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FOCUSING LIGHT THROUGH CATARACTOUS LENSES

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit under 35 U.S.C. Section 119(e) of co-

5  pending and commonly-assigned U.S. Provisional Patent Application Serial No.
62/580,339, filed on November 1, 2017, entitled “FOCUSING LIGHT THROUGH
CATARACTOUS LENSES.” by Lihong Wang, Frank Brodie, Yuecheng Shen,
Changhuei Yang, Yan Liu, and Haowen Ruan, (CIT-7894-P); and

which application is incorporated by reference herein.
10
STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

This invention was made with government support under Grant No(s).
EB016986 & CA186567 & NS090577 awarded by the National Institutes of Health.

15  The government has certain rights in the invention.

BACKGROUND OF THE INVENTION
1. Field of the Invention.

This invention relates to a method and system for imaging and focusing

20  electromagnetic radiation in a scattering medium.

2. Description of the Related Art.
(Note: This application references a number of different publications or
references as indicated throughout the specification by one or more reference numbers
25  as superscripts, e.g., . A list of these different publications or references ordered
according to these reference numbers can be found below in the section entitled
“References.” Each of these publications or references is incorporated by reference

herein.)
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Normal development of the visual pathways in the central nervous system relies
on clear images being projected on the retina throughout the first year of life.
Disruption of this can lead to the development of amblyopia — a condition in which
individuals, despite having structurally normal eyes, have intractable poor vision due
to the underdevelopment of the cortical visual system!-3,

A cataract is a clouding of the normally transparent crystalline lens in the eye, and
it scatters light coming toward a retina. Cataracts cause half of blindness and 33% of
visual impairment worldwide. Congenital cataracts occur approximately one in every
2500 live births*. Since no clear images are projected to the retinas of the infants with
such a disease, early diagnosis and treatment of congenital cataract is critical for the
prevention of amblyopia® 6.

Currently, the standard of care is to perform cataract removal surgery within the
first month of life> ¢, to minimize the effects of cataract on the normal development of
the visual pathways. The infant is usually left aphakic, i.e., without a physiological
lens in the eye, and it relies on a contact lens. Unfortunately, a common complication
of cataract extraction is the development of glaucoma (termed aphakic glaucoma,
which involves damaging of the optic nerve that leads to vision loss). While the
precise mechanism for this complication is not well understood, it has been shown
that earlier surgery leads to an increased risk’. Aphakic glaucoma is a devastating
complication with significant irreversible visual loss at a very young age. Frequently
it requires additional surgeries and multiple medications.

Ultimately, current management of congenital cataract puts the doctor in a
difficult position: the cataract needs to be removed promptly to prevent amblyopia,
but the surgeon knows that aphakic glaucoma could lead to equally profound vision
loss after the cataractous lens is removed. Although the risk of aphakic glaucoma can
be reduced eight-fold by delaying the surgery until four months of life, evidence
shows that this delay would lead to more severe amblyopia®”’.

What is needed then, are improved methods of treating amblyopia. The present

disclosure satisfies this need.
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SUMMARY OF THE INVENTION

The present disclosure describes a device for irradiating ocular tissue.

The device can be embodied in many ways including, but not limited to, the
following.

1. The device comprising a source of electromagnetic radiation; a beacon
scattering the electromagnetic radiation transmitted through an opacity in ocular tissue
so as to form scattered electromagnetic radiation; and a modulator transmitting output
electromagnetic radiation having a field determined from a recording of the scattered
electromagnetic radiation transmitted through the opacity, so that the output
electromagnetic radiation is transmitted through the opacity to the beacon.

2. The device of embodiment 1, wherein the ocular tissue comprises lens
tissue comprising cataractous tissue or other light scattering media in the optical axis
of an eye.

3. The device of one or any combination of embodiments 1-2, wherein
the beacon is positioned on retinal tissue.

4, The device of one or any combination of the previous embodiments 1-
3 further comprising a transmitter of ultrasound positioned so as to transmit
ultrasound forming the beacon including a focus of the ultrasound, wherein the
ultrasound frequency shifts the electromagnetic radiation transmitted through the
opacity so as to form the scattered electromagnetic radiation comprising frequency
shifted electromagnetic radiation.

5. The device of one or any combination of the previous embodiments 1-
4, wherein the output electromagnetic radiation comprises a phase conjugate of the
scattered electromagnetic radiation transmitted through the opacity.

6. The device of one or any combination of the previous embodiments 1-
5, further comprising a detector outputting a signal comprising the recording in
response to the scattered electromagnetic radiation received on the detector; and a

computer connected to the detector and the modulator. The computer determines a
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phase, an amplitude, or an amplitude and a phase of the output electromagnetic
radiation from the recording; and the modulator modulates the output electromagnetic
radiation so that the output electromagnetic radiation has the phase, the amplitude, or
the amplitude and the phase.

7. The device of embodiment 6, wherein the detector comprises a
wavefront sensor measuring a wavefront for each spatial location in the scattered
electromagnetic radiation associated with a stimulation pattern; the computer
synthesizes an output wavefront of the output electromagnetic radiation using the
wavefront; and the modulator modulates the output electromagnetic radiation so as to
transmit the stimulation pattern to the beacon.

