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(57) Abstract: The invention relates to a system and method of implementation of artificial intelligence and tomography imaging to
determine the biomechanical degradation or degeneration in human cornea. The invention relates to a combination tool using artificial
intelligence and tomography imaging to map the region of degeneration in the cornea. The method of artificial intelligence and corneal
tomography imaging includes analysis of changes in the structure of the cornea, constructing the 3D volumes using corneal tomography,
meshing the 3D volumes with the elements for biomechanical simulations by using finite element modules, application of artificial
intelligence to determine the region of biomechanical degeneration in cornea. The combination tool of the invention is effective in
predicting the progression of the disease by analyzing the chronic steepening of the cornea by quantitating the parameters such as
increase in curvature, aberrations of the cornea.
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TITLE OF THE INVENTION

A system and method of artificial intelligence and
tomography imaging of human cornea

DESCRIPTION OF THE INVENTION
Technical field of the invention

[0001] The present invention relates to implementation of artificial intelligence
and tomography imaging to determine the biomechanical degradation or
degeneration in human cornea. The invention relates to a combination tool using
artificial intelligence and tomography imaging to determine the degradation of
cornea. The invention also discloses a method of determining the extent of

biomechanical degradation in human cornea.

Background of the invention

[0002] Cornea is a transparent anterior part of the eye that covers the iris, pupil
and anterior chamber. Cornea has unmyelinated nerve endings that are sensitive to
touch, temperature and chemicals. Usually, cornea does not have blood vessels,
instead, oxygen dissolves in tears and then diffuses throughout the cornea to keep
it healthy. Similarly, nutrients are transported via diffusion from the tear fluid
through outside surface and the aqueous humor through the inside surface and

also from neurotrophins supplied by nerve fibres that innervate it.

[0003] In human eye, cornea has a diameter of about 11.5 mm and a thickness of
0.5-0.6 mm in the center and 0.6—0.8 mm at the periphery. Cornea is responsible
for about 70 percent of the eye's focusing power. The characteristics such as
transparency, avascularity and the presence of immature resident immune cells

and immunologic privilege make cornea a very special tissue.
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[0004] Corneal degradation or degeneration results in several disorders such as
keratoconus, pellucid marginal degeneration, where cornea undergoes physical
changes. These changes may be inflammatory, structural and biomechanical in
nature. It is observed that in these disorders, there is severe thinning of the corneal
layer and biomechanical degradation of the cornea. The diseases are progressive
in nature, which implies that the severity of the disease increases over time, if left
undiagnosed or unmanaged. The progression of the disease results in chronic
steepening of the cornea resulting in increase in curvature, corneal aberrations and

wave front aberrations.

[0005] In order to analyze the progression of the disease, there is requirement of a
specific tool to predict the changes in the corneal surface specifically to determine
the regions of degradation. These changes are measured using clinical topography
and tomography devices. Corneal tomography is a non-invasive medical imaging
technique for mapping the surface curvature of the cornea. It is a computer
assisted diagnostic tool that creates a three-dimensional map of the surface
curvature of the cornea. Corneal tomography is of critical importance in

determining the quality of vision and corneal health.

[0006] Corneal tomography is used to identify the curvature of the cornea and to
identify distortions such as keratoconus, scarring of the cornea or other
distortions. It is also used as an aid in fitting contact lenses and in the evaluation

of patients undergoing eye surgeries.

[0007] The greatest advantage of corneal tomography is its ability to detect
irregular conditions that are usually invisible to conventional testing methods.
Corneal tomography produces a detailed, visual description of the shape and
power of the cornea, which provides the details regarding the condition of the
corneal surface. These details are used to diagnose, monitor and to treat various
eye conditions. They are also used in fitting contact lenses and for planning

surgery, including laser vision correction.
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[0008] The US Application No. US09565851 titled “Systems and methods for
imaging corneal profiles” discloses systems, methods and apparatus for
generating images of portions of the patient's eye such as the anterior surface of
the cornea. The methods and apparatus of the present invention are particularly
useful for directly imaging the profile of the ablated region of the cornea. These
methods and apparatus are helpful to image the exterior edge of the eye to
characterize the profile of ablated corneas and to determine the spatial variance of
tissue ablation rates during the surgical procedures. The methods and apparatus
also provide provisions for generating one or more images depicting the profile of
the ablated region of the cornea. The profile is registered with a pre-ablation
profile to provide feedback regarding the true ablation properties of the eye. This
feedback permits the laser system to be programmed with a laser ablation
algorithm based on the measured ablation properties of the eye. However, the tool

is silent with respect to the specific region as a target for intervention.

