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ALIGNMENT AND IMAGING OF AN EYE
WITH AN ULTRASONIC SCANNER

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 12/638,661 filed Dec. 15, 2009,
which claims the benefit of U.S. provisional patent applica-
tion Ser. No. 61/122,616 filed Dec. 15, 2008. The entireties of
the aforementioned applications are incorporated herein by
reference.

FIELD

[0002] 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
apparatuses and methods for positioning and aligning an
ultrasonic transducer with respect to an eye component of
interest, and for determining speed of sound in a selected
region of the eye.

BACKGROUND

[0003] 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.

[0004] 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 direc-
tions. 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
orlens 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
oflarge 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 pro-
vide a sequence of pulses that is always directed through the
center of curvature of the specular component, thus ensuring
normal reflection.

[0005] 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 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 align-
ment are described in U.S. Pat. No. 5,331,962, U.S. Pat. No.
6,491,637 and U.S. Pat. No. 6,887,203 which are incorpo-
rated herein by reference. Ultrasonic imaging may be used by
ophthalmologists for quantitative analysis of laser refractive
surgery, implantation of corneal and phakic lenses, implan-
tation of intraocular lenses including accommodative lenses,
and specialty procedures such as glaucoma and cataract treat-
ment.
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[0006] 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. Implan-
tation of accommodative lenses requires precision measure-
ments of the natural lens and its suspensory ligaments for
successful lens implantation. Such measurements include,
for example, lens width, thickness, volume and location rela-
tive 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.

[0007] 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.

[0008] Ultrasonic imaging requires a liquid medium to be
interposed between the object being imaged and the trans-
ducer, 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 mecha-
nisms must be therefore submerged in water for long periods.
[0009] The speed of sound in the cornea, aqueous humor
and lens is about 5 to 7% higher than the speed of sound in
water. Furthermore, the speed of sound varies little through-
out the lens even in the presence of cataracts. This makes
acoustic measurements, which depend on the 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.

[0010] Normal ultrasonic imaging practice uses a single
transducer for both sending ultrasound pulses to and receiv-
ing echoes from eye structures. That arrangement captures
only those echoes that return directly to the transducer sub-
stantially along the transducer axis.

[0011] Tt 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 sur-
face 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 cor-
neal or lens surface as the incident ultrasound pulses scan the
surface. Such a device is described in U.S. patent application
Ser. No. 12/347,674, entitled “Components for an Ultrasonic
Arc Scanning Apparatus”, filed Dec. 31, 2008 and U.S. patent
application Ser. No. 12/418,392 entitled “Procedures for an
Ultrasonic Arc Scanning Apparatus” filed Apr. 3, 2009, both
of which are incorporated herein by reference. With such a
device, the incident pulse beam scans in a plane while direct-
ing its axis through a fixed center point. If that center point is
at or near the center of curvature ofthe corneal or lens surface,
the incident beam will remain approximately perpendicular
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to the surface throughout the scan, and ultrasound reflections
will be returned to the transducer from all scanned parts of the
surface.

[0012] One method of obtaining an image of the posterior
surface of a natural or artificial implanted lens was disclosed
in U.S. patent application Ser. No. 12/475,322 entitled “Com-
pound Scanning Head for an Ultrasonic Scanning Appara-
tus”, filed May 29, 2009 which is incorporated herein by
reference. This application discloses an ultrasonic arc scan-
ning 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 pre-
sents an approach that allows the lens surfaces and cornea
surfaces to be imaged at the same time.

[0013] 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 radius of curvature
such as described in, for example, U.S. Pat. No. 6,887,203.

SUMMARY

[0014] 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 appa-
ratus that can move its virtual center of curvature, such that its
ultrasonic transducer will emit pulses that reflect substan-
tially perpendicularly from any curved specular surface of
interest within the eye.

[0015] In one embodiment, a method and imaging device
are provided that:

[0016] (a)move a first carriage along a linear guide track
to generate a first ultrasound scan image of an ocular
feature; and

[0017] (b)moveasecond carriage along an arcuate guide
track to generate a second ultrasound scan image of the
ocular feature.

[0018] In another embodiment, a method and imaging
device are provided that:

[0019] (a) 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

[0020] (b)movea second carriage along an arcuate guide
track to displace arcuately the ultrasound transducer to
image at least one of a tissue and an organ.

[0021] In another embodiment, a method and imaging
device are provided that:

[0022] (a) 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;

[0023] (b)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;

[0024] (c) 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.
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[0025] In another embodiment, a method and imaging
device are provided that:

[0026] (a) position a focal plane of an ultrasound trans-
ducer in proximity to a lens surface, the lens being a part
of an eye of a patient, the eye having an optical axis;

[0027] (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

[0028] (c)move thetransducer linearly in the plane ofthe
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.

[0029] In another embodiment, a method and imaging
device are provided that:

[0030] (a) 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;

[0031] (b)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;

[0032] (c)usethe 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

[0033] (d) position a focal plane of the ultrasound trans-
ducer 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.

[0034] 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.

[0035] 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.
[0036] 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.

[0037] In another embodiment, a method and imaging
device are provided that:

[0038] (a) generate a B scan of anterior and posterior
surfaces of alens of an eye of a patient in proximity to an
optical axis of the lens;

[0039] (b) determine, from the B scan, a first determina-
tion of lens thickness substantially along the optical axis
of the lens;

[0040] (c) 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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[0041] (d) move the transducer along the Z-axis and
determining a first Z-axis position wherein the ampli-
tude of the A scan is substantially alocal maximum at the
anterior surface of the lens;

[0042] (e) move the transducer along the Z-axis and
determining a second Z-axis position wherein the ampli-
tude of the A scan is substantially alocal maximum at the
posterior surface of the lens;

[0043] (f) 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

[0044] (g) compare the first and second lens thicknesses
and applying the following rule: when the first and sec-
ond lens thicknesses are within a first degree of accuracy,
determining that a lens thickness is verified.

[0045] In another embodiment, a method and imaging
device are provided that:

[0046] (a) generate, by an ultrasound transducer, a plurality
of scans of a lens at different meridian angles; and

[0047] (b) form, from the plurality of scans, a three dimen-
sional representation of the lens.

[0048] In another embodiment, a method is disclosed for
determining a thickness of a selected region of an eye,
wherein the selected region is bounded by a first interface and
a second interface, comprising: 1) substantially aligning an
axis of an ultrasound transducer with a z-axis of a positioning
mechanism and at least one of an optical axis of an eye, a
visual axis of an eye, and any line passing through both the
first interface and the second interface; 2) moving the posi-
tioning mechanism and the ultrasound transducer along the
Z-axis to determine a first z-axis position wherein an ampli-
tude of a first A-scan is substantially a maximum value in
proximity of the first interface of the selected region; 3)
moving the positioning mechanism and the ultrasound trans-
ducer along the z-axis to determine a second z-axis position
wherein an amplitude of a second A-scan is substantially a
maximum value in proximity of the second interface of the
selected region; and 4) subtracting the first axis position from
the second z-axis position to determine the thickness of the
selected region.

[0049] In another embodiment, a method is disclosed for
adjusting a B-scan comprised of a plurality of A-scans
wherein at least one acoustic velocity measured for an imaged
region of an eye is used to convert an acoustic pulse transit
time for an imaged region to a distance between a first inter-
face and a second interface of the imaged region.

[0050] In another embodiment, a system is disclosed for
determining a thickness of a region of an eye wherein the
region is bounded by a first interface and a second interface,
comprising: 1) a positioning mechanism which can be moved
back and forth along a z-axis; 2) a scan head that can be
positioned by the positioning mechanism; 3) an ultrasound
transducer operably connected to the scan head wherein the
ultrasound transducer can be positioned to emit ultrasound
pulses along a path coincident with the z-axis of the position-
ing mechanism; 4) a system for determining a position of the
positioning mechanism along the z-axis; and 5) a system for
receiving reflected ultrasound pulses.

[0051] These embodiments can permit estimating of the
on-axis thickness, equatorial diameter, capsule volume and
other geometric features of a natural or accommodative lens.
[0052] In another embodiment, a method and imaging
device are provided that include a a plurality of acoustic
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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.

