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(57) ABSTRACT

Embodiments of the present invention are directed to meth-
ods of rapidly obtaining ultrasonic images of the eye using a
set of procedural options that can be automated by a position-
ing mechanism that can be controlled by software.
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PROCEDURES FOR AN ULTRASONIC ARC
SCANNING APPARATUS

CROSS REFERENCE TO RELATED
APPLICATION

[0001] The present application claims the benefits, under
35U.8.C.§119(e), of U.S. Provisional Application Serial No.
61/042,170 entitled “Innovative Components and Procedures
for an Ultrasonic Arc Scanning Apparatus”, filed Apr. 3,
2008, which is incorporated herein by this reference.

FIELD

[0002] The present invention relates to ultrasonic imaging
of biological materials such as the cornea and the lens of the
eyeand in particular relates to innovative methods for obtain-
ing accurate images with an ultrasonic arc scanning appara-
tus, such as a range finding and centering algorithms for
aligning the scanning apparatus.

BACKGROUND

[0003] Ultrasonic imaging has found use in accurate mea-
surement of structures of the eye, such as, for example, the
cornea. Such measurements provide an ophthalmic surgeon
valuable information that he can use to guide various surgical
procedures performed on the cornea, one ofthe principal ones
being the LASIK procedure for correcting refractive errors.
They also provide diagnostic information after surgery has
been performed to assess the geometrical location of corneal
features such as the LASIK scar. This allows the surgeon to
assess post surgical changes in the cornea as the cornea heals
and to take steps to correct problems that can develop.
[0004] Ultrasonic imaging of the cornea presents a problem
not generally encountered in other types of tissue. The cor-
neal surfaces are necessarily smooth and spherically shaped
to perform the optical function of focusing light rays. Because
the corneal structures are smooth and regular, ultrasonic
energy is reflected only in specific directions. In particular, an
ultrasound beam from a transducer will only be reflected
directly back to that transducer when the beam is aligned
perpendicular to the corneal surface. This kind of reflective
property is called specular reflection.

[0005] Because of the specular property of corneal sur-
faces, it will be appreciated that special care must be taken to
align the transducer with the cornea at each position from
which a partial image is to be formed. Ultrasonic imaging of
large portions of the cornea can be accomplished by scanning
the transducer along the cornea surface while continually
adjusting the alignment of the transducer to provide a beam
that is always directed toward the cornea’s center of curva-
ture.

[0006] Corneal imaging and measuring of corneal dimen-
sions require that the scanning motion of the transducer be
smooth and precisely aligned. Departures, even as small as 5
microns, of the transducer position from a circular path or of
the beam’s direction from the center of curvature can signifi-
cantly degrade the resulting image. Mechanisms for perform-
ing the requisite scan alignment are described in U.S. Pat. No.
6,491,637 and U.S. Pat. No. 5,331,962 which are incorpo-
rated herein by reference. The reference “Ultrasonography of
the Eye and Orbit”, Second Edition, Coleman et al, published
by Lippincott Williams & Wilkins, 2006 contains an excellent
historical and technical summary of ultrasonic imaging of the
eye and is incorporated herein by this reference.
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[0007] While ultrasonic imaging may be used by ophthal-
mologists for quantitative analysis of laser refractive surgery,
it may also be used for implantation of corneal and phakic
lenses, implantation of intraocular lenses and specialty pro-
cedures such as glaucoma and cataract treatment.

[0008] Except for on-axis measurements, dimensions of
eye components behind the iris cannot be determined by
optical means. New procedures such as implantation of
accommodative lenses may provide nearly perfect vision
without spectacles or contact lenses. Implantation of accom-
modative lenses requires precision measurements of, for
example, the lens width for successful lens implantation.
Ultrasonic imaging can be used to provide the required accu-
rate images of the lens and its associated zonules especially
where it attaches to the ciliary muscle which is well off-axis
and behind the iris and therefore not accessible to optical
imaging.

[0009] Conventional ultrasonic scanning techniques and
algorithms are currently limited in that most require expert
users to manually move some of the elements of the scan head
positioning apparatus for alignment which requires the
patient to remain longer with their eye immersed in water.
This can result in substandard images due to patient move-
ment, especially of the eye blinking during a scan procedure.
[0010] There remains, therefore, a need for ultrasonic scan-
ner mechanisms and procedures that will enable rapid and
often complex imaging sequences that can be completed
before the patient becomes uncomfortable.

SUMMARY

[0011] 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 directed to methods of rapidly
obtaining ultrasonic images of the eye using a set of proce-
dural options that can be automated by a positioning mecha-
nism that can be controlled by software.

[0012] Several of the complex procedures described herein
may be automated because of the use of'a compact scan head
positioning mechanism whose motions can be scripted and
executed under software control. An acoustic transducer car-
riage is typically guided by a guide configured as a track, so
that the transducer beam axis is continuously directed
towards a fixed center point regardless of the transducer car-
riage’s position along the guide. The guide assembly is typi-
cally formed in the fixed shape ofan arc that approximates the
curvature of the eye’s cornea or anterior lens surface. The scan
head positioning mechanism allows the scanning head guide
assembly to: be moved back and forth axially (the z-direction)
for focusing; be rotated about its z-axis (the beta-direction)
for selection of a scan meridian; be moved up and down (the
y-direction); and be moved from side to side (the x-direction)
for centering. These motions may be executed under com-
puter control by use of suitable positioning mechanisms.
[0013] In one embodiment, an ocular imaging method is
disclosed, comprising: receiving, from an operator, a selec-
tion of at least one feature of a patient’s eye, a set of scan
meridians comprising a prime scan meridian and one or more
secondary scan meridians, and a set of scan analysis instruc-
tions; receiving, from an operator, a selection of an approxi-
mate center location of an ultrasonic transducer relative to at
least one selected feature of the patient’s eye; determining, by
a processor, a first approximate range of an ultrasonic trans-
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ducer aperture respecting the at least one selected feature of
the patient’s eye; altering a position at least one of an ultra-
sonic transducer and arcuate guide relative to the at least one
selected feature of the patient’s eye; determining, by a pro-
cessor, a predetermined range of the at least one of an ultra-
sonic transducer and arcuate guide respecting the at least one
selected feature of the patient’s eye; executing, based on the
set of scan meridians, a series of ultrasonic scans of the
patient’s eye; and executing, based on the set of scan analysis
instructions, at least one of a set of acoustic images for each
selected scan meridian, a set of eye component thickness
maps, and major dimensions of the selected eye components.
[0014] Inanotherembodiment, an ocularimaging system is
disclosed, comprising: an ultrasound transducer; an arcuate
guide for the ultrasound transducer; a plurality of positional
displacement devices to displace the arcuate guide and the
transducer to a selected position and orientation; an input
operable to receive, from an operator, at least one of a selec-
tion of at least one feature of a patient’s eye, a set of scan
meridians comprising a prime scan meridian and a plurality
of secondary scan meridians, and a set of scan analysis
instructions; and a processor operable to perform the follow-
ing operations: determine a first range of an ultrasonic trans-
ducer aperture respecting the selected feature of the patient’s
eye; center the ultrasonic transducer and arcuate guide rela-
tive to the selected feature of the patient’s eye; determine a
predetermined range of the ultrasonic transducer aperture
respecting the selected feature of the patient’s eye; execute,
based on the set of scan meridians, a series of ultrasonic scans
of the patient’s eye; and execute, based on the set of scan
analysis instructions, at least one of a set of acoustic images
for each selected scan meridian, a set of eye component
thickness maps, and major dimensions of the selected eye
components.