[0009] The US Application No. US07931271 titled “Method and apparatus for
imaging and analysis of corneal tissue” discloses a method and apparatus for in
vivo imaging of corneal tissue. In general, the method comprises providing a laser
beam having a substantially planer configuration. The substantially planar laser
beam is directed through a cross-sectional portion of the cornea of a patient, so as
to illuminate the cross-sectional portion and cause the laser beam to be scattered
by molecules in the corneal tissue. Then, at least a portion of the scattered laser
light is detected so as to form a cross-sectional image of the corneal tissue. In
general, the planar configured laser beam exhibits a slit-like cross-sectional
dimension having essentially the same width dimension over the depth of field
within which the largest depth dimension of the eye extends. These unique
characteristics of the illumination beam permit the formation of clear, in-focus
images detected at the image detection plane. The method and apparatus of the
invention are utilized to produce in-focus cross-sectional images from which the
optical density of corneal tissue is precisely measured. The method and apparatus

of the invention are useful for objectively measuring the optical density of corneal
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tissue as well as precisely measuring the physical dimensions such as thickness
and curvature of the cornea and its correct spatial relationship within the eye.
However, the invention is silent with respect to the imaging on complete corneal
tissue and to quantitate the extent of distortions of cornea in order to identify the

progression of the disease.

[0010] The existing methods or tools of tomography are useful in identifying the
distortions in the corneal tissue. However, the available methods are not useful for
quantitative measurement and to identify the specific regions of biomechanical
degradation. The degradation of the corneal tissue may be due to inflammatory,
structural or biomechanical changes. It is crucial to analyze the biomechanical

changes in the corneal tissue by the existing methods or apparatus.

[0011] Hence, there is a requirement of the combination tool to analyze the
biomechanical degradation of the corneal tissue. The analysis and biomechanical
degradation of the corneal tissue also helps in analyzing the progression of the
disease. There is a requirement of a tool that analyzes the specific region as target

for intervention such as transplant and corneal crosslinking.
Summary of the invention

[0012] The invention provides a system with a combination of artificial
intelligence and corneal tomography to determine the regions of degradation in
human cornea. The system comprises corneal tomography, finite element
simulation module and artificial intelligence module. Corneal tomography helps
in analyzing the anterior and posterior corneal surfaces with elevation and
curvature and in reconstruction of 3D (Dimensional) or 2D surface of the cornea.
Corneal tomography also provides elevation data of the corneal surface and layers
in terms of point cloud. These surfaces are useful to create 3D volumes that are
meshed with elements for biomechanical simulations. The imaging tool further
comprises finite element simulation module. The 3D volumes constructed using
corneal tomography is populated with biomechanical properties of the cornea. The

finite element simulations help in computing the deformations. Finite element
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simulation module also utilizes ray tracing for computing aberrations. The
artificial intelligence module uses longitudinal tomography maps of the same eye
or a single cross-section tomography of the patient eye referenced to a normative

database of corneal shape to determine the region of biomechanical degeneration.

[0013] The invention also discloses a method of implementing artificial
intelligence and corneal tomography in combination to analyze the corneal
tomography of the patient and use biomechanical simulation with finite element

modeling to determine the region of degradation in human cornea.

[0014] The analysis of physical changes in cornea helps in analyzing the severity
of the disease and acts a marker for progression of the disease. The method
disclosed in the invention helps in analyzing the corneal diseases. The method of
artificial intelligence and corneal tomography imaging includes analysis of
changes in the structure of the cornea, constructing the 3D volumes using corneal
tomography, meshing the 3D volumes with the elements for biomechanical
simulations by using finite element modules, application of artificial intelligence
to determine the region of biomechanical degeneration in cornea. The tool
compares corneal tomography at different follow-up visits of the patient and use
biomechanical simulation with finite element modeling to determine the region of

degradation by analyzing the spatial area and location of the disease.

