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ALIGNMENT AND IMAGING OF AN EYE WITH AN ULTRASONIC SCANNER

CROSS REFERENCE TO RELATED APPLICATION

The present application claims the benefits, under 35 U.S.C.§119(e), of U.S.
Provisional Application Serial No. 61/122,616 entitled “Alignment of an Eye in an Ultrasonic
Scanner”, filed December 15, 2008, which is incorporated herein by this reference.

FIELD

The present invention relates to ultrasonic imaging of biological materials, such as the
cornea and natural lens of the eye and, in particular, relates to an ultrasonic scanning
apparatus and methods of aligning and reproducibly positioning an ultrasonic transducer with
respect to an eye component of interest.

BACKGROUND

Ultrasonic imaging can be used to make accurate and precise measurements of
structures of the eye, such as, for example, the cornea and lens. Such measurements provide
ophthalmic surgeons with valuable information that they can use to guide various surgical
procedures performed on the eye such as LASIK procedures or lens replacements.

Ultrasonic imaging of the cornea and lens presents a problem not generally
encountered in other types of tissue. The corneal and lens surfaces are necessarily smooth
and gently curved in order to perform their optical function of focusing light rays. Because
these structures are smooth and regular, ultrasonic energy is reflected only in specific
directions. In particular, an ultrasound pulse from a transducer will only be reflected directly
back to that transducer when the pulse is reflected substantially at right angles from the
corneal or lens surface. This kind of reflective property is call specular reflection. Because of
the specular property of these surfaces, it will be appreciated that special care must be taken to
align the transducer with the cornea or lens at each position from which an image segment is
to be formed. Ultrasonic imaging of large portions of the cornea or lens can be accomplished
by scanning the transducer along the component surface while continually adjusting the
alignment of the transducer to provide a sequence of pulses that is always directed through the
center of curvature of the specular component, thus ensuring normal reflection

Corneal and lens imaging and measurement of dimensions require that the scanning

motion of the transducer be smooth and precisely aligned. Departures of the transducer axis
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as small as 5 microns from the pulse’s direction through the center of curvature can
significantly degrade the resulting image. Mechanisms for performing the requisite scan
alignment are described in US 5,331,962, US 6,491,637 and US 6,887,203, which are
incorporated herein by reference. Ultrasonic imaging may be used by ophthalmologists for
quantitative analysis of laser refractive surgery, implantation of corneal and phakic lenses,
implantation of intraocular lenses including accommodative lenses, and specialty procedures
such as glaucoma and cataract treatment.

Except for on-axis measurements, images of eye components behind the iris and their
dimensions cannot be determined by optical means. New procedures, such as implantation of
accommodative lenses, may provide nearly perfect vision without spectacles or contact lenses.
Implantation of accommodative lenses requires precision measurements of the natural lens
and its suspensory ligaments for successful lens implantation. Such measurements include,
for example, lens width, thickness, volume and location relative to the cornea. Ultrasonic
imaging can be used to provide the required accurate images of the natural lens especially
where its suspensory ligaments, known as zonules, attach to the ciliary body. The equatorial
ends of the lens, the zonules and ciliary body are well off the optical axis, behind the iris and
therefore not accessible to optical imaging.

Optical imaging devices can be used directly to image accessible portions of the
interior of an eye. The speed of light in the cornea, aqueous humor, lens and vitreous humor
varies from about 23% less than the speed of light in air to about 29% less than the speed of
light in air in the lens. Furthermore the speed of light varies significantly throughout the lens
depending on age and other factors. This makes optical measurements which depend on the
transmission delays and hence actual speed of light difficult to transform from time delays to
distance measurements.

Ultrasonic imaging requires a liquid medium to be interposed between the object
being imaged and the transducer, which requires in turn that the eye, the transducer, and the
path between them be at all times be immersed in a liquid medium. Many of the principal
ultrasonic scanning mechanisms must be therefore submerged in water for long periods.

The speed of sound in the cornea, aqueous humor and lens is about 5 to7% higher than
the speed of sound in water. Furthermore, the speed of sound varies little throughout the lens

even in the presence of cataracts. This makes acoustic measurements, which depend on the
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transmission delays of acoustic pulses, relatively easy to transform from time delays to
distance measurements. So, in addition to being able to see the entire lens, acoustic imaging
of the lens is less subject to errors in signal speed than optical imaging which is restricted to
that portion of the lens visible through the pupil.

Normal ultrasonic imaging practice uses a single transducer for both sending
ultrasound pulses to and receiving echoes from eye structures. That arrangement captures
only those echoes that return directly to the transducer substantially along the transducer axis.

It is readily demonstrated that specular surfaces only return echoes along the axis of
the incident pulse if the incident pulse is directed normal or perpendicular to the surface of the
eye component of interest. This behavior has led to the development of ultrasound imaging
devices that maintain their incident beam approximately perpendicular to the corneal or lens
surface as the incident ultrasound pulses scan the surface. Such a device is described in US
Patent Application Serial No. 12/347,674, entitled “Components for an Ultrasonic Arc
Scanning Apparatus”, filed December 31, 2008 and US Patent Application Serial No.
12/418,392 entitled “Procedures for an Ultrasonic Arc Scanning Apparatus” filed April 3,
2009, both of which are incorporated herein by reference. With such a device, the incident
pulse beam scans in a plane while directing its axis through a fixed center point. If that center
point is at or near the center of curvature of the corneal or lens surface, the incident beam will
remain approximately perpendicular to the surface throughout the scan, and ultrasound
reflections will be returned to the transducer from all scanned parts of the surface.

One method of obtaining an image of the posterior surface of a natural or artificial
implanted lens was disclosed in US Patent Application Serial No. 12/475,322 entitled
“Compound Scanning Head for an Ultrasonic Scanning Apparatus”, filed May 29, 2009
which is incorporated herein by reference. This application discloses an ultrasonic arc
scanning apparatus with an independently rotatable sector scan head mounted on the carriage
of an arc scanning apparatus so as to form a compound scanning head. This invention
presents an approach that allows the lens surfaces and cornea surfaces to be imaged at the
same time.

There remains a need for more advanced ultrasonic scanning devices and methods that
can rapidly produce a series of comprehensive images of the anterior segment of an eye, other

than an arc scanner with a fixed focal point such as described in, for example, US 6,887,203.
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SUMMARY

These and other needs are addressed by the present invention. The various

embodiments and configurations of the present invention are directed generally to ultrasonic

imaging of biological materials, such as the cornea and lens of the eye, and, in particular, to

an ultrasonic arc scanning apparatus that can move its virtual center of curvature, such that its

ultrasonic transducer will emit pulses that reflect substantially perpendicularly from any

curved specular surface of interest within the eye.

In one embodiment, a method and imaging device are provided that:

(2)

(b)

move a first carriage along a linear guide track to generate a first ultrasound
scan image of an ocular feature; and
move a second carriage along an arcuate guide track to generate a second

ultrasound scan image of the ocular feature.

In another embodiment, a method and imaging device are provided that:

(2)

(b)

move a first carriage along a linear guide track to displace linearly an
ultrasound transducer to image at least one of a tissue and an organ; and
move a second carriage along an arcuate guide track to displace arcuately the

ultrasound transducer to image at least one of a tissue and an organ.

In another embodiment, a method and imaging device are provided that:

(2)

(b)

(©)

generate a scan, in proximity to an optical axis of an eye, of at least one of an
anterior surface of a cornea, a posterior surface of a cornea, and an anterior
surface of a lens;

determine, from the scan, a radius of curvature of the least one of an anterior
surface of a cornea, a posterior surface of a cornea, and an anterior surface of a
lens;

uses the radius of curvature of the at least one of an anterior surface of a
cornea, a posterior surface of a cornea, and an anterior surface of a lens to

centrate on the corresponding surface.

In another embodiment, a method and imaging device are provided that:

(2)

position a focal plane of an ultrasound transducer in proximity to a lens
surface, the lens being a part of an eye of a patient, the eye having an optical

axis;
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(b)

(©)

move the transducer linearly in the plane of the meridian but at right angles to
the optical axis, while the transducer is positioned substantially at a first angle
above an optical axis to form a first ultrasound image; and

move the transducer linearly in the plane of the meridian but at right angles to
the optical axis, while the transducer is positioned substantially at a second

angle below the an optical axis to form a second ultrasound image.

In another embodiment, a method and imaging device are provided that:

(2)

(b)

(©)

(d)

using an ultrasound transducer, generate a scan, in proximity to an optical axis
of an eye, of at least one of an anterior surface of a cornea, a posterior surface
of a cornea, and an anterior surface of a lens;

determine, from the scan, a radius of curvature of the least one of an anterior
surface of a cornea, a posterior surface of a cornea, and an anterior surface of a
lens;

use the radius of curvature of the at least one of an anterior surface of a cornea,
a posterior surface of a cornea, and an anterior surface of a lens to laterally
centrate on the corresponding surface; and

position a focal plane of the ultrasound transducer in proximity to the at least
one of an anterior surface of a cornea, a posterior surface of a cornea, and an

anterior surface of a lens to axially centrate on the corresponding surface.

The above embodiments can perform combined scans wherein an arc scanner

transducer can be moved with one or more degrees of freedom so as to image (1) most of the
specular surfaces such as a cornea and a lens and (2) many non-specular features, such as the
angle between the cornea and iris lying behind the sclera and the zonules attaching the lens, in

a rapid, accurate series of scans that minimize patient motion.

The above embodiments can enable an ultrasonic transducer to be moved in a variety

of choreographed motions such that it can be operated to image not only the cornea and lens
but also the iris, zonules and ciliary body of the eye, even as the eye being imaged is in the act

of accommodating.

The above embodiments can permit centrating an ultrasonic scanner on a desired

specular surface within an eye, such as the anterior and posterior surfaces of the cornea and

the anterior and posterior surfaces of the lens.
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In another embodiment, a method and imaging device are provided that:

(2)

(d)
(e)
®

(2
(h)

generate a scan of anterior and posterior surfaces of a lens in proximity to an
optical axis of the lens;

determine, from the scan, a radius of curvature of the anterior surface of the
lens;

determine, from the scan, a radius of curvature of the posterior surface of the
lens;

determine a first difference in the radii of curvature;

centrate on the anterior surface of the lens to determine a first z-axis position;
centrate on the posterior surface of the lens to determine a second z-axis
position;

determine a second difference between the first and second z-axis positions;

compare the first and second differences and applying the following rules:

(H1) when the first and second differences are within a first degree of accuracy,

determining that a lens thickness is verified; and

(H2) when the first and second differences are not within the first degree of accuracy,

(1) determining that the average acoustic velocity of the lens material using the first difference

expressed as a time difference and the second difference expressed as a distance difference

and (ii) determining the average acoustic velocity of the lens material by the following

formula:

c=Az/At

where ¢ = the average acoustic velocity of the lens

and Az is the first difference; and

and At is the second difference.

In another embodiment, a method and imaging device are provided that:

(2)

(b)

(©)

generate a B scan of anterior and posterior surfaces of a lens of an eye of a
patient in proximity to an optical axis of the lens;

determine, from the B scan, a first determination of lens thickness substantially
along the optical axis of the lens;

generate an A scan of anterior and posterior surfaces of the lens in proximity to

an optical axis of the lens;
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(d)  move the transducer along the Z-axis and determining a first Z-axis position
wherein the amplitude of the A scan is substantially a local maximum at the
anterior surface of the lens;

() move the transducer along the Z-axis and determining a second Z-axis position
wherein the amplitude of the A scan is substantially a local maximum at the
posterior surface of the lens;

() generate a second determination of the lens thickness substantially along the
optical axis of the lens as the difference between the first and second Z-axis
positions; and

(2) compare the first and second lens thicknesses and applying the following rules:

(H1) when the first and second lens thicknesses are within a first degree of accuracy,

determining that a lens thickness is verified; and

(H2) when the first and second lens thicknesses are not within the first degree of

accuracy, (1) determining that the average acoustic velocity of the lens material using the first
lens thickness expressed as a time difference and the second lens thickness expressed as a
distance difference and (ii) determining the average acoustic velocity of the lens material by
the following formula:

c=Az/At

where ¢ = the average acoustic velocity of the lens

and Az is the first difference; and

and At is the second difference.

In another embodiment, a method and imaging device are provided that:

(a) generate, by an ultrasound transducer, a plurality of scans of a lens at different

meridian angles; and

(b) form, from the plurality of scans, a three dimensional representation of the

lens.

These embodiments can permit estimating of the on-axis thickness, equatorial

diameter, capsule volume and other geometric features of a natural or accommodative lens.

In another embodiment, a method and imaging device are provided that include a a

plurality of acoustic transducer sensors mounted on a common transducer shaft, whereby a

center transducer is focused on a point along the axis of the transducer shaft and the others are
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focused on points at an angle of about 1 to about 15 degrees from the axis of the transducer
shaft.

The above embodiments can allow, for example, real time imaging of a lens as it
accommodates and can better enable researchers to develop artificial accommodative lenses
as well as assist ophthalmic surgeons to fit and implant accommodative lenses and then
subsequently to diagnose their long term performance.

The following definitions are used herein:

Animate means of or relating to animal life as opposed to plant life.

An A4-scan is a representation of the reflected acoustic signal amplitudes as a function
of time, received by an ultrasonic transducer from acoustic pulses originally emitted by the
ultrasonic transducer from a known fixed position relative to an eye component.

