the at least one
subregion 129 of the frame. The compound image 125C may therefore
include the extracted subregion(s) 129 and the extracted subarea 128, each of
which have been acquired by the camera 120 under optimized illumination.

The compound image 125 may be shown one the display device 161 to a user.

As shown in FIG. 1, the exemplary ophthalmic system 100 includes an
electronic processing device or processor 100 including an image processing
module 151 and an electronic user interface 160 including a display device
161, such as a touchscreen for also receiving user input via the touchscreen,
and optionally further user input devices 165, such as a keyboard, a joystick, a
trackpad, a computer mouse and/or similar user input devices. Although not
shown in FIGs. 2A-D, also the embodiments 200, 300, 400, 500, 600 may
include a processor device and a user interfaces having the same or a similar
configuration as the processing device 100 and the user interface 160 of the
embodiment 100. The image processing module 151 may be configured to

receive and process the images or frames 125 acquired by the camera 120.

The image processing module 151 may be configured to identify at least one
characteristic feature of the eye 70 within one or more (or each) of the least
one subregion 129 of the image 125. The at least one characteristic feature 70
of the eye 10 may be a characteristic feature of the anterior chamber angle 40
of the eye 10, such as a Schwalbe's line, the trabecular meshwork 45, a scleral
spur, a ciliary body, and/or the iris 30 of the eye 10. For instance, the image
processing module 151 may be configured to detect one or more of these
characteristic features 70 by means of a respective pattern recognition

algorithm. In some examples, the image processing module 125 is configured
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to detect and/or identify the at least one characteristic feature 70 by compar-
ing the at least one subregion 129 of the image 125 with one or more
reference images of the same eye 10 which may have been acquired previous-
ly and/or be stored, for instance, in memory 170 of the ophthalmic system
100.

The image processing module 151 may be configured to restrict the search for
the at least on characteristic features 70 to the at least one subregion 129 of
the image 125. For instance, the image processing module 151 may be
configured to first perform a search for the at least one subregion 129 by
means of a first search algorithm, and afterwards perform the search for the
at least one characteristic feature 70 only within the detected at least one
subregion 129 by means of a second search algorithm different from the first
search algorithm. The image processing module 151 may be configured to
detect the at least one subregion 129 after having segmented the image 125.
For instance, the image processing module 151 may be configured to search
for the at least one subregion 129 by performing an edge-detection algorithm,
as the borders of the one or more mirror surfaces 1120 of the gonioscopic
lens 1100 may show up in the image 125 as edges defining the respective
subregions 129 within the image 125.

The image processing module 151 may be configured to detect or identify at
least one further characteristic feature of the eye within the subarea 128 of
the image 125. For instance, the image processing 151 module may be
configured to first search for the subarea 128 in the image 125, e.g., using an
edge detection algorithm, and, once the subarea 128 is detected, search only
within the detected subarea 128 for the at least one further characteristic
feature of the eye 10, e.g. using a pattern recognition algorithm and/or by
comparing the subarea 128 of the image 125 with one or more of the
aforementioned reference images of the eye 10. The at least one further
characteristic feature of the eye 10 may comprise, for instance, a characteris-
tic feature of the iris 30 and/or a characteristic feature of the fundus 50 of the

eye 10.

The display device 161 may be controlled, for instance, by the aforemen-

tioned processor 150 of the system, particularly by the image processing
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module 151. The display device 161 is configured to display, as displayed
image 162, the (video) image 125 acquired by the camera 120, or at least
parts of the image 125, to a user, such as one or more of the at least one
subregion 129 or at least a portion of any of these subregions 129. As shown,
for instance, in FIGs. 3A-B, 5A-B, 7A-B, 12, 14, 15, 17A-B, 19A-B, the display
device 161 may be configured to display simultaneously one or more or each
one of the (detected) two or more subregions 126to a user, such as the
aforementioned first and second subregions. The display device 161 may be
configured to show any of these subregions completely or only partially, i.e.,
only a portion of the respective subregion, such as the reduced subregion(s)
described further below. As shown, for instance, in FIGs. 3A-B, 5A-B, 7A-B, 12,
14, 15, the display device 161 may be configured to also display the subarea
128 of the image 125, for instance, simultaneously with displaying the one or
more of the at least one subregion 129. As the image is typically a video
image, the display device may be configured to display the subregion(s) 129,
i.e. the peripheral gonio field sub-image(s), and/or the subarea, i.e. the
central gonio field sub-image 128, as video sub-images, i.e., showing streams
of the respective subregion(s) 128 and/or of the subarea 129 of the video
image. Furthermore, the image processing device 151 may be configured to
instruct the device to display the aforementioned compound image 125C as a
video image, and/or any extracted portion of any previously acquired frame,

or any reference image, as a standstill image.

The image processing module 151 may be configured to define an eye
coordinate system based on the at least one further characteristic feature 71
of the eye identified within the subarea 128 of the image 125, e.g., based on a
characteristic feature of the iris 30 or of the (central) retina 55. Additionally or
alternatively, the image processing module 151 may be configured to define
an (additional or alternative) eye coordinate system based on the aforemen-
tioned characteristic feature 70 identified within the at least one subregion
129 of the image 125, e.g., based on a characteristic feature 71 within the
interior chamber angle 40, such as a peripheral portion of iris 30. The eye
coordinate system may be a two dimensional or a three dimensional coordi-
nate system. The eye coordinate system may be, for instance, a (2D or 3D)
Cartesian coordinate system, a (2D) polar coordinate system, or a (3D)

spherical coordinate system. The eye coordinate system may be defined such
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that the pupillary axis of the eye runs through the origin of the eye coordinate
system. The image processing module 151 may be configured to use the eye
coordinate system to define or determine positions of image points or image
regions of the image of the camera e.g., using one or more coordinates of the

eye coordinate system.

Additionally or alternatively, the image processing module 151 may be
configured to use a camera coordinate system to define or determine
positions of image points 127 or image regions of the image 125 of the
camera 120. For instance, the position of any image point of pixel 127 of the
image 125 may be defined relative to the eye coordinate system and/or
relative to the camera coordinate system. In particular, the position of each
(object) point of the eye 10 that is contained in the image 125 of the camera
120 may be defined by coordinates of the eye coordinated system and/or by
coordinates of the camera coordinate system. In some examples, an azimuth-
al orientation of any (object) point of the eye 10 may be defined or deter-
mined relative the eye coordinate system, for instance, by an (eye) azimuth
coordinate ¢eye, and/or relative to the camera coordinate system, e.g., by an
(camera) azimuth coordinate ¢camera. Furthermore, as described in more detail
below, an azimuthal orientation ® of any of the one or more subregions 129
of the image 125, and of the respective gonio field of view and of the respec-
tive sector of the chamber angle 40, may be defined or determined relative
the eye coordinate system, for instance, by a corresponding (eye) azimuth
coordinate ®.y, and/or relative to the camera coordinate system, e.g., by a

corresponding (camera) azimuth coordinate ®camera.

The image processing module 151 may configured to define the aforemen-
tioned camera coordinate system. For instance, the camera coordinate
system may be defined as a Cartesian coordinate system or as a polar
coordinate system. Typically, the camera coordinate system is a two dimen-
sional coordinate system. The origin of the camera coordinate system may be
defined, for instance, such that a central optical axis of the camera 125 and/or
of the objective lens 233, 333, 533 of the ophthalmic system runs through the
origin of the camera coordinate system. The position of each point on the
surface of the image sensor 121 of the camera 125, and correspondingly the
position of each image point 127 (i.e., each pixel) in any image (or frame) 125

acquired with the camera 120, can be uniquely defined by its coordinates
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relative to the camera coordinate system. Accordingly, each object point 60,
which has a corresponding image point 127 in the image acquired by the
camera 125, may be also assigned a unique set of coordinates in the camera

coordinate system, namely the coordinates of its image point.

The image processing module 151 may be configured to determine a location
and/or an orientation of the eye coordinate system relative to the camera
coordinate system. In some examples, this may be achieved by determining,
within the camera coordinate system, the location and/or orientation of the
respective characteristic feature(s) used to define the eye coordinate system.
The image processing module 151 may be configured to perform coordinate
transformations between the eye coordinate system and the camera coordi-
nate system. In particular, the image processing module 151 may be config-
ured to transform the eye azimuth coordinate ¢eye or @eye (of any point 127 or
subregion 129 of the image 125) into the corresponding camera azimuth

coordinate ¢camera OF Pcamers, and vice versa.

The ophthalmic system 100 may further include an electronic eye tracking
module 152, which may be implemented in any combination of hardware
(circuitry), software, and/or firmware and may be part of the system’s
processor 150. The eye tracking module 152 may be configured to track
translational and/or rotational motions of the eye 10. For instance, the eye
tracking module 152 can be configured to use the image 125 acquired by the
camera 120 to track the motions of the eye 10 within the respective images
125. For instance, the eye tracking module 152 may be configured to track the
translational and/or rotational motions of the eye 10 using the identified at
least one characteristic feature 70 of the eye 10 within the at least one
subregion 129 of the image 125. Additionally or alternatively, the eye tracking
module 152 may be configured to track the translational and/or rotational
motions of the eye 10 using the identified at least one further characteristic
feature 71 of the eye 10 within the subarea 128 of the image 125. For
instance, the eye tracking module 152 may be configured to determine
positions of one or more of the aforementioned (further) characteristic
features 71, such as the iris or the (central) retina, relative to the camera
coordinate system in order to track their translational and/or rotational
motions of the eye 10 relative to the camera 120. For example, the eye

tracking module 152 may be configured to provide the laser system 140 of the
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ophthalmic system 100, for instance the laser control module 142 of the laser
system 140, or directly the laser beam steering device 148 of the laser system
140, with eye tracking data for laser beam positioning correction to compen-
sate motions of the eye. For instance, the laser control module 142 is config-
ured to control the laser steering device 148 using information on the tracked

motions of the eye received from the eye tracking module 152.

In some examples, the image processing module 151 may be configured to
determine an azimuthal orientation of one, of more than one or of each of the
at least one subregion 129 of the image 125. For instance, the image pro-
cessing module 151 may be configured to determine for each (detected)
subregion 129 a respective azimuthal orientation @’. The azimuthal orienta-
tion @ may, for instance, be determined relative to the camera coordinate
system or relative to the eye coordinate system, i.e., as the aforementioned
coordinate ®camera Or Peye. As mentioned above, the image processing module

151 may be configured to transform ®e¢ye into ®camera, and vice versa.

The image processing module 151 may be configured to control the display
device 161 to display, for one or more or for each of the at least one subre-
gion 129, the respective subregion 129 of the image 125 on the display device
161 with an azimuthal orientation Qgispiay relative to a display coordinate
system 182 in accordance with the determined azimuthal orientation of the
respective subregion 129 of the image 125, e.g., in accordance with the
determined azimuthal orientation of the respective subregion 129 of the
image relative to the camera coordinate system or relative to the eye
coordinate system, e.g., setting @uisplay = Pcamera OF Ddisplay = Peye. In other
words, the subregion 129 may be displayed such that it has the same azi-
muthal orientation @gispiay ON the screen as it has relative to the camera or
relative to the patient’s eye. In this manner, the interpretation of the dis-
played information by the user and navigation within the anterior chamber
angle is facilitated. Displaying the subregion 129 in accordance with the
determined azimuthal orientation of the respective subregion 129 relative to
the eye coordinate system (e.g., setting Dgisplay = Peye) has the additional
advantage that azimuthal rotational of the eye 10 relative to the camera 120

are compensated.

There are various ways of determining the respective azimuthal orientations
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® of the one or more subregions 129. In a first example, the image processing
module 151 may be configured to detect an edge portion 129’ (see FIG. 10)
defining a boundary of one of the at least one subregion 129 of the image 125
and to determine an orientation of the detected edge portion 129’ (or,
equivalently, the direction of an vector orthogonal to the edge portion 129’)
relative to the camera coordinate system or relative to the eye coordinate
system. The image processing module 151 may use the orientation of the
edge portion 129’ to determine the azimuthal orientation ® of the respective
subregion 129, e.g., relative to the camera coordinate system, ®camera, OF
(after a coordinate transformation, if needed) relative to the eye coordinate

system, @eye.

In a second example, the image processing module 162 may be configured to
determine, for one or more or for each of the at least one subregion 129, an
azimuthal orientation of the at least one characteristic feature 70 identified
within the respective subregion (relative to the camera coordinate system or
relative to the eye coordinate system). For instance, the image processing
module 151 may be configured to use the azimuthal orientation of the at least
one characteristic feature 70 to determine the azimuthal orientation of the
respective subregion of the image (relative to the camera coordinate system
or relative to the eye coordinate system). For instance, characteristic features
70 of the iris 30 or the (peripheral) retina 55 contained within the respective
subregion 129 are particularly useful for this purpose, as these tissues
typically exhibit clear, rotationally non-symmetric characteristic features. As
such features are typically unique for every given eye, the image processing
module 151 may be configured to use a reference image of the eye 10 (which
may have been acquired previously and/or be stored, for instance, in memory
170 of the ophthalmic system 100) to identify any of the characteristic

features in the image acquired with the camera 161.

It is also possible to use one or more characteristic features 70 contained in
the respective subregion 129 for this purposes, for instance, the trabecular
meshwork 45, the Schwalbe’s line or the scleral spur, among others. These
characteristic features 70 are typically imaged as curved lines 72 which span
the respective subregion 129 of the image 125 (in an azimuthal direction, i.e.,

connecting opposite lateral edges 129” of the respective subregion 125, see
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FIG. 10). The image processing module 151 may be configured to determine a
normal vector v, oriented orthogonally to the curved line 72, for instance, at a
midpoint 73 of the curved line 72 within the respective subregion 151, and to
determine the azimuthal orientation ¢ of the normal vector v, relative to the
eye coordinate system or relative to the camera coordinate system, i.e., {n, eye
Or ¢n, camera. The image processing module 151 may be configured to deter-
mine the azimuthal orientation ® of the respective subregion 129 of the
image 124 based on the azimuthal orientation of the normal vector, e.g., as
being equal to the orientation of the normal vector ® = ¢n. The azimuthal
orientation of the subregion may again be determined relative to the eye
coordinate system or relative to the camera coordinate system, i.e., ® = ¢n, eye

or®= (I)n, camera-

In a third example, the image processing module 151 may be configured to
detect a marker that is attached to, or integrated into, the gonioscopic lens
1110, such as any one of the examples shown in FIGs. 1-4C, the gonioscopic
lens assembly 2100, 2200 shown in FIGs. 6A-B, or a patient interface 3100,
3600 shown in FIGs. 22 to 27. For instance, each of the exemplary patient
interfaces 3100, 3200 shown in FIGs. 22 and 23 includes a marker 3181, 3281.
In the example shown in FIG. 22, the marker 3181 is further configured to be a
machine-readable identifier 3180, as described in more detail below with
reference to FIG. 23. The image processing module 151 may be further
configured to determine the azimuthal orientation of the at least one
subregion 129 based on a position or azimuthal orientation of the marker
3181, 3281 within the image 125 (e.g. relative to the camera coordinate
system and/or eye coordinate system). As the position of the marker 3181,
3281 may be fixed relative to the at least one mirror surface 3120, 3220 of the
respective patient interface 3100, 3200, the image processing module 151
may determine the azimuthal orientation of the at least one subregion 129

based on the relative position of the marker 3181, 3281.

In some examples, particularly in examples involving laser trabeculoplasty, it
can be useful to take into account the local curvature Rtm of the curved line 72
within the subregion 129 of the image 125, in order to improve the accuracy
of the application of laser pulses onto the trabecular meshwork 45 as the
curved line 72 typically indicates the position of the TM 45 within the image
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125. The curvature Rrv of the curved line 72 typically corresponds to the
apparent curvature of the trabecular meshwork 45 as seen by the camera 120
and as displayed on the display device 161. Typically, due to a perspec-
tive/projection effect which is illustrated in FIGs. 8 and 9 and explained in
greater detail below, the local curvature Rty of the curved line 72 is not
constant but varies within each subregion 129. The curvature of the curved
line 72 is typically smallest at the midpoint 73 of the curved line 72 within the
respective subregion 129 and increases towards the ends of the curved line 72
at the lateral edges 129" of the subregion 129. The separation of the lateral
edges 129" may be used to define an azimuthal span ®roy of the subregion
129. In some examples, it may be useful to restrict the view and/or the
application of laser pulses to a central subsection 74 of the curved line 72
within the at least one subregion 129, e.g. to an allowable span ®y as shown
in FIG. 10. The central subsection 74 may, for instance, be defined such that
the apparent local curvature of the curved line 72 is approximately constant
within the central subsection 74, e.g., such that a deviation p of the local

curvature is below a predefined threshold within the central subsection 74.