[0015] The invention helps in analyzing the axial curvature before treatment with
keratoconic pattern. The treatment results in change of the axial curvature from
the keratoconic to astigmatism pattern and the difference in the axial curvature
post treatment is illustrated. The system and method of combination of artificial
intelligence and tomography imaging is useful in determining the biomechanical
degradation in human cornea. The combination tool of the invention is effective in
predicting the progression of the disease by analyzing the chronic steepening of
the cornea by quantitating the parameters such as increase in curvature,

aberrations of the cornea.

Brief description of drawings
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[0016] FIG 1 illustrates the method of imaging the cornea using the combination

tool.

[0017] FIG 2 illustrates the axial curvature of a patient cornea measures during

different timelines.
[0018] FIG 3 illustrates the predicted curvature of cornea at the same time points.

[0019] FIG 4 illustrates the axial curvature of the cornea before and after

treatment.

[0020] FIG 5 illustrates the consistency of axial curvature of the cornea as

predicted by theoretical biomechanical simulation models.
Detailed description of the invention

[0001] In order to more clearly and concisely describe and point out the subject
matter of the claimed invention, the following definitions are provided for specific

terms, which are used in the following written description.

[0021] The term “Corneal Tomography” refers to a technique for displaying a

representation of a cross section of a cornea using X-rays or ultrasound.

[0022] The term “Artificial Intelligence” refers to the development of computer
systems that are capable of performing tasks normally requiring human
intelligence such as visual perception, speech recognition, decision-making, and

translation between languages.

[0023] The invention provides a system with a combination of artificial
intelligence and corneal tomography to determine the regions of degradation in
human cornea. The system is an automated tool, which is the combination of
artificial intelligence and corneal tomography. The system comprises corneal

tomography, finite element simulation module and artificial intelligence module.
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[0024] The invention also discloses a method of implementing artificial
intelligence and corneal tomography in combination to analyze the corneal
tomography of the patient and use biomechanical simulation with finite element

modeling to determine the region of degradation in human cornea.

[0025] Corneal tomography is a non-invasive medical imaging technique for
mapping the surface curvature of the cornea, which helps in the assessment of the
corneal shape. The technique of corneal tomography helps in analyzing the
anterior and posterior corneal surfaces with elevation and curvature. Corneal
tomography helps in reconstruction of 3D (Dimensional) or 2D surface of the
cornea. Corneal tomography provides elevation data of the corneal surface and
layers in terms of point cloud. These surfaces are useful to create 3D volumes

that are meshed with elements for biomechanical simulations.

[0026] The tool also comprises finite element simulation module. The 3D
volumes, constructed using corneal tomography, are populated with
biomechanical properties of the cornea. The finite element simulations help in
computing the deformations. Finite element simulation module also utilizes ray
tracing for computing aberrations. Since the finite element model is generally
built for normal corneas, modifications to the material model are implemented to
model disease related changes. Further, finite element models include fiber

dependent hyperplastic material models.

[0027] The combination tool further comprises the artificial intelligence module,
which uses longitudinal tomography maps of the same eye or a single cross-
section tomography of the patient eye referenced to a normative database of

corneal shape to determine the region of biomechanical degeneration.

[0028] The invention further includes the method of implementation of artificial
intelligence and corneal tomography imaging to determine the regions of

biomechanical degradation in cornea.
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[0029] Cornea exhibits physical changes such as inflammatory, structural and
biomechanical changes, which leads to degeneration or degradation of the corneal
tissue leading to several corneal diseases such as keratoconus, pellucid marginal
degeneration etc. The analysis of such physical changes helps in analyzing the
severity of the disease and acts a marker for progression of the disease. The

method disclosed in the invention helps in analyzing the corneal diseases.

[0030] The method of artificial intelligence and corneal tomography imaging
includes analysis of changes in the structure of the cornea, constructing the 3D
volumes using corneal tomography, meshing the 3D volumes with the elements
for biomechanical simulations by using finite element modules, application of
artificial intelligence to determine the region of biomechanical degeneration in

cornea.