[0015] The following definitions are used herein:

[0016] An A-scan is a representation of the reflected acous-
tic signal amplitudes as a function of time received by an
ultrasonic transducer from acoustic pulses originally emitted
by the ultrasonic transducer from a known fixed position
relative to an eye component.

[0017] 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 muscle. When successfully implanted, an accommo-
dative lens reverses presbyopia, the inability of the eye to
change its focal distance from far to near.

[0018] Aligning means positioning the transducer and
transducer carriage guide preferably accurately and repro-
ducibly in space with respect to a feature of the eye compo-
nent of interest (such as the center of curvature or boundary of
the cornea, lens, retina, etcetera).

[0019] The anterior chamber comprises the region of the
eye from the front of the eye to the iris.

[0020] The anterior segment comprises the region of the
eye from the front of the eye to just beyond the back of the
lens.

[0021] 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.
[0022] An arcscanner is a scanning device where the sensor
moves in a substantially precise arc about the center of the
area to be scanned with its beam constantly directed through
a central point.
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[0023] Arc scanning transducer center of curvature is the
same as the center of curvature of the arc scanning guide.
[0024] Auto-centering means automatically, typically
under computer control, causing centration of the arc scan-
ning transducer with the eye component of interest.

[0025] A B-scan is processed representation of A-scan data
by either or both of converting it from a time to a distance
using acoustic velocities or by using grayscales which corre-
spond to A-scan amplitudes highlight the features along the
A-scan time history trace (also referred to as an A-scan vec-
tor).

[0026] A canthus is the angular junction of the eyelids at
either corner of the eye where the upper and lower eyelids
meet.

[0027] Centration means substantially aligning the center
of curvature of the arc scanning transducer in space with the
center of curvature of the eye component of interest (such as
the cornea, lens, retina, etcetera) such that rays from the
transducer pass through both centers of curvature. A special
case is when both centers of curvature are coincident.
[0028] 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.

[0029] 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.

[0030] A guide is an apparatus for directing the motion of
another apparatus.

[0031] Haptics are little curved hair-like protrusions
extending from the outer diameter of some types of artificial
lenses. These haptics attach these lens to the ciliary muscle by
protruding into the ciliary sulcus and allow the lens to accom-
modate in response to the action of the ciliary muscle.
[0032] An intraocular lens is an artificial lens that is
implanted in the eye to take the place of the natural lens.
[0033] TLASIK 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 exposing it
by cutting a thin flap, so as to reshape the external shape of the
cornea.

[0034] A meridian is a plane that cuts through a portion of
a three-dimensional component such as the cornea or natural
lens of the eye and its angle is commonly expressed relative to
a horizon defined by the canthi.

[0035] 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
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object of interest to be formed on the retina. This adjustment
of the lens is known as accommodation. The lens is located in
the anterior segment of the eye behind the iris. The lens is
suspended in place by the zonular fibers, which attach to the
lens near its equatorial line and connect the lens to the ciliary
body. The lens has an ellipsoid, biconvex shape whose size
and shape can change due to accommodation and due to
growth during aging. The lens is comprised of three main
parts: namely the lens capsule, the lens epithelium, and the
lens fibers. The lens capsule forms the outermost layer of the
lens and the lens fibers form the bulk of the interior of the lens.
The cells of the lens epithelium, located between the lens
capsule and the outermost layer of lens fibers, are generally
found only on the anterior side of the lens.

[0036]

[0037] Ophthalmology means the branch of medicine that
deals with the eye.

Ocular means having to do with the eye or eyeball.

[0038] Optical as used herein refers to processes that use
light rays.
[0039] The optical axis of the eye is the line of best fit

joining the centers of curvature of the refracting surfaces (the
anterior and posterior surfaces of the cornea and lens).

[0040] 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.

[0041] Phakic intraccular 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.

[0042] The posterior chamber comprises the region of the
eye from the back of the iris to the front of the lens.

[0043] 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.

[0044] Presbyiopiais 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.

[0045] 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) 1s the reflection from the outer surface of the cornea. The
second Purkinje image (P2) is the reflection from the inner
surface of the cornea. The third Purkinje image (P3) is the
reflection from the outer (anterior) surface of the lens. The
fourth Purkinje image (P4) is the reflection from the inner
(posterior) surface of the lens. Unlike the others, P4 is an
inverted image. The first and fourth Purkinje images are used
by some eye trackers, devices to measure the position of an
eye. Purkinje images are named after Czech anatomist Jan
Evangelista Purkyne (1787-1869).

[0046] Refractive means anything pertaining to the focus-
ing of light rays by the various components of the eye.

[0047] Registration means aligning.
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[0048] Sector scanner is an ultrasonic scanner that sweeps
out a sector like a radar. The swept area is pie-shaped with its
central point typically located near the face of the ultrasound
transducer.

[0049] A specular surface means a mirror-like surface that
reflects either optical or acoustic waves. For example, an
ultrasound beam emanating from a transducer will only be
reflected directly back to that transducer when the beam is
aligned perpendicular to a specular surface.

[0050] The ciliary 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.

[0051] A track is an apparatus along which another appa-
ratus moves.
[0052] 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.

[0053] 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 which is typically rectified.

[0054] The visual axis of the eye is the line joining the
object of interest and the fovea and which passes through the
nodal points.

[0055] 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.
[0056] 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.

BRIEF DESCRIPTION OF THE DRAWINGS

[0057] FIG. 1 is a schematic of the main elements of a
human eye.

[0058] FIG. 2 is a schematic of a prior art arc scanning
device.

[0059] FIG. 3 illustrates a prior art compact arc scanmning

head positioning mechanism.

[0060] FIG. 4 illustrates an A-Scan which is prior art.
[0061] FIG. 5illustrates the principle of a B-Scan which is
prior art.

[0062] FIG. 6isa flow chart ofa sequence of operations for

obtaining an accurate B-scan set.

[0063] FIG. 7isa flow chart ofa sequence of operations for
rough centering.

[0064] FIG. 8is a flow chart ofa sequence of operations for
rough range finding.

[0065] FIG. 9isa flow chart ofa sequence of operations for
accurate centering and range finding.



US 2010/0004537 A1

[0066] FIG.10 is a schematic representation of the control
functions of an arc scanning apparatus.