An accommodative lens, also known as a presbyopic lens or presby lens, is an
artificial intraocular lens that changes its focal distance in response to contraction of the
ciliary body. When successfully implanted, an accommodative lens reverses presbyopia, the
inability of the eye to change its focal distance from far to near.

Accuracy as used herein means free from error.

Aligning means positioning the acoustic transducer accurately and reproducibly in all
three dimensions of space with respect to a feature of the eye component of interest (such as
the center of the pupil, center of curvature or boundary of the cornea, lens, retina, etcetera).

The anterior chamber comprises the region of the eye from the cornea to the iris.

The anterior segment comprises the region of the eye from the cornea to the back of
the lens.

An aperture refers to the ultrasonic transducer face which may be planar but is
commonly shaped as a concave surface so as to form a focal point at a desired location in
front of the transducer face.

An arc scanner 1s an ultrasound scanning device utilizing a transducer that both sends
and receives pulses as it moves along an arcuate guide track, which guide track has a center of
curvature whose position can be moved to scan different curved surfaces.

Arc scanning transducer center of curvature is the same as the center of curvature of
the arc scanning guide.

Auto-centering means automatically, typically under computer control, causing

8-
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centration of the arc scanning transducer with the eye component of interest.

A B-scan 1s a processed representation of A-scan data by either or both of converting
it from a time to a distance using acoustic velocities and by using grayscales, which
correspond to A-scan amplitudes, to highlight the features along the A-scan time history trace
(also referred to as an A-scan vector).

A canthus is the angular junction of the eyelids at either corner of the eye where the
upper and lower eyelids meet.

Centration means substantially aligning the center of curvature of the arc scanning
transducer in all three dimensions of space with the center of curvature of the eye component
of interest (such as the cornea, pupil, lens, retina, etcetera) such that rays from the transducer
pass through both centers of curvature. A special case is when both centers of curvature are
coincident.

The ciliary body is the circumferential tissue inside the eye composed of the ciliary
muscle and ciliary processes. There are three sets of ciliary muscles in the eye, the
longitudinal, radial, and circular muscles. They are near the front of the eye, above and below
the lens. They are attached to the lens by connective tissue called the zonule of Zinn, and are
responsible for shaping the lens to focus light on the retina. When the ciliary muscle relaxes,
it flattens the lens, generally improving the focus for farther objects. When it contracts, the
lens becomes more convex, generally improving the focus for closer objects.

Coronal means of or relating to the frontal plane that passes through the long axis of a
body. With respect to the eye or the lens, this would be the equatorial plane of the lens which
also approximately passes through the nasal canthus and temporal canthus of the eye.

Fixation means having the patient focus an eye on an optical target such that the eye’s
optical axis is in a known spatial relationship with the optical target. In fixation, the light
source is axially aligned in the arc plane with the light source in the center of the arc so as to
obtain maximum signal strength such that moving away from the center of the arc in either
direction results in signal strength diminishing equally in either direction away from the
center.

A guide 1s an apparatus for directing the motion of another apparatus.

Haptics are little protrusions extending from the outer diameter of some types of

artificial lenses. These haptics fix the position of the lens to the ciliary body by protruding
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into the ciliary sulcus. In the case of accommodative lenses, the haptics enable the lens to
accommodate in response to the action of the ciliary body.

An intraocular lens is an artificial lens that is implanted in the eye to take the place of
the natural lens.

LASIK is a procedure performed on the cornea for correcting refractive errors, such as
myopia, hyperopia, and astigmatism. Commonly, an excimer laser selectively removes tissue
from the inside of the cornea, after it is exposed, by cutting a thin flap, so as to reshape the
external shape of the cornea.

As used herein, a meridian is a 2-dimensional plane section through the approximate
center of a 3-dimensional eye and its angle is commonly expressed relative to a horizon
defined by the nasal canthus and temporal canthus of the eye.

The natural lens (also known as the aquula or crystalline lens) is a transparent,
biconvex structure in the eye that, along with the cornea, helps to refract light to be focused
on the retina. The lens, by changing shape, functions to change the focal distance of the eye so
that it can focus on objects at various distances, thus allowing a sharp real image of the object
of interest to be formed on the retina. This adjustment of the lens is known as
accommodation. The lens is located in the anterior segment of the eye behind the iris. The
lens is suspended in place by the zonular fibers, which attach to the lens near its equatorial
line and connect the lens to the ciliary body. The lens has an ellipsoid, biconvex shape whose
size and shape can change due to accommodation and due to growth during aging. The lens is
comprised of three main parts: namely the lens capsule, the lens epithelium, and the lens
fibers. The lens capsule forms the outermost layer of the lens and the lens fibers form the bulk
of the interior of the lens. The cells of the lens epithelium, located between the lens capsule
and the outermost layer of lens fibers, are generally found only on the anterior side of the lens.

Ocular means having to do with the eye or eyeball.

Ophthalmology means the branch of medicine that deals with the eye.

Optical as used herein refers to processes that use light rays.

The optical axis of the eye 1s a straight line through the centers of curvature of the
refracting surfaces of an eye (the anterior and posterior surfaces of the cornea and lens).

Organ means a differentiated structure (as a heart, kidney or eye) consisting of cells

and tissues and performing some specific function in an organism.
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Pachymetery or corneal pachymetery is technically referred to as Time Domain
Reflectometry ultrasound. A pulse of ultrasonic energy is sent toward the cornea and the time
spacing of the returning echoes are used to arrive at corneal thickness.

Phakic intraocular lenses, or phakic lenses, are lenses made of plastic or silicone that
are implanted into the eye permanently to reduce a person's need for glasses or contact lenses.
Phakic refers to the fact that the lens is implanted into the eye without removing the eye's
natural lens. During phakic lens implantation surgery, a small incision is normally made in the
front of the eye. The phakic lens is inserted through the incision and placed just in front of or
just behind the iris.

The posterior chamber comprises the region of the eye from the back of the iris to the
front of the lens.

The posterior segment comprises the region of the eye from the back of the lens to the
rear of the eye comprising the retina and optical nerve.

Precise as used herein means sharply defined.

Presbyiopia 1s typically caused by a loss of elasticity of the natural lens inside the eye.
This occurs as part of the ageing process and, although it cannot be 'cured’, it can be corrected
by wearing glasses or implanting an artificial lens.

Purkinje images are reflections of objects from structure of the eye. There are at least
four Purkinje images that are visible on looking at an eye. The first Purkinje image (P1) is the
reflection from the outer surface of the cornea. The second Purkinje image (P2) is the
reflection from the inner surface of the cornea. The third Purkinje image (P3) is the reflection
from the outer (anterior) surface of the lens. The fourth Purkinje image (P4) is the reflection
from the inner (posterior) surface of the lens. Unlike the others, P4 is an inverted image. The
first and fourth Purkinje images are used by some eye trackers, devices to measure the
position of an eye. Purkinje images are named after Czech anatomist Jan Evangelista Purkyné
(1787-1869).

Refractive means anything pertaining to the focusing of light rays by the various
components of the eye, principally the cornea and lens.

Registration as used herein means aligning.

Sector scanner is an ultrasonic scanner that sweeps a sector like a radar. The swept

area is pie-shaped with its central point typically located near the face of the ultrasound
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transducer.

A specular surface means a mirror-like surface that reflects either optical or acoustic
waves. For example, an ultrasound beam emanating from a transducer will only be reflected
directly back to that transducer when the beam is aligned perpendicular to a specular surface.

The ciliary sulcus is the groove between the iris and ciliary body. The scleral sulcus is
a slight groove at the junction of the sclera and cornea.

Tissue means an aggregate of cells usually of a particular kind together with their
intercellular substance that form one of the structural materials of a plant or an animal and
that in animals include connective tissue, epithelium, muscle tissue, and nerve tissue.

A track or guide track is an apparatus along which another apparatus moves.

Ultrasonic means sound that is above the human ear’s upper frequency limit. When
used for imaging an object like the eye, the sound passes through a liquid medium, and its
frequency is many orders of magnitude greater than can be detected by the human ear. For
high-resolution acoustic imaging in the eye, the frequency is typically in the approximate
range of about 5 to about 80 MHz.

A vector refers to a single acoustic pulse and its multiple reflections from various eye
components. An A-scan is a representation of this data whose amplitude is typically rectified.

The visual axis of the eye is the line joining the object of interest and the fovea and
which passes through the nodal points of the eye.

Zonules are tension-able ligaments extending from near the outer diameter of the
crystalline lens. The zonules attach the lens to the ciliary body which allows the lens to
accommodate in response to the action of the ciliary muscle.

As used herein, “at least one”, “one or more”, and “and/or” are open-ended
expressions that are both conjunctive and disjunctive in operation. For example, each of the
expressions “at least one of A, B and C”, “at least one of A, B, or C”, “one or more of A, B,
and C”, one or more of A, B, or C” and “A, B, and/or C” means A alone, B alone, C alone, A
and B together, A and C together, B and C together, or A, B and C together.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic of the main elements of a human eye.
Figure 2 is a schematic of some of the typical dimensions of the human eye.

Figure 3 shows a view of a human crystalline lens showing axes of reference.

-12-



10

15

20

25

30

WO 2010/075097 PCT/US2009/068089

Figure 4 is a schematic representation of a lens accommodating.

Figure 5 illustrates two different types of scanning strategies for ultrasonic scanners.

Figure 6 is a schematic of a prior art compound scanning head on an arc scanning
device.

Figure 7 illustrates a prior art compact arc scanning head positioning mechanism.

Figure 8 is a schematic of a first view of a scan head capable of combined motion.

Figure 9 is a schematic of a second view of a scan head capable of combined motion.

Figure 10 is a schematic of a third view of a scan head capable of combined motion.

Figure 11 is a schematic of a fourth view of a scan head capable of combined motion.

Figure 12 is a schematic of a typical eye showing centers of curvature.

Figure 13 is a schematic representation of an ultrasonic transducer showing aperture,
focal length, depth of focus and lateral resolution.

Figure 14 is a schematic representation of a first method for centrating an arc scanner
on the posterior surface of a lens.

Figure 15 is an alternative schematic representation of a first method for centrating an
arc scanner on the posterior surface of a lens.

Figure 16 is a schematic representation of varying transducer focal length with an arc
scanner centrated on the posterior surface of a lens.

Figure 17 illustrates a process of centrating an arc scanner whose center of curvature is
laterally displaced.

Figure 18 illustrates a short B-scan where the center of curvature is laterally displaced.

Figure 19 illustrates a process of centrating an arc scanner whose center of curvature is
axially displaced.

Figure 20 illustrates a short B-scan where the center of curvature is axially displaced.

Figure 21 is a schematic representation of a second method for centrating an arc
scanner on the posterior surface of a lens.

Figure 22 is another schematic representation of a second method for centrating an arc
scanner on the posterior surface of a lens.

Figure 23 illustrates a first operation of a method for verifying lens thickness imaged
by an ultrasonic scanner.

Figure 24 illustrates a second operation of a method for verifying lens thickness
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imaged by an ultrasonic scanner.

Figure 25 illustrates a method for determining lens volume.

Figure 26 is a schematic of a transducer configuration for improving the range of
imaging of an ultrasonic arc scanner.

Figure 27 is a block diagram of a control architecture for an ultrasound imaging
device.

Figure 28 is a schematic representation of a third method for centrating an arc scanner
on a surface of a cornea.

DETAILED DESCRIPTION

In the coordinate system of the eye as used herein, the x-direction is substantially
parallel to the horizontal equator of the eye (canthus to canthus); the z-direction is
substantially along the optical axis of the eye; and the y-direction is perpendicular to the x-z
plane of the eye (see Figure 3).

Figure 1 is a schematic of the main elements of a human eye. The cornea, which is
optically transparent, is located at the front of the eye and is located in the anterior chamber.
The anterior and posterior surfaces of a normal cornea and the internal layers, such as
Bowman'’s layer, within a normal cornea are specular surfaces. The iris separates the anterior
chamber from the posterior chamber. The back of the lens forms the rear of the posterior
chamber. The natural lens sits directly behind the iris. Only the central part of the lens,
which is behind the pupil, can be seen optically. The anterior and posterior surfaces of a
normal lens are specular surfaces. The cornea, iris and lens comprise the main optical
refractive components of the eye. The anterior and posterior chambers comprise the anterior
segment of the eye. The main volume or posterior segment of the eye lies behind the lens,
with the retina and optical nerve at the rear of the posterior segment of the eye. The
composition of the eye’s aqueous and vitreous humor are very close to that of water with a
density of about 1,000 kg/m’, and this allows the eye to be a very good medium for the
transmission of acoustic energy.

The optical axis is the line passing through the centers of curvature of the cornea and
lens assuming they are centered as they are in a normal eye. The visual axis is the line joining
the fixation point and the fovea.

Optical means are suitable for viewing the anterior chamber and for viewing near the
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entire central axis of the eye. However, optical means cannot be used to view the portions of
the posterior chamber lying far off-axis and behind the iris because light does not penetrate
the iris. These portions include the suspensory ligaments (also known as zonules) and the
ciliary body. However, the eye components that cannot be viewed optically, can be viewed
with suitably high-frequency acoustic energy because high-frequency acoustic energy does
penetrate the iris. As is well-known, acoustic frequencies in the ultrasonic range of about 10
MHz to about 100 MHz can be used to provide very high resolution images of, for example,
the cornea and the lens. See “Ultrasonography of the Eye and Orbit”, Second Edition,
Coleman et al, published by Lippincott Williams & Wilkins, 2006.