8. The device of one or any combination of the previous embodiments 6-
7, wherein the modulator comprises pixels that are sequentially modulated so as to
scan the output electromagnetic radiation representing different points in the
stimulation pattern across retinal tissue within a duration of persistence of vision so
that a subject perceives the stimulation pattern, wherein the beacon is on the retinal
tissue, and/or the computer uses an optical memory effect to determine the
output wavefronts for neighboring points in the stimulation pattern by adding
different phase gradients so as to reduce a number of the wavefronts measured by the
wavefront sensor.

9. The device of one or any combination of the previous embodiments 6-
8, wherein the modulator comprises pixels, wherein the pixels have variable
transmissivity, reflectivity, or emission so as to modulate an intensity of the output
electromagnetic radiation transmitted from the pixels, the computer controls the
transmissivity, reflectivity, or emission of each of the pixels so as to form a varying
intensity comprising a stimulating pattern capable of stimulating nerves on retinal
tissue, and the beacon is on the retinal tissue.

10. The device of one or any combination of the previous embodiments 6-
9, wherein the computer determines, from the signal, values representing a phase, an

amplitude, or a phase and an amplitude of the scattered electromagnetic radiation at
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spatial locations associated with the stimulating pattern; and the computer determines
the phase, an amplitude, or the amplitude and the phase of the output electromagnetic
radiation from the values.

11. The device of one or any combination of the previous embodiments 7-
10, wherein the stimulating pattern comprises a line.

12. The device of embodiment 11, wherein the stimulating pattern
comprises a pair of lines moving closer together so as to measure visual acuity.

13. The device of one or any combination of embodiments 7-12, wherein
the computer temporally controls the transmissivity, reflectivity, or emission of each
of the pixels so that all points or regions of the stimulating pattern are transmitted
from the modulator sequentially in time, e.g., within a duration of 50 milliseconds or
within a duration of a persistence of vision of an infant.

14. The device of one or any combination of embodiments 7-13, wherein
the computer determines, from the signal, values representing a phase, an amplitude,
or a phase and an amplitude of the scattered electromagnetic radiation for a subset of
spatial locations associated with the stimulating pattern; and the computer uses an
optical memory effect to calculate the phase and/or amplitude for neighboring points
in the stimulating pattern by adding different phase gradients.

The present disclosure describes how embodiments of the apparatus and
methods described herein can be used for focusing light noninvasively through highly
scattering cataractous lenses and so as to stimulate the retina, thereby preventing
amblyopia. This approach allows cataractous lens removal surgery to be delayed and
hence greatly reduces the risk of complications from early surgery. As illustrated
herein, embodiments of the device employ a wavefront shaping technique named
time-reversed ultrasonically encoded (TRUE) optical focusing in reflection mode, so
as to focus (e.g., 532 nm) light through a highly scattering human cataractous lens.

Variations of the wavefront sensing technique have other clinical applications
as described herein. For example, other embodiments described herein in include a

device for irradiating ocular tissue, comprising a source of electromagnetic radiation;



WO 2019/089946 PCT/US2018/058734

10

15

20

25

a beacon scattering the electromagnetic radiation transmitted through ocular tissue so
as to form scattered electromagnetic radiation; a wavefront sensor measuring a phase
and/or amplitude of the scattered electromagnetic radiation transmitted through the
opacity; and a computer mapping optical properties at different spatial locations
across the ocular tissue using the phase and/or amplitude. In one or more examples,
the optical properties are used to inform a machine (e.g., including a laser) on how to
ablate the cornea to correct for optical aberrations caused by the corneal or lens tissue

(e.g.. on how to ablate the comea for optical clarity).

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings in which like reference numbers represent
corresponding parts throughout:

Figs. 1A-1B Illustration of the turbidity of an ex vivo human cataractous lens.
Fig. 1A illustrates the lens is so scattering that the “CALTECH” characters
underneath cannot be observed. Fig. 1B is a schematic of the setup to measure the
extinction coefficient of the cataractous lens. M, mirror; PD, photodetector.

Fig. 2 Schematic of the set-up for focusing light through ex vivo human
cataractous lens, according to one or more embodiments of the present invention. The
optical path in light green was used for assessing and assuring the performance of the
OPC set-up on a daily basis. The inset shows the schematic of the setup for observing
the TRUE focus. AOM, acousto-optic modulator; BB, beam block; BC, beam
compensator; BS, cube beamsplitter; BSP, plate beamsplitter; CAM, camera; CW,
continuous-wave; FC, fiber coupler; FM, flip mirror; HWP, half-wave plate; ID, iris
diaphragm; L, lens; M, mirror; MS, mechanical shutter; OBJ, objective; PB, playback
beam; PBS, polarizing beamsplitter; PD, photodiode; R, reference beam; S, sample
beam; SF, polarization-maintaining single-mode optical fiber; SQA, sample beam for
quality assurance of the OPC system; S*oa, conjugate of Soa. SLM, spatial light
modulator; SM, scattering medium (two layers of tapes); TL, tube lens; US,

ultrasound.
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Fig. 3A-3D Focusing light through ex vivo human cataractous lens according
to one or more embodiments of the present invention. Fig. 3A shows a portion of the
phase map displayed on the SLM to achieve TRUE focusing. Fig. 3B is a histogram
of the phase map. Fig. 3C is an image of the TRUE focus observed on camera CAM?2.
Fig. 3D shows no focus was observed when we shifted the phase map displayed on
the SLM horizontally by 10 pixels to break the time-reversal symmetry. Scale bar,
100 pm.