DETAILED DESCRIPTION

[0067] Reference is made to U.S. patent application Ser.
No. 12/347,674 filed Dec. 31, 2008 entitled “Components for
an Ultrasonic Arc Scanning Apparatus” which describes
many of the components of a modem arc scanning device and
whichisincorporated herein by reference. In an ultrasonic arc
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.
The raw reflected signal, whichis a voltage amplitude trace as
a function of time, received by the transducer is commonly
called an A-scan. This technique is described, for example, in
U.S. Pat. No. 5,293,871 and in “Ultrasonography of the Eye
and Orbit”.

[0068] The procedures described herein provide a superior
method for efficiently operating an arc scanner. These proce-
dures may be automated because of the use of a compact scan
head positioning mechanism whose motions can be scripted
and executed under software control. Ab example of such a
positioning mechanism is disclosed in U.S. patent application
Ser. No. 12/347,674. The acoustic transducer carriage is typi-
cally guided by a guide, which is commonly configured as a
track, so that the transducer beam axis is continuously
directed towards a fixed center point regardless of the car-
riage’s position along the guide. The embodiments described
herein are illustrated by an arc scanner in which a scan head
guide assembly is formed in the fixed shape of an arc that
approximates the curvature of the eye’s cornea or anterior
lens surface. The scan head positioning mechanism allows the
scanning head guide assembly to: be moved back and forth
axially (the z-direction); be rotated about its z-axis (the beta-
direction); be moved up and down (the y-direction); and be
moved from side to side (the x-direction) by suitable mecha-
nisms that are operated under computer control.

Ultrasonic Scanning Principles

[0069] FIG. 1 is a schematic of the main elements of a
human eye taken from U.S. patent application Ser. No.
12/347,674. The principal refracting components are the cor-
nea, iris and lens. The cornea, which is optically transparent,
is located at the front of the eye enclosing front of the anterior
chamber. The iris separates the anterior chamber from the
posterior chamber. The front of the lens encloses the back side
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 cham-
bers 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 humour 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.

[0070] Optical means are suitable for viewing the anterior
chamber and for viewing along the entire central axis of the
eye. However, optical means cannot be used to view the
portions of the posterior chamber lying immediately behind
the iris, which includes the suspensory ligaments (called
zonules), ciliary sulci and ciliary body. However, the eye
components that cannot be viewed optically, can be viewed
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with high-frequency acoustic energy. As is well-known,
acoustic frequencies in the ultrasonic range of about 10 MHz
to about 60 MHz can be used to provide very high resolution
images of, for example, the cornea and the lens and even
foreign bodies in the vitreous humour.

[0071] Acousticimages can be made by two different types
of scanning devices. One, called a sector scanner, is a hand-
held device which is held against the patient’s cornea and
oscillated about a fixed position so as to produce an image of
a localized region of interest within the eye. With a second
type of acoustic scanner, called an arc scanner, a patient sits
with an eye sealed by a water-filled eyepiece which maintains
the patient in a fixed location with respect to an arc track. In
this type of scanner, an ultrasonic transducer is moved in
along the arc whose center is set at a location of interest in the
eye. This type of scanner can produce a more comprehensive
image of an are of the eye from which quantitative measure-
ments can be made. 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.

[0072] FIG. 2 shows the main elements of a prior art arc
scanning device illustrating positioning of a transducer along
an arc guide whose center of curvature is centered approxi-
mately on the center of curvature of an eye component of
interest. This figure was disclosed in U.S. patent application
Ser. No. 12/347,674. FIG. 2 shows fixation lights 221 and 222
that allow the patient to fixate his or her eye to maintain it in
a steady position during scanning. FIG. 2 also shows an
optical video camera 223 which may be used by the operator
of the arc scanner to monitor the position of the patient’s eye
and to determine whether the patient’s eye is open before a
scan is initiated. The transducer and its arc guide assembly are
immersed in a chamber of water 202 to provide a continuous
transmission path for the acoustic signals. The patient’s eye
must also be immersed in water to provide continuity of the
transmission path for the acoustic signal. FIG. 2 also shows a
hygienic barrier 206 which separates the water chamber 201
in which the transducer 205 and arc guide assembly 204 are
contained from the water 210 in which the patients eye is
immersed. This barrier 206 provides the separation of water
202 in which the transducer 205 and arc track assembly 204
are contained from the water 210 in which the patients eye is
immersed. The arc guide assembly and associated compo-
nents may be contaminated, for example, by particles from
wearing mechanical components. The water 210 in which the
patients eye is immersed may be contaminated by bacteria or
virus particles from the patient. As can be appreciated, the
water 210 in which the patients eye is immersed should be
changed for every patient to prevent possible disease trans-
mission. As can be further appreciated, the hygienic mem-
brane 206 must be substantially transparent to ultrasound so
as to maintain a clear acoustic transmission path between the
patient’s eye and the ultrasonic transducer. The hygienic
membrane 206 is typically formed as part of a disposable
eyepiece such as described in U.S. patent application Ser. No.
12/347,674.

[0073] FIG. 2illustrates the continuity of an acoustic trans-
mission path through water. A chamber 201 of water 202 is
shown with a positioning arm 203 and arc guide assembly 204
on which an ultrasonic transducer 205 is mounted. A trans-
parent barrier 206 separates chamber 201 from the interior of
an eyepiece 208. The eyepiece 208 contains a separate vol-
ume of water 210 which fills the interior of the eyepiece 208
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and contacts a patient’s eye surface 211. The eyepiece 208 is
connected and sealed to the main chamber 201 of the arc
scanning device, and is also sealed against the patient’s face
212. As can be seen, there is a continuous path through water
from the transducer 205 to the patient’s eye surface 211 for
the efficient passage of acoustic energy. The barrier 206
readily passes acoustic energy without alteration, thus form-
ing a portion of the continuous path between the transducer
205 and the patient’s eye surface 211. Since the acoustic
impedance of the patient’s eye is approximately that of water,
the acoustic energy from the transducer can be efficiently
transmitted into the eye and reflected back from an eye com-
ponent, such as for example, the surface of the cornea, to the
transducer. Also shown in FIG. 2 are a water fill tube 207 for
the main chamber 201 and a separate water fill tube 209 for
the eyepiece 208. As can be appreciated, the water used in the
eyepiece can be distilled or slightly saline to match the salin-
ity of the eye, and the water used in the eyepiece can be
introduced at a temperature that is comfortable for the patient.