Figure 2 is a schematic of some of the typical dimensions of the human eye in
millimeters and these dimensions apply at least along or near the optical axis.
Thickness of cornea ~ 0.5 mm
Radius of curvature anterior cornea surface ~ 7.7 mm
Radius of curvature posterior cornea surface ~ 6.8 mm
Distance from the front of the cornea to the front of the lens ~ 3.3 mm
Thickness of lens ~ 3.5 mm
Radius of curvature anterior lens surface ~ 11 mm
Radius of curvature posterior lens surface ~ -6.0 mm

Equatorial diameter of lens ~ 8.5 mm to 10 mm

Oo0o0o0OooOooOooOoaod

Distance from the rear of the lens to the front of the retina ~ 16 mm

These are representative dimensions of the relaxed eye. The distance from the front of
the cornea to the front of the lens along the optical axis and the thickness of lens along the
optical axis depend upon accommodation. These values were taken from “Optics of the
Human Eye”, D.A. Atchison, G. Smith, Robert Stevenson House, Edinburgh, ISBN 0 7506
3775 7, first printed in 2000.

The accepted acoustic velocities for some eye component, at 37 C, are:

cornea ~ 1639 m/s

aqueous humor ~ 1532 m/s

lens ~ 1641 m/s

O 0o 0o od

cataractous lens ~ 1,629 m/s

These values are from Table 1.1 of “Ultrasonography of the Eye and Orbit”, Second
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Edition, Coleman et al, published by Lippincott Williams & Wilkins, 2006.

For comparison, the acoustic velocity (also known as the speed of sound) in water at
37 Cis ~1,520 m/s.

Figure 3 shows a schematic representation of a lens showing the axes of reference
used herein. This figure shows a cross-sectional view of a lens 301 where the x-axis 302 is
the major horizontal axis of the lens and passes through the geometric center of the lens. The
width of the lens is defined along the x-axis 302. The y-axis 303 is the vertical axis and also
passes through the geometric center of the lens. The z-axis 304 is orthogonal to the x-axis
302 and y-axis 303 and is also substantially the same as the optical axis of a normal eye. The
lens thickness is defined along the z-axis 304 which also passes through the geometric center
of the lens 301.

The lens 301 has an ellipsoid, biconvex shape. In an adult, the lens has a diameter or
horizontal width of approximately 9 millimeters. This is the dimension along the x-axis 302 of
Figure 3. The lens has a thickness of approximately 3.5 millimeters. This is the thickness
along the z-axis 304 of Figure 3. The lens has a height of approximately 9 millimeters. This
is the height along the y-axis 303 of Figure 3.

If the lens is approximately symmetrical about all three axes, then its volume can be
approximated as an ellipsoid with the approximate volume of the lens being given by:

lens volume =4/3mabec

where a = the lens half width (major equatorial radius)

b = the lens half height (polar radius)
¢ = the lens half thickness (minor equatorial radius)

The lens is typically not precisely symmetric about the y-plane and so a lens volume
estimation method based on imaging the lens using an accurate and precise imaging device
should give a more accurate volume of the lens capsule than an ellipsoid volume
approximation.

Figure 4 is a schematic representation of a lens accommodating. The approximate
lens shapes in relaxed mode 401R and in accommodative mode 401A are shown. Itis
commonly believed that when the ciliary muscle 403A contracts inward, the sulcus 404A also
contracts inward, tension in the zonules 402A is reduced and this allows the lens 401A to

accommodate which is appropriate for near vision. When the ciliary muscle 403R expands
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outward, the sulcus 404R also expands outward, tension in the zonules 402R is increased and
this allows the lens 401R to relax which is appropriate for distant vision. The iris 405R and
405A and cornea 407 are also shown for reference.

There are several theories of exactly how a lens accommodates although there are no
accurate and precise devices available for measuring an in-situ lens during accommodation to
properly verify these theories. For example, when a relaxed eye (focused for distant vision)
accommodates, the inside diameter of the ciliary body 403A contracts which tends to reduce
tension in the zonules 402A which, in turn, allows the lens 401 A to move and change shape.
This contraction also reduces the volume of the posterior segment behind the lens and
increases the pressure of the vitreous humor. This tends to push the lens forward and change
the shape of the lens. If these lens motions and shape changes can be imaged and if the ciliary
body and zonules can be imaged during accommodation, then a better understanding of how
accommodation works can be gained. This better understanding can lead to better designs for
artificial accommodative lenses.

Once an accommodative lens is implanted or its natural accommodating action
restored by, for example, injection of softening agents, an ultrasonic scanner can then be set
up to target the region where the lens and the ciliary body are located and/or target the central
portion of the lens. The scanner can then be used to generate a series of images that show the
ciliary body and lens attachment means responding to the patient focusing at different
distances and that show the movement of the central portion of the lens (anterior surface,
posterior surface or both) responding to the patient focusing at different distances. If the lens
does not accommodate correctly, these images can be used to diagnose the problem areas such
as, for example, failure of the haptics of an artificial accommodative lens to function properly,
or failure of either anterior lens apex or posterior lens apex to move as the eye attempts to
change focus.

These procedures can be repeated from time to time to detect any movement or
degradation of the lens, be it a softened natural lens or an artificial accommodating lens.

During the development of the scanning device disclosed herein, it was observed that
lens diameter, lens thickness, lens shape and the distance between the cornea and lens varied
substantially, even over a small sample of subjects.

Figure 5 illustrates two different types of prior art scanning strategies for ultrasonic
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scanners capable of imaging most regions of the interior of an eye. Fig. 5a illustrates the arc
scanning principle for producing an ultrasonic scan of a component of an eye 501. In this
type of scanner, which is described, for example, in US 7,048,690; US 6,887,203; US
6,491,637, US 6,315,727, US 5,331,962; US 5,293,871, and US Patent Application Serial No.
12/347,674, a transducer 503 is moved along an arc guide track 506 whose center of curvature
502 is set approximately at the center of curvature of the eye surface of interest (here shown
as the approximate center of curvature of either cornea surface). In Fig. 5a, an ultrasonic
transducer 503 is shown in a sequence of positions with the center of curvature of the arc
guide 506 at approximately the center of curvature 502 of the cornea (the radii of curvature
and the centers of curvature of the anterior and posterior surfaces of the cornea are very close
to each other). The transducer 503 is moved in an arc as shown by arrows 504 to produce
many acoustic echoes (represented as rays 505) as it moves along the arc guide track 506.
The acoustic echoes can then be combined to form a cross-sectional image of the eye features
of interest, commonly called a B scan.

Fig. 5b illustrates the sector scanning principle for producing an ultrasonic image of a
particular location with an eye 511. In this type of hand-held scanner, which is described, for
example, in US 6,198, 956, an ultrasonic transducer 516 is shown being oscillated about a
fixed position 512, as indicated by arrows 514, so as to produce many acoustic echoes
(represented as rays 515). These echoes can then be combined to form of a localized region
of interest within the eye. The scanning principle illustrated in this figure is called sector
scanning.

In both the arc and sector ultrasonic scanners, the transducer acts as both the
transmitter and receiver of acoustic signals. The transducer emits a short acoustic pulse and
then receives the reflected acoustic signal. This technique is described, for example, in US
5,293,871 and in “Ultrasonography of the Eye and Orbit”, Second Edition, Coleman et al,
published by Lippincott Williams & Wilkins, 2006.

A sector scanner can be used to obtain an approximate measurement of the thickness
of an eye component such as, for example, the thickness of the cornea or the thickness of the
lens along the optical axis. A sector scanner cannot be used to measure the length of specular
features that extend laterally, such as, for example, the length of a LASIK scar or lens

capsule, because only that small portion of the cornea or lens that is perpendicular to the
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acoustic beam and reflects acoustic energy back to the transducer is visible to a sector
scanner. Thus, to form an image of the entire cornea or lens, a sector scanner must patch
together a series of images taken over a period of seconds in which the operator’s hand can
move and the patient’s eye can move. Thus, a sector scanner may be able to make a
qualitative image of an accommodating lens but not a quantitatively accurate image.

An arc scanner, on the other hand, can be used to measure the thickness of an eye
component such as, for example, the thickness of the cornea or the thickness of a lens as well
as to measure the length of specular features that extend laterally, such as, for example, the
length of a LASIK scar or the lateral length of a natural or implanted lens. In an arc scanner,
the patient is typically looking downward at approximately 45 degrees from horizontal. This
is a preferred position for an arc scanning device. Both arc and sector scanners are discussed
on page 35 of “Ultrasonography of the Eye and Orbit” cited above.

As will be described below, the present invention discloses apparatuses and methods
of producing a combined scan in a way that results in superior and accurately measurable
images including substantial portions of lateral extent of both anterior and posterior surfaces
of the cornea and lens as well as non-specular features of the eye such as the angle between
the cornea and iris lying behind the sclera and the zonules attaching the lens.

Figure 6 is a schematic of a compound scanning head on an arc scanning device which
is taken from US Patent Application Serial No. 12/475,322. An arc track 601 is shown
mounted on a scan head positioning mechanism 602. An example of a scan head positioning
mechanism is described in Figure 7. The scan head positioner 602 orients the arc track 601
such that the center of curvature 609 of the arc track 601 is (1) approximately coincident with
the center of curvature of an eye surface of interest (in this example, the surface of interest
may be a specular surface 607 on or within the cornea); and (2) such that the plane formed by
the arc track 601 and its center of curvature 609 is parallel to a section of interest within an
eye component being scanned (in this example, the section of interest may be a desired
section through a cornea). A transducer housing 604 is shown mounted rigidly on a transducer
carriage 603. A rotatable transducer head 605 is shown mounted on the transducer housing
604. In this figure, the transducer head is shown in three possible positions: normal (aligned
with the axis of symmetry of the transducer housing 604), 5 degrees above normal (but still in

the plane of the arc track) and 5 degrees below normal (but still in the plane of the arc track).
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In each position, a transmitted pulse follows a path such as indicated by rays 606. In the
normal position, the projected ray passes through the center of curvature 609. In any off-
normal position, the projected ray would pass slightly above or below the center of curvature
609.

The surface 607 or 608 of an eye component (such as, for example, the anterior
surface of a cornea, the anterior surface of a natural lens or an incision within a cornea) is
shown along with a sealing surface 610 which maintains the surface of the eye in a water bath
such as described in Figure 3 of US Patent Application Serial No. 12/347,674. Surface 608 is
circular and has a constant radius of curvature with its center of curvature approximately at
the location of the center of curvature 609 of the arc track 601 and transducer head 605 when
the transducer head 605 is in normal position. Surface 607 is slightly elliptical.

In the case of surface 608 with its center of curvature always approximately at the
location of the center of curvature 609 of the arc track 601 and transducer head 605, the
transmitted pulse will be always be reflected back along its transmission path and a strong
received pulse will be captured by the transducer head 605 when in its normal position
(aligned with the axis of symmetry of transducer housing 604). When the transducer head
605 is not in its normal position (i.c., it has moved to an angle above or below its normal
position), the strength of the received pulse captured by the transducer head 605 will be
diminished, diminishing rapidly as the angle increases away from its normal position.

In the case of slightly elliptical surface 607 with its variable center of curvature, the
transmitted pulse will only be reflected back along its transmission path and a strong received
pulse captured by the transducer head 605, when the transducer head rotates into a position
where the transmitted pulse reflects normally from the surface 607. When the transducer head
605 is at any other angle, the strength of the received pulse captured by the transducer head
605 will be diminished, diminishing rapidly as the angle increases away from the angle at
which the transmitted pulse reflects normally from the surface 607.

Thus, for any eye component surface that is not perfectly circular with approximately
the same center of curvature as the arc track, the compound, rotatable head will almost always
produce a stronger received pulse than a fixed head with its transducer aligned with the axis
of symmetry of the transducer housing.

Figure 6 also includes a close-up 611 of the rotatable transducer head 605 with the
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transducer head in three possible positions: normal (aligned with the axis of symmetry of the
transducer housing 604), 5 degrees above normal and 5 degrees below normal.

Mechanism for General Acoustic Scanning

Figure 7 illustrates a compact arc scan head positioning mechanism which has been
disclosed previously in US Patent Application Serial No. 12/347,674. Figure 7 shows an arc
scan head assembly comprised of scan head mount structure 710 and arc guide track 709 with
ultrasonic transducer 708 mounted on transducer carriage 712. Transducer carriage 712 may
be moved back and forth along arc guide track 709 to perform an arc scan. The scan head
assembly is attached to a main positioner arm 715 (shown in a sectional view). The scan head
mount structure 710, arc track 709, transducer carriage 712 and transducer 708 are operative
under water and are sealed from the rear portion of the positioning mechanism by a
translational seal 706 and a rotational seal 707. The translational seal 706 is typically formed
by a large rubber membrane that can flex with the small x and y motions required by the
scanning head positioner, although alternate sealing mechanisms may be employed. The z-
axis seal and rotational seal 707 seal against the main positioner arm 715 which can both
rotate and move in and out in the z-direction. Translational seal 706 is attached to stationary
plate 701 which, in turn, is affixed to the main arc scanner water tank (not shown) which, in
turn, is fixed with respect to the patient being scanned. The z-axis and rotational seal 707,
which is shown in close-up view 711, is typically formed by a circumferential groove type
sealing mechanism with the groove facing into the water, although alternate sealing
mechanisms may be employed. Available seals allow both rotation and axial translation of
the center tube while maintaining a water tight seal. Plate 702 forms a platform for the x- and
y- positioning mechanisms. Plate 702 is fixed relative to stationary plate 701. The scanning
head assembly can be moved back and forth axially (the z-direction) by axial piston 703 or
another suitable mechanism. The scanning head assembly can be rotated (the beta-direction)
about the z-axis by a rotary stepping motor (not shown) or another suitable device. The
scanning head assembly can be moved up and down (the y-direction) by piston 705 or another
suitable mechanism. The scanning head assembly can be moved from side to side (the x-
direction) by piston 704 or another suitable mechanism. The components to the left or rear of
stationary plate 701 remain in ambient air while the components to the right or front of

stationary plate 701 are in immersed in water when the arc scanner is operational.
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Typically, the scan head assembly is moved in the x-, y-, z- and beta directions to
position the scan head assembly with respect to an eye component of interest. Although these
motions are typically made rapidly under computer control, scans of the eye are typically not
made during positioning. Once the scan head assembly is positioned with respect to the eye
component of interest, scans are made by the transducer carriage 712 moving back and forth
along the arc guide track 709. As described in US Patent Application Serial No. 12/347,674,
the transducer carriage 712 moves along arc guide track 709 on a fluid bearing for smooth
operation.