Figs. 4A-4B. Illustration of why the traditional method to generate a guide star
does not work. Fig. 4A shows that for a clear eye, a guide star can be directly formed
onto the retina by sending in a plane wave. Fig. 4B shows that for an eye with a
cataract, light is scattered within the cataract. As the light projected onto the retina is
scrambled, no traditional guide star can be formed.

Figs. SA-SD. Principle of time-reversed ultrasonically encoded (TRUE)
optical focusing deep inside or through scattering media according to one or more
embodiments of the present invention. Fig. 5A shows light is projected through the
cataractous lens and is diffusely scattered due to the heterogeneous refractive index
within the cataract. Fig. 5B shows an ultrasonic focus can be formed at the targeted
position because biological tissue is essentially transparent to ultrasound. Fig. 5C
illustrates encoding diffused coherent light via a focused ultrasonic wave, which
provides an internal guide star. The wavefront of the tagged light is filtered and
measured using heterodyne holography. Fig. 5D shows the conjugate wavefront of the
tagged light is time-reversed back to the ulrasonic focus, yielding a TRUE focus.

Fig. 6A. System overview according to one or more embodiments of the
present invention.

Fig. 6B. Detailed layout of the key components inside the enclosure according
to one or more embodiments of the present invention. AOM, acousto-optic modulator,
BS, beamsplitter, M mirror, SLM spatial light modulator.

Fig. 7 Radiant power MP® as a function of exposure duration ¢ for L = 532

nm that can be used in one or more embodiments of the present invention.
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Fig. 8. Anatomy of an infant eye coupled to ultrasonic transducer according to
one or more embodiments of the present invention.

Fig. 9. Illustration of the hologram recording step for TRUE according to one
or more embodiments of the present invention, where BS is a beamsplitter.

Fig. 10. Illustration of the hologram playback step for TRUE according to one
or more embodiments of the present invention.

Fig. 11. Illustration of a projected bar on the human retina according to one or
more embodiments of the present invention. The projected bar, i.e., a single line, is
generated by using an ultrasonic transducer with a 100-MHz center frequency, as an
example. Within the duration of the persistence of vision, 3 discrete TRUE foci will
be successively formed; they will be perceived as a single line. The arrow indicates
the scanning direction.

Fig. 12. Tllustration of two projected bars on the human retina according to
one or more embodiments of the present invention. Each projected bar is generated by
using an ultrasonic transducer with a 100-MHz center frequency, as an example.
Within the duration of the persistence of vision, two successively formed discrete
TRUE foci will be perceived as two simultaneously projected bars. The separation
can be varied and the orientation can be rotated.

Fig. 13 illustrates a hardware environment for performing various processing
methods described herein.

Fig. 14 is a flowchart illustrating a method of making a device according to
one or more embodiments of the present invention.

Fig. 15 is a flowchart illustrating a method of operating a device according to

one or more embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

In the following description of the preferred embodiment, reference is made to
the accompanying drawings which form a part hereof, and in which is shown by way

of illustration a specific embodiment in which the invention may be practiced. It is to
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be understood that other embodiments may be utilized and structural changes may be

made without departing from the scope of the present invention.

Technical Description

L First Example

One or more embodiments of the present invention comprise a system and
method capable of focusing light through the opaque cataractous lens to stimulate the
retina, thereby preventing amblyopia and giving the eye more time to mature
(particularly the eye’s drainage system, since glaucoma occurs with increased
intraocular pressure). This approach allows cataractous lens removal surgery to be
delayed and thereby greatly reduces the risk of aphakic glaucoma’.

The technique of focusing light through opaque cataractous lenses for retina
stimulation uses wavefront shaping. Wavefront shaping includes a class of methods
that employ scattered photons for focusing light through highly scattering media such

as biological tissue!*-13

. These methods work by shaping the wavefront of an incident
light field, so that the scattered light can constructively interfere at locations of
interest to form optical foci'*. Three types of wavefront shaping techniques have been
developed, including feedback-based wavefront shaping'# 13, transmission matrix
measurement!® 7 and optical phase conjugation (OPC)/time reversal'®2!. Among
them, OPC achieves the highest focusing speed for a given number of wavefront
sensing and control elements (runtime <10 ms for >10° elements??>*), by determining
the required wavefront globally instead of stepwise?’. This feature makes OPC most
promising for in vivo applications where speckles decorrelate fast due to physiological
motions?? 26,

OPC focuses light inside scattering media by first measuring and then phase
conjugating (time reversing) the scattered light field emitted from a guide star'!,
which is positioned at a targeted focusing location deep inside a scattering medium. In
embodiments illustrated herein, focused ultrasound is used to noninvasively provide a