The image processing module 151 may be thus configured to determine, for
one, more than one or each of the at least one subregions 129, the central
subsection 74 of the curved line 72 within the respective subregion 129, the
central subsection 74 including the midpoint 73 of the curved line 72 within
the respective subregion 129. For instance, the imaging processing module
151 may be configured to determine the central subsection 74 such that,
within the central subsection 74, a maximum of the deviation p of the local
curvature of the curved line 72 from a local curvature of the curved line at the
midpoint 73 of the curved line 72 is less than a predefined value. In one
example, the image processing module 151 is configured to determine the
central subsection 74 of the curved line 72 within the respective subregion
129 based on at least one of an iris diameter Diis of the eye, the angle aconio
defining the inclination of the mirror surface 1120 of the gonioscopic lens
1100 corresponding to the respective subregion 129 of the image 125 relative
to the longitudinal axis 1114 of the gonioscopic lens 1110, and/or an magnifi-
cation parameter Mgonio characterizing the Image magnification of peripheral

gonio field of the gonioscopic lens 1110.
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Additionally or alternatively, the image processing module 151 may be
configured to determine the central subsection 74 of the curved line 72 based
on at least one of a pre-defined spot size of the treatment laser beam 145,
245, 345, 445, 545, a predefined number of laser spots to be applied to the
trabecular threshold 45, and the iris diameter Dyis. In this manner, a more
even and regular application of laser spots onto the trabecular meshwork 45

may be achieved and overlapping of adjacent laser pulses may be avoided.

For instance, the processing device 150 or the imaging processing module 151
may be configured to parametrize the curved line 72 as an elliptic arc, as

described in greater detail below with reference to FIGs. 8-10.

The image processing module 151 may further be configured to define a
portion of the respective subregion 129 of the image 125 to be displayed by
the display device 161 such that the central subsection 74 of the curved line
72 spans over an entire width of the displayed portion of the respective
subregion (e.g., in accordance with the limited or maximum allowable span
®n explained in more detail below) with reference to FIGs. 8-10. The image
processing module 151 may be configured to control the display device 161 to
show the respective subregions 129 only partly by showing thereof merely
said portion of the at least one subregion 129 of the image 125 including the
respective central subsection 74 of the curved line 72, and not showing parts
of the subregion 129 that include other parts of the curved line 72. In this
manner, the user is shown only a portion of the trabecular meshwork 45 in
which the apparent curvature of the trabecular meshwork 45 is relatively
constant which facilitates the application of evenly distributed laser spots
onto the trabecular meshwork 45. In the following, the aforementioned
portion of the subregion will also be referred to as the reduced or allowable
subregion or as the reduced peripheral gonio field or as the reduced periph-
eral gonio field sub-image. Whenever in the following disclosure reference is
made to the subregion(s) of the image (or peripheral gonio field, or peripheral
gonio field sub-image), it is also possible to alternatively refer to the corre-
sponding reduced subregion(s) (or reduced peripheral gonio field(s) or

reduced peripheral gonio field sub-image(s)).

As mentioned above and as described in greater detail below with reference

to FIGs. 8-10, the imaging processing module 151 may parametrize the curved
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line 72 as an elliptic arc. In this parameterization, the camera coordinates of
the curved line 72 representing the trabecular meshwork (xc,tm, yc,tm) may be
a function of the azimuthal angle ¢ measured relative to the azimuthal center
of the respective subregion of the image (i.e., ¢ = 0 representing the azimuth-
al center within the subregion). See, for instance, equations (2) and (3) below.
The aforementioned subsection 74 of the curved line 72 may correspond to
the reduced azimuthal span ®y which may be smaller than an azimuthal span
®rov of the entire subregion 129 (i.e., the azimuthal span ®rov defines an
azimuthal field of view that is captured within the respective subregion of the
image 125). In some examples, the local radius of curvature Rrv of the curved
line 72 may be calculated using equation (6) below. The limited or maximum
allowable span ®v may be calculated, for instance using equation (7) or

equation (9) below.

The observation of the chamber angle 40 using a gonioscopic lens generally
results in a deformation of the observed iridocorneal region due to a perspec-
tive/projection effect. Assuming the iris 30 (and therefore the iridocorneal
angle region) is circular, observing it at an angle (as it is the case when using
gonioscopic lenses) results in viewing it as an ellipse. The chamber view
geometry is schematically illustrated in FIG. 8. The appearance of the trabecu-
lar meshwork 45 in one of the peripheral gonio images, i.e., within the
subregions 129 of the image 125 acquired by the camera 120, is thus a curved
line 72 which is typically shaped as an arc of an ellipse and thus may be
approximated as an ellipse. The eccentricity of the ellipse is a function of the
gonio angle agonio (i.e., the inclination of the respective mirror surface 1120

of the gonioscopic lens 1100). Its semi-axes are given by:
a= Riris; b = |Riris cos(2aconio)|, (2)

wherein Rigis denotes the radius of the iris. The ellipse arc can thus be
parametrized as a function of the azimuth angle ¢ referenced to the center of
the observed part of the iridocorneal region 40, i.e., referenced to the center

of the respective subregion 129 of the image, as follows:
x=asin®; y=bcos . (3)

Hence, the camera coordinates (xc,tv, Yc,tm) corresponding to the apparent

ellipsoidal arc of the trabecular meshwork TM 45 satisfy equation 3. The
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parametrization may also be used to determine the camera coordinates of
treatment regions on the trabecular meshwork 45. Making use of equation (1)
above, the camera coordinates of the treatment regions or laser spots 80 may
be transformed into corresponding coordinates used by the laser beam
steering device 149, 249, 349, 449, 549 for steering the laser beams 145, and

vice versa:
(xct™, yerm) > (XLTM, YL TM) ;
(xLTM, YyLTM) > (XCT™M, YO TM). (4)

As mentioned above, the apparent local radius of curvature Rrv of the
trabecular meshwork 45, i.e., the local radius of curvature of the curved line
72 representing or marking the trabecular meshwork within the image 125,
typically is a function of the azimuth angle ¢ relative to the center of the
respective subregion 129 of the image 125. The local radius of curvature has a
maximum at a midpoint 73 of the curved line 72 within the respective
subregion 129 of the image 125. Within the central subsection 74 of the
curved line 72, the radius of curvature is approximately constant and decreas-
es towards the ends of the curved line 72 at the lateral borders or lateral
edges 129" of the subregion 129, which thus define the azimuthal span ®roy
of the respective subregion 129 (i.e., the azimuthal field of view as seen via of
the respective mirror surface). Hence, the larger the azimuthal span ®goy of a
subregion 129 corresponding to a mirror surface 1120 of the gonioscopic lens
1100, the greater typically the variation in the apparent radius of curvature of
the viewed portion of the curved line 72 that represents or marks the
trabecular meshwork 45 in the image 125. The iris diameter Diris = 2Riris, the
gonio mirror angle aconio of a specific mirror surface 1120 of a specific
gonioscopic lens 1100, and the magnification Mgonio may be used to calculate
an apparent radius of the local curvature Rty of the central subsection 74 of

the curved line 72:
Rrm = f(aconio, Mconio, Diris). (5)

For Mgonio = 1, the apparent radius of curvature Ry of the trabecular
meshwork 45 as a function of the azimuth angle ¢ measured from the
azimuthal center of the subregion 129 can be calculated (e.g., by the image

processing module 151) using the following equation:
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g Dy T 4 i @13/
Ryy(®) = —me [cos® @ + cos? (Zaggye) sin® €]3/2 (6)

As described above, the total available azimuthal span ®rov may be truncated
in order to cut off those parts of the curved line 72 in which the curvature of
the curved line 72, i.e. the apparent curvature Ry, deviates strongly, e.g.
more than a threshold, from the curvature at the midpoint 73 of the curved
line 72. For instance, the gonio field of view corresponding to a given subre-
gion 129 may be limited to a region where the local apparent radius of
curvature Rty of the trabecular meshwork 45 does not change by more than a
fraction p of the apparent radius of curvature Rrv at the center of the gonio
field of view, i.e., at the midpoint 73 of the curved line 72. The thus defined
maximum allowable azimuthal span @y of the field of view for any given
mirror surface 1120 of a gonioscopic lens 1110 used for trabeculoplasty may
be determined using equation (7):

&y =2 cos™t {1 L}} e {7

ste* {28 gomio

Using equation (7), the maximum allowable azimuthal span ®y is independ-
ent of the iris diameter Diris and depends only on a gonio angle cconio of the
respective mirror surface 1120. For example, for atgonio = 62° and p = 5%, Owm
= 31.3°, and for aigonio = 62° and p = 10%, Owm = 44.8°. Typically, for determin-
ing the maximum allowable azimuthal span ®w, the threshold pis setto a
value above 3%, above 5% or above 8%. Moreover, typically, the value of
threshold p is set to below 20%, below 15% or below 10%, for instance
between 5% and 15%.

Depending on the mode of operation of the ophthalmic system 100, the
display device 161 may, for instance, be configured show the iris 30 or the
(central) retina 55, i.e., show the aforementioned subarea 128 of the image
125, and one or more of the subregions 129 of the image 125 (or only a
portion of the subregion(s) 129 in accordance with the maximum allowable
azimuthal span @y ) including section of the chamber angle 40, for instance in

a representation concentric with the iris 30 or the (central) retina 55. If
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needed, the peripheral gonio field sub-image(s), i.e., the subregion(s), may be

rescaled to allow their display on the display device 161.

The laser trabeculoplasty treatment may include, for instance, applying laser
pulses or shots onto the trabecular meshwork 45 along the entire circumfer-
ence of the chamber angle (360°), such as in the case of PSLT, MLT and SLT, or
along a fraction of the circumference of the chamber angle, for instance half
of the circumference (180°), such as in the case of ALT. The laser pulses or

shots may, for instance, be applied in the following fashion:

1) uniformly spaced single shots along the pigmented trabecular

meshwork;

2) concentric patterns of shots centered on the pigmented trabecular

meshwork following the arc of the trabecular meshwork.

In some examples, a uniform distribution of the laser spots is intended when
applying shots to the trabecular meshwork. If, for instance, N spots are to be
distributed uniformly around the circumference of the chamber angle, the

distance d along the circumference between successive spots is given by:

— ®es oo
d= ¥ (8}

However, due to observation using a gonioscopic lens 1100, the apparent
spacing between successive spots typically becomes a function of the azimuth
angle ¢ relative to the center of the gonio field of view 129 of the respective
mirror surface 1120 of the gonioscopic lens 1100, and decreases with the

azimuth angle ¢ in accordance with equation (9) (for Mgonio = 1):

d(®) = "5 [eosTd + cos?(2agoys) sin? & (9)

For example, in the case of aconio = 62°, Diris =12 mm, N = 100 shots and an
azimuthal gonio field of view of 120° (®rov = 120°), the adjacent center to
center apparent spot spacing changes from 377 um in the center of the
peripheral gonio field (which is equal to the real adjacent spot spacing) to 262
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um at the ends of the peripheral gonio field (i.e. at the lateral edges 129" of
the respective subregion 129 of the image 125). For a spot size of 400 um
(which is a typical exemplary value SLT treatments), there may already be a
real slight overlap between adjacent spots placed on the TM 45 for a patient
of average iris size Diris = 12 mm and N = 100 circumferential spots. In order to
minimize the error in spot placement, the gonio peripheral field of view 129
may be limited to the maximal allowable azimuthal span ®y for which the
center to center distance between adjacent spots does not fall below a
predefined fraction of the spot size (limited degree of spot overlap). The
maximum allowable azimuthal span ®u may be calculated using equation 9,

for instance.

The peripheral gonio field of view 129 corresponding to at least one gonio
mirror 1120 may thus be limited to the maximal allowable azimuthal span ®

for two reasons:

1) maintaining a constant apparent radius of curvature of the trabecu-
lar meshwork for spot placement and easy chamber angle sub-images

display;

2) limiting the apparent degree of overlap between adjacent laser
spots in the case of uniformly placed spots around the TM circumfer-

ence due to the viewing geometry.

The laser shots may be applied one (or several in case the gonioscopic lens
1100 includes multiple gonio mirror surfaces 1120) at a time before moving to
(a) new chamber angle region(s) around the circumference of the chamber

angle by rotating the gonioscopic lens.

The ophthalmic system 100, 200, 300, 400, 500, 600 may further include an
electronic documentation module 153 configured to store, for instance in
memory 170, any information that may be useful to plan and/or perform a
treatment on an eye 10 of a patient. The information may, for instance,
specify a laser treatment that has been performed with the laser system 100,
or any other system, and/or specify a planned laser treatment to be per-
formed in the future with the laser system 100, or any other system. For
instance, the documentation module 153 may be configured to store infor-

mation on positions of treatment regions 80 of a planned or performed laser
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treatment within the eye 10, such as on the trabecular meshwork 45. The
positions may be defined in the eye coordinate system and/or in the camera
coordinate system. The position information may include two or more
coordinates, such as an azimuth angle ¢ and a radial coordinate r. The azimuth
angle ¢ may be defined, for instance, relative to an axis of the eye coordinate
system or relative to an azimuthal center (defined by ®) of a subregion 129 of
an image 125 containing the respective treatment region 80 during the
application of the laser pulse(s) to the treatment region 80. Particularly in the
latter case, also the azimuthal orientation ® of the corresponding subregion
129 of the image 125 may be stored (which again may be defined relative to

the camera coordinate system or the eye coordinate system).

Moreover, for each treatment region 80, information on laser pulses that
have been delivered to the respective treatment region 80 or that are planned
to be delivered to the respective treatment region, may be stored in the
memory 170. The information may include, for instance, a number of laser
pulses, a spot size (diameter), a pulse length, a time separation between
consecutive laser pulses, the laser duty cycle, a laser energy per pulse or per
time unit, and a wavelength. The information may be stored in the memory
170 as a treatment plan. Further details on treatment plans and examples of
creating and using treatment plans are described below, particularly with

reference to FIG. 15.

The documentation module 153 may be configured to receive the aforemen-
tioned information from the image processing module 151, from the laser
control module 142, from the camera 120, from the user interface 160 (such
as from display device 161, particularly if configured as a touchscreen, and/or
from input device 165), or from any other electronic component or electronic
module of the ophthalmic system 100. Furthermore, the documentation
module 153 may be configured to receive from the image processing module
151, from the camera 120 and/or from any other imaging device of the
ophthalmic system 100 or any other system, such as from an OCT imaging
device. Preferably, the images or frames 125 acquired before, during and/or
after the application of laser pulses are stored as well, or the at least one
subregions 129 thereof labelled with the respective azimuth orientation angle
®. For instance, in order to assist a user to define a treatment plan, the image

processing module 151 may be configured to control the display device 161
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simultaneously display the reference image as well as the (live) image 125 (or
any portion thereof), e.g., these images being overlaid onto each other or
arranged next to each other on the display device 161, allowing the user to
define or select treatment regions 80 within the reference image or within live
image 125, for instance, via the display device 161. For instance, in this
manner, the user may be enabled to set shot markers 166 on the reference
image and/or on the live image 125 via the display device 161 at intended
treatment regions 80 in order to define a treatment plan. Additionally or
alternatively, the processor 160 and/or the image processing module 151 may
be configured to automatically or semi-automatically (e.g., at least partially
depending on user input) define a treatment plan, for instance, during or prior
to a treatment session. Additionally or alternatively, the processor 160 and/or
the image processing module 151 may be configured to retrieve information,
e.g., from memory 170, and (automatically or semi-automatically) define the
treatment plan based on the retrieved information, such as any of the
information mentioned above in connection with the documentation module
153. Particular examples of automatic and semi-automatic definitions of
treatment plans during a treatment session are described further below with
reference to FIGs. 10-21.