As described above, the scanning head can be moved back and forth axially (the z-
direction); rotated (the beta-direction) about the z-axis; moved up and down (the y-direction);
and moved from side to side (the x-direction). It is therefore possible to move the entire scan
head in more complex motions by coordinating these movements to obtain scans that cannot
be obtained by a simple arc scan. However, the mechanisms of the apparatus of Figure 7,
while suitable for rapid positioning movements, are not well-suited for rapid scanning
motions necessary, for example, to obtain multiple images of an eye accommodating in real
time. A more suitable device is illustrated in Figures 8, 9, 10, and 11.

Figure 8 is a schematic of a first view of a scan head capable of combined motion.
The scan head plate 801 replaces scan head mount structure 710 of Figure 7. Scan head plate
801 serves as the platform for a computer controlled linear carriage 802 and arc carriage 803.
Linear carriage 802 moves back and forth along linear guide track 804. Arc carriage 803
moves back and forth along arc guide track 805. In this view, arc carriage 803 is at the
rightmost limit of its travel along arc guide track 805 and linear carriage 802 is also at the
rightmost limit of its travel on linear guide track 804. As can be appreciated, the motions of
arc carriage 803 and linear carriage 802 can be controlled independently. For example, arc
carriage 803 can move along arc guide track 805 or be parked anywhere along arc guide track
805 while linear carriage 802 moves along linear guide track 804. As another example, linear
carriage 802 can be stationary while arc carriage 803 moves back and forth along arc guide
track 805 to execute a pure arc scan. When arc carriage 803 is stationary and linear carriage
802 is moved, this is referred to as a linear scan. When both arc carriage 803 and linear
carriage 802 are moved, this is referred to as combined scan. In this configuration, arc

carriage 803 is moved along arc guide track 805 by an induction motor as described in US
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Patent Application Serial No. 12/347,674. Arc carriage 803 moves along arc guide track 805
on a fluid bearing which is also described in US Patent Application Serial No. 12/347,674.
Ultrasound transducer 806 is mounted on arc carriage 803 and the axis of transducer 806 is
aligned along the radius of curvature of arc guide track 805. Linear carriage 802 is moved
along linear guide track 804 by a drive motor (not shown) housed in linear drive motor
housing 807. This drive motor moves linear carriage 802 by a belt and pulley system (not
shown except for typical pulley housing 808). Linear carriage 802 moves along linear guide
track 804 on a fluid bearing similar to that used between arc carriage 803 and arc track 805.
In operation, the scan head assembly of Figure 8 is under water and is sealed from the x, y, z,
beta positioner (shown in Figure 7) by a sealing means behind the scan head plate. Thus the
entire scanning mechanism is positioned with respect to an eye for scanning by the x, y, z,
beta positioner shown in Figure 7, while the actual acoustic imaging scan motion is
implemented by one or both of the linear and arc carriages 802 and 803. The scan head
assembly disclosed in Figure 8 allows rapid independent linear and arcuate motion
combinations of the transducer such that various scan geometries, explained in subsequent
figures, can be implemented to image not only the cornea, iris and anterior lens surface, but
also the posterior lens surface, the ciliary body and the zonules that attach the lens to the
ciliary body.

Figure 9 is a schematic of a second view of a scan head capable of combined motion.
In this view, arc carriage 903 is at the leftmost limit of its travel along arc guide track 905 and
linear carriage 902 is at the rightmost limit of its travel on linear guide track 904.

Figure 10 is a schematic of a third view of a scan head capable of combined motion.
In this view, arc carriage 1003 is at the leftmost limit of its travel along arc guide track 1005
and linear carriage 1002 is also at the leftmost limit of its travel on linear guide track 1004.

Figure 11 is a schematic of a fourth view of a scan head capable of combined motion.
In this view, arc carriage 1103 is at the rightmost limit of its travel along arc guide track 1105
and linear carriage 1102 is at the leftmost limit of its travel on linear guide track 1104.

Figures 7 through 11 illustrate an ultrasonic imaging device that can be accurately and
precisely positioned with respect to an eye component and then can rapidly acquire accurate
and precise images of various eye components by using a combination of arc scans, linear

scans and combined arc and linear scans. As can be appreciated, devices incorporating other
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scan heads can be built so as to move an acoustic imaging transducer in a variety of
trajectories to obtain images of various eye components. Although Figures 7 through 11
depict an ultrasound imaging device having an arc carriage supported by a linear carriage, it is
to be understood that the arc carriage can be separate from the linear carriage, with each
carriage having a separate ultrasound transducer.

Relationship of Transducer Center of Curvature and Focal Plane

Figure 12 is a schematic of a typical eye showing centers of curvature. The front of
the eye is on the left. The cornea 1201 is represented by its anterior and posterior surfaces
whose centers of curvature are approximately shown by points 1212 and 1213. The lens
1202 is shown by its anterior and posterior surfaces whose centers of curvature are shown by
points 1214 (anterior surface center of curvature) and 1211 (posterior surface center of
curvature). The position of the retina 1203 relative to the refractory components is also
shown.

Typical values for the thicknesses and radii of curvature for the refractive components
of the eye shown in Figure 12 are:

Thickness of cornea ~ 0.5 mm

Radius of curvature anterior cornea surface ~7.7 mm
Radius of curvature posterior cornea surface ~ 6.8 mm
Thickness of lens ~ 3.5 mm

Radius of curvature anterior lens surface ~ 11 mm

O o0oo0ooo0oad

Radius of curvature posterior lens surface ~ -6.0 mm

Figure 13 is a schematic representation of a focused ultrasonic transducer showing

aperture, focal length, depth of focus and lateral resolution. The transducer has an aperture

1302 which is slightly concave with radius of curvature 1304 that focuses the acoustic pulses

at location 1305. Thus, the focal length of the transducer is the distance from the center of the

transducer face 1302 to the focal point 1305. The transducer has a depth of focus 1307 and a

lateral resolution 1306. The axial resolution is defined in “Ultrasonography of the Eye and

Orbit”, Second Edition, Coleman et al, published by Lippincott Williams & Wilkins, 2006 as:
Aaxial=c T /2

where T = the pulse duration, and

¢ = the acoustic velocity of the medium
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For the example of a transducer with a diameter of 5 mm, a focal length of 15 mm, a
center frequency of 38 MHz and a one cycle pulse waveform, the axial resolution is about 20
microns.

Since the focused beam is diffraction limited, the lateral resolution 1306 is usually
given by the diameter of the Airy disc:

Alateral =122 1 f/d

where A = the wavelength of the pulse train,

f = the focal length of the transducer and
d = the diameter of the transducer

For the example of a transducer with a diameter of 5 mm, a focal length of 15 mm, a
center frequency of 38 MHz and a one cycle pulse waveform, the lateral resolution is about
150 microns.

The depth of focus is given by the relationship:

Af=A/ (4 sin® (6/2))

where A = the wavelength of the pulse train,

0 = the half angle subtended by the transducer diameter at the focal point

For the example of a transducer with a diameter of 5 mm, a focal length of 15 mm, a
center frequency of 38 MHz, the depth of focus is about 1,560 microns.

As can be appreciated, a transducer with a concave aperture is preferred. In scanning
an eye feature of interest, it is typically preferred to place the focal plane of the transducer as
close to the feature of interest as possible. As will be seen in later discussions, obtaining a
strong, sharp image of an eye feature of interest involves fulfilling 2 conditions: (1) the focal
plane must be located near the feature of interest and (2) the transducer pulse must engage the
surface of interest substantially normal to the surface. This latter condition can be fulfilled if
the pulse wave train passes through both the center of curvature of the transducer arc track
guide and the center of curvature of the eye component surface.

A First Method for Centrating

Figure 14 is a schematic representation of a first method for centrating an arc scanner
on the posterior surface of a lens. In this method, an arc guide track 1401 is positioned so that
its center of curvature 1403 is substantially coincident with the center of curvature 1403 of the

posterior surface 1402 of a lens. Procedures to accomplish this centration are described in
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Figures 17 and 19. Now as the transducer carrier moves along the arc guide track 1401, its
sonic pulses, represented by rays 1404, 1405 and 1406, always pass through both centers of
curvature 1403 and reflect substantially perpendicularly from the posterior surface 1402 of the
lens. As can be seen, the length of the pulse path is also constant for all positions of the
transducer as it moves along the arc guide track 1401. Thus, it is shown that although the arc
guide track may be curved to approximate the curvature of the cornea and anterior lens
surface, the same arc guide track can be used to focus and image a surface curved with a
radius of curvature of opposite sign such as the posterior surface 1402 of a lens. In the
method of Figure 14, the center of curvature the arc guide track 1401 is coincident with the
center of curvature 1403 of the posterior surface 1402 of the lens. To centrate on the anterior
surface of the lens or on either surface of the cornea, it is also only necessary to position the
center of curvature of the arc guide track coincident substantially on the center of curvature of
the eye surface being imaged.

A scan of the anterior segment can be made in the following way using this method.
First, the arc scanner is centrated on the center of curvature of the anterior surface of the lens
and a scan is made moving only the transducer carriage along the arc guide track. This scan
will be capable of generating an image of a substantial portion of the anterior surface of the
lens and also be capable of generating a low resolution scan of the cornea (since the cornea
will typically be further away from the focal plane). Second, the arc guide track can be
moved away from the eye in the z-direction to centrate on either center of curvature of the
surfaces of the cornea and a scan made again by moving only the transducer carriage along
the arc guide track. This scan will be capable of generating an image of a higher resolution
image of a substantial portion of the cornea (both surfaces and internal structure since these
surfaces are close together and all within reasonable focus). Third, the arc guide track can be
moved even further away from the eye in the z-direction to centrate on the center of curvature
of the posterior surface of the lens and a scan made again by moving only the transducer
carriage along the arc guide track. This scan will be capable of generating an image of a
substantial portion of the posterior surface of the lens. These scans can be made in rapid
succession (typically on the order of about a second each so as to minimize any movement of
the eye by the patient). Since the z-axis motion of the transducer is preferably away from the

eye, this would minimize any risk of the transducer assembly being inadvertently moved at
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high speed toward the eye.

It is noted that, for a transducer of fixed focal length, it is impossible to have the center
of curvature of the arc guide track coincident with the center of curvature of three different
eye surfaces and be able to place the focal plane of the transducer on each eye surface.
Typically, the focal length of the transducer is designed to be inside the cornea when the
transducer is centrated on the cornea. In this case, the focal plane of the transducer will not be
on the lens surface of interest when the transducer is centrated on the lens surface of interest.
This deficiency can be remedied by using dynamic transducer focusing techniques.

The centration method described in Figure 14 can be accomplished by an arc scanner
apparatus such as described in US Patent Application Serial No. 12/347,674.

In Figures 21 and 22, an alternate method for centrating will be disclosed that does not
require substantial coincidence of the center of curvature of the arc guide track with the center
of curvature of the eye surface being imaged.

Figure 15 is an alternative schematic representation of the above method for centrating
an arc scanner on the posterior surface of a lens. The arcuate path 1501 of a transducer face is
shown with its center of curvature centrated on the center of curvature 1513 of the posterior
surface of a lens 1503. For reference, the cornea 1502 is shown with its center of curvature
1512. The center of curvature 1523 of the anterior surface of the lens 1503 is shown and for
reference the approximate axial location of the retina 1504 is also shown. Typical dimensions
of various eye components are shown in Figure 2. In the setup shown in Figure 15, an
ultrasonic scan will produce a clear image of much of the posterior lens surface and should
also produce a partial image of the anterior surface of the lens. The scan may also produce an
image of a small region of the cornea on the axis where ultrasonic pulses intercept the cornea
at angles near 90 degrees.

Effect of Transducer Focal Length

As noted above, a transducer with a fixed focal length cannot be optimized for
imaging the cornea and lens surfaces, even though the transducer can be centrated on each of
the cornea and lens surfaces. This is illustrated in Figure 16 for a transducer centrated on the
posterior surface of a lens.