[0074] FIG. 3 further illustrates a compact scan head posi-
tioning mechanism and was disclosed in U.S. patent applica-
tion Ser. No. 12/347,674. FIG. 3 shows an arc scanner head
309 with ultrasonic transducer 308 mounted on the end of a
scanner head mount arm 310. These components (scanner
head mount arm 310, scanner head 309 and ultrasonic trans-
ducer 308) are operative under water and are sealed from the
rear portion of the positioning mechanism by a translational
seal 306 and a rotational seal 307. The translational seal 306
is preferably formed by a large rubber membrane that can flex
with the small x and y motions required by the scanning head
positioner, though any sealing mechanism may be employed.
The z-axis seal and rotational seal 307 are attached to a
stationary plate 301 which is affixed to the main arc scanner
assembly. The z-axis and rotational seal 307 is typically
formed by a circumferential groove type sealing mechanism
with the groove facing into the water, though any sealing
mechanism may be employed. It allows both rotation and
axial translation of the center tube while maintaining a water
tight seal. The cross section of the seal is such that increased
water pressure acts on the seal in a way that increases radial
sealing force. The sealing surfaces are preferably anodized
aluminum. Stationary plate 302 is also affixed to the main arc
scanner assembly. The scanning head can be moved back and
forth axially (the z-direction) by axial piston 303 or another
suitable mechanism. The scanning head can be rotated (the
beta-direction) about the z-axis by a rotary stepping motor
(not shown) or another suitable device. The scanning head
can be moved up and down (the y-direction) by piston 305 or
another suitable mechanism. The scanning head can be
moved from side to side (the x-direction) by piston 304 or
another suitable mechanism. The components to the left or
rear of stationary plate 301 remain in ambient air while the
components to the right or font of stationary plate 301 are in
immersed in water when the arc scanner is operational.

[0075] FIG. 4 illustrates a typical A-Scan and was taken
from “Ultrasonography of the Eye and Orbit”. An A-scan is
the electronically recorded amplitude-time history of a
reflected acoustic pulse received by the arc scanner’s trans-
ducer. An raw A-scan 403 is shown as signal amplitude in
volts 401 versus time 402 in microseconds. Typically an
A-scan is displayed to the arc scanner operator as a rectified
trace 413 with signal amplitude in volts 411 versus time 412
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in microseconds. In addition to being rectified, the A-scan
trace may also be filtered to remove unwanted thermal and
electronic noise.

[0076] FIG. 5illustrates the principle of a B-Scan for an arc
scanning device. An arc path 501 for a transducer face is
shown with several A-scan beam paths 502 traversing a cor-
nea 503. The beam paths 502 all intersect at a center of
curvature 504 of the arc path. The center of curvature 504 of
the arc path is ideally set to coincide with the center of
curvature of the cornea so that all beam paths are substantially
normal to the surface of the cornea so that the amplitudes of
the reflected acoustic signals are maximized. Emitted and
reflected acoustic pulses along beam paths 502 each result in
an A-scan. The time for a pulse to be emitted and its various
reflections to be received by the transducer are very short
compared to the time for the transducer carriage to move
along the arc guide. In a modern arc scanning machine an
A-scan is taken at incremental angles in the range of about
0.068 degrees to about 0.55 degrees. For example, 128 to
1,024 A-scans may be taken along an arc guide track with an
included angle of 70 degrees. An A-scan is 515 is shown as
amplitude along time axis 511. The acoustic reflections at the
anterior cornea surface 512, Bowman'’s interface 513 and the
posterior cornea surface 514 are shown. Typically the reflec-
tion at the anterior cornea surface 512 is a higher amplitude
than the reflection at the posterior cornea surface 514 because
of signal attenuation, and the amplitude of the reflection at
Bowman’s interface 513 is relatively low because of the small
change in acoustic impedance at Bowman’s interface as com-
pared to the change in acoustic impedance at the anterior
cornea surface 512 or the posterior cornea surface 514.

[0077] It is noted that in practice, there are often large
acoustic reflections from the hygienic barrier or membrane
(item 206 in FI1G. 2) which separates the water chamber in
which the transducer and arc guide assembly are contained
from the water in which the patients eye is immersed. The
reflections from this membrane are irregular depending on
wrinkles in the membrane material. The timing of these
reflections is known and they are removed from the A-scan
data by software algorithms.

[0078] A B-scan is a processed derivative of an A-scan
constructed by either or both of converting it from a time to a
distance using acoustic velocities or by using grayscales
which correspond to A-scan amplitudes to highlight the fea-
tures along the A-scan time history trace. Typically, the higher
the amplitude, the brighter the point assigned to the B-scan.
Zero amplitude is typically black and brightness increases to
a maximum in increments typically ranging from 128 to
1,024. Thus interfaces such as the anterior comnea surface 512
and the posterior cornea surface 514 show up as bright spots
along the beam path and Bowman’s interface 513 as a less
bright spot along the beam path. When all the B-scans are
corrected for the angle of the transducer along the arc; the
time co-ordinates changed to spatial co-ordinates using local
acoustic velocities; and results plotted in the correct spatial
relation to each other, they will form a geometrically correct
image of the corneal layers. Software algorithms are typically
used to interpolate between adjacent B-scans to produce a
continuous image. In order for a set of B-scans to be able to
produce an image with components that are sharply delin-
eated and of reasonably equal brightness, the individual
A-scans should be taken at substantially equal distances from
the surface of the eye component of interest and at a substan-
tially normal angle to the surface of the eye component of
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interest. These requirements can be optimized by known
alignment procedures which are described in some detail in
FIGS. 5 through 9. B-scans and images derived from them are
illustrated and discussed in more detail in “Ultrasonography
of the Eye and Orbit”.

Ultrasonic Scanning Procedures

[0079] FIG. 6isa flow chart of a sequence of operations for
obtaining an accurate B-scan set. This is one of a number of
possible sequences of operations to obtain an ultrasonic
image of an eye and is the sequence of procedures currently
used by arc scanning devices. The scan procedure begins 601.
The patient is seated in front of the scanner during step 602,
places their head in a headrest with their eye pressed into a
disposable eyepiece. When the headrest is secured, the eye-
piece is filled with warm water so as to provide a continuous
acoustic path in water from the transducer to the surface of the
patient’s eye. Typical eyepieces are disclosed in U.S. patent
application Ser. No. 12/347,674. Conventional and advanced
headrest apparatuses are described in U.S. Provisional appli-
cation Ser. No. 61/109,069 filed on Oct. 28, 2008, entitled
“Method of Positioning a Patient for Medical Procedures”
which is incorporated herein by reference. Next, in step 603,
a fixation light is positioned so that the patient’s eye focuses
at a desired distance along the patient’s optical axis. The
fixation light is typically a small bright dot of light that is
easily seen by the patient and the position of this fixation light
is preferably adjustable along the patient’s optical axis so as to
cause the patient’s eye to focus at a desired distance. This
distance can be at infinity such as might be used for a corneal
or lens scan or it might be as close as about 1 meter such as
might be used for a scan of an accommodating lens. In step
604, a video image of the patient’s eye is formed on the
scanner’s computer video monitor screen. This video image
will typically show the eyepiece filling with water and the
patient’s eye blinking as the patient’s eye adjusts to the water.
Once the patient adjusts to the water, their eye can remain
open. In step 605, a rough centering of the transducer and arc
track are obtained step 606 which is more fully described in
the flow chart of FIG. 7.

[0080] Steps 601 through 606 are typically controlled by
the operator who interacts with the arc scanning machine
using a mouse and/or keyboard and computer video screen to
input information into the scanner’s computer. This process is
more fully described in FIG. 10.

[0081] Steps 607 through 613 may be controlled by the
operator or they may be completed under computer processor
control as discussed in FIG. 10.