As shown in FIGs. 10, 12, 14, 15, the image processing module 151 may be
configured to provide instructions to the display device 161 to show, in
addition to the displayed at least one subregion 129 of the (live) image 125,
one or more shot markers 166 indicating on the display device 161 the
positions of one or more planned laser treatment regions 80. In the examples
shown, the shot markers 166 are displayed on the display device 161 in
accordance with respective azimuthal angles ¢'pian of the planned laser
treatment regions 80 (i > 0 being an index for each treatment region). The
azimuthal angles ¢';.n may be defined, for instance, relative to the camera
coordinate system or relative to the eye coordinate system. The shot markers
166 may be displayed on the display device 161 with an azimuthal orientation
relative to the display coordinate system 182 in accordance with the respec-
tive azimuthal angles ¢',ian of the one or more planned laser treatment regions
80.

The image processing module 151 may further be configured to use respec-

tive one or more azimuthal angles ¢'prev Of ONe or more previously treated
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laser treatment regions in the eye to determine the one or more azimuthal
angles ¢'pan of the one or more planned laser treatment regions, for instance,
in accordance with a predefined azimuthal step or increment value ¢step. For
example, one more of the azimuthal angles ¢'vian may be calculated using the
formula ¢'pian = P'prev + Dstep, see FIG. 12. The image processing module 151
may be configured to retrieve the azimuthal angles ¢'prev from the memory
170 of the system 100 or from the documentation module 153, for instance.
Additionally or alternatively, the image processing module 151 may be
configured to determine the azimuthal angles ¢',ian of the one or more
planned laser treatment regions such that the azimuthal angles ¢'pin are

within the aforementioned azimuthal span ®oy.

In some examples, the image processing module 151 is configured to use
information about azimuthal angles ¢/orev (label j being a positive integer) of
previously treated laser treatment regions 80 in the eye 10 and information
about a current azimuthal orientation ® of the at least one subregion 129 of
the image 125 to determine azimuthal angles ¢'cur (label i being a positive
integer) of one or more new or current laser treatment regions 80 to be
irradiated within the at least one subregion 129 at the current azimuthal
orientation ® = @, . For instance, the previously treated laser treatment
regions 80 may have been irradiated at a previous azimuthal orientation ®prev
of the gonioscopic lens that is different from the current azimuthal orienta-
tion @ of the gonioscopic lens 1100. Thus, some or all of the previously
treated treatment regions 80 may be positioned outside the peripheral gonio
field of view 129 provided by the mirror surfaces 1120 of the gonioscopic lens
at its current azimuthal orientation @, i.e., some or all of these previous
treatment regions may not be included in the subregions 129 of the live image
125 as presently displayed on the display device 161. However, in case of an
overlap of the peripheral gonio field of view at the current azimuthal orienta-
tion @ of the gonioscopic lens 1120 with the peripheral gonio field of view at
the previous azimuthal orientation @,y of the gonioscopic lens 1120, it is in
principle possible that some treatment regions 80 that have been treated
under the previous azimuthal orientation @, are also included in the gonio
field of view of view at the current azimuthal orientation ®. The image
processing module 125 may therefore be configured to ensure that the

current laser treatment regions 80 are all different from previously treated
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laser treatment regions 80, e.g., by at least a predefined minimal (e.g.
angular) distance value, to avoid multiple treatments of such treatment

regions.

The image processing module 151 may be further configured to provide
instructions to the display device 161 to show, within the displayed at least
one subregion of the live image, for each of the one or more laser treatment
regions to be irradiated within the at least one subregion at the current
azimuthal orientation ® a shot marker 166 indicating on the display device
161 the position of the respective current laser treatment region 80 in
accordance with the azimuthal position ¢'cur of the respective current laser
treatment region 80. The image processing module 151 may further be
configured to provide instructions to the display device 161 to show, in
addition to the displayed at least one subregion 129 of the live image 124 and
the shot markers 166 of the current treatment regions 80 within the at least
one subregion of the live image 125, shot markers 166 of previously treated
treatment regions 80 in accordance with azimuthal angles ¢/prev Of the

respective previously treated laser treatment regions 80.

In some examples, the image processing module 151 is configured to deter-
mine the respective azimuthal angles ¢'cur of the of the one or more current
laser treatment regions 80 such that the azimuthal angles ¢'cyr are one or
more of: within the azimuthal span ®rov defining the azimuthal field of view
captured within a respective one of the at least one subregion 129 of the live
image 125, within the allowable azimuthal span ®w ( < ®rov), within the
central subsection 74 of the curved line 72 of the TM 45, and/or such that the
treatment regions is spaced apart from the previously treated laser treatment
regions by at least a predefined distance value, such as the distance value d in

accordance with equation (8) defined above.

In some examples, the image processing module 151 may be configured to
select one or more frames of the live image 125 and to extract, from the one
or more selected frames, one or more subregions 129 of the at least one
subregion 129 of the respective selected frame 125 and to provide instruc-
tions to the display device 161 to display, in addition to the at least one
(current) subregion 125 of the currently acquired live image 125 shown on the

display device 161, the extracted one or more subregions 129 of the one or
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more previously selected frames of the live image 125, e.g., as still images.
The previously selected frames may be acquired under the same (previous)
azimuthal orientation ® of the gonioscopic lens 1120 under which laser pulses
have (previously) been applied to the eye. The extracted subregions 129 may
each show treatment regions 80 onto which laser pulses have previously been
applied. The image processing module 151 may further be configured to
control the display device 161 to additionally show shot markers 166 at the
respective treatment regions 80 within the extracted subregions 129. The
image processing module 151 may be configured to provide instructions to
the display device 161 to display, for each of the one or more selected frames
of the live image 125, the respective extracted one or more subregions 129,
and optionally any of the aforementioned shot markers 166 included therein,
in accordance with an azimuthal orientation of the respective one or more
subregions 129. The image processing module 151 may be configured to
determine whether the displayed at least one subregion 129 of the live image
125 overlaps with one or more of the displayed subregions 129 extracted
from the previously selected frames of the live image 125 and, optionally, to
use this information to determine new (still to be treated) treatment regions
80 within the current at least one subregion 129 of the live image 125. For
example, the image processing module 151 may be configured to avoid
defining any region as a treatment region 80 if that region has already been
treated under a different (i.e., previous) azimuthal orientation ®@ of the
gonioscopic lens. The image processing module may be configured to instruct
the display device 161 to mark previously treated regions that are located
within overlaps of the current at least one subregion 129 of the live image 125
with any additionally displayed extracted subregions 129 of the previously
selected frames (that have been acquired previously and under a different
azimuthal orientation of the gonioscopic lens than the current azimuthal
orientation ® of the gonioscopic lens) as being already treated, for instance,
by means of a corresponding indication or treated region marker 167 dis-
played on the display device 161 at each of such previously treated region, the
treated region markers 167 preferably having a design or appearance
different and clearly discernable from that of the shot markers 166, e.g.,

empty circle versus full circles, as shown in FIGs 12, 14, and 15.

FIGs. 11 to 15 relate to exemplary method of performing trabeculoplasty



10

15

20

25

30

WO 2024/251365 PCT/EP2023/065381

93

treatment using an ophthalmic system in accordance with the present
disclosure, such as one of the exemplary ophthalmic system 100, 200, 300,
400, 500, 600.

In particular, FIGs. 11 and 12 respectively show an exemplary flow chart and
corresponding displayed images 162 displayed on the display device 161 for
an exemplary first method which is in accordance with an “auto-advance
mode” of the ophthalmic system. The exemplary first method may include

one or more of the following steps:

In step 1, a user, such as a medical practitioner or physician, applies the
gonioscopic lens 1100 (or, alternatively, any other gonioscopic lens described
herein, or the gonioscopic lens assembly or the patient interface described
herein) to the cornea 20 of the patient’s eye 10 and thus may observe the at
least one subregion 129 of the live image 125 that is captured by the camera
125 and shown on the display device 161. Within the subregion 129, which
corresponds to a respective mirror surface 1120 of the gonioscopic lens 1100
and to a respective peripheral gonio field of view 129 having an azimuthal
span ®roy, the user may observe a particular sector of the anterior chamber
angle 40 of the eye 10 including a section of the trabecular meshwork 45. By
(manually or automatically) rotating the gonioscopic lens 1100 about its
longitudinal axis 1114 by an azimuthal angle, as in step 7, the gonio field of
view 129 corresponding to the respective mirror surface 1120 may be rotated
accordingly towards a different (e.g., adjacent) sector of the chamber angle 40
which thus becomes visible within the corresponding subregion 129 of the

image 125 shown on the display device 161.

In step 2, using the image processing module 151, the subregion 129 of the
image 125 may be identified, e.g., using a segmentation algorithm, and the
current azimuth orientation of the subregion 129, and thus the azimuth angle
® of the chamber angle sector shown in the subregion 129 of the image 125
may be determined, for instance, relative to the patient's eye coordinate
system (e.g., defined using the iris 30 or the fundus 50 identified in the
subarea 128 of the image 125 showing central gonio field of view) or relative
to the camera coordinate system. The subregion 129 may be shown on the
display device 161 in accordance with its current azimuthal orientation, as

shown in FIGs. 10, 12, and 14, respectively.
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In step 3, the image processing module 151 may also identify, e.g., using a
segmentation algorithm, the segment of the trabecular meshwork (TM) within
the subregion 129. Shot markers 166 indicating on the display device 161 the
positions of one or more planned laser treatment regions 80 (in accordance
with respective azimuthal angles ¢'pian Of the one or more planned laser
treatment regions 80) may be applied to the segment of the TM 45 shown on
the display device 161, for instance, manually by using the display device 161
as an input device (e.g., via a touch screen function), or automatically by
means of the image processing module 151 as described herein. For instance,
the shot markers 166 may be applied in a non-overlapping manner and/or to
the central segment of the TM with approximately constant curvature, e.g., to
the central subsection 74 of the curved line 72, as described above with

reference to FIG. 10.

In step 4, laser shots of the laser system 140 may be released (by the user or
automatically) and directed onto the treatment regions 80 in accordance with
the shot markers 166.

In step 5, information about the treatment of the TM segment within the
current chamber angle sector, such as the azimuthal angles ¢',ian as well as the
used laser parameters characterizing the applied laser pulses, may be stored
in the memory 170, e.g., by means of documentation module 153, for
documentation and/or for later use during the same session. As a further
example, image data of the subregion 129 of the image 125 acquired at the
azimuthal orientation ® during application of the laser shots may be stored in

the memory 170, e.g., as a standstill image of the subregion 129.

Optionally, in step 6, said subregion 129 including the shot markers 166 may
be shown on the display as a standstill image at the corresponding azimuthal
orientation ®. In addition, the current subregion 129 of the live image 125 is
shown on the display device 161 in accordance with its current azimuthal

orientation ©.

In step 7, in order to treat further treatment regions 80, corresponding
further shot markers 166 may be generated. For instance, in order to treat
treatment regions 80 within an adjacent chamber angle sector that is adjacent

to the current chamber angle and that corresponds to an azimuth orientation
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D + Dsiep, Wherein Dsiep is a predefined angular incremental value, the
processor 150 or the image processing module 151 may automatically
determine the azimuth angles of new (planned) treatment regions from the
azimuth angles of the previously treated treatment regions, e.g., using the
formula §'pian = P'prev + Dstep. The previously stored azimuthal angles ¢'pian may
be retrieved from the memory 170 and used as ¢'orev in order to determine
the new azimuthal angles ¢'sian Of the next treatment regions 80 to be treated.
The new shot markers 166 may be shown on the display device 161 in
accordance with the respective new azimuth angles ¢'xian. The predefined
increment ®s:ep, may be, for instance, greater than 10°, 15°, or 20°, and less
than 90°, 75°, or 60°, for example. For instance, the incremental value @sep
may be 30° or 45°,

In step 8, the gonioscopic lens 1120 may be rotated manually or automatically
by ®siep and positioned relatively to the eye 10 such that the TM segment
within the rotated (i.e., new or current) subregion 129 of the live image 125 is

aligned with the new shot markers 166 at the new or current azimuth angles

(I)iplan-

In step 9, as soon as the alignment is determined (by the user or, alternatively,
by the image processing module 151), the laser shots are released manually
or automatically so that the current segment of the TM 45 at @ = ®prey + Dstep
is irradiated with laser pulses at the planned treatment regions 80 in accord-

ance with the shot markers 166 at the current azimuthal angles ¢'pian.

In step 10, optionally, information about the treatment of the TM segment
within the current chamber angle sector ® may be stored in the memory 170
for documentation and/or for later use during the same session as described
above.

In step 11, optionally, the subregion 129 may be shown on the display 161 as
a standstill image at the corresponding azimuthal orientation used during the
application of the laser pulses, as well as treated region markers 167 indicat-
ing the treated regions. In addition, the current subregion 129 of the live
image 125 is shown on the display device 161 in accordance with its current

azimuthal orientation, which is again denoted as ®.

In step 12, previous steps 7-11 may be repeated in order to apply laser shots
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onto further sections of the TM 45, for instance, along half of, or the entire of,

the TM 45 in a step wise manner.

FIGs. 13 and 14 respectively show an exemplary flow chart and corresponding
displayed images 162 displayed on the display device 161 for an exemplary
second method in accordance with an “automatic mode trabeculoplasty.” As
shown in FIG. 13, the second exemplary method may comprise steps 1 to 6 of
the exemplary first method described above. Additionally, the exemplary

second method may include one or more of the following steps:

In step 7, in order to treat further treatment regions 80 in a different or new
section of the TM 45 contained in a different or new chamber angle sector,
the gonioscopic lens 1100 is rotated manually or automatically to a corre-
sponding new azimuthal orientation ® = ®n.w until the new TM segment to be
irradiated is shown within the rotated (new or current) subregion 129 of the

live image 125.

In step 8, step 2 is applied again after the rotation to identify the subregion
129 of the live image 125 and to determine the current new azimuth angle
® of the subregion 129 after the rotation and thus the azimuth orientation of

the chamber angle sector shown in the subregion 129.

In step 9, step 3 is applied again to identify within the current (rotated)
subregion 129 of the live image 125 a corresponding new segment of the TM
45. Furthermore, any overlap with previously treated segments, if any, may be
detected, e.g., using the image processing module 129. For instance, an
overlap between treated segments may be determined using the stored
coordinates of previously treated treatment regions, e.g., by determining
whether these coordinates fall within onto the current (new) segment of the

TM 45 shown in the subregions 129 of the live image 125.

In step 10, new shot markers on the new segment of the TM. Preferably, the
shot markers are automatically generated by means of the image processing
module as described above, particularly avoiding definition of any region that
has already been treated under a previous azimuthal orientation of the
gonioscopic lens as a new treatment region. For instance, the image pro-
cessing module may generate the new such markers such that the new

treatment regions are spaced apart from the previously treated laser treat-
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ment regions by at least a predefined distance value. The new shot markers
may be shown on the display in accordance with respective new azimuth

angles ¢'pan. Treated region markers may displayed accordingly.
In step 11, step 4 is performed again to treat the new treatment regions.

In step 12, step 5 is performed again to store information about the treatment
of the TM segment at new treatment regions within the current chamber
angle sector and to acquire a standstill image of the currently treated

chamber section.

In a further step (12B), optionally, step 6 is performed to show the treated
section of the TM on the display 161 as a standstill image, optionally including

corresponding treated region markers 167.

In a step 13, the steps 7 to 12 (and optionally step 12B) are repeated to apply
laser shots in multiple sections of the TM in a step wise manner. Also in this
exemplary second method, acquiring a preliminary imaging of the anterior

chamber prior to the treatment procedure is not needed.