Figure 16 is a schematic representation of varying transducer focal length with an arc

scanner centrated on the posterior surface of a lens. Fig 16a shows a focused ultrasonic
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transducer 1602 which moves along an arc guide track 1601. The transducer 1602 is shown
aligned approximately with the optical axis of an eye 1603 represented by a cornea and a lens.
The focal point of the transducer 1602 is represented by the end of the line 1605 and, in Fig
16a, is shown focused outside the eye. The arc guide track and transducer have a center of
curvature 1604 which is centrated on the approximate center of curvature of the posterior
surface of the lens. Thus the image of the posterior surface of the lens will be out of focus,
even though acoustic pulses will reflect approximately normally from the posterior surface of
the lens.

Fig 16b also shows a focused ultrasonic transducer 1612 which moves along an arc
guide track 1601. The transducer 1612 is shown lined up with the approximate optical axis of
an eye 1603 represented by a cornea and a lens. The focal point of the transducer 1612 is
longer than that of transducer 1602 in Fig. 16a and is represented by the end of the line 1606.
In Fig 16b, transducer 1612 is shown focused approximately in the middle of the lens of the
eye. The arc guide track and transducer have a center of curvature 1604 which is centrated on
the approximate center of curvature of the posterior surface of the lens. The transducer 1612
of Fig. 16b is thus much better suited to imaging the posterior surface of the lens than the
transducer 1602 of Fig. 16a which is not focused near the surface of interest, which in Figure
16 is the posterior surface of the lens. As can be appreciated, the transducer 1602 can be
designed to provide a sharp image of the lens surfaces or the cornea surfaces but the same
fixed focal length transducer cannot provide sharp images of all surfaces with a single focal
length transducer. In practice there is another constraint on the design of transducer focal
length. The transducer focal length and arc radius of curvature must allow enough space
between the transducer and the eyepiece of the arc scanner for this to be accomplished
without endangering the patient’s eye by the transducer piercing the membrane separating the
water in the arc scanner with the water in the replaceable/disposable eyepiece.

Centrating for Lateral Displacement of Center of Curvature

Figure 17 illustrates a process of centrating an arc scanner whose center of curvature is
laterally displaced from the center of curvature of the eye feature of interest. Fig. 17a shows
the arc path 1701 of a transducer face whose center of curvature 1711 is offset laterally from
the center of curvature 1703 of an eye component of interest, such as the anterior or posterior

surface of a cornea or lens. As the transducer moves along its arc guide track, it sends out
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ultrasonic pulses such as represented by ray 1705. These pulses pass through the center of
curvature 1711 of the transducer but not the center of curvature 1703 of the eye component of
interest. Therefore, rays emitted and received at different angular positions along the arc path
of the transducer face will have different transit times to and from the eye surface of interest.
The raw B-scan image of the cornea generated before correction for curvature of the arc will
appear as a line tilted at an angle to the horizontal as further described in Figure 18. This is
because rays emitted and received near the top of the arc in Figure 17 have less far to travel
than rays emitted and received near the bottom of the arc in Figure 17.

Fig. 17b shows the arc path 1701 of a transducer face whose center of curvature 1712
is offset laterally from the center of curvature 1703 of an eye component of interest but not as
far offset as the center of curvature of the transducer of Fig. 17a.. As the transducer moves
along its arc guide track, it sends out ultrasonic pulses such represented by ray 1706. These
pulses pass through the center of curvature 1712 of the transducer but not the center of
curvature 1703 of the eye component of interest. The rays emitted and received at different
angular positions along the arc path of the transducer will have different transit times to and
from the eye surface of interest. The raw B-scan generated before correction for arc curvature
will show a line tilted at an angle to the horizontal as further described in Figure 17 but less
tilted than the line generated by the transducer of Fig. 17a.

Fig. 17¢c shows the arc path 1701 of a transducer face whose center of curvature 1713
is now substantially coincident with the center of curvature 1703 of an eye component of
interest. As the transducer moves along its arc guide track, it sends out ultrasonic pulses such
represented by ray 1707. These pulses pass through the center of curvature 1713 of the
transducer as well as the center of curvature 1703 of the eye component of interest. The rays
emitted and received at different angular positions along the arc path of the transducer will
have substantially the same transit times to and from the eye surface of interest. The raw B-
scan generated before correction for arc curvature will now show a horizontal line as further
described in Figure 18.

In practice only a short scan centered approximately on the optical axis of the eye need
be performed to produce a B-scan before correction for arc curvature and the arc guide track
positioner can be moved laterally until the scan line is horizontal and this will be the signature

that the arc scanner is centrated with no lateral offset. As can be appreciated, this centration
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adjustment process can be carried out manually or it can be automated and performed under
computer control.

It is noted that the curvature of the arc guide track and the curvature the eye
component of interest may not be exactly the same. In practice, the centration process for
correcting for lateral displacement may not produce a horizontal line when centrated but it
will produce a line with minimal tilt and some curvature. Thus in general, the operator
centrates by moving the arc guide track until a substantially symmetric line with minimal tilt
and curvature is produced.

Figure 18 illustrates a calculated sequence of short B-scans of a locally spherically
curved surface with the same curvature as the arc track guide where the centers of curvature
are initially laterally displaced. Figure 18 shows a schematic representation of three raw B-
scans generated before correction for arc curvature. The plot shows transit distance (transit
time divided by acoustic velocity) for an ultrasonic pulse from the transducer to a curved eye
surface and back to the transducer versus angle of the transducer along its arc guide track.
Scan 1803 is tilted indicating that the transit times are longer on the positive side of the
optical axis and shorter on the negative side of the optical axis. This means that the center of
curvature of the transducer is laterally offset from the center of curvature of the eye
component surface being measured. As the lateral offset is reduced, the tilt of the scan is also
reduces such as shown by scan 1804. When the lateral offset is reduced to zero and the center
of curvature of the transducer is coincident with the center of curvature of the eye component
surface being measured, then the scan is a horizontal straight line 1805. This means that the
arc scanner has been centrated with the eye component surface to be imaged.

Centrating for Axial Displacement of Center of Curvature

Figure 19 illustrates a process of centrating an arc scanner whose center of curvature is
axially displaced. Fig. 19a shows the arc path 1901 of a transducer face whose center of
curvature 1911 is offset axially from the center of curvature 1903 of an eye component of
interest, such as the anterior or posterior surface of a cornea or lens. As the transducer moves
along its arc guide track, it sends out ultrasonic pulses such as represented by ray 1905. These
pulses pass through the center of curvature 1911 of the transducer but not the center of
curvature 1903 of the eye component of interest. Therefore, rays emitted and received at

different angular positions along the arc path of the transducer will have different transit times
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to and from the eye surface of interest. The raw B-scan generated before correction for arc
curvature will show a curved line as further described in Figure 20. This is because rays
emitted and received near the center of the arc have a slightly longer distance to travel than
rays emitted and received near either the top or bottom of the arc.

Fig. 19b shows the arc path 1901 of a transducer face whose center of curvature 1912
is offset axially from the center of curvature 1903 of an eye component of interest but not as
far offset as the center of curvature of the transducer of Fig. 19a.. As the transducer moves
along its arc guide track, it sends out ultrasonic pulses such represented by ray 1906. These
pulses pass through the center of curvature 1912 of the transducer but not the center of
curvature 1903 of the eye component of interest. The rays emitted and received at different
angular positions along the arc path of the transducer will have different transit times to and
from the eye surface of interest. The raw B-scan generated before correction for arc curvature
will show a curved line as further described in Figure 19 but less curved than the line
generated by the transducer of Fig. 19a..

Fig. 19¢ shows the arc path 1901 of a transducer face whose center of curvature 1913
is now substantially coincident with the center of curvature 1903 of an eye component of
interest. As the transducer moves along its arc guide track, it sends out ultrasonic pulses such
represented by ray 1907. These pulses pass through the center of curvature 1913 of the
transducer as well as the center of curvature 1903 of the eye component of interest. The rays
emitted and received at different angular positions along the arc path of the transducer will
have substantially the same transit times to and from the eye surface of interest. The raw B-
scan generated before correction for arc curvature will now show a straight horizontal line as
further described in Figure 20.

In practice only a short scan centered approximately around the optical axis of the eye
need be performed to produce a B-scan before correction for arc curvature and the arc guide
track positioner can be moved axially until the scan line is not curved and this will be the
signature that the arc scanner is centrated with no axial offset. As can be appreciated, this
centration adjustment process can be carried out manually or it can be automated and
performed under computer control.

As noted previously, the curvature of the arc guide track and the curvature the eye

component of interest may not be exactly the same. In practice, the centration process for
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correcting for axial displacement may not produce a straight line when centrated but it will
produce a line with minimal curvature. Thus in general, the operator centrates by moving the
arc guide track until a line with minimal curvature is produced.

If an arc scanner is set with its center of curvature both laterally and axially displaced
from the center of curvature of an eye component of interest, then the raw B-scan generated
before correction for arc curvature will show a tilted curved line. The scanner assembly will
then have to be moved both axially and laterally until the tilt and curvature of the raw B-scan
generated before correction for arc curvature will show a straight horizontal line at best or at
least a line with minimal tilt and curvature. As can be appreciated, this more general
centration adjustment process can also be carried out manually or it can also be automated and
performed under computer control.

Figure 20 illustrates a calculated series of short B-scans of a locally spherically curved
surface with the same curvature as the arc track guide where the centers of curvature are
initially axially displaced. Figure 20 shows a schematic representation of three raw B-scans
generated before correction for arc curvature. The plot shows transit distance (transit time
divided by acoustic velocity) for an ultrasonic pulse from the transducer to a curved eye
surface and back to the transducer versus angle of the transducer along its arc guide track.
Scan 2003 is curved indicating that the transit times are shorter as the transducer moves on its
track in either direction away from the optical axis. This means that the center of curvature of
the transducer is axially offset from the center of curvature of the eye component surface
being measured. As the axial offset is reduced, the curve of the scan is also reduced such as
shown by scan 2004. When the axial offset is reduced to zero and the center of curvature of
the transducer is coincident with the center of curvature of the eye component surface being
measured, then the scan is a horizontal straight line 2005. This means that the arc scanner has
been centrated with the eye component surface to be imaged.

A Second Method for Centrating

Figure 21 is a schematic representation of a second method for centrating an arc
scanner, with the method being illustrated on the posterior surface of a lens. In this method,
the center of curvature of an arc guide track is not substantially coincident with the center of
curvature of an eye component of interest, such as the anterior or posterior surface of a cornea

or lens. However, when centration is achieved in this method, an ultrasound pulse emitted by
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a transducer on the arc guide track always passes through both the center of curvature of the
arc guide track and the center of curvature of an eye component of interest. This condition
can be met by moving the entire arc guide track laterally as the transducer is moved along the
arc guide track. If the separation of centers of curvatures in the z-direction is “Az” then the
movement of the arc guide track in the x-direction is:

Ax = Az (tana, - tanay)

where o, = the angle between the transducer axis and the horizontal at time t;

and oy = the angle between the transducer axis and the horizontal at time t;

If, as in Figure 21, the center of curvature of an arc guide track is closer to the surface
of the eye component of interest than the center of curvature of an eye component of interest,
then the entire arc guide track is moved laterally in the opposite direction as the transducer is
moved along the arc guide track as illustrated in Fig. 21a by arrow 2122 denoting the
direction of movement of the arc guide track assembly and arrow 2121 denoting the general
direction of movement of the transducer.

Fig. 21a shows the arc path 21010of a transducer face whose center of curvature 2105
is closer to the eye surface of interest 2103 than the center of curvature 2104 of an eye
component of interest. It is noted, that by design, the center of curvature of the transducer face
arc path is the same as the center of curvature of the arc guide track. As the transducer moves
along its arc guide track, it sends out ultrasonic pulses such represented by ray 2102. These
pulses pass through the center of curvature 2105 of the transducer arc path 2101 as well as the
center of curvature 2104 of the eye component of interest.

Fig. 21b shows the arc path 21110f a transducer face whose center of curvature 2115
is closer to the eye surface of interest 2103 than the center of curvature 2104 of an eye
component of interest. As the transducer moves along its arc guide track, the entire arc guide
track assembly moves in the opposite direction as described above. As the transducer moves
along its arc guide track, it sends out ultrasonic pulses such represented by ray 2112. These
pulses pass through the center of curvature 2115 of the transducer arc track 2111 as well as
the center of curvature 2104 of the eye component of interest.

Fig. 21c shows the arc path 21210of a transducer face whose center of curvature 2125
is closer to the eye surface of interest 2103 than the center of curvature 2104 of an eye

component of interest. As the transducer moves along its arc guide track, the entire arc guide
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track assembly moves in the opposite direction as described above. As the transducer moves
along its arc guide track, it sends out ultrasonic pulses such represented by ray 2122. These
pulses pass through the center of curvature 2125 of the transducer arc path 2121 as well as the
center of curvature 2104 of the eye component of interest.

The rays 2102, 2112 and 2122 are all of slightly differing lengths becoming shorter as
the transducer moves along the arc guide track. However, the change in transit time of the
transmitted and received ultrasonic pulses can be corrected by the known geometric
relationships since the positions of the transducer on the arc guide track and the position of
the arc guide track assembly are known accurately at all times. The key point here is that the
rays 2102, 2112 and 2122 all reflect normally off the surface of the eye component of interest.
In the case illustrated in Figure 21, the arc scanner is able to image the posterior surface of the
lens even though the curvature of the posterior lens surface and the curvature of the arc guide
track are of opposite sign.

As an example of the range of motions illustrated in Figure 21, the center of curvature
of transducer face (R =20 mm) is about 2.466 mm closer to the eye component than the

center of curvature of the posterior surface of the lens (R = 6 mm).