[0082] Instep 607, the rough range of the transducer aper-
ture with respect to the eye component of interest is estab-
lished step 608 which is more fully described in the flow chart
of FIG. 8. In step 609, the arc track is accurately centered with
respect to the eye surface of interest and the range or focal
plane of the transducer aperture is accurately adjusted, if
necessary, with respect to the eye component of interest.
Accurate centering and range procedures, step 610, are more
fully described in the flow chart of FIG. 9. A prime scan
meridian is selected in step 606 (the rough centering proce-
dure). In step 611, a set of scan meridians are selected by the
operator, if they have not already been pre-selected in the scan
set-up procedure before the patient has been seated. These are
typically a set of meridians where the arc track is rotated
about its center of curvature through a set of desired angles
from the prime meridian. For example, if the prime meridian
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is at 0 degrees (typically horizontal), a set of meridians might
consist of the prime meridian, meridians rotated clockwise 15
and 30 degrees from the prime meridian and meridians
rotated counterclockwise 15 and 30 degrees from the prime
meridian (a five meridian scan set). Once this meridian sethas
been selected in step 611, the scanner automatically executes
aseries of B-scans along each meridian of the selected merid-
ian set in step 612 and continues automatically with the vari-
ous types of analyses available. These analyses might include
full images along each meridian and, using all the data from
all the meridian scans, preparation of thickness maps of the
eye component of interest. The scanning session is completed
in step 613 and the water is drained from the eyepiece. This
sequence completes the acoustic scan of the patient’s eye.

[0083] Inprior art arc scanners, this sequence of operations
requires that the operator manually move the scan head
assembly for the centering and focusing steps. The scan head
positioning device described in FIG. 3 can accomplish these
operations under computer control which can be programmed
to rapidly go through any number of selected sequence of
movements. This allows the centering and focusing opera-
tions to be executed swiftly in typically about 1 or 2 seconds.
The computer controlled sequence can then continue to make
images for several meridians typically in sets of 1, 3, 5 etcet-
erato a scan set of 11 meridians or more. The entire procedure
from step 605 to step 612 can be completed in several seconds
and thereby minimize the chance that the patient moves their
eye, changes focus of their eye or blinks. If the resultant
images are unacceptable to the operator, then they may be
easily repeated. The time in which this sequence of operations
may be performed is limited by the requirement that the
motions of the scan head assembly not be so rapid as to cause
significant disturbance of the water in which the scan head
assembly is immersed since this can lead to bubbles forming
on, for example, the transducer face or eyepiece membrane
which, in turn, can decrease the quality of the images
obtained. This requirement is usually not violated with rapid
movements of the scan head positioner or transducer move-
ment along the arc track as currently practiced where an entire
sequence of focusing, centering and scanning motions are
executed in from about 1 to about 5 seconds.

[0084] FIG. 7is a flow chart of a sequence of operations for
rough centering which begins with step 701. In step 702, the
video image of the patient’s eye is reviewed on the scanner’s
computer video monitor and the operator selects an eye fea-
ture to use for rough centering, The operator may select
centering a set of cross hairs which appear on the video image
at the center of the pupil as in step 703 or the operator may
select another eye feature such as a blood vessel, scar etcetera
on which to center the cross hairs as in step 704. Next the
operator selects the orientation of the prime meridian of the
arc track in step 705. This may be a meridian that is horizontal
and goes from the nasal side canthus to the temporal side
canthus as in step 706. Alternately, in step 707, the prime
meridian may be oriented at any desired angle from 0 to 90
degrees from the substantially horizontal canthus to canthus
line. Forexample, such an alternate selection may be required
to best scan a diseased feature of the eye. In step 708, if the
first (strongest) Purkinje reflection is seen in the video view of
the eye, then the rough centering procedure is completed step
710. If the first Purkinje reflection is not seen in the video
view of the eye, the cross hairs may be moved around (typi-
cally with a mouse or touch screen control but also by an
automated search algorithm) by the operator in step 709 until
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a first Purkinje reflection is observed and then the rough
centering procedure is completed step 710. In some cases, the
first Purkinje reflection may not be seen and the operator may
choose to proceed to step 710 ending the rough centering
procedure. In this process, the transducer carriage has been
moved along the arc track, away from its central position and
parked so that the patient can clearly see the fixation light
target when the fixation target is located along the z-axis of
the scan head positioning apparatus.

[0085] FIG. 8isa flow chart of a sequence of operations for
rough range finding beginning with step 801. In step 802, the
operator sets the transducer aperture at the approximate loca-
tion with respect to the eye component of interest. This can be
done by dead reckoning when the operator is familiar with the
parked position of the arc track and the focal length of the
transducer. In step 803, the operator selects a range finder
sub-screen on the scanner’s monitor. This activates a continu-
ous A-scan of the eye which is shown on the sub-screen along
with a line that represents the focal plane of the transducer
aperture. The location of this line is set in the scanning soft-
ware by entering the focal length of the transducer aperture.
The operator can usually determine the A-scan representation
of eye feature on which to place the aperture focal plane (for
example Bowman’s layer may be selected for a corneal scan
and Bowman’s layer appears as a small peak directly after the
anterior surface of the cornea (see FIG. 5 for example). In step
804, the operator selects one of two methods of setting the
focal plane of the aperture on the desired eye feature. If step
805 is selected, the operator may move the arc track in and out
(the z-direction shown in FIG. 3) using a mouse, keyboard or
touch screen control causing the line that represents the focal
plane of the transducer aperture to move onto the desired eye
feature or the operator may move the arc track inand out using
mouse, key board or touch screen control causing the A-scan
representation of the desired eve feature to brighten or dim as
in step 806. By selecting the position where the A-scan rep-
resentation of the desired eye feature is brightest, the operator
knows that the focal plane is located where it is desired. The
operator may use either or both methods of rough focusing.
Usually both methods will indicate the same focal depth
location at the same time. If both methods do not indicate
focus at the same location, the method of step 806 is prefer-
able since it is inherently accurate and tells the operator that
the focal plane is located where desired. The line that repre-
sents the focal plane of the transducer aperture may be in
error, for example, if the focal length of the transducer was
improperly entered into the scanner’s control software. Once
step 805 and/or 806 is completed, the process proceeds to step
710 ending the rough range finding procedure.