Preferably, the exemplary second method is performed while the patient
and/or the patient’s eye are tracked. For instance, lateral and rotational
motion of the patient eye 10 may be detected and correction signals are
applied to the beam steering device 148 to maintain the aiming laser beam
145 on the intended spot positions. The tracking of the iris 30 or the central
retina 55 relative to the camera coordinate system provides the camera co-
ordinates of the iris (xiris, yiris). These coordinates, together with the camera
coordinates corresponding to the trabecular meshwork 45 (e.g., the curved
line 72) viewed via the gonioscopic lens 1100 with its central cup centered
within the intermediate image plane IIP of the device (xc v, ycv) may be
used, for instance, by the eye tracking module 152, to calculate the motion
corrected coordinates of the beam steering devices (x, y.) that position the

aiming and treatment laser 125 beams on the trabecular meshwork 45:

(les +Xcrm ¥Yiris + ZVE,JM) = (xp,y1); (xp.yL) = (mes + Xcra Yiris + yC,TM) (10)

FIG. 15 shows the workflow of an exemplary third method of using the

ophthalmic system 100, which is referred to as “planned mode trabeculoplas-
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ty.” During a planning phase, a treatment plan is defined. As shown, the
treatment plan may be defined by setting shot markers 166 at the intended
treatment regions 80 on the TM 45 within the current subregions 129 of the
(live) image 129 shown on the display device 161. As shown, during the
planning phase, the gonioscopic lens 1100 may be rotated in a step wise
manner, successively shot markers 166 may are placed along multiple sections
of the chamber angle 40. In the present case shown, the gonioscopic lens
1100 may be rotated at each step about an angle which allows applying shot
markers 166 at adjacent sections of the chamber angle 40. During the entire
planning phase, the gonioscopic lens 1100 may be rotated around 360° about
its longitudinal axis 1114 so that shot markers 166 are applied along the entire
circumference of the TM 45. The shot markers 166 are shown on the display
device 161 in accordance with their respective coordinates. As described
herein, the coordinates of the shot markers 166 may be defined relative to
the eye coordinate system (e.g., by azimuthal orientations ¢eye and radial
coordinates rleye) so that the shot markers 166 follow the movements of the
eye 10 on the display device 161. The shot markers 166 may be set, for
instance, manually by the user via the user interface 160, or automatically by
the system, e.g., by the image processing module 151. In the treatment plan,
each laser spot 80 can be characterized, for instance, by its coordinates (such
as its position around the iris and its lateral or radial position, e.g., relative to
the device or the center of the pupil), and laser parameters, such as laser

pulse power/energy, and pulse duration (if applicable).

During the treatment phase, the TM 45 may be treated segment by segment,
irradiating the treatment regions 80 that visible in the current peripheral
gonio field of view at the current azimuthal orientation ® of the gonioscopic
lens 1100. Once an azimuthal segment of the TM 45 has been treated, the
system 100 may prompt the user to advance to the adjacent segment of the
chamber angle 40, for instance, by displaying on the display device 161 the
shot markers 166 of the next (adjacent) segment in accordance with the
treatment plan, thereby suggesting the physician to (manually) rotate the
gonioscopic lens 1100 accordingly. Alternatively, the system may automatical-
ly rotate the gonioscopic lens (in its entirety or of a component thereof
carrying the internal gonio mirror(s)) to the next segment. The laser pulses

may be released either automatically by the system device or the physician
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may be prompted by the system 100 o release the shots. Once, a treatment
region 80 has been irradiated, the corresponding shot marker 166 may be

replaced by a treated region marker 167, as described above.

In some examples, as in the example illustrated in FIG. 15 and described
above, the image processing module 151 may be configured to define a
treatment plan including one or more treatment regions 80 within the eye 10
to be irradiated with laser energy. For instance, the image processing module
151 may be configured to define the one or more treatment regions 80 within
the at least one subregion 129 of the image 125 (which may a live image or a
snapshot/still image acquired with the camera 120 of the system 100) or
within a panoramic image described further below. In some examples, the
image processing module 151 may be configured to define the one of more
treatment regions 80 using information received, for instance, via the user
interface 160, i.e., based at least partially on user input. Additionally or
alternatively, the image processing module 151 may be configured to define
the one of more treatment regions 80 using information determined automat-
ically by the image processing module 151 based on image data, as described
further below, and/or using stored information. The stored information may,
for instance, be stored in and received from, the (local) memory 170 and/or a
database internal or external of the ophthalmic system 100. The database
may, for instance, be part of a computer network, such as a computer cloud,
and/or be accessible via a wired or wireless computer network, such as via the

internet, accessible via a data interface of the ophthalmic system (not shown).

The information (whether stored, input by the user, automatically determined
based on image data) may include information about the patient and/or the
patient’s eye 10, information about locations (coordinates) of individual or
single treatment regions 80 (also termed treatment spots), a number of laser
pulses to be applied on each treatment region, a laser spot size and/or a
spatial laser spot density. The information may further include laser parame-
ters, such as laser wavelength, laser energy, laser energy per pulse, laser spot
diameter, pulse duration time, pulse separation time, duty cycle, among
others. The information may be input and stored prior to the actual treatment
or collected during the treatment, e.g., by performing measurements of
properties of the eye tissue based on mage data included in the images 125

acquired by the camera 120. The laser parameters may be adjusted based on
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the measurements before the application of future next laser pulses during

the same (or future) treatment session, as described in more detail below.

FIGs. 16A-19B illustrate two exemplary workflows of creating a panoramic
image of the anterior chamber angle 40 of the eye 10 using any of the
ophthalmic systems 100, 200, 300, 400, 500, 600 described herein. For
example, the image processing module 151 may be configured to extract from
images 125 of a set of two or more images 125 (e.g. from different frames of
the image if the camera 120 acquires t is a video image or live image), which
have been acquired with the camera 120 at different azimuthal orientations
®lgonio Of the gonioscopic lens 1100 (j>0 being an index for indexing each one
of the different azimuthal orientations of the gonioscopic lens), the at least
one subregion 129 of the respective image 125 (e.g. frame) and to join
together the extracted subregions 129 (or at least portions thereof, such as
the corresponding allowable spans ®w of the respective subregions) to create
a panoramic image 125P of the anterior chamber angle 40 of the eye 10. For
instance, the extracted subregions 129 and the panoramic image 125P
composed thereof may cover the entire chamber angle 40 of the eye 10, as
shown in FIGs. 17B and 19B. The number of subregions 129 required to cover
the entire chamber angle 40 of the eye 10 depends on the azimuthal width
®rov of the peripheral gonio field of view of each subregion or on the allowa-
ble span @y if the latter is used to compose the panoramic image 125P.
Moreover, the number of different azimuthal orientations ®gonio of the
gonioscopic lens 1100 needed to cover the entire chamber angle 40 also
depends on the number of subregions 129 that are included in each image
125, i.e., on the number of mirror surface 1120 of the gonioscopic lens 1100
used. In the example shown in FIGSs. 16A-19B, the gonioscopic lens 1100
includes four mirror surface 1140 so that each image 125 includes four
corresponding subregions 129 which are labeled by numbers 1 to 4 for a first
image 125 taken at a first azimuthal orientation of the gonioscopic lens 1100,
and by 1’ to 4’ for a second image 125’ taken at a second azimuthal orienta-
tion of the gonioscopic lens 1100. Moreover, in the examples shown in FIGs.
16A-19B, the two image 125 and 125’ are sufficient to cover the entire

chamber angle 40.

The image processing module 151 may be configured to determine which of

the extracted subregions 129 are adjacent to each other (e.g., based on the
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azimuthal orientation of each extracted subregion 129), and to join together
each pair of adjacent subregions 129, for instance, by means of co-registering
the adjacent subregions (e.g., within their mutual intersection or overlap
region) and/or by means of stitching the adjacent subregions 129 together. As
shown in FIG. 17B, the subregions 129 forming the panoramic image can be
arranged in a circular array to form a circular panoramic image 125P. Alterna-
tively, as shown in FIG. 19B, the subregions 129 may be aligned in a linear
array to form a linear panoramic image 125B. Accordingly, the image pro-
cessing module 151 may be configured to control the display device 16 1to
display the panoramic image 125 as a linear panoramic image 152P or as a

circular panoramic image 125P.

FIG. 20 shows an exemplary algorithm or workflow for imaging and displaying
the full chamber angle 40, e.g., by generating the panoramic images 125P
shown in FIGS. 17B and 19B, using the ophthalmic system 100 described
herein. As shown in FIGS. 16A, 18A, mirror surface with labels 1 and 3 show
inferior and superior sections of the chamber angle 40. The corresponding
subregions 1 and 3 are shown on the bottom and top of the display device
161, respectively, to give the physician a representation of the sections the
correct orientation. The same applies for mirror surfaces 2 and 4 which show
the nasal or temporal part of chamber angle, respectively. The corresponding
subregions 129 are shown on the left or right side of the display device 161,
depending on the laterality of the eye under examination, OD or OS. The
device also detects laterality and displays the nasal and temporal part of the
chamber angle. As discussed above, depending gonioscopic lens 1100, only
little rotation may be needed to fully cover the full chamber angle 40. The
“static” gonio field of view for the exemplary gonioscopic lens 1100 is shown
in FIGs. 16A-19B is 120°. Accordingly, each mirror surface 1120 provides a
field of view or azimuthal span ®rov of 30°, so that for full chamber angle
imaging the lens may be rotated two times by 30° each or continuously by 60°
in total. For each rotation of the gonioscopic lens 1100 the newly appearing
chamber angle images, i.e. subregions 129, are stitched to the previously
acquired chamber angle images so that the resulting panoramic image 125P
shows the chamber angle sections in the correct orientation. The iris 30 (or a
portion of the central retina 55) is visible in the subarea 128 of the image 125.

The iris can be detected and tracked to always have the eye’s coordinate
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system as a reference for displaying the chamber angle in the correct orienta-
tion (for instance, azimuth angle relative to an arbitrary reference locked to
the patient’s iris or central retina). In some examples, pupil 35 may also be
detected in the subarea 128 (i.e. the central gonio field sub-image) of the
image 125 and possibly also in subregions 129 (i.e. the peripheral gonio sub-
images). In some examples, a central line connecting the pupil 35 imaged in
the subarea 128 and pupil 35 imaged in any one of the subregions 129 may be
used to determine the azimuthal orientation ® of the respective subregions
129. Additionally or alternatively, as described above, a vector v, normal to an
edge portion 129’ (see FIG. 10) of the subregions 129 may be used to deter-
mine the azimuthal orientation ® of the respective subregion 129. Before
detecting the edge 129’, the subregions 129 may be segmented.

In further examples, it is also possible to use (indirect) gonioscopic lenses
1100 with a (relatively larger) number of identical mirror surfaces that have
the following characteristics: (a) an overlap between gonio fields of view of
adjacent mirror surfaces of the gonioscopic lens so that chamber angle
structures imaged via adjacent mirror surfaces overlap correspondingly; (b)
preferably minimal apparent distortion of the chamber angle structures
within the sub-images corresponding to the respective mirror surfaces.
Furthermore, it is preferably also provided that (a) the alignment of the
patient’s eye is robust; and (b) the field of view of the camera is sufficiently
large to accommodate all mirror surfaces and preferably without or with only
low vignetting). Using such a gonioscopic lens 1100, it is possible to generate a
complete circumferential panoramic image 125P of the chamber angle 40
based on one single image or frame 125 of the camera 120. In this case, the
sub-images or subregions 129 corresponding to adjacent chamber angle
segments of all mirror surfaces 1120 of the gonioscopic lens 1100 can be co-
registered and stitched together to provide a complete circumferential image
or panoramic image 125P of the chamber angle 40, for instance, of the type
shown in FIGs. 17B and 19B. The panoramic image 125P of the chamber angle
40 may be uniquely referenced to the iris 30 or the central retina 57 shown in
the subarea central gonio sub-image 128 of the image 125 that is imaged

centrally through the gonioscopic lens 1100.

FIG. 21 shows a workflow or algorithm for treating the full chamber angle
using any one of the exemplary ophthalmic systems 100, 200, 300, 400, 500,
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600. In this method, all mirror surfaces 1120 of the gonioscopic lens 1100 are
imaged in a single image or frame 125 acquired by the camera 120. The
mirrors surfaces 1120 may be segmented within the frame 125 and the
subregions 129 of the image 125 corresponding to the mirror surfaces 1120
may be created (identified). Moreover, the sections of the chamber angle 40
contained in the subregions 129 may be identified by means of image
segmentation, and the azimuthal orientation thereof may be determined. The
sections of the chamber angle 40 corresponding to the mirror surfaces 1120
may be displayed on the display device 161 in accordance with the respective
azimuthal orientations thereof. Treatment patterns, i.e. sets of shot markers
166 with predefined positions relative to each other, are placed (manually or
automatically as described herein) onto portions of the displayed sections
chamber angle 40, such as onto the displayed TM 45, in order to define
intended treatment regions 80. Laser pulses are released (manually or
automatically) onto the treatment regions 80 in the chamber angle 40 in
accordance with the shot markers 166. The shot markers 166 may be replaced
by treated regions markers 167 after irradiation of the corresponding
treatment regions 80. The gonioscopic lens 1120 may be rotated (manually or
automatically) in order to image new (e.g. adjacent) sections of the angle
chamber 40. The subregions 129 of the image may be tracked during the
rotation and/or be (newly) identified by means of image segmentation.
Similarly, also the sections of the chamber angle 40 currently imaged within
the subregions 129 may be tracked during the rotation and/or be (newly)
identified by means of image segmentation. Again, treatment patterns with
shot markers 166 may be placed on portions of the newly displayed sections
chamber angle 40 in order to define new treatment regions 80 that have not
yet been treated within the respective subregions 129 of the image 125. Laser
pulses are applied onto the new treatment regions 80 in accordance with the
newly set shot markers 166. After laser irradiation, the shot markers 166 may
be replaced by treated regions markers 167. The procedure of rotating the
lens 1120, applying shot markers 166 and releasing laser pulses in accordance
with the shot markers 166 may be repeated until the entire circumference (or

only a part thereof, as needed) has been treated.

In some examples, the processor 150 or the image processing module 151

may be configured to automatically determine all or at least some pieces of
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information used to define or adjust the aforementioned treatment plan
and/or used to set or adjust laser parameters characterizing the laser pulses
emitted by the laser system 140 to irradiate the treatment regions 80 (of the
treatment plan). The information may particularly comprise information
about the patient’s eye and be based on image data generated by the camera
120 and/or generated by other imaging devices, such as an OCT imaging
device of the ophthalmic system (not shown). For example, the image
processing module 151 may be configured to determine a tissue characteris-
tics, such as a degree of pigmentation, of the tissue of the eye 10 at the
treatment regions 80 or at test sites that are distinct from the treatment
regions 80, for instance at the TM 45 or at other parts of the angular chamber
40.

Additionally or alternatively, the image processing module 151 may be
configured to measure one or more observables of laser tissue interaction
based on image data. The one or more observable may be indicative of, or
correlated with, the aforementioned laser induced effects in the tissue. The
image processing module 151 may be configured to extract the image data,
for instance, from one or more frames of the image 125 of the camera 120,
such as from the subregions 129, and/or from one or more optical coherence
tomography (OCT) images acquired by an OCT imaging device (not shown).
The image data may include reference image data obtained from frames or
OCT images acquired prior to the application of one or more laser pulses to a
test site or a treatment region 80 in the eye, and further comprise treatment
image data obtained from frames or OCT images acquired after the applica-
tion of one or more pulses of the one or more laser pulses. The image
processing module 151 may be configured to measure the one or more
observables of laser tissue interaction based on a comparison of the image
data obtained before and after the application of the one or more laser
pulses. For instance, the image processing module 151 may be configured to
determine differences of pixel values at image points 127 corresponding to
the test sites or treatment regions 80 before and after pulse application (for
instance, the image data before and after pulse application may be registered

to from a difference image).

For instance, the image processing module 151 device may be configured to

provide the laser system 140, for instance an electronic laser parameter
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adjustment module 143 of the ophthalmic system 100 with the determined
information, e.g., with the determined tissue characteristics and/or with the
measured observables of laser tissue interaction. The laser parameter
adjustment module 143 of the laser system 140 may be configured to
determine, set, and/or adjust laser parameters based on the aforementioned
measured at least one observable of laser tissue interaction, and/or on the
aforementioned degree of pigmentation of the tissue of the eye. The laser
control module 142 may be configured to control the at least one laser source
141 and the beam steering device 148 to irradiate the respective treatment
region 80 with the laser energy in accordance with the newly set or adjusted
at least one laser parameter. For example, the measurements of the tissue
characteristics and/or laser tissue interaction may be performed during a
treatment session and the laser parameter adjustments may be performed
after each application of one or more laser pulses and/or before application of
further laser pulses on treatment regions 80 included in a treatment plan and
are yet to be treated. In an example, the imaging processing module 151 may
be configured to detect for each treatment region 80 or target point the
degree of pigmentation. The degree of pigmentation may be determined
based on image data at image points corresponding to the respective
treatment region or target point in the image. The image data may be based
on, for instance, image color contrast, reflectometry of the illumination beams

112 and/or reflectometry of the laser aiming beam 145.