Lateral displacement of arc track between
Transducer angle with respect to the adjacent angular movements (mm)

horizontal (degrees)

35.000 0.0000
23.045 0.6775
11.090 0.5656

Figure 22 is another schematic representation of representation of a second method for
centrating an arc scanner, with the method also being illustrated on the posterior surface of a
lens. In this method, the center of curvature of an arc guide track is not coincident with the
center of curvature of an eye component of interest, such as the anterior or posterior surface of
a cornea or lens. However, when centration is achieved in this method, an ultrasound pulse

emitted by a transducer on the arc guide track always passes through both the center of
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curvature of the arc guide track and the center of curvature of an eye component of interest.
This condition can be met by moving the entire arc guide track laterally as the transducer is
moved along the arc guide track.

If the separation center of curvatures in the z-direction is “Az” then the movement of
the arc guide track in the x-direction is:

Ax = Az (tanq, - tanoy)

where o, = the angle between the transducer axis and the horizontal at time t;

and oy = the angle between the transducer axis and the horizontal at time t;

If, as in Figure 22, the center of curvature of an arc guide track is further away from
the surface of the eye component of interest than the center of curvature of an eye component
of interest, then the entire arc guide track is moved laterally in the same general direction as
the transducer is moved along the arc guide track as illustrated in Fig. 22a by arrow 2222
denoting the direction of movement of the arc guide track assembly and arrow 2221 denoting
the direction of movement of the transducer.

Fig. 22a shows the arc path 22010of a transducer face whose center of curvature 2205
is further away from the eye surface of interest 2203 than the center of curvature 2204 of an
eye component of interest. As the transducer moves along its arc guide track, it sends out
ultrasonic pulses such represented by ray 2202. These pulses pass through the center of
curvature 2205 of the transducer arc path 2201 as well as the center of curvature 2204 of the
eye component of interest.

Fig. 22b shows the arc path 22110f a transducer face whose center of curvature 2215
is further away from the eye surface of interest 2203 than the center of curvature 2204 of an
eye component of interest. As the transducer moves along its arc guide track, the entire arc
guide track assembly moves in the same direction as described above. As the transducer
moves along its arc guide track, it sends out ultrasonic pulses such represented by ray 2212.
These pulses pass through the center of curvature 2215 of the transducer arc path 2211 as well
as the center of curvature 2204 of the eye component of interest.

Fig. 22¢ shows the arc path 22210f a transducer face whose center of curvature 2225
is further away from the eye surface of interest 2203 than the center of curvature 2204 of an
eye component of interest. As the transducer moves along its arc guide track, the entire arc

guide track assembly moves in the same direction as described above. As the transducer
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moves along its arc guide track, it sends out ultrasonic pulses such represented by ray 2222,
These pulses pass through the center of curvature 2225 of the transducer arc track 2221 as
well as the center of curvature 2204 of the eye component of interest.

The rays 2202, 2212 and 2222 are all of slightly differing lengths becoming shorter as
the transducer moves along the arc guide track. However, the change in transit time of the
transmitted and received ultrasonic pulses can be corrected by the known geometric
relationships since the positions of the transducer on the arc guide track and the position of
the arc guide track assembly are known accurately at all times. The key point here is that the
rays 2202, 2212 and 2222 all reflect normally off the surface of the eye component of interest.
In the case illustrated in Figure 22, the arc scanner is able to image the posterior surface of the
lens even though the curvature of the posterior lens surface and the curvature of the arc guide
track are of opposite sign.

As an example of the range of motions illustrated in Figure 22, the center of curvature
of transducer face (R =20 mm) is about 3.363 mm further away from the eye component than

the center of curvature of the posterior surface of the lens (R = 6 mm).

Transducer angle with respect to the Lateral displacement of arc track between
horizontal (degrees) adjacent angular movements (mm)
35.000 0.000
23.045 0.9241
11.090 0.7714

Forming an Image of the Anterior Segment of an Eve

An ultrasound image of the anterior segment of an eye, which includes the cornea, the
iris, the sclera, the lens, the ciliary body and the zonules may be imaged by a series of scans in
the following way, using the scanning device described in Figures 7 through 11 where
centration is achieved either by the method of Figure 21 or Figure 22. Such a scan can image
substantial portions of both anterior and posterior cornea as well as substantial portions of the
anterior and posterior lens surfaces.

1. the arc scanner is positioned with respect to the center of the eye by manual or
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computer-controlled means using the x-, y- and beta positioning means described in
Figure 7.

the focal plane of the transducer is placed at or near the posterior lens surface by
observing and maximizing the amplitude of an A-scan pulse waveform known to be
from the posterior lens surface substantially along the optical axis of the eye

A first linear scan is made with the transducer carriage parked at an angle o on the arc
guide track (a is typically in the range of 10 to 35 degrees above the optical axis). A
second linear scan is made with the transducer carriage parked at an angle -a on the
arc guide track. These scans capture sections of the posterior surface of the lens
capsule, these sections typically being off the optical axis.

the focal plane of the transducer is then retracted so that it is situated near the
midpoint of the lens by observing the amplitude of an A-scan substantially along the
optical axis of the eye
A combined scan (coordinated linear and arcuate motion such as described in Figures
21 or 22) is then implemented. This scan captures most of the anterior surface of the
lens capsule as well as images of the zonules, ciliary body and iris.

The focal plane of the transducer is further retracted so that it is situated in the cornea
again by observing the amplitude of an A-scan substantially along the optical axis of
the eye.

An arc scan is then made which captures a sharp image of the cornea and its internal
structure as well as additional images of the sclera, iris and anterior lens capsule
surface. This scan will typically also image a short section of the posterior lens
capsule near the optical axis.

Since the above scans are referenced by a common coordinate system, they can be
readily combined to create a comprehensive image of substantially all of the anterior
segment of the eye.

This same type of scan can be obtained for several sections (or meridians) through the
eye by changing the meridian to be imaged using the beta (rotational) mechanism of
the positioner (see Figure 7).

A series of these anterior segment scans can be carried out by the scanning device

described in Figures 8 through 11 in about 5 to about 10 seconds so that the patient has little
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opportunity to move his or her eye.
As can be appreciated, the steps described above can be performed in a number of
different sequences from those described.

Methods for Determining Lens Geometric Features

Lens Thickness

Typically, the thickness of a lens, measured approximately along its optical axis
utilizing an ultrasound image, can be estimated by either of two known methods:

(1) by measuring the thickness of the lens directly from a B-scan image. The B-scan
is constructed from by measuring reflected pulse time of arrivals of many pulses and
converting these to distances by using accepted acoustic velocities in water, the cornea, the
lens, the vitreous and aqueous humors as described, for example, in “Ultrasonography of the
Eye and Orbit”, Second Edition, Coleman et al, published by Lippincott Williams & Wilkins,
2006..

(2) by measuring the thickness of the lens using an A-scan by setting the ultrasonic
transducer with its focal plane at the center of the lens with the transducer axis aligned with
the optical axis of the lens, then measuring the time difference between the reflected pulse
peak from the posterior surface of the lens and the reflected pulse peak from the anterior
surface of the lens. This time difference At can be converted to the desired on-axis lens
thickness by the formula:

Az=At/c
where Az is the on-axis lens thickness and
¢ = the accepted lens acoustic velocity

Both of these methods, which are known, rely on the use either implicitly or explicitly
on the accepted acoustic velocity used for the lens to create the B-scan or to convert the pulse
transit time difference of an A-scan to a distance measurement. Also both of these methods
rely on an image of at least the posterior pole region of the lens capsule which can usually, but
not always, be obtained by a simple arc scan centered around the optical axis.

An independent measurement of the lens thickness may be obtained, for example,
from a high quality nuclear magnetic resonance scan (“MRI”) of the eye and an accurate
measurement taken from the MRI image. This can be compared to the lens thickness

determined from either of the two methods described above. Yet another independent
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measurement of the lens thickness may also be obtained, for example, from a high quality

optical image of the eye taken along the optical axis of the eye. This can be compared to the

lens thickness determined from either of the two methods described above. Both of these
independent methods require corrections which may lead to errors and these measurements
would have to be accurate to within about 10 to about 20 microns to be useful.
First Method to Determine Lens Thickness

As disclosed herein, an ultrasonic scanner may also be used to make an independent
measurement and verification of the on-axis lens thickness as described below. This method
has not been disclosed previously since it requires an image of a substantial portion of the
posterior surface of a lens capsule which can now be obtained by one of the two methods
disclosed herein. It is the intent of this method to measure the thickness of a lens to an

accuracy of about 10 microns. This will require a similar accuracy and precision from the z-

axis positioning mechanism as well as from the ultrasound transducer.

(1) make a short B-scan of the anterior and posterior surfaces of the lens in the region
around the optical axis.

(2) fit a section of a circular arc to the anterior surface, centered around the optical axis, to
determine the radius of curvature and center of curvature of the anterior surface of the
lens. Fit a section of a circular arc to the posterior surface, centered around the optical
axis, to determine the radius of curvature and center of curvature of the posterior
surface of the lens. Determine the difference in these centers of curvature, AR. This
is a first determination of AR and relies on the accuracy of the B-scan which in turn
relies on the acoustic velocities assumed for the cornea, the lens, and the vitreous and
aqueous humors.

3) centrate on the center of curvature of the anterior surface of the lens using the method
described in Figures 17 through 20. Note the z-axis position recorded for the arc
guide track positioner, z1. Centrate on the center of curvature of the posterior surface
of the lens using the method described in Figures 17 through 20. Note the z-axis
position recorded for the arc guide track positioner, z2.

4) The difference |z1 - z2| = AR. This is a second determination of AR and relies on the
mechanical accuracy of the z-axis positioner measurements and does not use any

assumed acoustic velocities.
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If the two AR determinations match to within a desired accuracy (about 10 to about 20
microns), then the B-scan method is independently verified. If they do not match, the
acoustic velocity of the lens may be estimated by using the AR from steps 3 and 4 and the
time difference used to obtain the AR from steps 1 and 2 to solve for the acoustic velocity
appropriate to the lens.

Figure 23 illustrates steps 1 and 2 of the above method for estimating lens thickness
for a partial lens capsule imaged by an ultrasonic scanner. A B-scan is made which typically
includes a portion 2301 of the anterior and posterior corneal surfaces as well as a section 2302
of the anterior surface of the lens and a section 2303 of the posterior surface of the lens. The
scan is typically available on a computer which has an accurate representation of the B-scan
with “x”, “y” and “z” coordinates. A circle 2304 or arc is fit to the image of the posterior
surface 2303 and the x-z position of the center of curvature 2305 of circle 2304 along the
approximate optical axis 2308 is noted. A circle 2306 or arc is fit to the image of the anterior
surface 2302 and the x-z position of the center of curvature 2307 of circle 2306 along the
approximate optical axis 2308 is noted. The on-axis distance 2309 between the center of
curvature 2305 of circle 2304 and center of curvature 2307 of circle 2306 is then a first means
of measuring the difference in these centers of curvature AR as described by steps (1) and (2)
above.

Figure 24 illustrates steps 3 and 4 of the above method for estimating lens thickness
using an ultrasonic scanner. In Fig. 24a, an arc guide track 2402 is shown attached to a
positioner mechanism 2401. A transducer carriage 2403 is shown on arc guide track 2403 set
in the center position on the arc guide track 2402 so that the axis of its transducer holder 2404
is aligned with the z-axis 2408 of an eye. The arc guide track 2402 has its center of curvature
that is centrated on the center of curvature 2406 of the posterior surface of a lens 2405. The
distance 2409 between the center of curvature 2406 of the posterior surface of lens 2405 and
the center of curvature 2407 of the anterior surface of lens 2405 1s shown.

In Fig. 24b, an arc guide track 2402 is shown attached to a positioner mechanism
2401. A transducer carriage 2403 is shown on arc guide track 2402 set in the center position
on the arc guide track 2402 so that the axis of its transducer holder 2404 is aligned with the z-
axis 2408 of an eye. The arc guide track 2402 now has its center of curvature centrated on the

center of curvature 2407 of the anterior surface of lens 2405. The distance 2410 that the
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positioner 2401 has moved in the z-direction can be accurately determined by, for example, a
magnetic location system. The distance 2410 is exactly equal to the distance 2409 between
the center of curvature 2406 of the posterior surface of lens 2405 and the center of curvature
2408 of the anterior surface of lens 2405. The distance 2410 that the positioner 2401 has
moved in the z-direction is then a second means of measuring the difference in these centers
of curvature AR.
Second Method to Determine Lens Thickness

Yet another method for determining the on-axis thickness of a lens is to utilize A-
scans and the z-axis positioner. The scanner is positioned so that the transducer can emit
pulses approximately along the optical axis of the eye. The scan head positioner is moved
back and forth along the z-direction until the anterior surface of the lens is identified and its
reflected A-scan signal amplitude is maximized. This corresponds to the focal plane of the
transducer being placed on the anterior surface of the lens. The z-axis position of the scan
head positioner, z1, is recorded. Next, the scan head positioner is moved back and forth along
the z-direction until the posterior surface of the lens is identified and its reflected A-scan
signal amplitude is maximized. This corresponds to the focal plane of the transducer being
placed on the posterior surface of the lens. The z-axis position of the scan head positioner, z2,
is then recorded. The difference is |z1 - z2| = Az, where Az is the lens thickness. As
discussed before, the lens thickness can be estimated from a B-scan of the lens although this
determination assumes an acoustic velocity appropriate to the lens. If this determination of
lens thickness is different from Az, the time difference used in the B-scan can be used along
with the determination of Az to obtain a corrected average acoustic velocity appropriate to the
lens.