[0053] The above embodiments can allow, for example,
real time imaging ofa 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.

[0054] The following definitions are used herein:

[0055] An acoustically reflective surface or interface is a
surface or interface that has sufficient acoustic impedance
difference across the interface to cause a measurable reflected
acoustic signal. A specular surface is typically a very strong
acoustically reflective surface.

[0056] Animate means of or relating to animal life as
opposed to plant life.

[0057] Anterior means situated at the front part of a struc-
ture; anterior is the opposite of posterior.

[0058] An A-scan is a representation of a rectified, filtered
reflected acoustic signal 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.

[0059] An accommodative lens, also known as a presby-
opic 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 accommoda-
tive lens reverses presbyopia, the inability of the eye to
change its focal distance from far to near.

[0060] Accuracy as used herein means free from error.

[0061] 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 bound-
ary of the cornea, lens, retina, etcetera).

[0062] The anterior chamber comprises the region of the
eye from the cornea to the iris. The anterior segment com-
prises the region of the eye from the cornea to the back of the
lens.

[0063] 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.

[0064] An arc scanner is 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.

[0065] Arc scanning transducer center of curvature is the
same as the center of curvature of the arc scanning guide.

[0066] Auto-centering means automatically, typically
under computer control, causing centration of the arc scan-
ning transducer with the eye component of interest.

[0067] A B-scan is 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 cor-
respond to A-scan amplitudes, to highlight the features along
the A-scan time history trace (the latter also referred to as an
A-scan vector).
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[0068] A canthus is the angular junction of the eyelids at
either corner of the eye where the upper and lower eyelids
meet.

[0069] Centration means substantially aligning the center
of curvature of the arc scanning transducer in all three dimen-
sions of space with the center of curvature of the eye compo-
nent of interest (such as the cornea, pupil, lens, retina, etcet-
era) such that rays from the transducer pass through both
centers of curvature. A special case is when both centers of
curvature are coincident.

[0070] 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 longi-
tudinal, 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.

[0071] 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.

[0072] 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.

[0073] A guide is an apparatus for directing the motion of
another apparatus.

[0074] Haptics are little protrusions extending from the
outer diameter of some types of artificial lenses. These hap-
tics fix the position of the lens to the ciliary body by protrud-
ing 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.

[0075] An intraocular lens is an artificial lens that is
implanted in the eye to take the place of the natural lens.
[0076] 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.

[0077] 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.
[0078] The natural lens (also known as the aquula or crys-
talline 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
ofthe 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
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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.

[0079] Ocular means having to do with the eye or eyeball.
[0080] Ophthalmology means the branch of medicine that
deals with the eye.

[0081] Optical as used herein refers to processes that use
light rays.
[0082] The optical axis of the eye is 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).
[0083] Organ means a differentiated structure (as a heart,
kidney or eye) consisting of cells and tissues and performing
some specific function in an organism.

[0084] 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.

[0085] 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 inci-
sion 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.

[0086] Positioner means the mechanism that positions a
scan head relative to a selected part of an eye. In the present
disclosure, the positioner can move back and forth along the
X, y or Z axes and rotate in the O direction about the z-axis.
Normally the positioner does not move during a scan, only the
scan head moves. In certain operations, such as measuring the
thickness of a region, the positioner may move during a scan.
[0087] Posterior means situated at the back part of a struc-
ture; posterior is the opposite of anterior.

[0088] The posterior chamber comprises the region of the
eye from the back of the iris to the front of the lens.

[0089] 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.

[0090] Precise as used herein means sharply defined.
[0091] Presbyiopia is 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.
[0092] The pulse transit time across a region of the eye is
the time it takes a sound pulse to traverse the region.

[0093] 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



US 2013/0144171 Al

(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).

[0094] Refractive means anything pertaining to the focus-
ing of light rays by the various components of the eye, prin-
cipally the cornea and lens.

[0095] Registration as used herein means aligning.

[0096] Scan head means the mechanism that comprises the
ultrasound transducer, the transducer holder and carriage as
well as any guide tracks that allow the transducer to be moved
relative to the positioner. Guide tracks may be linear, arcuate
or any other appropriate geometry. The guide tracks may be
rigid or flexible. Normally, only the scan head is moved
during a scan.

[0097] 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
transducer.

[0098] 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 be
reflected directly back to that transducer when the beam is
aligned perpendicular to a specular surface.

[0099] Theciliary sulcus is the groove between the iris and
ciliary body. The scleral sulcus is a slight groove at the junc-
tion of the sclera and cornea.

[0100] 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.

[0101] A track or guide track is an apparatus along which
another apparatus moves.

[0102] 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 imag-
ing in the eye, the frequency is typically in the approximate
range of about 5 to about 80 MHz.

[0103] 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.

[0104] 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.

[0105] 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.

[0106] As used herein, “at least one”, “one or more”, and
“and/or” are open-ended expressions that are both conjunc-
tive 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.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0107] FIG. 1 is a schematic of the main elements of a
human eye.
[0108] FIG. 2 is a schematic of some of the typical dimen-

sions of the human eye.
[0109] FIG. 3 shows a view of a human crystalline lens
showing axes of reference.

[0110] FIG.4isaschematic representation of'alens accom-
modating.
[0111] FIGS. 5A and 5B illustrate two different types of

scanning strategies for ultrasonic scanners.

[0112] FIGS. 6A and 6B are a schematic of a prior art
compound scanning head on an arc scanning device.

[0113] FIG. 7 illustrates a prior art compact arc scanning
head positioning mechanism.

[0114] FIG. 8 is a schematic of a first view of a scan head
capable of combined motion.

[0115] FIG.9is aschematic ofa second view ofa scan head
capable of combined motion.

[0116] FIG. 10 is a schematic of a third view of a scan head
capable of combined motion.

[0117] FIG. 11 is a schematic of a fourth view of a scan
head capable of combined motion.

[0118] FIG. 12 is a schematic of a typical eye showing
centers of curvature.

[0119] FIG. 13 is a schematic representation of an ultra-
sonic transducer showing aperture, focal length, depth of
focus and lateral resolution.

[0120] FIGS.14A, 14B, and 14C are a schematic represen-
tation of a first method for centrating an arc scanner on the
posterior surface of a lens.

[0121] FIG.15is analternative schematic representation of
a first method for centrating an arc scanner on the posterior
surface of a lens.

[0122] FIGS. 16A and 16B are a schematic representation
of varying transducer focal length with an arc scanner cen-
trated on the posterior surface of a lens.

[0123] FIGS. 17A, 17B, and 17C illustrate a process of
centrating an arc scanner whose center of curvature is later-
ally displaced.

[0124] FIG. 18 illustrates a short B-scan where the center of
curvature is laterally displaced.

[0125] FIGS. 19A, 19B, and 19C illustrate a process of
centrating an arc scanner whose center of curvature is axially
displaced.

[0126] FIG. 20 illustrates a short B-scan where the center of
curvature is axially displaced.

[0127] FIGS. 21A, 21B, and 21C are a schematic represen-
tation of a second method for centrating an arc scanner on the
posterior surface of a lens.

[0128] FIGS. 22A, 22B, and 22C are another schematic
representation of a second method for centrating an arc scan-
ner on the posterior surface of a lens.

[0129] FIG. 23 illustrates a method for determining lens
volume.
[0130] FIG. 24 is a schematic of a transducer configuration

for improving the range of imaging of an ultrasonic arc scan-
ner.

[0131] FIG. 25 is a block diagram of a control architecture
for an ultrasound imaging device.

[0132] FIG. 26 is a schematic representation of a third
method for centrating an arc scanner on a surface of a cornea.
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[0133] FIGS. 27A and 27B illustrate the position of the
apparatus to measure thickness and sound speed of a selected
region of the eye.

[0134] FIGS. 28A, 28B, 28C, 28D, and 28F illustrate the
movement of the transducer focal plane to measure thickness
and sound speed of a selected region of the eye.

[0135] FIGS. 29A, 29B, 29C, and 29D illustrate an actual
ultrasound A-scan.