In one example, the pulse energy may be set to a value on a range between
0.6 to 1.4 mJ and may be varied in 0.1 mJ steps, such that small bubbles can
be observed to appear at the position of the laser shot. The bubbles may
serve as a detectable endpoint for a titration or dosing process. Bubbles are
typically created because the laser energy absorbed by the chromophores in
the tissue, e.g., the TM 45, leads to a temperature rise in the chromophores.
The chromophores may vaporize and bubbles may form. The heating of the
chromophores to sufficient energy depends on the energy absorbed by the
chromophore. The laser spot of a given energy may be distributed over a spot
diameter. Herein, typical spot diameters may be, for instance, in a range
between 30 — 500 um. Such spot diameters are however much larger than
single chromophores. Therefore, the heat absorbed per laser shot depends on

the density of chromophores within the irradiated area. The degree of
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pigmentation of the TM 45 is directly correlated to the density of chromo-
phores. As described above, the degree of pigmentation may be automatically
detected or measured and the amount of laser energy may set to a value that
will lead to an endpoint which, for instance, is defined by the aforementioned
creation of bubbles or by bleaching of the tissue, or at an endpoint slightly

below bubble formation or tissue bleaching.

As used herein, the term endpoint refers to a predefined state of the tissue
due to laser irradiation. The endpoint may be characterized by a predefined
effect occurring due to the laser tissue interaction, such as the aforemen-
tioned bubble creation or tissue bleaching, or by a predefined intensity of the
effect. Further examples of endpoints are, for instance, a predefined growth
rate of bubbles, a predefined number of bubbles, a predefined (e.g. average
or maximum) size of bubbles, a change of an OCT signal (e.g. above a prede-
fined threshold value) which may be due to micro-bubbles and/or macro

bubbles, or bleaching of the tissue at the target site.

In some examples, upon reaching the endpoint at a given treatment region, or
just before reaching the endpoint, the irradiation is stopped (manually or
automatically). In some examples, the laser parameters, such as the laser
energy, are determined such that the irradiation of the tissue with the laser in
accordance with the laser parameters may likely result in reaching the

endpoint, or a state just before the endpoint, at the respective target site.

The laser parameters, particularly the laser energy, may be set or adjusted
using a correlation between the degree of pigmentation and a laser energy
that is likely to result in a desired endpoint. The correlation may be deter-
mined, for instance, from an initial manual titration of laser energy by the
operator. Alternatively, the correlation may be retrieved from a database

containing the laser parameters for a given degree of pigmentation.

The laser parameters may be determined, set and/or adjust such that
irradiation of the respective eye tissue is likely to result in reaching the
predefined endpoint. The laser parameters may be determined, set and/or
adjusted during and/or after each application laser energy at a target site. The
image processing module may be configured to detect, based on image data,

whether or not the predefined endpoint has been reached in the tissue at the
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target site. For example, when the predefined endpoint is bubble formation at
the target site, the at least one observable measured by the image processing
module 151 may include, for instance, a growth rate of bubbles generated at
the target site, a number of bubbles generated at the target site, a size of
bubbles generated at the target site (such as a mean size, a maximum size, a
minimum size or a size distribution), or a (OCT) signal change due to micro-

bubbles and/or due to macro bubbles.

In a database (which may be stored in the system, e.g. in memory 170, or on
an external data storage system, such as in a computer cloud) any data
relevant for the treatment may be saved, such as laser parameters (pulse
energy, pulse duration, spot diameter, duty cycle, number of shots, etc.) that
are likely to achieve a predefined endpoint, a degree of pigmentation at the
irradiation site or treatment region, and a definition or a degree of the

(intended) endpoint (such as listed above).

In some examples, a machine learning algorithm may by implemented in the
processing device 150 of the ophthalmic system 100. For instance, based on a
grading by the operator or other experts of a treatment success, of achieved
endpoints, and of the degree of pigmentation, the data from the database
may be used for machine learning to improve the algorithms used for
detection of the degree of pigmentation and/or to improve the automatic or

manual setting and/or adjusting of laser parameters for the treatment.

Examples of methods of detecting an endpoint and/or of measuring a signal,
whose magnitude changes in response to laser tissue interaction and which
may indicate whether or not the endpoint in tissue has been reached, include
ophthalmoscopic measurements, opto-acoustic measurements, modulation of
back-scattered light, and OCT measurements, among others, as described
below.

An exemplary method for detecting the creation of bubbles in the tissue,
which may be implemented, for instance, with the image processing module
151, may comprise: saving an image of the camera acquired prior to laser shot
(application of one or more laser pulses), acquiring an image or an sequence
of images of the camera during and/or after (each) laser shot, registering the

images, subtracting (pairs of) the images to create difference images, detect-
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ing bubbles in the difference images (binary image by thresholding, blob
detection, adapted cell counting etc.), measuring the number of bubbles,
measuring the sizes of the bubbles, measure a growth rate of the bubbles,

e.g., by comparing bubble size between images of image sequence.

Additionally or alternatively, the ophthalmic system may comprise an OCT
imaging device (not shown). The OCT imaging device may include a light
source configured to generate and emit an (optical) OCT beam. The OCT beam
may be combined with (e.g., superimposed onto) the laser beam 145, e.g., by
means of the optical system 130 of the ophthalmic system 100, so that the
OCT beam and the treatment laser beam 145 (and optionally the aiming laser
beam) are directed onto the same target region in the eye. In this manner,
OCT images of the tissue at the target regions may be generated, for instance
(shortly) before, simultaneously with, and/or (shortly) after the application of
(treatment) laser pulses. The image processing module 151 may be configured
to use the OCT images as described above, e.g., for detecting (changes of)
signals in the tissue due to laser tissue interaction at the target site and/or to
determine whether a (predetermined) endpoint has been reached or not.
Based on this information, the laser parameters may be determined, set or
adjusted as described above, e.g., by means of the parameter adjustment
module 143, such as for dosing the treatment laser beam. Additionally or
alternatively, the OCT imaging device may be configured to acquire B-scans
perpendicular to the limbal circumference to visualize and/or measure the
chamber angle. A method to detect and measure laser tissue interaction
based on the OCT image data generated by the OCT imaging device may be
implemented as described above for detecting bubbles based on the images
of the camera, e.g., based on OCT signal change due to fringe washout at the
target sites. Typically, such method requires multiple shots per target site.
With the database mentioned above the number of shots may however be
reduced. For instance, the image processing module may be configured to
measuring the thermal expansion of the chromophores at the target site

based on the image data of the OCT images.

Referring again to FIGs. 6A-B, an exemplary gonioscopic lens assembly 2100 or
2200 includes, in addition to a gonioscopic lens 1100, one or more additional
lens elements 1130 configured to selectively converge or diverge the central

observation beams 114C and central illumination beams 112C. In the exam-
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ples shown, the additional lens element 1130 is located at a proximal end or
proximal portion 1170 of the gonioscopic lens assembly 2100, 2200 and is
concentric with the contact member 1110 of the gonioscopic lens 1100. A
semi-diameter SD, of the proximal lens element 1130 (measured relative to
the longitudinal axis 1114) may be less than a (maximal) radial distance RDws
of the at least one mirror surface 1120 of the gonioscopic lens 1100 from the
longitudinal axis of gonioscopic lens. The semi-diameter SD, of the proximal
lens element 1130 may be approximately the same as semi-diameter SDcw of
contact member 1110. The proximal lens element 1130 may be attached to or
integrated into a proximal window element 1140 of the gonioscopic lens
2100, 2200. For instance, as mentioned above, the gonioscopic lens may
include a conical or cup-shaped member 1113 with a distal end carrying the
contact member 1110 and a proximal end carrying the proximal window

element 1140 and/or the proximal lens element 1130.

As shown in FIG. 6A, the proximal lens element 1130 may be a converging lens
configured to converge the central illumination beams 112C onto the iris.
Alternatively, as shown in FIG. 6B, the proximal lens element 1130 may be a
diverging lens configured to diverge the central illumination beams 112C such
that they are focused onto the retina 55. For instance, the proximal lens
element 1130 may be configured to focus the central illumination beams 112C
onto the iris 30 or onto the central retina 55, when the peripheral illumination
beams 112P are focused onto eye tissue of the anterior chamber 40, e.g.,

onto the trabecular meshwork 45. For instance, when the focusing assembly is
in the first focus mode, as described above, the proximal lens element 1130
may focus the central illumination beams 112C onto the iris 30 or onto the
central retina 55. In this example, the proximal lens element may provide an
alternative to switching between different illumination modes for the central

and peripheral illumination beams 112C and 112P.

Additionally or alternatively, the gonioscopic lens assembly 2100, 2200 may
include a filter element (not shown) located at the proximal end of the
gonioscopic lens 1100. The filter element may be concentric with the contact
member 1110 of the gonioscopic lens 1100. For instance, the proximal filter
element may be attached to the proximal end 1170 of the aforementioned
cup-shaped element 1113 of the gonioscopic lens 1100. A semi-diameter SD¢

of the filter element may be less than a (maximal) radial distance of the at
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least one mirror surface of the gonioscopic lens 1100 from the longitudinal
axis 1114 of gonioscopic lens 1100. In some examples, the semi-diameter SD¢
of the filter element may be approximately the same as the semi-diameter
SDcewm of contact member 1110. The proximal filter element may be a neutral-
density filter. The proximal filter element may be configured to reduce the
intensity of the central illumination beams 112C reaching the eye and to
reduce the intensity of the central observation beams 114C reaching the
image sensor 121 while the intensities of the peripheral illumination and
observation beams 112P, 114P remain unaffected by the proximal filter
element. The filter element may therefore provide an alternative to switching
between different illumination modes in order to achieve different intensities
of the central and peripheral illumination beams 1112C and 112P as described

above.

FIGs. 22 to 28 show examples of patient interfaces 3100, 3200, 3300, 3400,
3500, 3600 in accordance with the present disclosure. The patient interfaces
3100, 3200, 3300, 3400, 3500, 3600 may in principle be held by the user, such
as by the physician, during use. Alternatively, any one of the patient interface
3100, 3200, 3300, 3400, 3500, 3600 may be mechanically connected to the
respective ophthalmic system in use, particularly to any one of the exemplary
ophthalmic systems described above. For instance, the exemplary ophthalmic
system 600 shown in FIG. 29, which may be configured as and include any of
the features of the ophthalmic systems 100, 200, 300, 400, 500, 600, describe
above, may include a coupling member 690 configured to establish a connec-
tion state between the ophthalmic system 600 and any one of the patient
interface 3100, 3200, 3300, 3400, 3500, 3600. Each of the patient interface
3100, 3200, 3300, 3400, 3500, 3600 is adapted for imaging an eye through the
patient interface and for applying laser energy to the eye through the patient

interface.

As shown in FIGs. 22 to 28, each one of the patient interfaces 3100, 3200,
3300, 3400, 3500, 3600 comprises a contact member 3110, 3210, 3310, 3410,
3510, 3610 with a contact surface 3112, 3212, 3312, 3412, 3512, 3612 that is
concentric relative to a longitudinal axis 3314 (see FIG. 24) of the contact
member and that is adapted to be placed adjacent to, or onto, the cornea 20
of an eye 10. The contact member 3110, 3210, 3310, 3410, 3510, 3610 further
includes an interface portion 3115, 3215, 3315, 3415, 3515, 3615adapted to
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allow illumination beams 112 and laser beams 145, e.g. from the ophthalmic
system 100, to propagate through the interface portion 3115, 3215, 3315,
3415, 3515, 3615 towards the contact surface 3112, 3212, 3312, 3412, 3512,
3612 of the contact member 3110, 3210, 3310, 3410, 3510, 3610 and to allow
observation beams 114 propagate from the contact surface 3112, 3212, 3312,
3412, 3512, 3612 through the interface portion, e.g. towards the camera 120
of the ophthalmic system 100.

In the examples shown, the contact member includes a lens 3117, 3217, 3317,
3417, 3517, 3617 that forms the contact surface 3112, 3212, 3312, 3412,
3512, 3612, such as a plano-concave lens (as shown), or alternatively a
convex-concave lens or a meniscus lens. The lens 3117, 3217, 3317, 3417,
3517, 3617 is formed of a transparent material, such as a glass or polymer,
such as silica or PMMA.

The contact member 3110, 3210, 3310, 3410, 3510, 3610 may include a body
portion 3116, 3216, 3316, 3416, 3516, 3616. The body portion may form the
lens 3117, 3217, 3317, 3417, 3517, 3617 and/or the interface portion 3115,
3215, 3315, 3415, 3515, 3615 of the contact member 110, 3210, 3310, 3410,
3510, 3610. The body portion may be formed completely or at least in regions
of a transparent material for the illumination beams 112, laser beams 145 and
observation beams 114. The transparent material may be for instance, a glass

or polymer, such as silica or PMMA.

For instance, as shown for the exemplary patient interface 3300 in FIG. 24, the
body portion 3316 may form the interface portion 3315 and be separate and
rotatable relative to the lens 3317. For instance, the interface portion may be
coupled to a motorized mount (not shown) of the ophthalmic system 100 that
may be configured to rotate the interface portion 3315 when connected to
the mount. As shown in FIG. 24, the body portion 3316 is rotatable relative to
the lens 3317 about the longitudinal axis 3314 of the contact member 3310.
Each of the body portion 3316 and the lens 3317 may include a planar surface,
the planar surfaces facing each other. An interspace or gap defined between
the planar faces may be filled with a gel, such as with an index matching gel.
Alternatively, the body portion 3316 may integrally form both the lens 3317
and the interface portion 3315 of the contact member 3310 of the patient
interface 3300.
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In some examples, as shown for instance, in FIG. 22, 23, 24, the patient
interface 3100, 3200, 3300 forms a gonioscopic lens and includes, in addition
to the contact member, one or more mirror surfaces 3120, 3220, 3320 that
are inclined relative to the longitudinal axis of the contact member in accord-
ance with respective gonio angles aconio, in order to redirect peripheral
illumination 112P and observation beams 114P, as described above. As
shown, for example, in FIG. 24, the one or more mirror surfaces 3320 are
attached to at least one side surface of, or integrated into, the transparent
material of the body portion 3316. By rotating the body portion 3316 relative
to the lens 3317, it is possible to view and/or treat different peripheral

sections of the anterior chamber angle of the eye 10.

In some examples, as in the patient interfaces 3400, 3500, 3600 shown in
FIGS. 25 to 27, the interface portion 3415, 3515, 3615 of the contact member
3410, 3510, 3610 includes at least one sidewall 3440, 3540, 3640 which
laterally defines or surrounds a receiving space 3441, 3541, 3641 of the
patient interface 3400, 3500, 3600. The interface portion 3415, 3515, 3615
comprises a proximal opening 3442, 3542, 3642 which provides access to the
receiving space 3441, 3541, 3641 from the proximal side of the patient
interface 3400, 3500, 3600. The receiving space 3441, 3541, 3641 and the
opening 3442, 3542, 3642 are concentric relative to the longitudinal axis 3414,
3514, 3614 of the contact member 3410, 3510, 3610. As shown, the contact
member 3410, 3510, 3610 may be conical or cup-shaped. The receiving space
may be shaped and dimensioned to receive therein the coupling member 690
of the ophthalmic system 600, as described in greater detail below with
reference to FIGs. 25, 27, and 28. As shown in FIGs. 25, 27, and 28 the mirror
surfaces may be attached to or integrated into the coupling member 690, as

described below.

In some examples, as in the exemplary patient interface 3400, 3500, 3600
shown in FIGs. 25 to 27, the patient interface 3400, 3500, 3600 comprises a
forceps 3443, 3543, 3643 or at least one lid opening element 3444, 3544,
3644 or a combination thereof. Typically, the forceps and/or the one or more
lid opening elements extend away from an external side surface of the
contact member 3443, 3543, 3643 so as to contact and spread apart upper
and lower lids of the eye 10, thereby preventing the lids from covering the
cornea 20. In the example shown, the forceps 3443, 3543, 3643 and/or lid
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opening elements 3444, 3544, 3644 may be formed by the sidewalls 3440,
3540, 3640 defining the receiving space 3441, 3541, 3641.