Lens Volume

Figure 25 illustrates a method for determining lens volume. Figure 25 shows an
anterior cornea surface 2501 and a posterior cornea surface 2502 and their respective centers
of curvature 2503 and 2504. Also shown are an anterior lens surface 2511 and a posterior
lens surface 2512 and their respective centers of curvature 2514 and 2513. The circle 2522
highlights a region where the anterior and posterior lens surfaces come together. The surfaces
shown as dotted lines are typically not imaged well or not imaged at all in an ultrasonic scan

and therefore have to be estimated. The region 2522 is shown magnified with the hard-to-
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image surfaces 2523 shown again by dotted lines. As can be appreciated the extent of these

hard-to-image surfaces shown is only approximate and depends on the particular patient and

on the capabilities of the ultrasonic arc scanner. A possible method for imaging this region of

the lens is described in US Patent Application Serial No. 12/475,322.

These hard-to-image surfaces 2523 where the anterior and posterior surfaces of the
lens come together can be estimated in at least the following ways:

(1) an estimate of the shape of the hard-to-image surfaces can be made by a qualified
ophthalmologist and this shape can be scaled so that it blends with the imaged surfaces
of the anterior and posterior lens surfaces.

(2) acoustic images of the region where the anterior and posterior lens surfaces come
together can be made using advanced methods such as described below. These can be
combined with other B-scans of the anterior and posterior surfaces of the lens.

3) plots of anterior and posterior surface angles can be used to estimate the approximate
location of the hard-to-image surfaces where the anterior and posterior lens surfaces
come together
The volume of the lens capsule can be determined for example by taking a number of

B-scans at different meridian angles and using these to collect a number of points on the

anterior and posterior lens surface to form a 3-D representation of the lens. Once a wire

frame surface grid is constructed, other points on the lens surface can be approximated by any
number of well-known multi-dimensional interpolation methods. The coordinates can be
used to compute the volume of the lens, for example, if the lens is not a perfect ellipsoid.

Transducer Configuration

Figure 26 is a schematic of a transducer configuration for improving the angular range
of imaging of an ultrasonic arc scanner. An arc scanner typically has a maximum included
angle through which its transducer moves along its arc guide track. The included angle is
typically in the range of about 60 degrees to about 80 degrees. Depending on where the
center of curvature of the arc guide track is positioned, the lateral width of an eye component
of interest that the scanner can image, may be limited, for example by the eyelid. The
transducer configuration illustrated in Figure 26 will help to extend the lateral range of the
image. Figure 26 shows an arc guide track assembly 2601 on which a transducer carriage

2603 is mounted. The transducer carriage 2603 moves along an arc guide track 2602 during a
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scan while, as described in Figures 21 and 222, the arc guide track assembly may also be
moved linearly during a “combined” scan. Figure 26 illustrates three transducers 2611, 2612
and 2613 mounted on a single transducer shaft 2604. There can be more than three
transducers but typically at least one of the transducers 2612 will have its axis aligned with
the axis of the transducer shaft 2604 which in turn is preferably aligned along a radius of
curvature of the arc guide track 2602. The included angle 2624 between adjacent transducers
is typically in the range of about 1 degree to about 15 degrees. The center transducer 2612
will typically be used to image a specular surface of interest, such as a cornea or lens surface,
while the outside transducers 2611 and 2613 will typically be used to image non-specular
components of interest such as the sclera, iris, zonules etcetera. The outside transducers 2611
and 2613 can also provide partial or substantially complete images of the lens surfaces in the
region where the anterior and posterior surfaces come together. The pulses emitted and
reflected signals received by each transducer may be separate or coordinated. Since the exact
timing of emitted pulses and the exact location of each transducer is always known, the
reflected signals received by each transducer may be reconstructed into a comprehensive
image by post-processing or real time processing.

Control and Signal Processing

Figure 27 depicts a control and signal processing system for any of the ultrasound
imaging device configurations discussed above. The system 2700 includes a sensor array
2708 and controlled device 2712 in signal communication, via duplexed channels 2716 and
2720, with a computer 2704.

The sensor array 2708 includes a host of linear or angular position sensors that, inter
alia, track the relative and/or absolute positions of the various movable components, such as
the scan head positioning mechanism 602, arc guide track 601 and transducer carriage 603,
rotatable transducer head 605, transducer or arc scanner head 605 and 709, scanner head
mount arm 710, axial piston 703, piston 704, piston 705, linear carriage 802, arc carriage 803,
a motor to move the arc carriage 803 along the track 805 (not shown), and linear drive motor
in the linear drive motor housing 807. The sensor array can include any suitable type of
positional sensors, including inductive non-contact position sensors, string potentiometers,
linear variable differential transformers, potentiometers, capacitive transducers, eddy-current

sensors, Hall effect sensors, proximity sensors (optical), grating sensors, optical encoders
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(rotary or linear), and photodioide arrays. Preferred sensor types are discussed in US Patent
Application Serial No. 12/347,674, which is incorporated herein by this reference.

The controlled device 2712 is any device having an operation or feature controlled by
the computer 2704. Controlled devices include the various movable or activatable
components, such as the scan head positioning mechanism 602, arc guide track 601 and
transducer carriage 603, rotatable transducer head 605, transducer or arc scanner head 605 and
709, scanner head mount arm 710, axial piston 703, piston 704, piston 705, linear carriage
802, arc carriage 803, motor to move the arc carriage 803 along the track 805 (not shown),
and linear drive motor in the linear drive motor housing 807.

The computer 2704 is preferably a software-controlled device that includes, in
memory 2724, a number of modules executable by the processor 2728. The executable
modules include the controller 2732 to receive and process positioning signals from the sensor
array 2708 and generate and transmit appropriate commands to the monitored controlled
device 2712, imaging module 2736 to receive and process A- and B-scan images to produce
two-, three- or four dimensional images of selected ocular components or features, and
measurement module 2740 to determine, as discussed above, the dimensions and/or volumes
of selected ocular components and/or features. The imaging algorithm used by the imaging
module 2736 is further discussed in US Patent Application Serial No. 12/418,392, which is
incorporated herein by this reference.

A Third Method for Centrating

Figure 28 is a schematic representation of a third method for centrating an ultrasound
scanner on a curved area of interest of an eye, such as, for example, the anterior surface of the
cornea 2805. The posterior surface of the cornea 2808 is shown for reference. In this
method, a transducer 2802 travels along a track 2801. Track 2801 may be a linear or curved
track, or any combination thereof. The transducer is positioned in the general area of the area
of interest of the eye by another means, such as, for example, visually by an operator. As the
transducer 2802 travels along the track, ultrasound pulses represented by ray 2804 are emitted
at known transducer positions along the track. As can be appreciated, the length of the pulse
path for each ray 2804 can be plotted to obtain a geometrically accurate representation of the
anterior surface of the cornea 2805, using known A-scan or B-scan methods. A curve, arc,

circle, or ellipse, or other shape 2806 can be fitted to the area of interest of the eye, and the
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location of the apex and centroid of center of curvature 2807 of curve, arc, circle, or ellipse, or
other shape 2806 can be calculated. The process of fitting a curve, arc, circle, or ellipse, or
other shape to the area of interest of the eye may be performed using computer techniques,
any of which may not require generating an actual geometrically correct plot. Since the
position of transducer 2802 is accurately recorded for each ray 2804, track 2801 can
subsequently be moved laterally by positioner 2803 to align the axis of transducer 2802 with
the line joining the apex and centroid of the curve, arc, circle, or ellipse, or other shape fitted
to the area of interest of the eye 2807. This substantially achieves lateral centration. Further,
track 2801 can be moved axially by positioner 2803 to, for example, place the focal plane of
transducer 2802 on the anterior surface of the cornea 2805 to substantially achieve axial
centration..

This method can be repeated at one or more meridional positions to centrate the
scanner within the x-y plane.

A number of variations and modifications of the inventions can be used. For example,
a linear scan can be made wherein the transducer carriage is set at a desired angular position
along the arc guide track and then the entire arc guide track assembly is moved laterally. This
process can be repeated with the transducer carriage set at a different desired angular position
along the arc guide track. This method can generate, for example, detailed images of non-
specular features of interest such as such as: the angle between the cornea and iris lying
behind the sclera; the zonules attaching the lens; and the sulci formed on the posterior surface
of the iris where the anterior and posterior lens surfaces come together. In another scan
method, a combined scan can be made where the arc guide track assembly is moved laterally
while the transducer carriage moves along the arc guide track. Before the transducer carriage
is moved from one end of the arc guide track and after the transducer carriage has reached the
other end of the arc guide track, short lateral linear scans can be made. These short linear
scans can increase the image quality of non-specular features of interest such as such as: the
angle between the cornea and iris lying behind the sclera; the zonules attaching the lens; and
the sulci formed on the posterior surface of the iris where the anterior and posterior lens
surfaces come together. In another scan technique, the arcuate and linear motions of the
transducer can be fully coordinated to optimize the angle of the transducer axis relative to an

arca of interest, such as for example the area where the zonules connect the lens with the
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ciliary body.

As will be appreciated, it would be possible to provide for some features of the
inventions without providing others. For example, though the embodiments are discussed
with reference to an arc scanning device, it is to be understood that the various embodiments
may be used with other types of acoustic scanning devices using different transducer motion
strategies.

The present invention, in various embodiments, includes components, methods,
processes, systems and/or apparatus substantially as depicted and described herein, including
various embodiments, sub-combinations, and subsets thereof. Those of skill in the art will
understand how to make and use the present invention after understanding the present
disclosure. The present invention, in various embodiments, includes providing devices and
processes in the absence of items not depicted and/or described herein or in various
embodiments hereof, including in the absence of such items as may have been used in
previous devices or processes, for example for improving performance, achieving ease and\or
reducing cost of implementation.

The foregoing discussion of the invention has been presented for purposes of
illustration and description. The foregoing is not intended to limit the invention to the form or
forms disclosed herein. In the foregoing Detailed Description for example, various features of
the invention are grouped together in one or more embodiments for the purpose of
streamlining the disclosure. This method of disclosure is not to be interpreted as reflecting an
intention that the claimed invention requires more features than are expressly recited in each
claim. Rather, as the following claims reflect, inventive aspects lie in less than all features of
a single foregoing disclosed embodiment. Thus, the following claims are hereby incorporated
into this Detailed Description, with each claim standing on its own as a separate preferred
embodiment of the invention.

Moreover though the description of the invention has included description of one or
more embodiments and certain variations and modifications, other variations and

modifications are within the scope of the invention, ¢.g., as may be within the skill and
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knowledge of those in the art, after understanding the present disclosure. It is intended to
obtain rights which include alternative embodiments to the extent permitted, including
alternate, interchangeable and/or equivalent structures, functions, ranges or steps to those
claimed, whether or not such alternate, interchangeable and/or equivalent structures,
functions, ranges or steps are disclosed herein, and without intending to publicly dedicate any
patentable subject matter. For example, the steps may be performed in any order and are not

limited to the particular ordering discussed herein.
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What is claimed is:

1. A method, comprising:
(a) moving a first carriage along a linear guide track to generate a first ultrasound
scan image of an ocular feature; and
(b) moving a second carriage along an arcuate guide track to generate a second
ultrasound scan image of the ocular feature.
2. The method of claim 1, wherein the first carriage supports the second carriage
and the first and second ultrasound scan images are produced by a common transducer.
3. The method of claim 1, wherein the moving steps are performed sequentially.
4. The method of claim 1, wherein the first and second carriages are discrete from
one another.
5. A method, comprising:
(a) moving a first carriage along a linear guide track to displace linearly an
ultrasound transducer to image at least one of a tissue and an organ; and
(b)  moving a second carriage along an arcuate guide track to displace arcuately the

ultrasound transducer to image at least one of a tissue and an organ.

6. The method of claim 5, wherein the first carriage supports the second carriage.

7. The method of claim 5, wherein the moving steps are performed
simultaneously.

8. The method of claim 5, wherein the at least one of a tissue and an organ is a

selected ocular feature, wherein the selected ocular feature has a center of curvature, wherein
the arcuate guide track has a center of curvature, and wherein the center of curvature of the
arcuate guide track is substantially coincident with a center of curvature of the selected ocular
feature.
9. The method of claim 5, wherein the at least one of a tissue and an organ is an
eye of a patient and wherein step (b) comprises the sub-steps:
(B1) centrating the arcuate guide track on at least one of an anterior and posterior
curved surface of a lens of the patient;
(B2) moving the transducer along the arcuate guide track to generate a first scan
image which is that of the at least one of an anterior and posterior curved

surface;
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(B3)

(B4)

(B3)

(B6)

10.
(BI)

(B2)

(B3)

(B4)

(B3)

11.

centrating the arcuate guide track on an the other of the at least one of an
anterior and posterior curved surface of the lens;

moving the transducer along the arcuate guide track to generate a second
image which is that of the other of the at least one of an anterior and posterior
curved surface of the lens.

centrating the arcuate guide track on a curved surface of a cornea of the
patient;

moving the transducer along the arcuate guide track to generate a third scan
image which is that of the cornea;

The method of claim 5, wherein step (b) comprises the sub-steps:

generating, by the transducer, a first scanned image of a selected ocular
feature;

determining at least one of a first slope and degree of curvature of the first scan
image;

after moving a center of curvature of the arcuate guide track, generating, by the
transducer, a second scan image of the selected ocular feature;

determining at least one of a second slope and degree of curvature of the
second scan image;

comparing the at least one of a first slope and degree of curvature with the at
least one of a second slope and degree of curvature to determine a relative
distance of a center of curvature of the arcuate guide track from a center of
curvature of the selected ocular feature.