27-29

(virtual) guide star-"~*, which is freely addressable within tissue. Due to the acousto-
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optic effect, a portion of the light passing through the ultrasonic focus changes its
frequency by an amount equal to the ultrasonic frequency. These so-called ultrasound-
tagged photons emitted from the virtual guide star (ultrasonic focus) are then scattered
as they propagate through the turbid medium toward a camera. By measuring the
wavefront of the ultrasound-tagged light and then performing OPC, a phase-conjugate
version of the ultrasound-tagged light is generated. The phase-conjugate version
partially retraces the original trajectory back through the scattering medium and
converges to the ultrasonic focus (the source of the ultrasound-tagged light) as if time
has been reversed. This focusing technique based on ultrasound-guided optical phase
conjugation is known as time-reversed ultrasonically encoded (TRUE) optical

focusing®’->.

1. Example cataractous lens

In this example, a cataractous lens was harvested from a 68-year-old male
donor at University of California San Francisco (UCSF) Medical Center. An
illustration of the cataractous lens 100 is shown in Fig.1A. Because of the strong
scattering of light in the lens, the “CALTECH” characters cannot be observed
underneath the lens. The transmission of collimated ballistic light through a tissue
slice (attached to a glass slide [Fig. 1B]) was measured to quantify the extinction
coefficient u¢ of the cataractous lens. Rather than using the whole lens, a thin tissue
slice (thickness . = 100 um, cut with a vibratome) was used to reduce the number of
scattered photons®®. To reject the scattered light, the distance between the sample and
a photodetector was kept long (2.6 m), and an iris with a diameter of 1.5 mm was used.
According to Beer’s law, the transmitted light power received by the photodetector P1
= Pohrtzexp(—uel)t3, where Po is the incident light power on the glass slide, 71, 72, and
are the transmission coefficients of the air-glass, glass-tissue, and tissue-air interfaces,
respectively [Fig. 1B]. The transmitted light power P2 through another tissue slice
with a thickness of 2/, was measured do reduce the unknown variables by

normalization. Since P2 = Pot1t2exp(—u2L)t, ut= In(P1/P2)/L, =32 = 4 mm™!. The

10



WO 2019/089946 PCT/US2018/058734

10

15

20

25

light was focused through a 3.5 mm thickness of cataractous lens (equal to 112 mean

free paths).

2. Example Apparatus

Fig. 2 illustrates the reflection-mode TRUE focusing system?®! used to focus
light through the human cataractous lens (lens comprising a cataract or opacity)
according to one or more examples using the lens tissue described in section 1. The
phase map of the ultrasound-tagged light field was measured using heterodyne
holography?!- 2% 323 and the ultrasound-tagged light field was phase conjugated by
displaying the conjugate phase map on a spatial light modulator (SLM) that
modulated the phase of light. Following time reversal, the phase conjugated light
converged to the ultrasonic focus, thus forming an optical focus.

To stimulate the retina, the ultrasonic focus is placed either on (or sufficiently
close to) the retina. In the example illustrated in Fig. 2, the ultrasound focus was
positioned close to the retina so that the scattering retina could be removed to directly
image the optical focus by an imaging system (comprising objective OBJ1, tube lens
TL, and camera CAM2, see Fig. 2 inset) and verify functioning of the TRUE focus.
The distance between the lens and the ultrasonic focus was 15 mm, which is the
distance between the lens and the retina of an infant.

Fig. 2 illustrates the output of a 200 mW, 532 nm continuous-wave laser
(Excelsior-532-200, Spectra-Physics) was split into a sample beam (S)/playback beam
(PB) and a reference beam (R). Both beams were spatially filtered by single-mode
fibers and collimated. The frequency of R was up-shifted by 50 MHz + 10 Hz by
acousto-optic modulator AOM1 before R was reflected to scientific CMOS camera
CAMI (pco-edge 5.5, PCO) by beamsplitter BS2. In the other arm, S/PB beam
reflected from the SLM (Pluto, Holoeye) and mirror M6 illuminated the cataractous
lens, with an intensity of 15 mW/cm?. A portion of the light back-scattered from a
cow retina was tagged by a 50 MHz focused ultrasonic field, collected by lens L5, and
then reflected to camera CAM1 by plate beam splitter BSP (50T/50R). On CAMI, the

11
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ultrasound-tagged light interfered with reference beam R, with a beat frequency of 10
Hz. Triggering the camera at four times the beat frequency (40 Hz) and recording
successive interferograms (lo, Iz, Ir, [3x2) enabled reconstruction of the phase map of
the ultrasound-tagged light ¢ = Arg[(Io—Ix)+i(In2—Isw2)], where Arg [z] computes the
principal value of the argument of complex number z. To achieve optical phase
conjugation, the conjugate phase map of ¢ was displayed on the SLM (positioned at
the mirrored position of the camera sensor relative to beamsplitter BSP). The
wavefront-shaped light then converges to the ultrasonic focus after passing through
the cataractous lens (Fig. 2 inset). An iterative TRUE focusing scheme?!- 3336 was
used to increase the ultrasound-tagged light signal and resolution, by repeating the
TRUE focusing procedure using a previously established TRUE focus. Eight
iterations were employed.