In the examples shown, the patient interfaces 3100, 3200, 3300, 3400, 3500,
3600, or at least the contact members 3110, 3210, 3310, 3410, 3510, 3610
thereof, are sterile, single-use articles made of low cost materials. Each one of
the patient interface 3100, 3200, 3300, 3400, 3500, 3600 may include a
machine-readable identifier. For instance, as in the example shown in FIG. 22,
the patient interface 3100 may comprise a machine-readable identifier 3180
attached to, or integrated into, the contact member 3110. The machine-
readable identifier 3180 may include, for instance, an optically, magnetically,
or electronically readable code, e.g. a linear or a 2D barcode. Additionally or
alternatively, the identifying may be or include a RFID tag. The machine-
readable identifier 3180 may encode, in a machine-readable manner,
information about the patient interface, such as information allowing to
uniquely identify each entity of the patient interface 3100 which may be used,
for example, to prevent reusing the patient interface 3100. Additionally or
alternatively, the information may specify optical characteristics of the patient
interface 3100, such as the imaging magnification value Mc of the central
gonio field of the patient interface 3100, as described above. Moreover, in
examples in which the patient interface 3100 includes gonio mirrors and thus
forms a gonioscopic lens, such as in the examples shown in FIGS. 22, 23, and
24, the information may include the number of mirror surfaces included in the
patient interface 3100, the inclination angle agonio of the one or more mirror
surfaces, and/or at least one imaging magnification value Mgonio associated

with one more of the peripheral gonio fields of the respective mirror surfaces.

In some examples, as shown in FIG. 27, the patient interface 3500 may further
comprise a pressure sensor 3530 configured to measure and indicate a
pressure, such as the pressure with which the contact surface 3512 of the
contact member 3510 is pressed against the cornea 20 of the eye 10. Addi-
tionally or alternatively, the pressure sensor 3530 may be configured to
measure and indicate an intraocular pressure (IOP) of an eye 10 which the
contact member 3500 is in contact with. In the example shown, the pressure
sensor 3530 includes a flexible element 3531 which is configured to gradually

deform depending on the magnitude of the pressure. The pressure sensor
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3530 may, for instance, be configured to indicate a degree of the deformation
of the flexible element 3531 in response to the pressure. The pressure sensor
3530 may include, for instance, a flexible membrane 3532 covering at least a
portion of the contact surface of the contact member 3510 and forming a
chamber 3533 between the contact surface 3512 and the flexible membrane
3532. The contact member 3510 may further include a channel 3534 extend-
ing within the contact member 3510, one end of the channel 3534 being in
fluid communication with the chamber 3533 via an opening formed in the
contact surface of the contact member 3510. The chamber 3533 may be filled
with a fluid. The fluid may enter the channel 3534 through the opening and
flow through the channel 3534 in response to a pressure of the fluid within
the chamber 3534 depending on the pressure with which the contact member
3510 is pressed against the cornea of the eye and/or on the IOP. The pressure
sensor 3530 may include one or more markings 3535 along the channel,
which may form a (pressure) scale allowing to measure the pressure by
reading off a height of a liquid column formed by the liquid within the channel
3534 relative to the markings 3535. In order to facilitate viewing the channel
3534 and the fluid therein from a proximal side of the contact member 3510,
the channel 3534 may extends in a direction approximately orthogonal to the

longitudinal axis of the contact member 3510 of the patient interface 3500.

FIG. 28 shows an exemplary ophthalmic system 600 which may be configured
as, and include any of the features of the exemplary ophthalmic systems 100,
200, 300, 400, 500, 600 described above. The ophthalmic system 600 further
includes a coupling member 690 configured to establish a connection state
between the ophthalmic system 600 and an patient interface as disclosed
herein, such as any of the exemplary patient interfaces described above, such
as the patient interfaces 3400, 3500, 3600 shown in FIGs. 22 to 27. In the
connection state, the coupling member 690 mechanically contacts the
interface portion 3415, 3515, 3615 of the contact member 3410, 3510, 3610,
and the longitudinal axis 691 of the coupling member 690 is, e.g. within a
(predefined) tolerance range, aligned with the longitudinal axis 3414, 3514,
3614 of the contact member 3410, 3510, 3610 of the patient interface 3400,
3500, 3600. Moreover, in the connection state, an axial distance between the
coupling member 690 and the interface portion typically is within a (prede-

fined) tolerance range. Hence, the connection state allows for accurate
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illumination, observation and application of laser energy through the patient
interface 3400, 3500, 3600.

In the examples shown in FIGS. 25-27, to establish the connection state, the
coupling member 690 is inserted through the proximal opening 3442, 3542,
3642 of the interface portion 3415, 3515, 3615 of the patient interface 3400,
3500, 3600 into the receiving space 3441, 3541, 3641. In the connection state,
the coupling member 690 and the contact member 3410, 3510, 3610 in
combination form a gonioscopic lens having, for instance, the features
described above in connection the gonioscopic lens 1100. In particular, the
coupling member 690 includes the at least one mirror surface 691 of the
gonioscopic lens and the contact member 691 forms the contact member of
the gonioscopic lens. The at least one mirror surface 692 may be angled
relative to the longitudinal axis 691 of the coupling member 690 and config-
ured to redirect the peripheral illumination beams 112P from the illumination
device 110 towards the contact member 3410, 3510, 3610 and direct periph-
eral observation beams 114P from the contact member 3410, 3510, 3610
towards the camera 120 of the ophthalmic system 600, as described above in

connection the gonioscopic lens 1100 and ophthalmic system 100.

The ophthalmic system 600 may include a motorized drive member 693
configured to move, for instance, under the control of the processor 150 or
the image processing module 151 of the ophthalmic system 600, the coupling
member 690 axially along the longitudinal axis 691 of the coupling member
690 and/or to rotate the coupling member 690 about the longitudinal axis 691
of the coupling member 690. For instance, the processor 150 or image
processing module 151 may be configured to control the drive member 693 to
move the coupling member 690 so as to establish the connection state, e.g.,
such that a spatial relation between a first marking 695 of the coupling
member 690 and a second marking 3645 of the contact member 3600 (FIG.
27) is moved into or kept within a predefined range, as described in more
detail below. Additionally or alternatively, the processor 150 or image
processing module 151 may be configured to control the drive member 693 to
move the coupling member 690 such that the aforementioned pressure (e.g.,
the pressure with which the contact member is pressed against the cornea of

the eye, or the IOP) is moved into or kept within the predefined range.
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In the example shown in FIG. 27, the coupling member 690 includes a resilient
member 694 configured to transition into a loaded or (axially) compressed
state when the coupling member 690 is pressed (axially along the longitudinal
axis 691) against the interface portion 3615 of the contact member 3610 in
the connection state. When the coupling member 690 is separated from the
interface portion 3615 of the contact member 3610 (i.e. when the connection
state is terminated), the resilient member 694 may revert back to an (axially)
unloaded or uncompressed state (or to a less loaded or less compressed
state). The resilient member 694 may include a spring member or, as shown in
FIG. 27, a bellows member. The resilient member may be concentric with the
longitudinal axis of the coupling member 690. The coupling member 690 may
be configured to contact the interface portion 3615 of the contact member
3610 of the patient interface 3600 via the resilient member 694. For instance,
the resilient member 694 may extend from a main body 696 of the coupling
member 690 in a distal direction. The interface portion 3615 of the patient
interface 3600 may include a flange portion 3646 at a proximal end of the
interface portion 3615, such as at the proximal opening 3642. The resilient
member 694 may be configured to abut against the interface portion 3415,
such as against the flange portion 3646 thereof, in the connection state. The
resilient member 694 may be configured to dampen and/or compensate axial
motions between the coupling member 690 and the interface portion 3615 of
the contact member 3610 of the patient interface 3600 in the connection
state, e.g. by reversibly or elastically changing its length along the longitudinal
axis 691 of the coupling member 690. In principle, the resilient member 694
may also be part of interface portion 3415, 3515, 3615, extending proximally
from the interface portion 3415, 3515, 3615 of the contact member 3410,
3510, 3610 and configured to abut against the coupling member 690, for

instance against a flange thereof.

As mentioned above, the coupling member 690 includes a first marking 695
and the contact member 3610 includes a second marking 3645. The first
marking 695 and the second marking 3645 may be positioned within a field of
view 126 of the camera 120 of the ophthalmic system 600 in the connection
state between the ophthalmic system 600 and the patient interface 3600. The
image processing module 151 may be configured to identify the first marking

695 and the second marking 3645 within the image 125 acquired by the
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camera 120 and to determine the aforementioned spatial relation between
first marking 695 and the second marking 3645 within the image 125. For
example, determining the spatial relation between first marking 695 and the
second marking 3645 may include determining at least one of a distance
between the first marking 695 and the second marking 3645 within the image
125, an alignment of the first marking relative 695 to the second marking
3645, a displacement of the first marking 695 relative to the second marking
3645, and/or a size difference between the first marking 695 and the second
marking 3645. The image processing module 151 may be further configured
to use the determined spatial relation between the first marking 695 and the
second marking 3645 to determine whether the positioning of the coupling
member 690 relative to the patient interface 3600 in the connection state is

within the predefined range.

For example, the predefined range may include at least one of a predefined
range of an axial distance between the coupling member 690 and the
interface portion 3615 of the contact member 3610 of the patient inter-
face3600, a predefined range of displacement orthogonally to the longitudinal
axis 3614 of the interface portion 3615 of the contact member 3610 of the
patient interface 3600, and/or a predefined range of a rotation of the
coupling member 690 relative to the interface portion 3615 of the contact
member 3610 about the longitudinal axis 3614 of the contact member 3410
3610 of the patient interface 3600. For example, the axial distance may be
determined based on the size difference between the first marking 695 and
the second marking 3645 in the image 125, as the size difference increases

with the axial distance between the first and second markings.

In the particular example shown in FIG. 27, the first marking 695 is a circular
ring and the second marking 3645 is a circular dot. The spatial relation
between the first marking 695 and the second marking 3645 may be defined
to be within the predefined range, for instance, if the dot is within the ring
and completely fills the region defined by the ring but is not larger than the
ring.

The imaging processing module 151 may be configured to generate a confir-
mation signal indicating that the connection state has been successfully

established if the determined spatial relation is within the predefined range
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and/or to generate a warning signal indicating that the connection state has
not been successfully established if the determined spatial relation is not
within the predefined range. The laser system 149, e.g. the control module
142, may be configured to receive the signal(s) and to allow emission of laser
beams 145 only after receiving the confirmation signal and/or to prevent
emission of laser beams after receiving the warning signal. Additionally or
alternatively, the display device may be configured to receive the confirma-
tion signal and/or the warning signal and to display to the user a correspond-

ing warning or confirmation signal.

In some examples, the image processing module 151 is configured to deter-
mine at least one pressure using the determined spatial relation between the
first marking 695 and the second marking 3645. The at least one pressure may
be selected, for instance, from a pressure with which the coupling member
690 is pressed against the contact member3610 of the patient interface 3600
and/or an intraocular pressure of the eye 10 the contact member 3410 3610
is in contact with.

In some examples, as in the example shown in FIG. 26, the pressure sensor
3530 may be configured to be completely or least partly within the field of
view 126 of the camera 125, if the connection state between the ophthalmic
system 600 and the patient interface 3500 is established. The image pro-
cessing module 151 may be configured to determine the pressure as meas-
ured and/or indicated by the pressure sensor 3530 within the image 125 of
the camera 120. The image processing 151 module may further be configured
to determine whether the pressure measured and/or indicated by the
pressure sensor 3530 is within a predefined range. For example, the imaging
processing module 151 may be configured to generate a confirmation signal
indicating that the determined pressure is within the predefined range and/or
to generate a warning signal indicating that the pressure is above or below
the predefined range. Additionally or alternatively, the display device 161 may
be configured to receive the confirmation signal and/or the warning signal
and to display to the user a corresponding warning or confirmation signal.
Additionally or alternatively, the display device 161 may be configured to
receive the determined pressure(s) and to display to the user the determined

pressure(s), e.g., corresponding values thereof.
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In some examples, the ophthalmic system 100, 600 further includes a reader
device 190 (as schematically shown in FIG. 1) configured to read out the
information from the aforementioned machine-readable identifier 3180 of
the patient interface 3180, as shown in FIG. 22. The reader device 190 may
be, or include, the camera 120 of the ophthalmic system 100, 600 and/or an
additional camera (not shown) of the ophthalmic system 100, 600. Additional-
ly or alternatively, the reader device 190 may be, or include, an RFID reader.
The machine-readable identifier 3180 may be positioned, as shown in FIG. 22,
on the contact member 3110 of the patient interface 3100 such that it is
readable by the reader device 190, e.g. when the patient interface 3100 is
within the field of view 126 of the camera 120 and/or during the connection
state between the ophthalmic system 600 and the patient interface 3600. The
ophthalmic system 100, 600 may further include an electronic identification
module 191 (as schematically shown in FIG. 1) that may be part of the
processor device 150 or be a separate processing device, and that is config-
ured to identify the patient interface 3100 based on the information from the
machine-readable identifier 3180 as readout with the reader device 190. For
instance, the electronic identification module 191 may be configured (e.g., via
a suitable data interface or network interface) to assess an external a data
base (not shown) storing uniquely identifying information (e.g. IDs) of used
patient interfaces. For instance, the electronic identification module 191 may
be configured to assess the data base, e.g., via the internet, and to perform
any queries on the database, for instance, on whether the uniquely identifying
information readout from an instant patient interface (e.g. which is momen-
tarily connected to the coupling member 690 of the ophthalmic system 600) is
stored in the data base as belonging to a previously used patent interface. In
this manner, the identification module 191 may determine whether the
patient interface 3100 has already been used in a previous session and, if so,
to not support any further use of the patient interface 3100. For instance, the
identification module 191 may be configured to control the illumination
device 110, the camera 120, the processing device 150, the image processing
module 151, and/or the laser system 140 not to operate (or to operate only in
a restricted mode) as long as the coupling member 690 is, e.g., detectable
within the field of view 126 of the camera 120 and/or connected to the
patient interface 3100, if the patient interface 3100 is determined as being

previously used.
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Additionally or alternatively, in examples in which the machine-readable
identifier 3180 encodes information specifying optical characteristics of the
patient interface 3100, the identification module 191 may be configured to
provide one or more of the optical characteristics to the image processing
module 151, to the illumination device 110 or the illumination control module
115, and/or to the focusing assembly 132 or the focus control module 137,
which may be configured to operate in accordance with the received optical
characteristics of the patient interface 310. For instance, the image processing
module 151 may be configured to perform a search of the subregions 129 of
the image 125 corresponding to the one or more mirror surface 3120 using
the information on the number of mirror surfaces 3120 included in the patient
interface 3100. The focus control module 137 may be configured to adjust the
focus of the focusing assembly 132 using the information of the imaging
magnification value Mc of the central gonio field of the patient interface 3100
and/or on the at least one imaging magnification value Megonio associated with

the one more peripheral gonio fields of the patient interface 3100.

As shown in FIGs. 22 23 and described above, the contact member 3100, 3200
may comprise a marker 3181, 3281 to indicate the azimuthal orientation of
the contact member 3110, 3210 about the longitudinal axis of the contact
member 3310, 3410. As shown, the marker 3181, 3281 is visible from the
proximal side of the contact member 3110, 3210 facing the ophthalmic
system 100, 600, e.g., the coupling member 690 thereof. In this example, the
image processing module is configured to identify the marker 3181, 3281
within the image 125 of the camera 120. For instance, the image processing
module 151 may be configured to use the identified marker 3181, 3281 to
determine the azimuthal orientation ® of the patient interface 3100, 3200
relative to the camera coordinate system and/or eye coordinate system, an
azimuthal orientation @ of the at least one mirror surface 3120, 3220 relative
to the camera coordinate system and/or eye coordinate system, and /or an
azimuthal orientation ® of the at least one subregion 129 of the image 125
relative to the camera coordinate system and/or eye coordinate system.
Additionally or alternatively, the image processing module 151 may be
configured to use the identified marker 3181, 3281 to determine the azimuth-
al orientation ¢ of at least one characteristic feature 70 within the subregion
129 relative to the identified marker 3181, 3281, relative to the camera
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coordinate system and/or relative to the eye coordinate system. Additionally

or alternatively, the image processing module 151 may be configured to use

the identified marker 3181, 3281 to determine the azimuthal orientation ¢ of

at least one characteristic feature 70 within the subregion 129 relative to the

identified marker 3181, 3281, relative to the camera coordinate system

and/or relative to the eye coordinate system. The azimuthal orientations may

be used as described above, e.g., for controlling the laser system 140 and/or

to define or select treatment regions 80 in the exe 10.