[0136] FIG. 30 is a schematic of an A-scan of the cornea of
an eye.

[0137] FIG. 31 is a schematic of an A-scan of the anterior
segment of an eye.

[0138] FIG. 32 is a schematic of an A-scan of an eye from
cornea to retina.

[0139] FIG. 33 is a schematic of A-scan amplitudes versus
distance along a z-axis of a positioner.

[0140] FIG. 34 is a schematic of A-scan amplitudes versus
distance along a z-axis of a positioner showing a local maxi-
mum.

[0141] FIGS. 35A, 35B, and 35C illustrate the form of
amplitude versus position of a focused ultrasound transducer.

DETAILED DESCRIPTION

[0142] Inthe co-ordinate system of the eye as used herein,
the x-direction is substantially parallel to the horizontal equa-
tor of the eye (canthus to canthus); the z-direction is substan-
tially along the optical axis of the eye; and the y-direction is
perpendicular to the x-z plane of the eye (see FIG. 3).
[0143] FIG. 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 sepa-
rates 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 specu-
lar 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.

[0144] The optical axis is the line passing through the cen-
ters 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.

[0145] Optical means are suitable for viewing the anterior
chamber and for viewing near the 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 includes 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
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to about 100 MHz can be used to provide very high resolution
images of, for example, the cornea and the lens. Ultrasound
imaging over the above frequency ranges are described in
“Ultrasonography of the Eye and Orbit”, Second Edition,
Coleman et al, published by Lippincott Williams & Wilkins,
2006 which is incorporated herein by reference.

[0146] FIG. 2 is a schematic of some of the typical dimen-
sions of the human eye in millimeters and these dimensions
apply at least along or near the optical axis.

[0147] Thickness of cornea ~0.5 mm

[0148] Radius of curvature anterior cornea surface ~7.7
mm

[0149] Radius of curvature posterior cornea surface ~6.8
mm

[0150] Distance from the front of the cornea to the front

of the lens ~3.3 mm

[0151] Thickness of lens ~3.5 mm

[0152] Radius of curvature anterior lens surface ~11 mm

[0153] Radius of curvature posterior lens surface ~-6.0
mm

[0154] Equatorial diameter of lens ~8.5 mm to 10 mm

[0155] Distance from the rear of the lens to the front of

the retina ~16 mm

[0156] 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
37757, first printed in 2000.

[0157] The currently accepted acoustic velocities for some
eye components, at 37 C, are:

[0158] cornea ~1639 m/s
[0159] aqueous humor ~1532 m/s
[0160] lens ~1641 m/s
[0161] cataractous lens ~1,629 m/s
[0162] vitreous humor ~1,532 m/s
[0163] sclera (range) 1,583 nV/s to 1,744 m/s
[0164] These values are from Table 1.1 of “Ultrasonogra-

phy of the Eye and Orbit”, Second Edition, Coleman et al,
published by Lippincott Williams & Wilkins, 2006.

[0165] For comparison, the acoustic velocity (also known
as the speed of sound) in water at 37 C is ~1,520 m/s.

[0166] FIG. 3 shows a schematic representation of a lens
showing the axes of reference used herein. This figure shows
across-sectional view of alens 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.

[0167] Thelens 301 has an ellipsoid, biconvex shape. In an
adult, the lens has a diameter or horizontal width of approxi-
mately 9 millimeters. This is the dimension along the x-axis
302 of FIG. 3. The lens has a thickness of approximately 3.5
millimeters. This is the thickness along the z-axis 304 of FIG.
3. The lens has a height of approximately 9 millimeters. This
is the height along the y-axis 303 of FIG. 3.
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[0168] If the lens is approximately symmetrical about all
three axes, then its volume can be approximated as an ellip-
soid with the approximate volume of the lens being given by:

lens volume=4/3na b ¢

[0169] where
[0170] a=the lens half width (major equatorial radius)
[0171] b=the lens half height (polar radius)

[0172] c=the lens half thickness (minor equatorial
radius)

[0173] 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.

[0174] FIG. 4is aschematic representation of'a lens accom-
modating. The approximate lens shapes in relaxed mode
401R and in accommodative mode 401A are shown. It is
commonly believed that when the ciliary muscle 403A con-
tracts inward, the sulcus 404 A 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 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.

[0175] 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 accom-
modation to properly verify these theories. For example,
when a relaxed eye (focused for distant vision) accommo-
dates, the inside diameter of the ciliary body 403 A contracts
which tends to reduce tension in the zonules 402A which, in
turn, allows the lens 401A 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 understand-
ing can lead to better designs for artificial accommodative
lenses.

[0176] 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.

[0177] 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.
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[0178] During the development of the scanning device dis-
closed herein, it was observed that lens diameter, lens thick-
ness, lens shape and the distance between the cornea and lens
varied substantially, even over a small sample of subjects.
[0179] FIGS. 5A and 5B illustrate two different types of
prior art scanning strategies for ultrasonic scanners capable of
imaging most regions of the interior of an eye. FIG. SA
illustrates the arc scanning principle for producing an ultra-
sonic scan of a component of an eye 501. In this type of
scanner, which is described, for example, in U.S. Pat. No.
7,048,690; U.S. Pat. No. 6,887,203; U.S. Pat. No. 6,491,637,
U.S. Pat. No. 6,315,727; U.S. Pat. No. 5,331,962; U.S. Pat.
No. 5,293,871; and U.S. patent application Ser. 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 sur-
face). 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-sec-
tional image of the eye features of interest, commonly called
a B scan.

[0180] FIG. 5B illustrates the sector scanning principle for
producing an ultrasonic image of a particular location with an
eye511. In this type ofhand-held scanner, which is described,
for example, in U.S. Pat. No. 6,198,956, an ultrasonic trans-
ducer 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.

[0181] 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 U.S. Pat. No. 5,293,871 and in
“Ultrasonography of the Eye and Orbit”, Second Edition,
Coleman et al, published by Lippincott Williams & Wilkins,
2006.

[0182] A sector scanner can be used to obtain an approxi-
mate 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 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.

[0183] 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 ofa lens
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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 scan-
ners are discussed on page 35 of “Ultrasonography of the Eye
and Orbit” cited above.

[0184] 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 measur-
able 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.

[0185] FIGS. 6A and 6B are a schematic of a compound
scanning head on an arc scanning device which is taken from
U.S. patent application Ser. No. 12/475,322. An arc track 601
is shown mounted on a positioning mechanism 602. An
example of a positioning mechanism is described in FIG. 7.
The positioner 602 orients the arc track 601 such that the
center of curvature 609 of the arc track 601 is (1) approxi-
mately 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 trans-
ducer 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). 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.

[0186] 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 FIG. 3
of U.S. patent application Ser. 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.

[0187] Inthecase of surface 608 with its center of curvature
always approximately at the location of the center of curva-
ture 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 (ie ithas moved to an angle above or below its normal
position), the strength of the received pulse captured by the
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transducer head 605 will be diminished, diminishing rapidly
as the angle increases away from its normal position.

[0188] Inthe 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 trans-
ducer 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 nor-
mally from the surface 607.

[0189] Thus, for any eye component surface that is not
perfectly circular with approximately the same center of cur-
vature 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.

[0190] FIG. 6B also includes a close-up 611 of the rotatable
transducer head 605 with the transducer head in three pos-
sible 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

[0191] FIG. 7 illustrates a compact arc scan head position-
ing mechanism which has been disclosed previously in U.S.
patent application Ser. No. 12/347,674. FIG. 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 mecha-
nism 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 positioner, although alternate sealing mecha-
nisms 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 scan-
ning head assembly can be moved back and forth axially (the
z-direction) by axial piston 703 or another suitable mecha-
nism. 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 assem-
bly 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
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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.

[0192] 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 U.S. patent application Ser. No. 12/347,
674, the transducer carriage 712 moves along arc guide track
709 on a fluid bearing for smooth operation.

[0193] 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 co-ordinating these movements to obtain
scans that cannot be obtained by a simple arc scan. However,
the mechanisms of the apparatus of FIG. 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 suit-
able device is illustrated in FIGS. 8, 9, 10, and 11.