[0086] FIG.9isa flow chart of a sequence of operations for
accurate centering and range finding beginning with step 901.
In step 902, the operator executes a set of preliminary
B-scans, typically along the prime meridian. These are typi-
cally geometrically uncorrected B-scans and are refreshed
continuously. These may cover an arc with included angle up
to about half of the total included angle along the arc track and
are typically centered about the center of the arc track. If the
cornea is being imaged, then the B-scan set will form an
image of the cornea including the anterior and posterior sur-
faces, usually Bowman’s layer and possibly other layers
within the cornea such as for example a LASIK flap. In step
903, if the B-scans are horizontal then the arc track is centered
laterally and the operator proceeds to step 905. If the B-scans
are tilted from the horizontal, then the transducer is not cen-
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tered laterally with respect to the center of curvature of the eye
component. If this is the case, then the operator proceeds to
step 904 and moves the arc track laterally back and forth until
the B-scans are substantially horizontal. When the B-scans
are substantially horizontal, the acoustic pulses are passing
very closely through both the center of curvature of the eye
component of interest and the center of curvature of the arc
track. In step 905, if the B-scans are not substantially curved
then the arc track is focused vertically and the operator pro-
ceeds to step 907. If the B-scans are curved, then the trans-
ducer is not focused vertically with respect to the center of
curvature of the eye component. If this is the case, then the
operator proceeds to step 906 and moves the arc track verti-
cally in and out until the B-scans are substantially uncurved
(some curvature is acceptable since the curvature of the arc
track is not exactly the same as the curvature of the eye surface
of interest). When the B-scans are substantially uncurved or
the curvature is minimized, the center of curvature of the eye
component of interest and the center of curvature of the arc
track are essentially coincident since the lateral offset has
already been corrected, if necessary, in step 904. The arc track
has now been centered and focused accurately with respect to
the prime meridian. In step 907, the arc track is rotated
through a substantial angle with respect to the prime merid-
ian, typically 90 degrees with respect to the prime meridian
but the angle may be less depending on the operator’s objec-
tive. Steps 908 through 911 are essentially repeats of steps
903 through 906 except that they are carried out along a new
meridian. This then ensures that the arc track is centered and
focused accurately with respect to the eye component of
interest in at least 2 meridians at substantially different
angles. In step 912, the arc track is returned to the prime
meridian and the accurate centering and range procedure is
ended in step 913.

[0087] Inthe precedingdiscussion of procedures in FIGS. 6
through 9, reference was made to a number of operator selec-
tions and actions. As can be appreciated, these selections and
actions can be automated. Specifically, operations 607
through 613 of FIG. 6, which include all the selections and
operations of FIGS. 8 and 9, can be automated under com-
puter control. This is possible because all the motions pos-
sible with the scanhead positioning assembly (See FIG. 3) are
automated and can be prescribed by a computer program.
Conventional ultrasonic scanning techniques and algorithms
are currently limited in that most require expert users to
manually move some of the elements of the scan head posi-
tioning apparatus for alignment which requires the patient to
remain longer with their eye immersed in water. This can
result in substandard images due to patient movement, espe-
cially of the eye. In the present invention, all of these critical
centering and focusing procedures can be automated because
the motions of scan head positioning assembly can be pre-
scribed by a computer program. This capability enables rapid
and often complex imaging sequences to be completed before
the patient becomes uncomfortable, thus minimizing the like-
lihood of patient eye movement during the scanning proce-
dure which, in turn, results in blurring of portions of the image
and introducing inaccuracies into the images.

[0088] FIG. 10 is a schematic representation of the control
functions of an arc scanning apparatus. The arc scanning
apparatus is comprised of an arc scanning machine 1001
which includes an arc guide positioning mechanism 1002, an
arc guide (or arcuate guide or arc track) 1003, an ultrasonic
transducer 1004 and a disposable eyepiece 1005. The arc
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scanning machine 1001 is connected to a computer 1012
which includes a processor module 1013 and a memory mod-
ule 1014 and a video monitor 1015 with video screen 1016.
The computer 1012 is connected to an operator input device
such as a mouse 1011 and/or a keyboard (not shown). The
computer 1012 is also connected to an output device such as,
for example, a printer or internet connection 1017. The
patient is seated at the machine 1001 with their eye engaged
with disposable eyepiece 1005 such as described in FIG. 2.
The patient’s eye component to be imaged is represented by
input 1021. The operator using mouse and/or keyboard 1011
and video screen 1016 inputs information 1022 into computer
1012 selecting the type of scan and scan configurations as
well as the desired type of output analyses. The operator,
using mouse and/or keyboard 1011, a video camera (see item
223 in FIG. 2) in scanning machine 1001 and video screen
1016, then centers a set of cross hairs displayed on video
screen 1016 on the desired component of the patient’s eye,
also displayed on video screen 1016, setting one of the cross
hairs as the prime meridian for scanning. Once this is accom-
plished, the operator instructs computer 1012 using either
mouse and/or keyboard 1011 to proceed with the scanning
sequence. Now the computer processor 1013 takes over the
procedure and issues instructions via path 1024 to the posi-
tioning head 1002, the arc track 1003 and the transducer
carriage 1005 and receives positional and imaging data via
path 1023 which is stored in memory module 1014. The
computer processor 1013 proceeds with a sequence of opera-
tions such as for example: (1) rough focus transducer 1004 on
the selected eye component; (2) accurately center arc track
1004 with respect to the selected eye component; (3) accu-
rately focus transducer 1004 on the selected feature of the
selected eye component; (4) rotate the arc track through a
substantial angle and repeat steps (1) through (3) on a second
meridian; (5) rotate the arc track back to the prime meridian;
(6) initiate a set of A-scans along each of the of selected scan
meridians, storing this information in memory module 1014;
(7) utilizing processor 1013, converting the A-scans for each
meridian into a set of B-scans and then processing the B-scans
to form an image associated with each meridian; (8) perform-
ing the selected analyses on the A-scans, B-scans and images
associated with each or all of the meridians scanned; and (9)
outputting 1027 the data in a preselected format to an output
device such as printer 1017. The output can also be stored in
memory module 1014 for later retrieval on video screen 1016,
or for transmission to remote computers or other output
devices via any number of well-known data transmission
means.

A-Scan Gain Control

[0089] In accordance with at least some embodiments of
the present invention, the method of determining the distance
from a transducer aperture to a particular surface of the eye or
relative distances between surfaces begins when the aperture
takes a first A-scan along a first vector. A “vector” refers to a
single A-scan amplitude-time history obtained from a trans-
ducer aperture when the aperture is in a known, fixed position
on the arc along which it traverses. The emitted ultrasonic
wave reflects off of the various surfaces in the eye and ampli-
tude data of the reflected ultrasonic wave is captured such that
a first A-scan waveform is generated. After the first waveform
is generated, the method continues with the aperture being
slightly repositioned along the arc track. In accordance with
one embodiment of the present invention, the aperture may be
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moved an insignificant distance such that an A-scan wave-
form captured from the second position is essentially the
same as an image captured from the first position. More
specifically, the aperture may traverse an arc for a total angu-
lar travel of about 70 degrees of motion as it scans along a
single meridian. Typically, about 128 to about 1,024 vectors
per scan meridian can be captured to obtain a relatively com-
plete set of vectors for that range of motion across the merid-
ian. Each vector is about 60 microns wide and the average
cornea has a radius of about 1,200 microns. In accordance
with at least some embodiments of the present invention, if,
for example, 512 vectors per meridian are captured, then
subsequent adjacent vectors will have a substantial amount of
overlap to the point that each vector effectively captures an
image from the same location as the previous vector. Thus,
during the reposition step, the aperture may be moved about
U512 of the distance that it will traverse along the arc.