List of reference numerals

10
20
25
30
35
36
38
40

45
50
55
56
57
60
70
71
72
73
74
80

100; 200; 300; 400; 500; 600

Eye

Cornea

Sclera

Iris

Pupil

Central/pupillary axis of the eye
Lens

Anterior chamber angle / iridocor-
neal region

Trabecular meshwork (TM)
Fundus

Retina

Central retina

Peripheral retina

Object point

Characteristic feature

Further characteristic feature
Curved line

Midpoint of curved line

Central subsection of curved line
Treatment region / target site /
laser spot

Ophthalmic system
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110, 210, 310, 410, 510
111, 211, 311, 411, 511
112

112C

112pP

114

114C

114pP

115

215, 315, 415, 515
216, 316, 416, 516
217,317,417,517
120, 220,320, 420, 520
121, 221, 321, 421, 521
222,322,422,522

123

124

125

125C

125P
126
127
128

129

129’

129”7

130, 230, 330, 430, 530
131

132, 232,332, 532

133, 233, 333, 533

234

235,335

336, 536

122
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[llumination device

Light source

[llumination beam

Central illumination beam
Peripheral illumination beam
Observation beam

Central observation beam
Peripheral observation beam
[llumination control module
Lens

Lens

Aperture

Camera

Image sensor

Lens

Subarea of image sensor
Subregion of image sensor
Image, frame

Compound image / combined
image

Panoramic image

Field of view

Image point / pixel

Subarea of image / central gonio
field sub-image

Subregion of image / peripheral
gonio field sub-image

Edge portion

Lateral edge

Optical system

Optical element

Focusing assembly

Objective lens

Beam splitter

Dichroic mirror

lumination beam steering device
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137
140, 240, 340, 440, 540
141, 241, 341, 441, 541
142
143

145

446
447,547
148, 248, 348, 448, 548
149, 249, 349, 445, 549
150

151

152

153

160

161

162

165

166

167

170

190

191

690

691

692

693

694

695

696
1100
1110
1112
1113
1114

123

PCT/EP2023/065381

Focus control module

Laser system

Laser source

Laser control module

Laser parameter adjustment
module

Laser beam (treatment or aiming)
Lens

Mirror

Laser beam steering device
Laser beam shaping device
Processor/processing device
Image processing module
Eye tracking module
Documentation module
User interface

Display device

Displayed image

Input device

Shot marker

Treated region marker
Memory

Reader device

Identification module
Coupling member
Longitudinal axis

Mirror surface

Drive member

Resilient member

First marking

Main body

Gonioscope or Gonioscopic lens
Contact member

Contact surface

cup-shaped member

Longitudinal axis
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1120, 1121, 1123,1124,1125, 1126 Mirror surface
1130 Lens element
1140 Proximal opening or window
1150 central gonio field (of view)
1160 peripheral gonio field (of view)
1170 Proximal portion or end
2100; 2200 Gonioscopic lens assembly
3100, 3200, 3300, 3400, 3500, 3600 Patient interface
3110, 3210, 3310, 3410, 3510, 3610 Contact member
3112,3212,3312,3412,3512, 3612 Contact surface
3314, 3414, 3514, 3614 Longitudinal axis
3115, 3215, 3315, 3415, 3515, 3615 Interface portion
3116, 3216, 3316, 3416, 3516, 3616 Body portion
3117,3217,3317,3417,3517, 3617 Lens
3120, 3220 Mirror surface
3440, 3540, 3640 Sidewall
3441, 3541, 3641 Receiving space
3442,3542, 3642 Proximal opening
3443, 3543, 3643 Forceps
3444, 3544, 3644 Lid opening element
3645 Second marking
3646 Flange portion
3180 Machine-readable identifier
3181, 3281 Marker
3530 Pressure sensor
3531 Flexible element
3532 Flexible membrane
3533 Chamber
3534 Channel
3535 Marking
List of terms and abbreviations
re Frame rate

™ Modulation rate
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(I)eye or cDeye

(I)camera or ®camera

r

leye

lcamera

cI)FOV

Dy
ClGONIO

Meconio
Mc
Dlris

eris

Rrm

Vn
SD,

SDem
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Focus switching rate

Positive integer

Positive integer

Azimuth coordinate of subre-
gion/gonio field of view/chamber
angle sector

Azimuth coordinate of treatment
region or characteristic features
Azimuth coordinate in eye
coordinate system

Azimuth coordinate in camera
coordinate system

Radial coordinate

Coordinate r in eye coordinate
system

Coordinate r in camera coordinate
system

Azimuthal span of subre-
gion/gonio field of view/chamber
angle sector

Allowable azimuthal span

Gonio mirror angle

Image magnification of peripheral
gonio field

Image magnification of central
gonio field

Iris diameter

Iris radius

Apparent radius of the TM
Allowable change of Rty within @y
distance between laser spots
Normal vector

semi-diameter or radius of
proximal lens element
Semi-diameter or radius of contact

member
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SDr

RDwms
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Semi-diameter of the filter
element
Radial distance of mirror surface

from longitudinal axis
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Claims

Ophthalmic system, the system comprising:

an illumination device for illuminating an eye through a gonio-
scopic lens, wherein the illumination device includes at least one light
source to generate illumination beams that propagate through the go-
nioscopic lens and illuminate tissue of the eye, wherein the gonio-
scopic lens includes a contact member to be placed adjacent to a cor-
nea of the eye and at least one mirror surface angled relative to a lon-
gitudinal axis of the gonioscopic lens,

a camera for acquiring an image of the eye through the gonio-
scopic lens, the camera including an image sensor configured to re-
ceive observation beams propagating from tissue of the eye through
the gonioscopic lens;

an image processing module configured to receive the image
acquired by the camera and configured to identify at least one charac-
teristic feature of an anterior chamber angle of the eye within at least
one subregion of the image,

a display device configured to at least partly display the at least

one subregion of the image to a user.

Ophthalmic system of claim 1, wherein the at least one subregion of
the image corresponds to one of the at least one mirror surface of the

gonioscopic lens.

Ophthalmic system of any one of claims 1 or 2, wherein the image pro-
cessing module is configured to detect the at least one subregion of

the image in the image.

Ophthalmic system of any one of the preceding claims, wherein the at
least one subregion includes a first subregion corresponding to a first
mirror surface of two or more mirror surfaces of the gonioscopic lens

and a second subregion corresponding to a second mirror surface of
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the two or more mirror surfaces of the gonioscopic lens, wherein the
image processing module is configured to identify the at least one
characteristic feature of the anterior chamber angle of the eye also
within the second subregion of the image and to control the display
device to display simultaneously at least a portion of the first subre-
gion of the image and at least a portion of the second subregion to a

user.

Ophthalmic system of any one of the preceding claims, wherein the at
least one characteristic feature of the anterior chamber angle is se-
lected from a Schwalbe's line, a trabecular meshwork (TM), a scleral

spur, a ciliary body, and an iris.

Ophthalmic system of any one of the preceding claims, wherein the
image processing module is configured to identify at least one further
characteristic feature of the eye within a subarea of the image,
wherein the subarea is distinct from the at least one subregion of the

image and correspond to the contact member of the gonioscopic lens.

Ophthalmic system of claim 6, wherein the image processing module is

configured to detect the subarea of the image in the image.

Ophthalmic system of any one of claims 6 or 7, wherein the at least
one further characteristic feature of the eye comprises at least one

characteristic feature of an iris of the eye.

Ophthalmic system of any one of claims 6 to 8, wherein the at least
one further characteristic feature of the eye comprises at least one

characteristic feature of a fundus of the eye.

Ophthalmic system of any one of claims 6 to 9, wherein the image pro-
cessing module is configured to define an eye coordinate system based

on the identified at least one further characteristic feature of the eye.

Ophthalmic system of claim 10, wherein the image processing module
is configured to determine a location and/or an orientation of the eye

coordinate system relative to a camera coordinate system and/or to
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perform a transformation of coordinates between the eye coordinate

system and the camera coordinate system.

Ophthalmic system of any one of the preceding claims, further includ-
ing an eye tracking module configured to track translational and/or ro-
tational motions of the eye relative to the camera using the image of

the camera.

Ophthalmic system of claim 12, wherein the eye tracking module is
configured to track the translational and/or rotational motions of the

eye using the identified at least one characteristic feature of the eye.

Ophthalmic system of claim 12 or 13, as far as this claim further de-
pends on any one of claim 6 to 11, wherein the eye tracking module is
configured to track the translational and/or rotational motions of the
eye using the identified at least one further characteristic feature of

the eye.

Ophthalmic system of any one of the preceding claims, wherein the
image processing module is configured to determine an azimuthal ori-

entation of one or more of the at least one subregion of the image.

Ophthalmic system of claim 15, wherein the image processing module
is configured to control the display device to display one or more of
the at least one subregions of the image on the display device with an
azimuthal orientation relative to a display coordinate system in accord-
ance with the determined azimuthal orientation of the respective sub-

region of the image.

Ophthalmic system of one of claims 15 or 16, wherein the image pro-
cessing module is configured to detect an edge portion defining a
boundary of one of the at least one subregion of the image and to de-
termine the azimuthal orientation of the respective subregion of the
image using the at least one detected edge portion of the respective

subregion of the image.

Ophthalmic system of any one of claims 15 to 17, wherein the image
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processing module is configured to determine, for at least one or for
each of the at least one subregion, an azimuthal orientation of the at
least one characteristic feature of the respective subregion and to de-
termine the azimuthal orientation of the respective subregion of the
image using the determined azimuthal orientation of the at least one

characteristic feature.

Ophthalmic system of any one of the preceding claims, wherein the at
least one characteristic feature includes a curved line, the curved line
spanning the respective subregion of the image, and, as far as this
claim depends on claim 15, wherein the image processing module is
preferably configured to determine a normal vector oriented orthogo-
nally to the curved line and to determine the azimuthal orientation of
the respective subregion of the image based on an azimuthal orienta-

tion of the normal vector.

Ophthalmic system of claim 19, wherein the image processing module
is configured to determine, for one or more of the at least one subre-
gion of the image, a central subsection of the curved line within the re-

spective subregion.

Ophthalmic system of claim 20, wherein the image processing module
is configured to determine the central subsection such that, within the
central subsection, a maximal deviation of a local curvature of the
curved line from a local curvature of the curved line at a midpoint of
the curved line within the respective subregion is less than a prede-

fined value.

Ophthalmic system of any one of claims 20 or 21, wherein the image
processing module is configured to determine the central subsection
of the curved line within the respective subregion based on at least
one of an iris diameter Dyis of the eye, an angle aconio defining the in-
clination of the mirror surface of the gonioscopic lens corresponding to
the respective subregion of the image, and/or an magnification param-

eter of the gonioscopic lens.
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Ophthalmic system of any one of claims 20 to 22, wherein the image
processing module is configured to determine the central subsection
of the curved line based on at least one of a predefined spot size of a
laser beam and a predefined number of treatment regions on the tra-
becular meshwork.

Ophthalmic system of any one of claims 20 to 23, wherein the image
processing module is configured to define a portion of the respective
subregion of the image to be displayed by the display device such that
the central subsection of the curved line spans over an entire width of
the portion of the respective subregion, wherein the image processing
module is configured to control the display device to only partly show
the respective subregion by showing the defined portion of the at least

one subregion.

Ophthalmic system of any one of the preceding claims, further com-
prising a laser system including at least one laser source configured to
generate at least one laser beam, a laser beam steering device config-
ured to steer the at least one laser beam, and a laser control module
configured to control the at least one laser source and/or the laser

steering device.

Ophthalmic system of claim 25 combined with any one of claims 12 to
14, wherein the laser control module of the laser system is configured
to control the laser steering device using information on the tracked

motions of the eye received from the eye tracking module.

Ophthalmic system of any one of the preceding claims, further includ-
ing a documentation module configured to store information associ-
ated with the image and/or information associated with a laser treat-
ment.

Ophthalmic system of claim 27, as far as it depends on one of claims
15 to 19, wherein the information includes the determined azimuthal

orientation of the at least one subregion of the image.
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Ophthalmic system of one of claim 27 or 28, wherein the documenta-
tion module is configured to store information about laser pulses ap-
plied to respective treatment regions within the eye, the information
including positions of the treatment regions and one or more laser pa-
rameters characterizing the laser pulses, including a number of laser
pulses, a pulse duration, a time separation between the laser pulses, a
laser energy per pulse or per time unit, a laser spot size, and/or a laser

wavelength.

Ophthalmic system of claim 29, wherein the position information of
each treatment region includes an azimuthal angle ¢ defined relative
to an azimuthal orientation @ of the subregion of the image containing
the respective treatment region during the application of the laser

pulse to the treatment region.

Ophthalmic system of any one of the preceding claims, wherein the il-
lumination device is configured to generate illumination beams to illu-
minate the eye, wherein the illumination beams comprise central illu-
mination beams directed to propagate centrally through the contact
member of the gonioscopic lens without being reflected by the at least
one mirror surface of the gonioscopic lens and to impinge on tissue of
the iris or the fundus of the eye and peripheral illumination beams di-
rected to be reflected by one of the at least one mirror surface of the
gonioscopic lens and propagate obliquely through the contact member
of the gonioscopic lens and to impinge on tissue of the anterior cham-
ber angle of the eye and/or on tissue of a peripheral portion of the eye
fundus.

Ophthalmic system of claim 31, wherein the illumination device is con-
figured to spatially and/or temporally modulate the illumination
beams.

Ophthalmic system of claim 32, wherein the illumination device is con-
figured to spatially modulate intensities of the illumination beams such
that an intensity of the peripheral illumination beams is higher than an

intensity of the central illumination beam:s.
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Ophthalmic system of claim any one of claims 32 or 33, wherein the il-
lumination device is configured to periodically modulate the illumina-
tion beams at a modulation rate rm, that is equal or larger than a frame

rate rs of the camera.

Ophthalmic system of claim any one of claims 32 or 33, wherein the il-
lumination device is configured to periodically modulate the illumina-
tion beams at a modulation rate rm, that is equal to, or smaller than, a

frame rate rf of the camera.

Ophthalmic system of claim 35, wherein the image processing module
is configured to select, for each cycle of the periodical modulation of
the illumination beams, two or more frames and combine the respec-

tive two or more frames to form a compound image.

Ophthalmic system of claim 36, wherein the image processing module
is configured to extract from each selected frame acquired during a
first illumination mode a first frame portion including one or more of
the at least one subregion of the image but not including the subarea
of the image and to extract from each frame acquired during the sec-
ond illumination mode a second frame portion including the subarea

of the frame but not including the at least one subregion of the frame.

Ophthalmic system of any one of the preceding claims, wherein the
system comprises a focusing assembly configured to shift an object
plane conjugate to an image plane defined by the image sensor of the

camera.

Ophthalmic system of claim 38, wherein the focusing assembly in-
cludes at least one motorized translatable lens element or at least one

liquid lens element.

Ophthalmic system of any one of claims 38 or 39, further comprising a
focus control module configured switch the focusing assembly be-
tween a first focus mode in which the object plane is in a first position

and a second focus mode in which the object plane is in a second posi-
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tion, wherein the focus control module is configured to switch the fo-
cusing assembly between the first focus mode and the second focus
mode at a focus switching rate rr, wherein the focus switching rate rr is

equal to or smaller or greater than a frame rate r; of the camera.

Ophthalmic system of claim 40, wherein the image processing module
is configured to determine, for each frame of the live image, whether
the frame was acquired during the first focus mode or during the sec-

ond focus mode.

Ophthalmic system of claim 41, wherein the image processing module
is configured to extract from frames acquired during the first focus
mode a first frame portion including the subregion of the frame but
not including the subarea of the frame and to extract from frames ac-
quired during the second focus mode a second frame portion including

the subregion of the frame but not including the subarea of the frame.

Ophthalmic system of claim 42, wherein the image processing module
is configured to combine frames of the live image to form a combined
image, wherein each combined image is formed using the extracted

first and second frame portions.

Ophthalmic system of any one of the preceding claims, wherein the

system comprises the gonioscopic lens.

Ophthalmic system of any one of the preceding claims, wherein the
system comprises a gonioscopic lens assembly including the gonio-

scopic lens.

Ophthalmic system of claim 45, wherein the gonioscopic lens assembly
includes a proximal lens element located at a proximal end of the lens

assembly and concentric with the contact member, wherein a semi-di-
ameter (SDy) of the proximal lens element is less than a radial distance
(RDws) of the at least one mirror surface of the gonioscopic lens from

the longitudinal axis of gonioscopic lens.