[0194] FIG. 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 FIG. 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 car-
riage 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 car-
riage 802 moves along linear guide track 804. As another
example, linear carriage 802 can be stationary while arc car-
riage 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 configu-
ration, arc carriage 803 is moved along arc guide track 805 by
an induction motor as described in U.S. patent application
Ser. No. 12/347,674. Arc carriage 803 moves along arc guide
track 805 on a fluid bearing which is also described in U.S.
patent application Ser. No. 12/347,674. Ultrasound trans-
ducer 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 car-
riage 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 FIG. 8 is under water and is sealed
from the x, y, z, beta positioner (shown in FIG. 7) by a sealing

Jun. 6, 2013

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 FIG. 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 FIG. 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.
[0195] FIG.9is aschematic of a second view ofa 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.

[0196] FIG. 10 is a schematic of a third view of a scan head
capable of combined motion. Inthis 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.

[0197] FIG. 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.

[0198] FIGS. 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 incorpo-
rating other 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 FIGS. 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

[0199] FIG. 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 sur-
faces 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.

[0200] Typical values for the thicknesses and radii of cur-
vature for the refractive components of the eye shown in FIG.
12 are:

[0201] Thickness of cornea ~0.5 mm

[0202] Radius of curvature anterior cornea surface ~7.7
mm

[0203] Radius of curvature posterior cornea surface ~6.8
mm

[0204] Thickness of lens ~3.5 mm

[0205] Radius of curvature anterior lens surface ~11 mm

[0206] Radius of curvature posterior lens surface ~—6.0
mm
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[0207] FIG. 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 trans-
ducer 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 72

[0208] where

[0209] T=the pulse duration, and

[0210] c=the acoustic velocity of the medium
[0211] 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.
[0212] Since the focused beam is diffraction limited, the
lateral resolution 1306 is usually given by the diameter of the
Airy disc:

Alateral=1.220fd

[0213] where

[0214] A~=the wavelength of the pulse train,

[0215] f=the focal length of the transducer and

[0216] d=the diameter of the transducer
[0217] 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.
[0218] The depth of focus is given by the relationship:

AM(4 sin?(0/2))

[0219] where

[0220] A=the wavelength of the pulse train,

[0221] ©6=the half angle subtended by the transducer

diameter at the focal point

[0222] 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.
[0223] As can be appreciated, a the transducer with a con-
cave 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 con-
ditions: (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

[0224] FIGS. 14A, 14B, and 14C are a schematic represen-
tation 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
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this centration are described in FIGS. 17A,17B, and 17C, and
FIGS. 19A, 19B, and 19C. Now as the transducer carrier
moves along the arc guide track 1401, its sonic pulses, rep-
resented by rays 1404, 1405 and 1406, always pass through
both centers of curvature 1403 and reflect substantially per-
pendicularly from the posterior surface 1402 of the lens. As
can be seen, the length ofthe 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 FIGS. 14A, 14B, and 14C, the center of cur-
vature 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.

[0225] 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 sub-
stantial portion ofthe cornea (both surfaces and internal struc-
ture 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 gener-
ating 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 mini-
mize 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 high speed toward the eye.

[0226] Itis 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 trans-
ducer on each eye surface. Typically, the focal length of the
transducer is designed to be inside the cornea when the trans-
ducer 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 inter-
est. This deficiency can be remedied by using dynamic trans-
ducer focusing techniques.

[0227] The centration method described in FIGS. 14A,
14B, and 14C can be accomplished by an arc scanner appa-
ratus such as described in U.S. patent application Ser. No.
12/347,674.
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[0228] InFIGS. 21 and 22, an alternate method for centrat-
ing will be disclosed that does not require substantial coinci-
dence of the center of curvature of the arc guide track with the
center of curvature of the eye surface being imaged.

[0229] FIG.15is an alternative schematic representation of
the above method for centrating an arc scanner on the poste-
rior 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 ante-
rior 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
FIG. 2. In the setup shown in FIG. 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

[0230] 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 Figured
16A and 16B for a transducer centrated on the posterior
surface of a lens.

[0231] FIGS. 16A and 16B are a schematic representation
of varying transducer focal length with an arc scanner cen-
trated on the posterior surface of a lens. FIG. 16A shows a
focused ultrasonic 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 repre-
sented by a cornea and a lens. The focal point of the trans-
ducer 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 pos-
terior 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.

[0232] FIG.16B also shows a focused ultrasonic transducer
1612 which moves along an arc guide track 1601. The trans-
ducer 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. 16 A 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 sur-
face of the lens than the transducer 1602 of FIG. 16A which
is not focused near the surface of interest, which in FIGS. 16 A
and 16B is the posterior surface of the lens. As can be appre-
ciated, 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
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must allow enough space between the transducer and the
eyepiece of the arc scanner for this to be accomplished with-
out 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

[0233] FIGS. 17A, 17B, and 17C illustrate a process of
centrating an arc scanner whose center of curvature is later-
ally 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
ultrasonic pulses such as represented by ray 1705. These
pulses pass through the center of curvature 1711 of the trans-
ducer but not the center of curvature 1703 of the eye compo-
nent of interest. Therefore, rays emitted and received at dif-
ferent 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 gen-
erated before correction for curvature of the arc will appear as
a line tilted at an angle to the horizontal as further described
in FIG. 18. This is because rays emitted and received near the
top of the arc in FIGS. 17A, 17B, and 17C have less far to
travel than rays emitted and received near the bottom of the
arc in FIGS. 17A, 17B, and 17C.

[0234] 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
butnotas 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 FIG. 18 but less tilted than the line
generated by the transducer of FIG. 17A.

[0235] FIG. 17C 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 com-
ponent 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 FIG. 18.

[0236] Inpractice 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 adjustment process can be carried out manually or
it can be automated and performed under computer control.
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[0237] 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 cor-
recting 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.

[0238] FIG. 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. FIG. 18 shows a schematic
representation of three raw B-scans generated before correc-
tion 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 mea-
sured. 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 compo-
nent 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

[0239] FIGS. 19A, 19B, and 19C illustrate 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 ultra-
sonic 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 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 FIG.
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.
[0240] 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 dif-
ferent 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 FIG.
20 but less curved than the line generated by the transducer of
FIG. 19A.
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[0241] FIG. 19C 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 com-
ponent 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
ofthe 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 horizon-
tal line as further described in FIG. 20.

[0242] Inpractice 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 appreci-
ated, this centration adjustment process can be carried out
manually or it can be automated and performed under com-
puter control.

[0243] 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
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.

[0244] If an arc scanner is set with its center of curvature
both laterally and axially displaced from the center of curva-
ture 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 car-
ried out manually or it can also be automated and performed
under computer control.

[0245] FIG. 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. FIG. 20 shows a schematic
representation of three raw B-scans generated before correc-
tion 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 compo-
nent 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.
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A Second Method for Centrating

[0246] FIGS.21A, 21B, and 21C are a schematic represen-
tation 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 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 separa-
tion 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(tan o —tan o)

[0247] where o, =the angle between the transducer axis and
the horizontal at time t;

[0248] and o,=the angle between the transducer axis and
the horizontal at time t,

[0249] If, as in FIGS. 21A, 21B, and 21C, 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.

[0250] FIG. 21A shows the arc path 2101 of 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 ultra-
sonic 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.

[0251] FIG. 21B shows the arc path 2111 of 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 trans-
ducer 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.

[0252] FIG. 21C shows the arc path 2121 of 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 track assembly moves
in the opposite direction as described above. As the trans-
ducer 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.
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[0253] 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 cor-
rected by the known geometric relationships since the posi-
tions 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 FIGS. 21A, 21B, and 21C,
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.
[0254] As an example of the range of motions illustrated in
FIGS. 21A, 21B, and 21C, the center of curvature of trans-
ducer face (R=20 mm) is about 2.466 mm closer to the eye
component than the center of curvature of the posterior sur-
face of the lens (R=6 mm).