The method of claim 10, wherein, when the at least one of a first slope and

degree of curvature is the first slope and the at least one of a second slope and degree of

curvature is the second slope, the arcuate guide track is moved laterally in sub-step (B3).

12.

The method of claim 10, wherein, when the at least one of a first slope and

degree of curvature is the first degree of curvature and the at least one of a second slope and

degree of curvature is the second degree of curvature, the arcuate guide track is moved axially

in sub-step (B3).

13.

The method of claim 5, wherein the at least one of a tissue and an organ is a

selected ocular feature, wherein the selected ocular feature has a center of curvature, wherein
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the arcuate guide track has a center of curvature, and wherein the center of curvature of the
selected ocular feature is offset from, but substantially in alignment with, a center of curvature
of the arcuate guide track, whereby an ultrasound pulse emitted by the transducer passes
through both the centers of curvature of the arc guide track and selected ocular feature.

14.  The method of claim 5, wherein the at least one of a tissue and an organ is a
selected ocular feature of an eye of a patient, wherein the selected ocular feature has a center
of curvature, wherein the arcuate guide track has a center of curvature, wherein the center of
curvature of the selected ocular feature is offset from a center of curvature of the arcuate
guide track, wherein the center of curvature of the arcuate guide track is closer to the surface
of the patient’s eye than is the center of curvature of the selected ocular feature, wherein steps
(a) and (b) are performed substantially simultaneously, wherein the first carriage supports the
second carriage, and wherein the transducer is moved along the arcuate guide track in an
opposing direction to the motion of the first carriage, whereby an ultrasound pulse emitted by
the transducer passes through both the centers of curvature of the arcuate guide track and
selected ocular feature.

15.  The method of claim 5, wherein the at least one of a tissue and an organ is a
selected ocular feature of an eye of a patient, wherein the selected ocular feature has a center
of curvature, wherein the arcuate guide track has a center of curvature, wherein the center of
curvature of the selected ocular feature is offset from a center of curvature of the arcuate
guide track, wherein the center of curvature of the arcuate guide track is farther from the
surface of the patient’s eye than is the center of curvature of the selected ocular feature,
wherein steps (a) and (b) are performed substantially simultaneously, wherein the first
carriage supports the second carriage, and wherein the transducer is moved along the arcuate
guide track in the same direction as the motion of the first carriage, whereby an ultrasound
pulse emitted by the transducer passes through both the centers of curvature of the arcuate
guide track and selected ocular feature.

16.  An imaging device, comprising:

a first carriage operable to move along a linear guide track to displace linearly an
ultrasound transducer to image at least one of a tissue and an organ; and

a second carriage operable to move along an arcuate guide track to displace arcuately

the ultrasound transducer to image the at least one of a tissue and an organ.
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17.  The system of claim 16, wherein the first carriage supports the second carriage.

18.  The system of claim 16, wherein the at least one of a tissue and an organ is a
selected ocular feature, wherein the ultrasound transducer generates a scan image of the
selected ocular feature, wherein the selected ocular feature has a center of curvature, wherein
the arcuate guide track has a center of curvature, and wherein the center of curvature of the
selected ocular feature is substantially coincident with a center of curvature of the arcuate
guide track.

19.  The system of claim 16, wherein the at least one of a tissue and an organ is a
selected ocular feature and further comprising a processor operable to control the following
operations:

generating, by the transducer, a first scan image of the selected ocular feature;

determining at least one of a first slope and degree of curvature of the first scan image;

after moving a center of curvature of the arcuate guide track, generating, by the
transducer, a second scan image of the selected ocular feature;

determining at least one of a second slope and degree of curvature of the second scan
image;

comparing the at least one of a first slope and degree of curvature with the at least one
of a second slopes and degree of curvature to determine a relative distance of a center of
curvature of the arcuate guide track from a center of curvature of the selected ocular feature.

20. The system of claim 19, wherein, when the at least one of a first slope and
degree of curvature is the first slope and the at least one of a second slope and degree of
curvature is the second slope, the processor moves the arcuate guide track laterally.

21. The system of claim 19, wherein, when the at least one of a first slope and
degree of curvature is the first degree of curvature and the at least one of a second slope and
degree of curvature is the second degree of curvature, the processor moves the arcuate guide
track axially.

22.  The system of claim 16, wherein the at least one of a tissue and an organ is a
selected ocular feature, wherein the ultrasound transducer generates a scan image of the
selected ocular feature, wherein the selected ocular feature has a center of curvature, wherein
the arcuate guide track has a center of curvature, and wherein the center of curvature of the

selected ocular feature is offset from, but substantially in alignment with, a center of curvature
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of the arcuate guide track, whereby an ultrasound pulse emitted by the transducer passes
through both the centers of curvature of the arcuate guide track and selected ocular feature.

23.  The method of claim 16, the wherein the at least one of a tissue and an organ is
a selected ocular feature, wherein the ultrasound transducer generates a scan image of the
selected ocular feature of an eye of a patient, wherein the selected ocular feature has a center
of curvature, wherein the arcuate guide track has a center of curvature, wherein the center of
curvature of the selected ocular feature is offset from a center of curvature of the arcuate
guide track, wherein the center of curvature of the arcuate guide track is closer to the surface
of the patient’s eye than is the center of curvature of the selected ocular feature, wherein the
transducer is moved while the first carriage is moved, wherein the first carriage supports the
second carriage, and wherein the transducer is moved in an opposing direction from the first
carriage, whereby an ultrasound pulse emitted by the transducer passes through both the
centers of curvature of the arcuate guide track and selected ocular feature.

24.  The method of claim 16, wherein the at least one of a tissue and an organ is a
selected ocular feature is an of an eye of a patient, wherein the selected ocular feature has a
center of curvature, wherein the arcuate guide track has a center of curvature, wherein the
center of curvature of the selected ocular feature is offset from a center of curvature of the
arcuate guide track, wherein the center of curvature of the arcuate guide track is farther from
the surface of the patient’s eye than is the center of curvature of the selected ocular feature,
wherein the transducer is moved while the first carriage is moved, wherein the first carriage
supports the second carriage, and wherein the transducer is moved in a common direction as
the first carriage, whereby an ultrasound pulse emitted by the transducer passes through both
the centers of curvature of the arcuate guide track and selected ocular feature.

25. A method, comprising:

(a) for a selected meridian, positioning a focal plane of an ultrasound transducer in
proximity to a lens surface, the lens being a part of an eye of a patient, the eye
having an optical axis;

(b) moving the transducer linearly in the plane of the meridian but at substantially
right angles to the optical axis, while the transducer is positioned substantially
at a first angle above an optical axis to form a first ultrasound image; and

() moving the transducer linearly in the plane of the meridian but at substantially
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26.

right angles to the optical axis, while the transducer is positioned substantially
at a second angle below the an optical axis to form a second ultrasound image.

The method of claim 25, wherein the lens surface is one of an anterior and

posterior surface of the lens and further comprising:

(2)
(b)

repositioning the focal plane of the transducer near a midpoint of the lens;

moving simultancously the transducer linearly and arcuately in the plane of the

meridian to generate a third ultrasound image.

27.

(2)

(b)

28.

(©)

29.
30.

31
(2)

(b)

(©)

(d)
(e)

®

(2

The method of claim 25, further comprising:

repositioning the focal plane of the transducer within or near a cornea of the
eye; and

moving the transducer arcuately substantially in the plane of the meridian to
generate a fourth ultrasound image.

The system and method of claim 27, further comprising;:

combining the first, second, third, and fourth ultrasound images to form a
composite image of an anterior portion of the eye.

A computer operable to perform the steps of claim 25.

A computer readable medium comprising processor executable instructions
that, when executed, perform the steps of claim 25.

A method, comprising:

generating a scan of anterior and posterior surfaces of a lens in proximity to an
optical axis of the lens;

determining, from the scan, a radius of curvature of the anterior surface of the
lens;

determining, from the scan, a radius of curvature of the posterior surface of the
lens;

determining a first difference in the radii of curvature;

centrating on the anterior surface of the lens to determine a first z-axis
position;

centrating on the posterior surface of the lens to determine a second z-axis
position;

determining a second difference between the first and second z-axis positions;
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(h) comparing the first and second differences and applying the following rules:

(H1) when the first and second differences are within a first degree of accuracy,
determining that a lens thickness is verified; and

(H2) when the first and second differences are not within the first degree of accuracy,
(1) determining that the average acoustic velocity of the lens material using the first difference
expressed as a time difference and the second difference expressed as a distance difference
and (ii) determining the average acoustic velocity of the lens material by the following
formula:

c=Az/At

where ¢ = the average acoustic velocity of the lens

and Az is the first difference; and

and At is the second difference.

32.  The method of claim 31, wherein the scans are B-scans and wherein steps (b)
and (c) comprise the substeps:

(B1) fitting a section of a first circular arc to the anterior lens surface such that the
circular arc is centered around the lens optical axis;

(B2) determining that a first radius of curvature of the first circular arc is the radius of
curvature of the anterior lens surface;

(C1) fitting a section of a second circular arc to the posterior lens surface such that the
circular arc is centered around the lens optical axis; and

(C2) determining that a second radius of curvature of the second circular arc is the
radius of curvature of the anterior lens surface.

33. A computer operable to perform the steps of claim 31.

34. A computer readable medium comprising processor executable instructions
that, when executed, perform the steps of claim 31.

35. A method, comprising:

(a) generating a B scan of anterior and posterior surfaces of a lens of an eye of a

patient in proximity to an optical axis of the lens;
(b) determining, from the B scan, a first determination of lens thickness
substantially along the optical axis of the lens;

(©) generating an A scan of anterior and posterior surfaces of the lens in proximity
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(d)

(e)

®

(2

to an optical axis of the lens;

moving the transducer along the Z-axis and determining a first Z-axis position
wherein the amplitude of the A scan is substantially a local maximum at the
anterior surface of the lens;

moving the transducer along the Z-axis and determining a second Z-axis
position wherein the amplitude of the A scan is substantially a local maximum
at the posterior surface of the lens;

generating a second determination of the lens thickness substantially along the
optical axis of the lens as the difference between the first and second Z-axis
positions; and

comparing the first and second lens thicknesses and applying the following

rules:

(H1) when the first and second lens thicknesses are within a first degree of accuracy,

determining that a lens thickness is verified; and

(H2) when the first and second lens thicknesses are not within the first degree of

accuracy, (1) determining that the average acoustic velocity of the lens material using the first

lens thickness expressed as a time difference and the second lens thickness expressed as a

distance difference and (ii) determining the average acoustic velocity of the lens material by

the following formula:

c=Az/At

where ¢ = the average acoustic velocity of the lens

and Az is the first difference; and

and At is the second difference.

36.
37.

A computer operable to perform the steps of claim 35.

A computer readable medium comprising processor executable instructions

that, when executed, perform the steps of claim 35.

38.
(2)

A method, comprising:

generating, by an ultrasound transducer, a plurality of scans of a lens at

different meridian angles; and

(b)

lens.

forming, from the plurality of scans, a three dimensional representation of the
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39, The method of claim 38, wherein the scans are B scans and wherein a volume
of the lens is computed based on the three dimensional representation of the lens.

40.  An ultrasound imaging device, comprising:

a plurality of acoustic transducer sensors mounted on a common transducer shaft, whereby a
center transducer is focused on a point along the axis of the transducer shaft and the others are
focused on points at an angle of about 1 to about 15 degrees from the axis of the transducer
shaft.

41]. The device of claim 40, wherein the center transducer and at least a second
transducer are pulsed one of sequentially and simultaneously.

42 A method, comprising:

(a) using an ultrasound transducer, generating a scan, in proximity to an optical
axis of an eye, of at least one of an anterior surface of a cornea, a posterior
surface of a cornea, and an anterior surface of a lens;

(b) determining, from the scan, a radius of curvature of the least one of an anterior
surface of a cornea, a posterior surface of a cornea, and an anterior surface of a
lens;

(©) using the radius of curvature of the at least one of an anterior surface of a
cornea, a posterior surface of a cornea, and an anterior surface of a lens to
laterally centrate on the corresponding surface; and

(d) positioning a focal plane of the ultrasound transducer in proximity to the at
least one of an anterior surface of a cornea, a posterior surface of a cornea, and
an anterior surface of a lens to axially centrate on the corresponding surface.

43.  The method of claim 42, wherein the scans are B-scans and wherein steps (b)
and (c) comprise the substeps:

(B1) fitting a section of a curve, arc, circle, or ellipse, or other shape to the at least
one of an anterior surface of a cornea, a posterior surface of a cornea, and an anterior surface
of a lens such that the apex of the curve, arc, circle, or ellipse, or other shape is substantially
centered around the optical axis;

(B2) determining that the line joining the apex and the centroid of the curve, arc,
circle, or ellipse, or other shape is the aligned with the axis of the ultrasound transducer.

44. A computer operable to perform the steps of claim 42.
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45. A computer readable medium comprising processor executable instructions

that, when executed, perform the steps of claim 42.
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