Ophthalmic system of claim 46, wherein the proximal lens element is a
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converging lens.

Ophthalmic system of claim 47, wherein the proximal lens element is a

diverging lens.

Ophthalmic system of any one of claims 45 to 48, wherein the gonio-
scopic lens assembly includes a proximal filter element located at a
proximal end of the gonioscopic lens and concentric with the contact
member, wherein a semi-diameter (SD¢) of the proximal filter element
is less than a maximum radial distance of the at least one mirror sur-
face of the gonioscopic lens from the longitudinal axis of gonioscopic
lens.

Ophthalmic system of any one of the preceding claims, wherein the
image is a live image and wherein the image processing module is con-
figured to:

provide instructions to the display device to show, in addition
to the displayed at least one subregion of the live image, one or more
shot markers indicating on the display device the positions of one or
more planned laser treatment regions in accordance with respective
azimuthal angles ¢'pian of the one or more planned laser treatment re-

gions.

Ophthalmic system of claim 50, wherein the image processing module
is configured to:

determine the azimuthal angles ¢'pn of the one or more
planned laser treatment regions using azimuthal angles ¢';rev of One or
more previously treated laser treatment regions in the eye and a pre-

defined azimuthal step value ®step.

Ophthalmic system of any one of claims 50 or 51, wherein the image
processing module is configured to:

determine the azimuthal angles ¢',1an of the planned one or
more planned laser treatment regions such that the azimuthal angles
d'plan are within one of:

an azimuthal span ®rgv defining a peripheral gonio field of view
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that is captured within one subregion of the at least one subregion of
the image,

a limited azimuthal span ®m which is smaller than the azi-
muthal span ®roy, and/or,

inasmuch this claim is combined with any one of claim 20 to 24,

the central subsection of the curved line.

Ophthalmic system of any one of the previous claims, wherein the im-
age is a live image and wherein the image processing module is config-
ured to:

use information about coordinates of previously treated laser
treatment regions in the eye and information about a current azi-
muthal orientation ® of the at least one subregion of the image to de-
termine coordinates of one or more current laser treatment regions to
be irradiated within the at least one subregion at the current azi-
muthal orientation @,

provide instructions to the display device to show, within the
displayed at least one subregion of the live image, for each of the one
or more laser treatment regions to be irradiated within the at least
one subregion at the current azimuthal orientation ® a shot marker
indicating on the display device the position of the respective current
laser treatment region in accordance with the coordinates of the re-

spective current laser treatment region.

Ophthalmic system of claim 53, wherein the image processing module
is configured to provide instructions to the display device to show, in
addition to the displayed at least one subregion of the live image and
the shot markers of the current treatment regions, treated region
markers indicating positions of previously treated treatment regions in
accordance with azimuthal angles ¢',rev Of the respective previously
treated treatment regions.

Ophthalmic system of one of claims 53 or 54, wherein the image pro-
cessing module is configured to determine the azimuthal angles ¢'cyr of
the current laser treatment regions such that the current laser treat-

ment regions are one or more of:
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within an azimuthal span ®rov defining an peripheral gonio
field of view that is captured within one of the at least one subregion
of the image,

within an limited azimuthal span ®n which is smaller than the
azimuthal span ®roy,

inasmuch this claim is combined with any one of claim 20 to 24,
within the central subsection of the curved line, and/or

spaced apart from the previously treated laser treatment re-

gions by at least a predefined distance value.

Ophthalmic system of any one of the preceding claims, wherein the
image is a live image and wherein the image processing module is con-
figured to select one or more frames of the live image and to extract,
from the one or more frames, one or more subregions of the at least
one subregion of the respective selected frame of live image and to
provide instructions to the display device to display, in addition to the
at least one subregion of the live image shown by the display device,
the extracted one or more subregions of the one or more selected
frames of the live image.

Ophthalmic system of claim 56, the image processing module is config-
ured to provide instructions to the display device to display, for each of
the one or more selected frames of the live image, the extracted one

or more subregions in accordance with an azimuthal orientation of the

respective one or more subregions.

Ophthalmic system of one of claims 56 to 57, wherein the image pro-
cessing module is configured to determine whether the displayed at
least one subregion of the live image overlaps with one or more of the
displayed subregions extracted from the selected frames of the live im-

age.

Ophthalmic system of one of the preceding claims, wherein the image
processing module is configured to extract from images of a set of two
or more images, which have been acquired by the camera at different

azimuthal orientations ®/gnic Of the gonioscopic lens, the at least one
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subregion of the respective image and to join together at least por-
tions of the extracted subregions to create a panoramic image of the

anterior chamber angle of the eye.

Ophthalmic system of claim 59, wherein the image processing module
is configured to control to display device to display the joined subre-
gions in accordance with their respective azimuthal orientations to cre-
ate a circular panoramic image of the anterior chamber angle of the

eye.

Ophthalmic system of claim 59, wherein the image processing module
is configured to control to display device to display the extracted sub-
regions along a straight axis to create a linear panoramic image of the

anterior chamber angle of the eye.

Ophthalmic system of any one of claims 59 to 61, wherein the image
processing module is configured to define a treatment plan including

one or more treatment regions defined within the panoramic image.

Ophthalmic system of any one of the preceding claims, wherein the
image processing module is configured to define the one or more
treatment regions within the at least one subregion of the image or,
inasmuch this claim depends on any one of claims 59 to 61, within the

panoramic image.

Ophthalmic system of claim 63, further including a user interface con-
figured to receive input from a user, and wherein the image processing
module is configured to define the one of more treatment regions

based on the user input.

Ophthalmic system of any one of the preceding claims, wherein the
image processing module is configured to determine within the at
least one subregion of the image a degree of pigmentation of the tis-

sue of the eye at a test site or at a treatment region.

Ophthalmic system of any one of the preceding claims, wherein the
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image processing module is configured to measure one or more ob-
servables of laser tissue interaction at a test site or at a treatment re-

gion in the eye based on image data.

Ophthalmic system of claim 66, wherein the image processing module
is configured to extract the image data from one or more frames of the
image acquired by the camera and/or from one or more OCT images

acquired by an OCT imaging device.

Ophthalmic system of claim 67, wherein the image data include refer-
ence image data obtained from frames or OCT images acquired prior
to the application of one or more laser pulses to the test site or the
treatment region in the eye and measurement image data obtained
from frames or OCT images acquired after the application of the one

or more laser pulses to the test site or treatment region in the eye.

Ophthalmic system of any one of claims 66 to 68, wherein the at least
one observable is related to bubble formation at sites of laser tissue in-
teraction, wherein the at least one observables are one or more se-
lected from:

a growth rate of bubbles,

a number of bubbles,

a size of bubbles,

a signal change due to micro-bubbles,

and/or macro bubbles.

Ophthalmic system of any one of the preceding claims, further com-
prising a laser parameter adjustment module, wherein the laser pa-
rameter adjustment module is configured to determine, set and/or ad-
just one or more laser parameters based on, as far as this claim refers
to one of claims 66 to 69, the measured at least one observable of la-
ser tissue interaction measurement, and/or, as far as this claim refers
to claim 65, on the determined degree of pigmentation of the tissue of

the eye.

Patient interface for imaging an eye through the patient interface
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and/or for applying laser energy to the eye through the patient inter-
face, the patient interface comprising:

a contact member including a contact surface concentric rela-
tive to a longitudinal axis of the contact member and adapted to be
placed onto a cornea of the eye, the contact member further including
an interface portion adapted to allow illumination beams and laser
beams propagate through the interface portion towards the contact
surface and allow observation beams propagate from the contact sur-

face through the interface portion.

Patient interface of claim 71, wherein contact member includes a

plano-concave lens, a convex-concave lens or a meniscus lens.

Patient interface of any one of claims 71 or 72, wherein the interface
portion includes one or more mirror surfaces that are inclined relative

to the longitudinal axis of the contact member.

Patient interface of any one of claim 71 to 73, wherein the contact
member includes a body portion formed of a transparent material, the

body portion defining the contact surface.

Patient interface of claims 73 and 74, wherein the interface portion is
completely or at least partly formed of the transparent material of the
body portion, and wherein the one or more mirror surfaces are at-

tached to at least one side surface of, or integrated into, the transpar-

ent material of the body portion.

Patient interface of any one of claims 71 to 75, wherein the interface
portion includes at least one sidewall laterally defining a receiving
space, the interface further comprising a proximal opening providing
access to the receiving space, wherein the receiving space and the
opening are concentric relative to the longitudinal axis of the contact
member.

Patient interface of any one of claims 71 to 76, wherein the contact

member is a sterile, single-use article.
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Patient interface of any one of claims 71 to 77, further comprising a
machine-readable identifier attached to or integrated into the contact
member, the machine-readable identifier encoding, in a machine-read-

able manner, information about the patient interface.

Patient interface of claims 78, wherein the machine-readable identifier

includes an optically, magnetically and/or electronically readable code.

Patient interface of any one of claims 78 to 79, wherein the machine-
readable identifier includes information for uniquely identifying each

entity of the patient interface.

Patient interface of any one of claims 78 to 80, wherein the machine-
readable identifier encodes information specifying optical characteris-
tics of the patient interface, including one or more of:

an imaging magnification value Mc of a central gonio field of
the patient interface,

a number of mirror surfaces included in the patient interface,

an inclination angle ogonio of one or more mirror surfaces of
the patient interface, if present, and/or

at least one imaging magnification values Mgonio associated
with one more peripheral gonio fields of one or more mirror surfaces

the patient interface, if present.

Patient interface of any one of claims 71 to 81, further comprising a
forceps and/or at least one lid opening element extending laterally

from a side surface of the contact member.

Patient interface of any one of claims 71 to 82, further comprising a
pressure sensor configured to measure and/or indicate one or more
pressures selected from

a pressure with which the contact surface of the contact mem-
ber is pressed against the cornea, and/or

an intraocular pressure of an eye which the contact is in con-
tact with.

Patient interface of claim 83, wherein the pressure sensor includes a
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flexible element configured to gradually deform depending on the

magnitude of the pressure.

Patient interface of claim 84, wherein the flexible element includes a
flexible membrane, the flexible membrane covering at least a portion
of the contact surface and forming a chamber between the contact
surface and the flexible membrane, wherein the contact member in-
cludes a channel extending within the contact member, one end of the
channel being in fluid communication with the chamber via an opening
in the contact surface of the contact member, wherein the chamber is
filled with a fluid, wherein the fluid is configured to enter the channel
through the opening and flow through the channel in response to a

pressure of the fluid within the chamber.

Patient interface of claim 85, wherein the pressure sensor includes one

or more markings along the channel.

Patient interface of any one of claims 85 and 86, wherein channel ex-
tends in a direction orthogonal to the longitudinal axis of the contact

member of the patient interface.

Patient interface of any one of claims 71 to 87, wherein the contact
member comprises a marker configured to indicate an azimuthal ori-
entation of the contact member about the longitudinal axis of the con-
tact member, the marker configured to be visible from a proximal side

of the contact member.

Ophthalmic system of any one claims 1 to 70, the ophthalmic system
further including a coupling member configured to establish a connec-
tion state between the ophthalmic system and the patient interface of
any one of claims 71 to 88, in which the coupling member mechani-
cally contacts the interface portion of the contact member and in
which a longitudinal axis of the coupling member is aligned with the

longitudinal axis of the contact member of the patient interface.

Ophthalmic system of claim 89, wherein the coupling member includes

a resilient element configured to transition into a compressed state
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when the coupling member is pushed against the interface portion of
contact member.

Ophthalmic system of any one of claims 89 to 90, wherein the coupling
member of the ophthalmic system includes a first marking and the
contact member of the patient interface includes a second marking,
wherein the first and second markings are positioned within a field of
view of the camera of the ophthalmic system in the connection state

between the ophthalmic system and the patient interface.

Ophthalmic system of claim 91, wherein the image processing module
is configured to identify the first and second markings within the image
and to determine a spatial relation between the first marking and the

second marking within the image.

Ophthalmic system of claim 92, wherein determining the spatial rela-
tion between the first marking and the second marking includes deter-
mining at least one of:

a distance between the first marking and the second marking
within the image,

an alignment of the first marking relative to the second mark-
ing,

a displacement of the first marking relative to the second mark-
ing, and/or

a size difference between the first marking and the second

marking.

Ophthalmic system of one of claims 90 and 93, wherein the image pro-
cessing module is configured to determine whether a positioning of
the coupling member relative to the patient interface is within a pre-

defined range.

Ophthalmic system of claim 94, wherein the predefined range includes
at least one of:

a predefined range of an axial distance between the coupling



10

15

20

25

30

WO 2024/251365

96.

97.

98.

99.

PCT/EP2023/065381

144

member and the interface portion of the contact member of the pa-
tient interface,

a predefined range of displacement orthogonally to the longitu-
dinal axis of the interface portion of the contact member of the patient
interface, and/or

a predefined range of a rotation of the coupling member rela-
tive to the interface portion of the contact member about the longitu-

dinal axis of the contact member of the patient interface.

Ophthalmic system of one of claims 92 to 93 in combination with one
of claims 95 to 96, wherein the image processing module is configured
to determine whether the positioning of the coupling member relative
the patient interface is within the predefined range using the deter-

mined spatial relation between the first marking and the second mark-

ing.

Ophthalmic system of one of claims 92 to 96, wherein the image pro-
cessing module is configured to determine at least one pressure using
the determined spatial relation between the first marking and the sec-
ond marking, wherein the at least one pressure is selected from:

a pressure with which the coupling member is pressed against
the contact member of the patient interface and/or

an intraocular pressure of the eye the contact member isin
contact with.

Ophthalmic system of one of claims 89 to 97, as far as this claim is
combined with one or more of claims 83 to 88, wherein, in the connec-
tion state between the ophthalmic system and the patient interface,
the pressure sensor is least partly within a field of view of the camera,
and wherein the image processing module is configured to determine
the pressure indicated by the pressure sensor within the image of the

camera.

Ophthalmic system of 98, wherein the image processing module is
configured to determine whether the pressure indicated by the pres-

sure sensor is within a predefined range.
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Ophthalmic system of any one of claims 89 to 99, in combination with
claim 76, wherein the coupling member is configured to be inserted
through the proximal opening into the receiving space of the interface
portion of the patient interface to establish the connection state be-

tween the ophthalmic system and the patient interface.

Ophthalmic system of any one of claims 89 to 100, wherein, in the con-
nection state between the ophthalmic system and the patient inter-
face, the coupling member of the ophthalmic system and the contact
member of the patient interface in combination are the gonioscopic
lens, wherein the coupling member of the ophthalmic system includes
the at least one mirror surface of the gonioscopic lens and the contact

member forms the contact member of the gonioscopic lens.

Ophthalmic system of any one of claims 89 to 101, further including a
drive member configured to move the coupling member axially along
the longitudinal axis of the coupling member and/or to rotate the cou-

pling member about the longitudinal axis of the coupling member.

Ophthalmic system of any one of claims 89 to 102, as far as this claim
refers to one of claims to 78 to 81, further including a reader device
configured to read out the information from the machine-readable

identifier of the patient interface.

Ophthalmic system of any one of claim 103, wherein the machine-
readable identifier is positioned on the patient interface such that it is
readable by the reader device at least during the connection state be-

tween the ophthalmic system and the patient interface.

Ophthalmic system of any one of claims 103 or 104, as far as this claim
relates to claim 80, wherein the ophthalmic system includes an identi-
fication module configured to identify the patient interface based on

the information read out from the machine-readable identifier.

Ophthalmic system of claim 105, wherein the identification module is
configured to determine whether the patient interface has already

been used in a previous session and, if so, to not support further use of
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the patient interface.

Ophthalmic system of any one of claims 103 to 106, as far as this claim
relates to claims 81, wherein the identification module is configured to
provide one or more of the optical characteristics to:

the image processing device,

the illumination device or an illumination control unit thereof,
and/or

the focus focusing assembly or a focus control module thereof,
as far as this claim refers to any one of claims 38 to 43.

Ophthalmic system of any one of claims 103 to 107, as far this claim
refers to claim 88, wherein the image processing module is configured
to identify the marker within the image of the camera and to use the
identified marker to determine one or more of:

an azimuthal orientation of the patient interface,

an azimuthal orientation of the at least one mirror surface,
and/or

an azimuthal orientation of at least one characteristic feature
of the eye within the image relative to the marker.
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Ophthalmic system including a coupling member
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