Lateral displacement of arc
track between adjacent
angular movements (mm)

Transducer angle with respect
to the horizontal (degrees)

35.000 0.0000
23.045 0.6775
11.090 0.5656

[0255] FIGS. 22A, 22B, and 22C is another schematic rep-
resentation of representation of a second method for centrat-
ing 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 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.

[0256] Ifthe separation centers of curvatures in the z-direc-
tion is “Az” then the movement of the arc guide track in the
x-direction is:

Ax=Az(tan o —tan o)

[0257] where o, =the angle between the transducer axis and
the horizontal at time t,

[0258] and o,=the angle between the transducer axis and
the horizontal at time t,

[0259] If, as in FIGS. 22A, 22B, and 22C, 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 move-
ment of the arc guide track assembly and arrow 2221 denoting
the direction of movement of the transducer.

[0260] FIG. 22A shows the arc path 2201 of 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
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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.
[0261] FIG. 22B shows the arc path 2211 of 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 trans-
ducer 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.

[0262] FIG. 22C shows the arc path 2221 of 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 trans-
ducer 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.

[0263] 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 cor-
rected by the known geometric relationships since the posi-
tions 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 FIGS. 22A, 22B, and 22C,
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.
[0264] As an example of the range of motions illustrated in
FIGS. 22A, 22B, and 22C, the center of curvature of trans-
ducer face (R=20 mm) is about 3.363 mm further away from
the eye component than the center of curvature of the poste-
rior surface of the lens (R=6 mm).

Lateral displacement of arc
track between adjacent
angular movements (mm)

Transducer angle with respect
to the horizontal (degrees)

35.000 0.000
23.045 0.9241
11.090 0.7714

Forming an Image of the Anterior Segment of an Eye

[0265] 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 FIGS. 7 through 11 where centration is achieved
either by the method of FIGS. 21A, 21B, and 21C, or FIGS.
22A, 22B, and 22C. Such a scan can image substantial por-
tions of both anterior and posterior cornea as well as substan-
tial portions of the anterior and posterior lens surfaces.
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[0266] 1. the arc scanner is positioned with respect to the
center of the eye by manual or computer-controlled means
using the x-, y- and beta positioning means described in
FIG.7.

[0267] 2. the focal plane of the transducer is placed at or
near the posterior lens surface by observing and maximiz-
ing the amplitude of an A-scan pulse waveform known to
be from the posterior lens surface substantially along the
optical axis of the eye

[0268] 3. A first linear scan is made with the transducer
carriage parked at an angle o. on the arc guide track (o 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 atan angle —c. 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.

[0269] 4. the focal plane of the transducer is then retracted
so that it is situated near the midpoint of the lens by observ-
ing the amplitude of an A-scan substantially along the
optical axis of the eye.

[0270] 5.A combined scan (co-ordinated linear and arcuate
motion such as described in FIGS. 21A, 21B, and 21C, or
FIGS. 22A, 22B, and 22C) 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.

[0271] 6. the focal plane of the transducer is further
retracted so that it is situated in the cornea again by observ-
ing the amplitude of an A-scan substantially along the
optical axis of the eye.

[0272] 7. 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 cap-
sule surface. This scan will typically also image a short
section of the posterior lens capsule near the optical axis.

[0273] 8. Since the above scans are referenced by a com-
mon co-ordinate system, they can be readily combined to
create a comprehensive image of substantially all of the
anterior segment of the eye.

[0274] 9. 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) mecha-
nism of the positioner (see FIG. 7).

[0275] A series of these anterior segment scans can be

carried out by the scanning device described in FIGS. 8

through 11 in about 5 to about 10 seconds so that the patient

has little opportunity to move his or her eye.

[0276] Ascanbeappreciated, the steps described above can

be performed in a number of different sequences from those

described.

Lens Volume

[0277] FIG. 23 illustrates a method for determining lens
volume. FIG. 23 shows an anterior cornea surface 2301 and a
posterior cornea surface 2302 and their respective centers of
curvature 2303 and 2304. Also shown are an anterior lens
surface 2311 and a posterior lens surface 2312 and their
respective centers of curvature 2314 and 2313. The circle
2322 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
2322 is shown magnified with the hard-to-image surfaces
2323 shown again by dotted lines. As can be appreciated the
extent of these hard-to-image surfaces shown is only approxi-
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mate and depends on the particular patient and on the capa-

bilities of the ultrasonic arc scanner. A possible method for

imaging this region of the lens is described in U.S. patent

application Ser. No. 12/475,322.

[0278] These hard-to-image surfaces 2323 where the ante-

rior and posterior surfaces of the lens come together can be

estimated in at least the following ways:

[0279] (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.

[0280] (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.

[0281] (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

[0282] The volume of the lens capsule can be determined
for example by taking a number of B-scans at different merid-
ian angles and using these to collect a number of points on the
anterior and posterior lens surface to form a 3-D representa-
tion 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 co-ordinates can be used to compute the vol-
ume of the lens, for example, if the lens is not a perfect
ellipsoid.

Alternate Transducer Configuration

[0283] FIG. 24 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 FIG. 24 will help to
extend the lateral range of the image. FIG. 24 shows an arc
guide track assembly 2401 on which a transducer carriage
2403 is mounted. The transducer carriage 2403 moves along
an arc guide track 2402 during a scan while, as described in
FIGS. 21A, 21B, and 21C, and FIGS. 22A, 22B, and 22C, the
arc guide track assembly may also be moved linearly during
a “combined” scan. FIG. 24 illustrates three transducers
2411, 2412 and 2413 mounted on a single transducer shaft
2404. There can be more than three transducers but typically
at least one of the transducers 2412 will have its axis aligned
with the axis of the transducer shaft 2404 which in turn is
preferably aligned along a radius of curvature of the arc guide
track 2402. The included angle 2424 between adjacent trans-
ducers is typically in the range of about 1 degree to about 15
degrees. The center transducer 2412 will typically be used to
image a specular surface of interest, such as a cornea or lens
surface, while the outside transducers 2411 and 2413 will
typically be used to image non-specular components of inter-
est such as the sclera, iris, zonules etcetera. The outside trans-
ducers 2411 and 2413 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
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emitted and reflected signals received by each transducer may
be separate or co-ordinated. 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-pro-
cessing or real time processing.

Control and Signal Processing

[0284] FIG. 25 depicts a control and signal processing sys-
tem for any of the ultrasound imaging device configurations
discussed above. The system 2500 includes a sensor array
2508 and controlled device 2512 in signal communication,
via duplexed channels 2516 and 2520, with a computer 2504.
[0285] The sensor array 2508 includes a host of linear or
angular position sensors that, inter alia, track the relative
and/or absolute positions of the various movable compo-
nents, such as the 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 potentiom-
eters, linear variable differential transformers, potentiom-
eters, capacitive transducers, eddy-current sensors, Hall
effect sensors, proximity sensors (optical), grating sensors,
optical encoders (rotary or linear), and photodioide arrays.
Preferred sensor types are discussed in U.S. patent applica-
tion Ser. No. 12/347,674, which is incorporated herein by this
reference.

[0286] The controlled device 2512 is any device having an
operation or feature controlled by the computer 2504. Con-
trolled devices include the various movable or activatable
components, such as the positioning mechanism 602, arc
guide track 601 and transducer carriage 603, rotatable trans-
ducer 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.
[0287] The computer 2504 is preferably a software-con-
trolled device that includes, in memory 2524, a number of
modules executable by the processor 2528. The executable
modules include the controller 2532 to receive and process
positioning signals from the sensor array 2508 and generate
and transmit appropriate commands to the monitored con-
trolled device 2512, imaging module 2536 to receive and
process A- and B-scan images to produce two-, three- or four
dimensional images of selected ocular components or fea-
tures, and measurement module 2540 to determine, as dis-
cussed above, the dimensions and/or volumes of selected
ocular components and/or features. The imaging algorithm
used by the imaging module 2536 is further discussed in U.S.
patent application Ser. No. 12/418,392, which is incorporated
herein by this reference.