Fig. 3A shows a portion of the phase map displayed on the SLM to achieve
TRUE focusing. Only the central 200 x 200 pixels out of 1920 x 1080 pixels are
shown due to space constraint. The histogram of the whole phase map shows that the
phase values are nearly uniformly distributed between 0 to 2x [Fig. 3B], following the
statistics of a fully developed speckle. Fig. 3A and 3B show that the wavefront
observed here is much more complex than that in traditional adaptive optics. This
capability to tackle complex wavefront associated with highly scattering media is
enabled by a reliable guide star, and the large pixel counts (>10° pixels) of both the
wavefront sensor (scientific CMOS camera) and the wavefront modulator (SLM) used
in the technique illustrated here.

When the phase map shown in Fig. 3A was displayed on the SLM, the
wavefront-shaped light was focused through the cataractous lens, and the optical
focus observed on camera CAM2 is shown in Fig. 3C. The full width at half
maximum focal spot size is 50 um along the y-direction, and 172 um along the x-
direction, which is the acoustic axis direction. The average intensity inside the focus
is 13 times higher than the average intensity of the surrounding background. In a

control experiment, the phase map displayed on the SLM was shifted horizontally by

12
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10 pixels to break the time-reversal symmetry, and no focus was observed [Fig. 3D],

demonstrating proper functioning of the technique.

3. Applicability to in vivo tissue

Focusing light inside scattering media using wavefront shaping is an area of

t*7-3% and promises to

active research, because it breaks the optical diffusion limi
revolutionize biophotonics by enabling noninvasive deep-tissue optical imaging,
manipulation, and therapy. Recently, 532 nm light was successfully focused through
25 mm thick ex vivo chicken tissue, as well as through 96 mm thick tissue-mimicking
phantoms?!, demonstrating the applicability of OPC based wavefront shaping for
biomedicine. For in vivo applications, the system runtime should be shorter than the
speckle correlation time associated with living tissue, which is on the order of 1 ms,

22-24.33.40.41 with a reduced number of

due to blood flow?>2%-3° High-speed systems
controls can be adapted for in vivo deep-tissue applications. In contrast, since there
are no blood vessels in human lens or in retina layers at the fovea and the cataractous
lens can be static for hundreds of milliseconds, the speckle correlation time is much
longer for human lenses. Therefore, focusing light through human cataractous lens in
vivo can be achieved using the wavefront shaping techniques described herein.

The quantity of visual stimulation needed to prevent amblyopia has been
addressed by the Mitchell laboratory’s studies in cats. They found that only 30
minutes of visual experience per day during the critical period allows for the
development of normal acuity when kittens are binocularly deprived for the remaining
23.5 hrs/day by being kept in darkness.?® A similarly brief period of daily binocular
vision is sufficient to avert the effects of even very prolonged periods (7 hrs/day) of
monocular vision—comparable to the entire waking period—as assessed either by
behavioral measurements of acuity®” or by measurements of visual cortical
responses.*® The same brief amount of daily binocular visual experience, less than one
hour, was required for the normal development of functional ocular dominance

domains in the primary visual cortex no matter how long the period of monocular

13



WO 2019/089946 PCT/US2018/058734

10

15

20

25

vision*, and acuity developed largely albeit incompletely with such brief exposures.
The development of full normal acuity, equal to that in the fellow eye, required longer
periods of binocular exposure, up to 30% of waking hours. Findings from other
laboratories are consistent with these reports.

The most extensive primate studies on the quantity of visual experience
necessary to prevent amblyopia have come from the Smith and Chino laboratories.
Behavioral measurements of contrast sensitivity in Macaque monkeys reared with
simulated cataracts (produced by a diffusing lens over one eye) showed that, as
expected, continuous monocular form deprivation caused severe amblyopia. However,
one hour of unrestricted vision reduced the degree of amblyopia by 65% and two
hours/day reduced the deficit by 90%.!° Recordings from neurons in the primary
visual cortex of macaque monkeys demonstrated that one hour per day of binocular
vision in animals otherwise seeing only monocularly largely preserved normal visual
responses, and two hours per day led to a result nearly indistinguishable from
normal.** Findings using other measures of visual development*?! and findings in
other species reviewed in Espinosa and Stryker (2012)*° are consistent with the more
extensive results noted above.