[0090] Once the aperture has been “repositioned”, the
method continues by adjusting the gain associated with the
second scan. This gain may be controlled at the user interface
via the independent gain controls where each control effects
the gain of every-other vector. Thus, the gain specified in the
first gain control may be used during scans at the first, third,
fifth, seventh, and any other odd scan while the gain specified
in the second gain control may be used during the second,
fourth, sixth, eighth, and other even scans. After the gain has
been adjusted, a second scan is taken at the second position.
The second scan may result in a second A-scan waveform
being generated that is effectively the same scan as the first
scan, but with a different gain. The different gain allows
features having different reflective properties to be more eas-
ily seen. More specifically, if the second scan was taken using
a higher gain than the first scan, then the second scan will
show the portions of the first scan that were lost in the noise.
Forexample, the first waveform may clearly display the peaks
representing the position of surfaces that are highly reflective.
However, the surfaces that are not highly reflective, such as
for example an old LASIK flap scar, may not be easily dis-
cernable from the first waveform. The second waveform,
however, depicts the peaks and locations of the lesser reflec-
tive surfaces but the peaks corresponding to the highly reflec-
tive surfaces are lost beyond the gain threshold. The two
waveforms may be combined into a composite waveform that
effectively depicts the peaks of both the first and second
waveforms. Thus the highly reflective peaks can be seen on
the same composite waveform as the lesser reflective peaks
and distances between the peaks can be measured to more
accurately determine the distance between surfaces of the
eye. This may provide an increased accuracy in distance
measurements between the various surfaces of the eye.

[0091] Besides the use of differential gains for alternating
vectors, the scanning device may alternately or further be
equipped with a 2-channel digitizer in accordance with at
least some embodiments of the present invention. More spe-
cifically, since multiple gains are desired for various vectors
captured by the aperture, a digitizer is used to generate the
images. In one embodiment, the digitizer may include a pre-
amplifier for conditioning the voltage signal generated at the
aperture as a result of receiving reflected ultrasonic waves.
After passing the received signal through the pre-amplifier,
the signal may be split. The first signal may be passed through
a first gain amplifier that amplifies the signal by a first amount
whereas the second signal may be passed through a second
gain amplifier that amplifies the signal by a second different
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amount. The resulting signals will have different characteris-
tics and likely produce two seemingly different waveforms.
The signals may then be passed through a Digital-to-Analog
converter (“DACs”) respectively and may be provided as
output for a user interface that depicts the waveforms cap-
tured by the aperture. The DACs may be operated by a com-
mon clock to maintain consistency of the analog signals,
thereby making the composite sighal more accurate.

Improvement of Measurement Accuracy

[0092] In accordance with at least another embodiment of
the present invention, a method of determining the distance
from an aperture to a particular surface of the eye or relative
distances between surfaces of the eye is provided. The
method improves on previous distance determining methods
that introduced distance errors on the order of tens of microns.
Such errors are introduced because prior art distance deter-
mining methods relied upon the use of pixels in the image to
determine surface distance. Thus, the size of the pixels lim-
ited the extent to which distance could be accurately com-
puted. In accordance with embodiments of the present inven-
tion, an A-scan and/or a de-convolution of the A-scan is used
to determine distances between surfaces of the eye. In a
de-convoluted A-scan, the signals characteristic of a particu-
lar transducer are removed from the original A-scan. These
signal characteristics are determined from a separate experi-
ment from which these characteristic are measured and
stored. More specifically, amplitude data that is obtained
from such A-scans can be analyzed to determine the location,
and thus, relative distances between various surfaces of the
eye. Since amplitude data of an ultrasonic wave is used rather
than image pixels. the errors introduced to distance calcula-
tions is greatly reduced. In accordance with at least one
embodiment of the present invention, independent brightness
control/power/gains can be used on sequential vectors of a
scan to more accurately determine the distance between sur-
faces.

[0093] A number of variations and modifications of the
inventions can be used. As will be appreciated, it would be
possible to provide for some features of the inventions with-
out 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 scanning devices, such as sector scanning
devices or other ultrasonic scanners using different trans-
ducer motion strategies.

[0094] 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.

[0095] 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
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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.

[0096] 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.

What is claimed is:

1. An ocular imaging method, comprising:

(a) receiving, from an operator, a selection of at least one
feature of a patient’s eye, a set of scan meridians com-
prising a prime scan meridian and one or more second-
ary scan meridians, and a set of scan analysis instruc-
tions;

(b) receiving, from an operator, a selection of an approxi-
mate center location of an ultrasonic transducer relative
to at least one selected feature of the patient’s eye;

(¢) determining, by a processor, a first approximate range
of an ultrasonic transducer aperture respecting the at
least one selected feature of the patient’s eye;

(d) altering a position at least one of an ultrasonic trans-
ducer and arcuate guide relative to the at least one
selected feature of the patient’s eye;

(e) determining, by a processor, a predetermined range of
the at least one of an ultrasonic transducer and arcuate
guide respecting the at least one selected feature of the
patient’s eye;

(F) executing, based on the set of scan meridians, a series of
ultrasonic scans of the patient’s eye; and

(g) executing, based onthe set of scan analysis instructions,
at least one of a set of acoustic images for each selected
scan meridian, a set of eye component thickness maps,
and major dimensions of the selected eye components.

2. The method of claim 1, wherein step (c) comprises the

sub-steps:

(C1) performing a series of ultrasonic A-scans;

(C2) determining an A-scan representation of the selected
feature of the patient’s eye; and

(C3) setting a focal plane of the ultrasonic transducer aper-
ture on the A-scan representation.

3. The method of claim 1, wherein step (d) comprises the

sub-steps:

(D1) executing a series of B-scans along the prime merid-
ian;

(D2) determining from a selected B-scan whether or not
the arcuate guide is centered laterally by applying the
following rules:
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(1) when the selected B-scan is substantially horizontal,
the arcuate guide is properly centered laterally; and

(ii) when the selected B-scan is not substantially hori-
zontal, the arcuate guide is not centered properly and
the processor causes movement of the arcuate guide
laterally until the B-scan is substantially horizontal,

(D3) determining from a selected B-scan whether or not
the arcuate guide is centered vertically by applying the
following rules:

(1) when the selected B-scan is not substantially curved,
the arcuate guide is properly centered vertically;

(ii) when the selected B-scan is substantially curved, the
arcuate guide is not centered vertically and the pro-
cessor causes movement of the arcuate guide verti-
cally until the selected B-scan is substantially
uncurved; and

(D4) rotating the arcuate guide through a substantial angle
from the prime meridian to a second meridian; and

(D5) repeating steps (D1)-(D3) with respect to the second
meridian and then returning the arcuate guide to the
prime meridian.

4. The method of claim 1, wherein, in step (a), a type of
scan to be performed is received from an operator and further
comprising:

(h) selecting a scan configuration from a plurality of scan
configurations associated with differing types of scans,
the various scan configurations comprising differing
configuration parameters.