A Third Method for Centrating

[0288] FIG. 26 is a schematic representation of a third
method for centrating an ultrasound scanner on a curved area
ofinterest of an eye, such as, for example, the anterior surface
of the cornea 2605. The posterior surface of the cornea 2608
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is shown for reference. In this method, a transducer 2602
travels along a track 2601. Track 2601 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 opera-
tor. As the transducer 2602 travels along the track, ultrasound
pulses represented by ray 2604 are emitted at known trans-
ducer positions along the track. As can be appreciated, the
length of the pulse path for each ray 2604 can be plotted
obtain a geometrically accurate representation of the anterior
surface of the cornea 2605, using known A-scan or B-scan
methods. A curve, arc, circle, or ellipse, or other shape 2606
can be fitted to the area of interest of the eye, and the location
of the apex and centroid of center of curvature 2607 of curve,
arc, circle, or ellipse, or other shape 2606 can be calculated.
The process of fitting a curve, arc, circle, or ellipse, or other
shapeto the area of interest of the eye may be performed using
computer techmques, any of which may not require generat-
ing an actual geometrically correct plot. Since the position of
transducer 2602 is accurately recorded for each ray 2604,
track 2601 can subsequently be moved laterally by positioner
2603 to align the axis of transducer 2602 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 2607. This
substantially achieves lateral centration. Further, track 2601
can be moved axially (along its z-axis) by positioner 2603 to,
for example, place the focal plane of transducer 2602 on the
anterior surface of the cornea 2605 to substantially achieve
axial centration.

[0289] This method can be repeated at one or more meridi-
onal positions to centrate the scanner within the x-y plane.

Methods for Determining Thickness and Sound Speed of a
Selected Region of the Eye

[0290] In the following, the lens is used as an example of a
selected region of the eye to illustrate a method for determin-
ing thickness and sound speed of a selected region. The same
method may be applied to the cornea, aqueous humor and
vitreous humor, any artificial lens and the like, all of which are
bounded by acoustically reflective interfaces.

[0291] Typically, the thickness of a lens, measured approxi-
mately along its optical axis utilizing an ultrasound tech-
nique, can be estimated by either of two known methods:

[0292] (1) by measuring the thickness of the lens directly
from an ultrasound 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 “Ultra-
sonography of the Eye and Orbit”, Second Edition, Coleman
et al, published by Lippincott Williams & Wilkins, 2006.

[0293] (2) by measuring the thickness of the lens using an
A-scan by setting the ultrasonic transducer with its focal
plane inside the lens, preferably near the center, with the
transducer axis substantially 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=At2¢
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[0294] where
[0295] At=measured time difference between the pulses
reflected off the anterior and posterior surface

[0296] Az is the on-axis lens thickness and
[0297] c=the accepted lens acoustic velocity
[0298] The factor of 2 arises as the reflected pulse from the

posterior surface travels twice the distance across the lens.
The pulse transit time across a region is therefore Y2 the
measured time between the pulses reflected from the anterior
and posterior surfaces of the region.

[0299] Both ofthese 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 mea-
surement. 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 scanner
(arcuate guide track only) with its transducer substantially
aligned with the optical axis.

[0300] 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 com-
pared to the lens thickness determined from either of the two
methods described above. Yet another independent measure-
ment 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.

[0301] A method for determining the thickness of a lens
along any line through the lens including the on-axis line
(visual or optical on-axis line) is to utilize A-scans and the
z-axis positioner. The scanner is positioned so that the trans-
ducer can emit pulses along a line through a substantial sec-
tion of a region of interest such, as for example, the lens of an
eye. With the scan head fixed, the 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 trans-
ducer being placed on the anterior surface of the lens. The
z-axis position of the positioner, z1, is recorded. Next, the
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 positioner, 72, is
then recorded. The difference is |1z1-z2|=Az, where Az is a
direct measurement of the lens thickness. In this method, the
transducer holder is aligned with the z-axis of the positioner
so that the face of the transducer always moves perpendicu-
larly to the z-axis when the positioner is moved along its
Z-axis.

[0302] The following figures describe, in more detail, a
method for determining the thickness of a selected region of
the eye and for determining an accurate measure of average
sound speed in the selected region.

[0303] FIGS. 27A and 27B illustrate the position of an
apparatus that can measure thickness and sound speed of a
selected region of the eye. FIG. 27A shows a positioner arm
2701 rigidly attached to a arcuate guide track 2702. A trans-
ducer carriage 2703 is shown centered on the arcuate guide
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track 2702. An ultrasound transducer holder 2704 is rigidly
attached to transducer carrier 2703 such that the transducer
element emits an ultrasound pulse along a path 2723 that is
aligned with the axis of transducer holder 2704 along the
z-axis 2721 of the positioner arm 2701. In this example, the
path 2723 of the ultrasound pulse is shown entering an eye
2711 substantially along its visual or optical axis. As will be
noted below, the path 2723 of the ultrasound pulse may be at
an angle to the visual or optical axis as long as it intersects the
two interfaces of the selected region for purposes of deter-
mining sound speed of the region. However, it is always
preferable to make measurements where the sound pulse is
normal to the interfaces so as to minimize refractive errors.

[0304] FIG. 27B shows a close up of the eye illustrating the
path 2723 of the ultrasound pulse through the cornea 2731
and the lens 2732. In this example, the focal plane 2724 of the
ultrasound transducer is shown located in the aqueous humor
between the cornea 2731 and the lens 2732. As the positioner
arm 2701 is moved back and forth 2722 along its z-axis 2721,
the focal plane 2124 of the transducer moves along the z-axis
such that it can cross the two interfaces bounding the region of
interest in the eye. As described in FIGS. 28A, 28B, 28C,
28D, and 28E, the two example interfaces are the anterior and
posterior surfaces of a lens.

[0305] FIGS. 28A, 28B, 28C, 28D, and 28E illustrate the
movement of the transducer focal plane to measure thickness
and sound speed of a selected region of the eye (a lens in this
example). FIG. 28A shows a cornea 2811 and a lens 2812 of
an eye with an ultrasound pulse path 2803 passing through the
eye. The face 2801 of an ultrasound transducer is shown in
relation to the focal plane 2802 of the transducer. The trans-
ducer is set up as described in FIGS. 27A and 27B such that
the ultrasound pulse path 2803 is aligned to be coincident
with the z-axis of the positioner arm. FIG. 28A shows the
focal plane 2802 of the transducer behind the posterior sur-
face of lens 2812 in the vitreous humor. In FIG. 28B, the
positioner arm has been retracted along its z-axis, moving the
focal plane of the transducer into the lens just inside the
posterior surface of the lens so that the focal plane has passed
across the posterior interface of the lens. As the focal plane is
moved, the transducer is emitting a series of ultrasound pulses
producing an A-scan with each pulse. In FIG. 28C, the posi-
tioner arm has been further retracted along its z-axis, moving
the focal plane of the transducer into the center of the lens
while continuing to emit a series of ultrasound pulses. In FIG.
28D, the positioner arm has been further refracted along its
z-axis, moving the focal plane of the transducer up to the
anterior surface of the lens while continuing to emit a series of
ultrasound pulses. In FIG. 28E, the positioner arm has been
further retracted along its z-axis, moving the focal plane of the
transducer past the anterior interface of the lens into the
aqueous humor region so that the focal plane has passed
across the anterior interface of the lens while continuing to
emit a series of ultrasound pulses. The transducer has now
generated a series of A-scans as the focal plane 2802 traverses
both surfaces of the lens which is the selected region in this
example. At the same time, the position of the transducer
along the z-axis has been recorded, for example by a magnetic
encoding strip on the positioner arm, so that the position of
the transducer focal plane is known for each A-scan.

[0306] As can be appreciated, the series of A-scans can be
generated as described above by moving the transducer in
either direction through the selected region. If the positioner
arm has significant back lash when its motion is reversed, then
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it is preferable to move the positioner arm continuously in
either one direction or the other to obtain the most accurate
measurements.