A number of studies indicate that, as in adult plasticity, the most salient factor
is the degree to which the stimulation is effective in driving neurons in the visual
cortex. For example, in cats see Stryker, M.P., Sherk, H., Leventhal, A.G., and Hirsch,
H.V. (1978);* in rodents, see Figs. 6 and 7 in Kaneko, M., Fu Y., and Stryker, M.P.
(2017).3? Diffuse light stimulation is nearly ineffective, and the most effective stimuli
are bars or edges moving across the visual field, with different cells in different
columns driven by different orientations. The example stimuli that can be created

using TRUE technology described herein can be used for this purpose.
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IL. Second Example: In vivo application

L. Introduction

Imaging through a cataract poses a unique challenge that traditional adaptive
optics cannot overcome: the inability to clearly project a guide star beyond the media
opacity. Traditional optical guide stars require relatively sharp projection, which can
only be accomplished through low scattering media (such as the atmosphere or a
normal eye Fig. 4A) and cannot be achieved through a highly scattering medium (in
our case, the cataract 400, FIG. 4B). The light from a laser is scattered within the
cataract before reaching the retina. As a result, a speckle pattern of randomly
distributed bright spots is formed on the retina. The observer would be unable to
differentiate between all the light rays reflected back from many bright spots on the
retina and consequently unable to calibrate the adaptive optics system.

Figs. 5A-5D illustrates how TRUE optical focusing according to one or more
embodiments described herein overcomes this limitation by ultrasonically “tagging”
light once it has passed through the cataract, creating a guide star. As biological tissue
is nearly ultrasonically transparent, an ultrasonic beam cis well focused on the retina
to modulate light reaching the focus through ultrasonically induced scatterer
displacement and refractive index variation, akin to the Doppler shift. This tagged
light is then reflected off the retina and undergoes distortion by the cataract a second
time before being seen by the observer. By identifying the “tagged” light, the observer
only records light that has reached the ultrasonic focus, which serves as a guide star.
The tagged light is time-reversed back onto the retina at the original ultrasonic focus
with a high contrast. The focal point can then be scanned to form a high-contrast line
or grating pattern.

Figs. 5A-5D also shows the working principle of TRUE focusing. (1) Light is
projected into the scattering medium and diffusely scattered due to the heterogeneous
refractive index within the cataract 500. The optical paths of photons are illustrated

using green lines 502 (Fig. 5A). (2) Since the scattering medium is ultrasonically
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transparent, we can directly form an ultrasonic focus at the targeted position inside the
scattering medium (Fig. 5B). (3) The ultrasonic focus serves as an internal guide star.
Due to the light-sound interactions in the medium, a portion of light passing through
the ultrasonic focus is frequency shifted. The amount of the frequency shift is
equivalent to the central frequency of the ultrasonic wave. These frequency-shifted
photons, represented with red lines, are now “ultrasonically tagged” (Fig. 5C)). To
isolate these tagged photons from a large number of untagged photons, we apply
heterodyne holography by introducing a reference beam. The reference beam forms
holographic images with the tagged photons, and these holographic images are
captured by a camera. The camera then transfers these images to a computer for
analysis. In the computer, the wavefront of these tagged photons is calculated (Fig.
5C). (4) The conjugate wavefront of the tagged photons is sent to a spatial light
modulator (SLM) for display. A reading beam with a planar wavefront acquires this
conjugated wavefront from the SLM. Due to the time-reversal principle, light with
this conjugated wavefront traces the original optical paths back to the position of the
ultrasonic focus, as if time evolves backwards (Fig. 5D)). In this way, we can form an
optical focus deep inside the scattering medium. The formed optical focus by TRUE
technology has the same dimensions as the ultrasonic focal dimensions and is
unaffected by multiple scattering of light. Thus, by compensating for the optical
scattering effect using the ultrasonically encoded guide star, sharp, high-contrast

images can be projected through the cataract onto the retina.

2. TRUE processing speed according to one or more examples

Nearly instantaneous processing can be used to render images in real time and
account for microsaccades, respiration and other movements. In conventional systems,
ultrasound-guided DOPC has been limited by the low speeds of cameras, data transfer,
data processing, and SL.Ms. The low speeds prevent DOPC from being applied to
thick living biological tissue, because the motion of the scattering elements inside

tissue causes the speckles to decorrelate and breaks the time reversal symmetry,
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ultimately preventing a formed image from being projected. By employing the state-
of-the art ferroelectric liquid crystal based SLM and a novel double-shot binary-phase
modulation scheme, the world’s fastest TRUE system has a system runtime of 7.0
ms.?* The demonstrated runtime to focus light into a scattering medium is up to two

orders of magnitude shorter than those of previous wavefront shaping systems.

3. Apparatuses according to one or more embodiments

Fig. 6A illustrates a novel TRUE system for use on patients according to one or
more examples of the present invention. The system can be packaged into a sealed
enclosure. The system includes a heavy-duty gimbal, adjustable for translational and
rotational movements. In one or more embodiments wherein the gimbal is integrated
with the enclosure, a heavy metal mass is mounted on the other end of the gimbal arm
to counter balance the weight of the enclosure. The optical fibers for light delivery
and the electronic cables for control signals are connected to a laser and a computer,
respectively.

During treatment, the infant lies supine on the crib with the head held steadily
by a head support. In embodiments using a light source with a narrow bandwidth,
there is the option to leave the ambient light on or switch it off. The infant eye
remains open during the treatment so that light can be projected into the eye.

In one or more examples, to minimize irradiance (mW/cm?) while avoiding
irradiating the iris, the laser beam is broadened to ~3 mm in diameter, which fills
approximately half of the mydriatic pupil (5 — 6 mm in diameter). In one or more
examples, to protect the infant’s head, a limiter with an adjustable height is installed
on one side of the bed to support the enclosure. The limiter prevents the enclosure
from falling on the infant.