[0031] FIG 1 illustrates the method of imaging the cornea using the combination
tool. The cornea is imaged using a combination tool comprising corneal
tomography, finite element simulation module and artificial intelligence module.
The method (100) of imaging starts with step (101) of subjecting the cornea to
corneal tomography to reconstruct the 3D or 2D structure of the cornea. The 3D
structures are constructed by obtaining the elevation data of the corneal surface
and layers in terms of point cloud. These point clouds are easily reconstructed
using commercial 3D computer aided drafting packages or other open source
tools. At step (102), the reconstructed structures are used to create 3D volumes
that are meshed with elements for biomechanical simulations. At step (103), the
3D volumes created are meshed with biomechanical properties of the cornea. The
biomechanical properties determine the fiber dependent, anisotropic, hyperelastic
behavior of the cornea. At step (104), the deformations of the cornea are
computed by considering the intraocular pressure as the mechanical load on the
posterior surface of the cornea and aberrations are computed by analyzing the
change in curvature and surface wave front of the cornea. Ray tracing is also used
for computing aberrations. At step (105), artificial intelligence is applied to

longitudinal tomography maps to determine the region of biomechanical
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degeneration. The artificial intelligence determines the region of biomechanical
degeneration in the cornea as function of 3-D coordinates. The different metrics
such as area, perimeter and volume of the degenerate zone within the cornea are

calculated to analyze the biomechanical degradation.

[0032] The tool compares corneal tomography at different follow-up visits of the
patient and use biomechanical simulation with finite element modeling to
determine the region of degradation by analyzing the spatial area and location of
the disease. Corneal tomography is either anterior surface curvatures and
aberrations, and/or the same of sub-epithelium corneal layers such as the
Bowman's surface. In case where patients’ follow-up visits are not available, the
regions of the degeneration are determined from a general database of normal

patient tomography.

[0033] Since the finite element model is generally built for normal corneas,
modifications to the material model are implemented to model disease related
changes. Most of the degenerations lead to loss of collagen, the material model
properties of the disease eyes are considered to be a fraction between 0 and 1 of
the same for normal corneas. Thus, O indicates total loss of biomechanical

strength and 1 indicates no loss.

[0034] In order to determine the regions of biomechanical degeneration, the
artificial intelligence module uses longitudinal tomography maps of the same eye
or a single cross-section tomography of the eye referenced to a normative
database of corneal shape. In case of use of longitudinal tomography maps of the
same eye, artificial intelligence compares the corneal curvature and aberrations
between the normal state before the onset of progression and the state where the
eye has progressed to the disease. Since the assumption that disease is caused by
biomechanical weakness, the artificial intelligence modulates the material
properties in the finite element model to derive the diseased shape of the cornea.
In case of use of single cross-section tomography of the eye referenced to a

normative database of corneal shape, the artificial intelligence compares the
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corneal curvature and aberrations between the normal state of an age matched eye
with curvature and thickness representative of the population and the state where
the eye has progressed to the disease. Further, in both the cases, the modulations
are achieved by implementing optimization routines such as Nelder-Mead search,
Levenberg-Marquedt gradient method. The artificial intelligence determines
spatial map of region of biomechanical degeneration in the diseased state of the
cornea. The optimization algorithms minimize the difference between the
predicted curvature from finite element simulations and the measured curvature
from cornea in the progressed state of the disease. This is an iterative process and

continues till the difference becomes smaller than a predefined tolerance.

[0035] FIG 2 illustrates the axial curvature of a patient cornea measures during
different timelines. The axial curvature of the cornea is measured using corneal
tomography during different time periods. The result shows the steeping of the
cornea with time. FIGs 2a, 2b and 2c¢ illustrates the axial curvature of cornea in
August 2015, July 2016 and December 2016 respectively indicating the steeping

of the cornea evidencing the progression of the disease with time.

[0036] FIG 3 illustrates the predicted curvature of the cornea at the same time

points using the artificial intelligence.

[0037] FIG 3a and FIG 3b indicate the degeneration of cornea.

[0038] FIG 3¢ and FIG 3d indicate the corresponding regions of cornea with
biomechanical degeneration in July 2016 and December 2016, respectively. The
magnitude of the material properties in the degenerate zone is lower than the
magnitude of the same in the non-degenerate zone. Further, the size of the
degenerate zone increased from July 2016 to December 2016 due to progression
of the disease. The same cornea is treated with corneal crosslinking by treating

only the degenerate zone as predicted by the artificial intelligence.