[0307] FIGS.29A, 29B, 29C, and 29D illustrate an clinical
ultrasound A-scan. This figure was taken from FIGS. 1.8 and
1.9 of “Ultrasonography of the Eye and Orbit”, Second Edi-
tion, Coleman et al, published by Lippincott Williams &
Wilkins, 2006 and illustrates how an A-scan is generated and
interpreted. FIG. 29A is a schematic representation of the
main interfaces in an eye that generate strong reflected ultra-
sound signals. Shown are the surfaces bounding regions of the
cornea (C), the aqueous humor (A), the lens (L) the vitreous
humor (V) and finally the retina (R). FIG. 29B shows the
corresponding reflected A-scan signals from the anterior sur-
face of the cornea (AC), posterior surface of the cornea (PC),
the anterior surface of the lens (AL), posterior surface of the
lens (PL) and the retina (R). FIG. 29C shows a typical RF
ultrasound signal (voltage versus time) where the leftmost
signals correspond to reflections from the membrane separat-
ing the fluid in the eyepiece from the fluid in the scanner. FIG.
29C shows reflections from the membrane, the corneal and
lens surfaces but does not show the reflection from the retina.
FIG. 29D shows the rectified A-scan signal of FIG. 29C.
Many rectified and filtered A-scans are used to modulate a
grayscale that is commonly used to generate a B-scan.
[0308] FIG. 30 is a schematic representation of an A-scan
of'acorneaofaneye. This illustration shows a typical rectified
signal through the cornea as amplitude 12 versus time 11.
Local maximum 1 represents the anterior surface of the cor-
nea, local maximum 2 represents Bowman’s layer within the
cornea and local maximum 3 represents the posterior surface
of the cornea.

[0309] FIG. 31 is a schematic of an A-scan of the anterior
segment of an eye. This illustration shows a typical rectified
and filtered signal through the anterior segment as amplitude
12 versus time 11. Local maximum 1 represents the anterior
surface of the cornea, local maximum 2 represents Bowman’s
layer, local maximum 3 represents the posterior surface of the
cornea, local maximum 4 represents the anterior surface of
the lens and local maximum 5 represents the posterior surface
of the lens.

[0310] FIG. 32 is a schematic of an A-scan of an eye from
cornea to retina. This illustration shows a typical rectified and
filtered signal through the entire interior of an eye as ampli-
tude 12 versus time 11. Local maximum 1 represents the
anterior surface of the cornea, local maximum 3 represents
the posterior surface of the cornea, local maximum 4 repre-
sents the anterior surface of the lens, local maximum 5 rep-
resents the posterior surface of the lens and local maximum 6
represents the surface of the retina. The reflected pulses are
shown decreasing in amplitude for interfaces deeper within
the eye. This is because the further an acoustic pulse travels,
the greater the amplitude attenuation in the acoustic medium.
Unless dynamic focusing techniques are used, the reflected
signal strength also decreases rapidly as the distance between
the interface and transducer focal plane increases.

[0311] FIG. 33 is a schematic of a series of A-scan maxi-
mum amplitudes 12 plotted versus distance 11 along a z-axis
of'a positioner. In this graph, the ultrasound transducer holder
axis is accurately aligned with the z-axis of the positioner so
that the face of the transducer element always moves perpen-
dicularly to the z-axis when the positioner is moved along its
z-axis. As the focal point of the transducer approaches an
interface, the maximum signal amplitude increases to a maxi-
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mum value and then decreases as the focal plane of the trans-
ducer passes across the interface. In the example of FIG. 33,
the transducer is moved from an initial position where its
focal plane is in front of the anterior surface of the region of
interest and is moved until it is beyond the posterior interface
of the region of interest. Thus there are two local maximum
values 1 and 2 that correspond to interfaces generated by this
procedure. The local maximum values are particularly strong
when the interfaces are specular. Since the z-position of the
positioner is recorded, the difference in z-positions between
the first local maximum value 1 and the second local maxi-
mum value 2 is a mechanical measurement of the distance
between the two interfaces and has the precision of the posi-
tioner locator method. For example, if a commercially avail-
able magnetic encoder strip is used, the z-position can cur-
rently be measured to an accuracy of about 1 micron.

[0312] As canbeappreciated, any or all of the A-scans used
in the above procedure may be used to measure the time
difference between the two interfaces of the region of interest.
Ifmany or all A-scans are used, they can be averaged to obtain
an even more accurate measurement. If a commercially avail-
able 200 MHz A/D converter is used to digitally record each
A-Scan, then a time difference between the two interfaces can
currently be measured to an accuracy of about 5 nanoseconds.
[0313] Using the above accuracies for distance and time
measurements, average sound speed can be measured with an
error of no more than about:

[0314] 30 m/s in the cornea

[0315] 5 m/s in the aqueous humor and lens

[0316] 1 mV/s in the vitreous humor

[0317] The large error in the cornea is because the width of

the cornea is so small, being typically about 0.5 mm.

[0318] Once the distance, Az, between two interfaces of the
region of interest is determined by the mechanical displace-
ment of the z-axis positioner and the time interval, At,
between two interfaces of the region of interest is determined
from A-scans, then the average speed of sound, c, of the
region of interest can be determined as c=2 Az/At where At is
the measured time difference between the pulses reflected off
the anterior and posterior surface of the region of interest.

[0319] FIG. 34 is a schematic of A-scan amplitudes 12
versus distance 11 along a z-axis of a positioner showing a
local maximum. As the focal point of the transducer
approaches an interface, the maximum signal amplitude
increases to a maximum value and then decreases as the focal
plane of the transducer passes across the interface. Since the
measurement is typically made digitally by an A/D converter,
the maximum value of any A-scan may not be taken when the
focal plane of the ultrasound transducer is exactly at the
interface. A more accurate location and amplitude may be
computed by fitting the digitally acquired data points 21 with
an analytical curve 22. The analytic curve might be any
appropriate function such, as for example, an n-term polyno-
mial determined by a least squares fit to the digital data in the
vicinity of the local maximum value, where n is an integer
between about 4 and about 20.

[0320] If°‘a’is the amplitude of the analytic function that is
curve fit and ‘7’ is the distance along the z-axis, then the curve
fit is of the form:

a=fz)

when the derivative of the function f'(z)=0, then a=a-max and
z=z-max. Then a-max and z-max so obtained can be used as
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a more accurate representation of the local maximum value
and z-max can be used as a more accurate value for the
location of the interface.

[0321] FIGS. 35A, 35B, and 35C illustrates the form of
amplitude versus position of a focused ultrasound transducer.
FIG. 35A shows the reflected signal amplitude in the axial
half-plane (along the signal path). FIG. 35B shows the
reflected signal amplitude in the lateral half-plane (perpen-
dicular to the signal path). FIG. 35C shows a net plot of the
signal amplitude for the region of the focal plane of the
transducer. As can be seen, the amplitude will be at its highest
in the focal region of the transducer. An annular array trans-
ducer can be used to move the focal plane of transducer to
different regions of the eye and therefore can, with a single
transducer, deliver high signal-to-noise reflected signals for
selected regions throughout the eye.

[0322] The method disclosed above is described in more
detail as follows:

1. Select a region (for example, cornea, lens, aqueous humor,
vitreous humor) defined by at least two interfaces having
acoustically reflective interfaces. The interfaces are prefer-
ably specular surfaces such as the anterior and posterior sur-
faces of the cornea and lens However, the interfaces may be
non-specular but acoustically reflective interfaces such as for
example the surface of the retina or sclera. The anterior inter-
face is the first interface and the posterior interface is the
second interface. Interfaces may be referred from time to time
as surfaces.

2. Accurately align the transducer holder with the z-axis of the
positioner so that the face of the transducer always moves
perpendicularly to the z-axis when the positioner is moved
along its z-axis.

3. Select any path thru the region for which the speed of sound
is to be measured. A path substantially intersecting the inter-
faces perpendicularly is preferred. Any other path long
enough to get an accurate measurement between the first and
second interfaces of the selected region may be used but such
a path may give rise to small refractive errors.

4. Position the ultrasound transducer as far back on z-axis as
possible or at least with focal plane in front of the first inter-
face; or position the transducer as far forward on z-axis as
possible or at least with focal plane behind the second inter-
face. In either case, the focal plane of the transducer should be
able to traverse both interfaces defining the selected region
during the taking of the measurement.