Fig. 6B illustrates an example detailed layout of the key components inside the
enclosure according to one or more embodiments. A single-mode optical fiber outputs
(e.g.. 532-nm green) light. The light beam is expanded by a pair of lenses and split

into a reference beam and a probing beam. The probing beam is sent to the patient’s
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eve, where it is scattered by the cataractous lens. A high-frequency focused ultrasonic
transducer, custom-made with a large aperture, is used to provide a TRUE guide star.
The ultrasonic transducer stays in contact with the infant’s eyelid through ultrasonic
coupling gel during treatment. When the ultrasonic transducer is turned on, an
ultrasonic wave is focused on the front surface of the retina. The ultrasonic transducer
1s mounted on motorized stages for raster scanning and rotation. The 532 nm light
passes through the pupil along the visual axis. Once the light is ultrasonically tagged,
a portion of the frequency-shifted light is reflected back to the TRUE system and
enter the DOPC module, which is composed of a camera and an SLM. The DOPC
module measures the scattered wavefront of the tagged light and performs optical
time reversal/OPC, resulting in an optical focus on the patient’s retina.

In one or more examples, to generate a line, the optical focus is scanned within
the duration of the persistence of vision. In one or more examples, to support two-
dimensional (2D) fast scanning and rotation of the ultrasonic transducer, the
transducer is mounted on two motorized linear stages (e.g., Physik Instrumente, PI V-
528) and one motorized rotation stage (e.g., Physik Instrumente, A-627.075). In the
example, the linear stage has a travel range of 20 mm, a resolution of 20 nm, and a
maximum velocity of 250 mm/s; the rotational mount has a travel range of >360° with
an accuracy as fine as 8 prad; and a monitoring camera is also installed to surveil the

condition of the human eye, helping physicians to align the system.

4, Sources of electromagnetic radiation (e.go.. Laser) according to one or

more embodiments

In one or more embodiments, the maximum light intensity on the retina is no
greater than 9.5 mW/cm?  or no more than 19 mW/cm? so that the system’s
irradiance is well within the ANSI safety guidelines for human subjects. The choice of
conservative irradiance is not expected to compromise the clinical applicability of
TRUE technology described herein. According to preliminary data, an irradiance of

9.5 mW/cm? on the retina is already 127 times higher than the required irradiance (75
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uW/cm?) to realize TRUE focusing robustly, which is well above the perception
sensitivity discussed above. Through a cataractous lens, the retinal irradiance
decreases according to the level of the lens turbidity. However, a turbid cataractous
lens that attenuates as much as 127 would still transmit sufficiently bright stimuli for
successful use of the TRUE system.

This low intensity is more than sufficient for stimulation of the infant retina.
Brown ef al. (1987)%° report that the visual acuity of human infants is maximal at
luminance levels at and above 1 ¢d/m?, which produces about 10° photons/cone-sec.
Cones have a collection area of about 1 um?, so the power needed for maximal visual
acuity is 0.037 uW/cm? on the retina. This power is a tiny fraction, 0.0004% (or 4x10~
6), of the safety limit of 9.5 mW/cm?. Even a background that is 3 orders of magnitude
brighter would only be 0.4% of the safety limit. Additionally, newborns have
moderately high contrast sensitivity, so targeting a PBR of 9 (80% contrast) ensures
we are well within their perceptive range.”®’!

The safety limits for cumulative ocular exposure to light are well described as
a function of radiant power, wavelength and duration.®>-%72 Thermoacoustic damage
occurs with pulses less than a nanosecond, which are not used in the TRUE
technology and hence not applicable. In one example using both the maximum
irradiance (9.5 mW/cm?) and the lowest contrast required for treatment (80%), and
assuming that light fills up the retina (~1.8 cm?), the radiant power on the retina was
computed to be 1.9x107 W. From Fig. 7, the safe exposure time is infinity. In other
words, based on the ANSI standards for the chosen wavelength and the maximum

irradiance proposed for the TRUE system, the safe duration of exposure is unlimited.

6. Ultrasound sources according to one or more embodiments

Because the eye can be vulnerable to mechanical and thermal damage from
excessive ultrasonic intensity and energy, potential mechanical and thermal
ultrasound effects are analyzed so can prevented if necessary by observing two

indices. (1) Mechanical index (MI) is used for the determination of potential
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mechanical bioeffect of ultrasound. MI is defined as the ratio of the peak negative
pressure of the ultrasound wave in MPa to the square root of the center frequency of
the ultrasound wave MHz’*. (2) Thermal index (TI) is used to determine the thermal
bioeffect, measured by the temperature rise caused by the absorption of ultrasound by
the exposed tissue. TI is defined as TI = Wp/Waeg, where is Wp the relevant acoustic
power at the place of interest, and Wieg is the estimated power necessary to raise the
tissue equilibrium temperature by 1 °C according to a chosen specific tissue model.”
FDA and World Federation for Ultrasound in Medicine and Biology have imposed
strict MI and TI limits for ocular application as MI <0.23 and TI <1.0.7* In one or
more examples, the limits MI <0.23 and TI <1.0 can be implemented with the TRUE
system described herein using a calibrated needle hydrophone (HN-Series, Onda,
Inc.) to measure the ultrasonic pressure at the ultrasonic focus, by controlling the
center frequency of the ultrasound using a function generator, and using a
thermocouple to monitor temperature. Moreover, the ultrasound used in the TRUE
technology may operate in burst mode with a small duty cycle, which is defined as the
ratio of the on time to the total time per period. With such a short heating duration, the
local temperature rise at the ultrasonic focal point is negligible.