[0039] FIG 4 illustrates the axial curvature of the cornea before and after

treatment.

10
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[0040] FIG 4a illustrates the axial curvature after treatment with a regular

astigmatism pattern.

[0041] FIG 4b illustrates the axial curvature before treatment with keratoconic
pattern. The treatment results in change of the axial curvature from the
keratoconic to astigmatism pattern and the difference in the axial curvature post

treatment is illustrated.

[0042] FIG 4c highlights the region of profound flattening indicating a decrease

of -2D surrounded by an annular zone of sharp steepening in excess of +4D.

[0043] FIG 5 illustrates the consistency of axial curvature of the cornea as
predicted by theoretical biomechanical simulation models. The observations from
FIG 4 are in consistent with the theoretical simulations of outcomes of corneal
crosslinking in corneas of patients by treating only the degenerate zone as

illustrated in FIG 5.

[0044] The system and method of combination of artificial intelligence and
tomography imaging is useful in determining the biomechanical degradation or
degeneration in human cornea. The combination tool of the invention is effective
in predicting the progression of the disease by analyzing the chronic steepening of
the cornea by quantitating the parameters such as increase in curvature,
aberrations of the cornea. The tool compares corneal tomography at different time
periods and use biomechanical simulation with finite element modeling to
determine the region of degradation by analyzing the spatial area and location of

the disease.

11



WO 2018/167696 PCT/IB2018/051716

10

15

20

25

30

Claims:

We claim,

1.

A system to determine one or more regions of biomechanical degradation
of human cornea, the system comprises:
a. a corneal tomography to map the surface curvature of
cornea;
b. a finite element simulation module to compute one or more
deformations in cornea; and
c. an artificial intelligence module to determine one or more

regions of biomechanical degeneration in cornea.

The system as claimed in claim 1, wherein the corneal tomography
analyses the anterior and posterior corneal surfaces with elevation and

curvature to reconstruct 3D (Dimensional) or 2D structure of the cornea.

The system as claimed in claim 1, wherein the finite element simulation
module utilizes ray tracing for one or more computing aberrations after

populating with biomechanical properties of the cornea.

The system as claimed in claim 1, wherein the artificial intelligence
module determines biomechanical degeneration by using longitudinal
tomography maps of the same eye or a single cross-section tomography of

the eye referenced to a normative database of corneal shape.

A method to determine one or more regions of biomechanical degradation
of human cornea, the method (100) comprises the steps of:
a. subjecting cornea to corneal tomography for reconstructing
the 3D or 2D structure of cornea (101);
b. creating one or more 3D volumes using the reconstructed

structures (102);

12
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c. meshing the created 3D volumes with biomechanical
properties of the cornea (103);

d. computing one or more deformations of the cornea by
considering the intraocular pressure as the mechanical load
on the posterior surface of the cornea and one or more
aberrations by analysing the change in curvature and
surface wave front of the cornea (104); and

e. applying artificial intelligence to longitudinal tomography
maps to determine the region of biomechanical

degeneration (105).

The method as claimed in claim 5, wherein the 3D structures of cornea are
constructed by obtaining the elevation data of the corneal surface and

layers in terms of point cloud.

The method as claimed in claim 5, wherein the biomechanical properties
determine the fiber dependent, anisotropic, hyperelastic behavior of the

cornea.

The method as claimed in claim 5, wherein the artificial intelligence
determines the region of biomechanical degeneration as function of 3-D
coordinates by analysing metrics such as area, perimeter and volume of the

degenerate zone within the cornea.

The method as claimed in claim 5, wherein the method predicts the
progression of the disease by analyzing the chronic steepening of cornea
by quantitating the parameters such as increase in curvature and

aberrations of cornea.

13
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This interpational search report has not been established in respect of certain claims under Article 17(2)a) for the following reasons:
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Claims Nog.: 5—9
because they relate to subject matter not required to be searched by this Autherity, namely:
The subject matter of claim 5-9 relates to a method for treatment of

the human and diagnostic methods, which does not require an
international search by the International Searching Authority in
accordance with PCT Article 17(2) (a) (1) and [Rule 39.1(iv)].

Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
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