5. a. Move the transducer assembly along the z-axis with
z-axis positioner taking a plurality of A-scans along a path
crossing both anterior and posterior interfaces of the selected
region.

[0323] b. If moving from anterior to posterior, when near
the first interface, move the transducer assembly so as to
determine a local maximum value of the A-scan ampli-
tude in the vicinity of the first interface. This gives z1 as
determined by the positioner location along the z-axis.
When near the second interface, move the transducer
assembly so as to determine a local maximum value of
the A-scan amplitude in the vicinity of the second inter-
face. This gives 72 as determined by the positioner loca-
tion along the z-axis. FIG. 32 illustrates the maximum
amplitudes from a plurality of A-scans as a function of
distance along the z-axis.

[0324] c.Ifmoving from posterior to anterior, when near
the second interface, move the transducer assembly so as
to determine a local maximum value of the A-scan
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amplitude in the vicinity of the second interface. This
gives 72 as determined by the positioner location along
the z-axis. When near the first interface, move the trans-
ducer assembly so as to determine a local maximum
value of the A-scan amplitude in the vicinity of the first
interface. This gives z1 as determined by the positioner
location along the z-axis.

[0325] d. In making a series of A-scans for this proce-
dure, it is preferable to determine z1 and z2 by moving
the positioner in one direction along the z-axis so as to
avoid mechanical backlash in the z-positioner.

6. Optionally, fit an analytic curve (preferably by the least
squares method) to the A-scan data acquired in Step 5 to get
a more accurate local maximum value, z1 max and z2 max,
for z1 and 7z2. The more accurate value is determined by
calculating the local maximum value of the function used for
the curve fit. If a=amplitude and z=distance along the z-axis,
then a curve fit is of the form:

al=flz1)

[0326]
[0327]

a2=f(z2)

when f'(z1)=0, then al=al max and z1=z1 max
similarly

when f'(z2)=0, then a2=a2 max and z2=72 max

7. Az=abs (z1-72) and At=abs (t1-t2)

8. Use any or all A-scans taken during the measurement to get
t1 and t2 where t1 is the time of the maximum value of the first
interface on each A-scan and t2 is the time of the maximum
value of the second interface on each A-scan. FIG. 31 illus-
trates an A-scan showing amplitude of reflected signal as a
function of time and illustrating peaks corresponding to a first
and second interface (for example peaks 4 and 5 are the
anterior and posterior interfaces of lens).

9. The speed of sound in the selected region is: c=2 Az/At
where At is the measured time difference between the pulses
reflected off the anterior and posterior surface. The factor of 2
arises as the reflected pulse from the posterior surface travels
twice the distance across the lens. The pulse transit time
across a region is therefore /2 the measured time between the
pulses reflected from the anterior and posterior surfaces of the
region.

10. Repeat 1 thru 9 to eliminate unintended eye motion
[0328] 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 angu-
lar 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 positions along the arc guide track. This method can
generate, for example, detailed images of non-specular fea-
tures 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 trans-
ducer 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 pos-
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terior 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 co-ordinated
to optimize the angle of the transducer axis relative to an area
of interest, such as for example the area where the zonules
connect the lens with the ciliary body.

[0329] As will be appreciated, it would be possible to pro-
vide 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.

[0330] 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 sub-
sets 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 embodi-
ments, 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.

[0331] 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 ofthe
invention.

[0332] 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, e.g., as
may be within the skill and 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 dis-
closed 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.

What is claimed:

1. A method of determining a thickness of a selected region
of an eye, wherein the selected region is bounded by a first
interface and a second interface, comprising:

(a) substantially aligning an axis of an ultrasound trans-
ducer with a z-axis of a positioning mechanism and at
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least one of an optical axis of an eye, a visual axis of an
eye, and any line passing through both the first interface
and the second interface;

(b) moving the positioning mechanism and the ultrasound
transducer along the z-axis to determine a first z-axis
position wherein an amplitude of a first A-scan is sub-
stantially a maximum value in proximity of the first
interface of the selected region;

(c) moving the positioning mechanism and the ultrasound
transducer along the z-axis to determine a second z-axis
position wherein an amplitude of a second A-scan is
substantially a maximum value in proximity of the sec-
ond interface of the selected region; and

(d) subtracting the first axis position from the second z-axis
position to determine the thickness of the selected
region.

2. The method of claim 1 further comprising:

generating a plurality of A-scans by moving the position-
ing mechanism and the ultrasound transducer along the
z-axis while traversing the selected region, and from at
least one of the A-scans determining an acoustic pulse
transit time between the first interface and the second
interface.

3. The method of claim 2 further comprising:

determining an average acoustic velocity of the selected
region using the thicknesses of the selected region and
the acoustic pulse transit time across the selected region
by the following formula:

c=Az/At

where c=the average acoustic velocity of the region

and Az is the thickness of the selected region; and

and At is the acoustic pulse transit time across the selected

region.

4. The method of claim 1 wherein the selected region is at
least one of a cornea, a natural lens, an artificial lens, a phakic
lens, an aqueous humour region between the cornea and the
natural lens, and a vitreous humour region between the natu-
ral lens and a retina.

5. The method of claim 1, further comprising a computer
readable medium comprising processor executable instruc-
tions that performs the steps of (a), (b), (c) and (d).

6. The method of claim 4, further comprising a computer
readable medium comprising processor executable instruc-
tions that performs the steps of (a), (b), (c) and (d).

7. The method of claim 1, wherein the first interface is a
posterior surface and the second interface is an anterior sur-
face.

8. A method of adjusting a B-scan comprised of a plurality
of A-scans wherein at least one acoustic velocity measured
for an imaged region of an eye is used to convert an acoustic
pulse transit time for an imaged region to a distance between
a first interface and a second interface of the imaged region.

20

Jun. 6, 2013

9. The method of claim 8, further comprising a computer
readable medium comprising processor executable instruc-
tions that performs the steps of claim 8.

10. The method of claim 8, wherein the imaged region is at
least one of a cornea, a natural lens, an artificial lens, a phakic
lens, an aqueous humour between the cornea and the natural
lens, and a vitreous humour region between the natural lens
and a retina.

11. The method of claim 10, further comprising a computer
readable medium comprising processor executable instruc-
tions that performs the steps of claim 8.

12. The method of claim 8, wherein the first and second
interfaces are specular surfaces.

13. A system for determining a thickness of a region of an
eye wherein the region is bounded by a first interface and a
second interface, comprising:

(a) apositioning mechanism which can be moved back and

forth along a z-axis;

(b) a scan head that can be positioned by the positioning
mechanism;

(c) an ultrasound transducer operably connected to the scan
head wherein the ultrasound transducer can be posi-
tioned to emit ultrasound pulses along a path coincident
with the z-axis of the positioning mechanism;

(d) a system for determining a position of the positioning
mechanism along the z-axis; and

(e) a system for receiving reflected ultrasound pulses.

14. The system of claim 13 further comprising:

an analog-to-digital converter connecting the ultrasound
transducer to a computer;

the computer operable to operate the system of claim 13;

the computer readable medium comprising processor
executable instructions that, when executed, enables the
positioning mechanism to move back and forth by
selected amounts, enables the ultrasound transducer to
emit pulses at selected times, enables the ultrasound
transducer to receive and record reflected ultrasound
pulses, and provides an output that determines pulse
transit times and distances between the first interface
and the second interface.

15. The system of claim 13 wherein a means for determin-
ing the position of the positioning mechanism along the
z-axis has a spatial resolution of at least 5 microns.

16. The system of claim 14 wherein the analog-to-digital
converter has a characteristic frequency of at least 200 Mhz.

17. The system of claim 13, wherein the position mecha-
nism moves during a scan.

18. The system of claim 13, wherein the transducer is
connected to a carriage.

19. The system of claim 18, wherein the carriage travels in
at least one of a linear guide track and an arcuate guide track.

20. The method of claim 13, wherein the first and second
interfaces are specular surfaces.

* & Ed Ed *
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