5. The method of claim 1, further comprising:

(h) determining a distance from the ultrasonic transducer
aperture to a selected surface of the patient’s eye by
performing the following substeps:

(H1) at a first aperture position and using a first gain,
taking a first scan along a first vector;

(H2) receiving a reflected ultrasonic wave; and

(H3) forming a first waveform from the reflected ultra-
sonic wave;

(H4) repositioning the aperture to a second aperture
position and repeating steps (H1)-(H3) with respect to
the second aperture position and using a second gain;
and

(G5) combining the waveforms to form a composite
waveform.

6. The method of claim 1, wherein step (g) comprises:

(G1) receiving reflected waves from a scan;

(G2) splitting the reflected waves into first and second
waves;

(G3) applying a first gain to the first wave; and

(G4) applying a second gain to the second wave.

7. The method of claim 1, further comprising:

(h) generating, from the ultrasonic scans, distances
between the selected features of the patient’s eye, the
distances being determined by the time interval between
the peak-to-peak amplitudes of the selected features
converted to distances by multiplying the time intervals
by a local acoustic velocity between the selected fea-
tures.

8. The method of claim 1, wherein the selected feature is at
least one of a cornea, a natural lens, an artificial lens, an iris,
a retina, diseased ocular tissue, damaged ocular tissue and
injured ocular tissue, and further comprising:

moving a fixation light to change a degree of focus of the
patient’s eye.
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9. A computer readable medium comprising processor-
executable instructions to perform the steps (¢) through (g) of
claim 1.

10. An ocular imaging system, comprising:

an ultrasound transducer;

an arcuate guide for the ultrasound transducer;

a plurality of positional displacement devices to displace
the arcuate guide and the transducer to a selected posi-
tion and orientation;

an input operable to receive, from an operator, at least one
of a selection of at least one feature of a patient’s eye, a
set of scan meridians comprising a prime scan meridian
and a plurality of secondary scan meridians, and a set of
scan analysis instructions; and

a processor operable to perform the following operations:
(a) determine a first range of an ultrasonic transducer

aperture respecting the selected feature of the
patient’s eye;

(b) center the ultrasonic transducer and arcuate guide
relative to the selected feature of the patient’s eye;

(d) determine a predetermined range of the ultrasonic
transducer aperture respecting the selected feature of
the patient’s eye;

(e) execute, based on the set of scan meridians. a series
of ultrasonic scans of the patient’s eye; and

(f) execute, based on the set of scan analysis instructions,
at least one of a set of acoustic images for each
selected scan meridian, a set of eye component thick-
ness maps, and major dimensions of the selected eye
components.

11. The system of claim 10, wherein operation (b) com-
prises the sub-operations:

(B1) perform a series of ultrasonic A-scans;

(B2) determine an A-scan representation of the selected

feature of the patient’s eye; and

(B3) set a focal plane of the ultrasonic transducer aperture
on the A-scan representation.

12. The system of claim 10, wherein operation (¢) com-

prises the sub-operations:

(C1) execute a series of B-scans along the prime meridian;

(C2) determine from a selected B-scan whether or not the
arcuate guide is centered laterally by applying the fol-
lowing rules:

(i) when the selected B-scan is substantially horizontal,
the arcuate guide is properly centered laterally; and

(ii) when the selected B-scan is not substantially hori-
zontal, the arcuate guide is not centered properly and
the processor causes movement of the arcuate guide
laterally until the B-scan is substantially horizontal;

(C3) determine from a selected B-scan whether or not the
arcuate guide is centered vertically by applying the fol-
lowing rules:

(i) when the selected B-scan is not substantially curved,
the arcuate guide is properly centered vertically;

(ii) when the selected B-scan is substantially curved, the
arcuate guide is not centered vertically and the pro-
cessor causes movement of the arcuate guide verti-
cally until the selected B-scan is substantially
uncurved; and

(C4) rotate the arcuate guide through a substantial angle
from the prime meridian to a second meridian; and

(C5) repeating operations (C1)-(C3) with respect to the
second meridian and then returning the arcuate guide to
the prime meridian.
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13. The system of claim 10, wherein a type of scan to be
performed is received from an operator and wherein the pro-
cessor further:

(D selects a scan configuration from a plurality of scan
configurations associated with differing types of scans,
the various scan configurations comprising differing
configuration parameters.

14. The system of claim 10, wherein the processor further:

(D determines a distance from the ultrasonic transducer
aperture to a selected surface of the patient’s eye by
performing the following sub-operations:

(G1) at afirstaperture position and using a first gain, take
a first scan along a first vector;

(G2) receive a reflected ultrasonic wave; and

(G3) form a first waveform from the reflected ultrasonic
wave;

(G4) reposition the aperture to a second aperture posi-
tion and repeat steps (G1)-(G3) with respect to the
second aperture position and using a second gain; and

(G5) combine the waveforms to form a composite wave-
form.
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15. The system of claim 10, further comprising:

a splitter adapted to receive, at an input, reflected waves
from a scan and split the reflected waves into first and
second waves; and

first and second gain amplifiers adapted to apply, respec-
tively, a first gain to the first wave and a second gain to
the second wave.

16. The system of claim 10, wherein the processor genet-
ates, from the ultrasonic scans, distances between the selected
features of the patient’s eye, the distances being determined
by the time interval between the peak-to-peak amplitudes of
the selected features converted to distances by multiplying
the time intervals by a local acoustic velocity between the
selected features.

17. The system of claim 10, wherein the selected feature is
at least one of a cornea, a natural lens, an artificial lens, an iris,
a retina, diseased ocular tissue, damaged ocular tissue and
injured ocular tissue, and further comprising:

a movable fixation light to change a degree of focus of the

patient’s eye.



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

FRI& B A

KRN

IPCH 35
CPCHKS
L A

H A FF SRR
NS

BE@®F)

BERBIREREN DR

US20100004537A1 AFF(AE)A
US12/418392 BiE A
R#EXEL

H#EXE | INC.

HiERE1L , INC.

EILERS GEORGE J
STIENMIER J DAVID
WEBER WES
OSMANN ERIC
RASMUSSEN RANDY
MCGREGOR PAUL
MEDVEDEVA OLGA

EILERS, GEORGE J.
STIENMIER, J. DAVID
WEBER, WES
OSMANN, ERIC
RASMUSSEN, RANDY
MCGREGOR, PAUL
MEDVEDEVA, OLGA

A61B8/14

A61B8/0858 A61B8/4461 A61B8/10 A61B8/4245
61/042170 2008-04-03 US

US8496588

Espacenet USPTO

R BBEKHESS R ER — AR FETIRERGIRENES BRGNS
&, PR IR LU ] R RS E AL B 3.

—————  Optical
axis

patsnap

2010-01-07

2009-04-03

Temporal
side

Sclera

Posterior
chamber

ﬁﬂ%i%ﬂsﬁf

humour

Optic
Sulcus nerve


https://share-analytics.zhihuiya.com/view/65432534-5ae6-496f-aba5-77f080226c92
https://worldwide.espacenet.com/patent/search/family/041135953/publication/US2010004537A1?q=US2010004537A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220100004537%22.PGNR.&OS=DN/20100004537&RS=DN/20100004537