In an ideal ultrasonic focusing system with an infinite ultrasonic frequency,
ultrasound focuses to a geometric point. However, the geometric point spreads to a
finite size due to diffraction with a finite ultrasonic frequency. Here, a point spread
function (PSF) is usually used to describe the impulse response of the focusing system,
and its full width at half maximum (FWHM), drrug, is used to quantify the spread.

In one or more examples, a small drruE is used to form a single line with a
sharp edge. In a TRUE system, the minimum focal spot diameter is typically
determined by the diffraction limit: drrRue = 0.5/sound/N Asound, Where Asound 1s the
wavelength of the ultrasound in the medium and NAsound is the numerical aperture
(NA) of the focusing system (NA multiplied by f-number equals }2). Therefore, it is
desirable to maximize the NA of the system and choose ultrasound with a sufficiently

short wavelength while adequate penetration is maintained.
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The maximum allowable NA of the ultrasonic focusing system can be
determined by examining the parameters of the human eye. Fig. 9 shows the anatomy
of atypical infant eye. In one or more examples, the total axial length from the
anterior chamber to the retinal surface is around . = 17 mm. In this example, an
ultrasonic transducer is placed on the eyelid, pointing to the retina and the acoustic
axis (dashed line) has a small angle of roughly 15° with respect to the centerline
(dash-dotted line). Therefore, in one or more examples, the ultrasonic focal length ' is
chosen to be 17.6 mm, which is roughly the same as the length of the dashed line (17
mm/cos15°), the maximum allowable radius (e.g., limited by the size of the eyelid) of
the ultrasonic transducer 7sound = 2.65 mm, and therefore, the maximum allowable
N Asound = sin(arctan(#sound’F)) = 0.149.

To use ultrasound with a short wavelength, high-frequency ultrasonic
transducers can be used. In practice, due to the acoustic attenuation inside biological
tissues, there exists a tradeoff between the focal spot diameter and the penetration
depth. For soft tissues, the empirical rule is that the product of the penetration depth
(cm) and the center frequency (MHZz) of the ultrasound is about 30. Providing a
penetration depth equal to /' = 17.6 mm, the highest center frequency of the ultrasonic
transducer we can use is about 17 MHz. Fortunately, in the human eye, most of the
acoustic paths are within vitreous humor. Per Amin (1989),”” the ultrasound
attenuation coefficient in vitreous humor is ~10 times less than that in soft tissues.
Therefore, ultrasonic transducers with center frequencies much higher than 17 MHz
can be used. In other embodiments, ultrasonic transducers with center frequencies
ranging from 75 MHz to 125 MHz may be used.

Table 1 lists example focal spot diameters for the TRUE systems based on
different ultrasonic transducers. Due to the oblique incidence of the ultrasound, the
focal spot becomes an ellipse rather than a circle. The focal spot minor diameter along
the horizontal direction (Fig. 9) remains to be dtrue, while the focal spot major
diameter along the vertical direction (Fig. 9) is extended to dtrue/cos15°. However,

the differences between the minor diameter and the major diameter are always very
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the values of the minor diameters.

Center frequency (MHz) 75 100 125
Wavelength Asouna (M) 20 15 12
Focal spot minor diameter drrue (Lm) 67.1 50.3 40.3

Focal spot major diameter drrye/cos15® | 69.5 52.1 41.7

(nm)

Table 1. List of ultrasonic wavelengths and focal spot sizes for ultrasonic
transducers with different center frequencies, according to one or more

examples.

7. Focusing contrast of TRUE focus according to one or more examples

To quantify the brightness of the focus, a term called “peak-to-background
ratio” (PBR) has been widely used in the literature. PBR is defined as the ratio of the
peak intensity of the focus to the mean intensity of the speckles in the background.
Theoretically, PBR = yN/M, where N is the number of pixels of the SLM (also called
the number of independent controllable elements) and M is the number of speckle
grains within the TRUE focus. Here, # is a constant determined by the wavefront
modulation scheme adopted in the system. For phase-only, binary-phase, and binary-
amplitude modulations, # = /4, 1/, and 1/(2w), respectively.

Among physicians, “contrast number”—defined as the ratio between the
difference and sum of the peak and background intensities—is commonly used.
Contrast number is directly related to PBR: contrast number = (PBR — 1)/(PBR + 1).
In one or more examples, to prevent amblyopia, a TRUE focus achieves at least a
contrast number of 80%, which corresponds to a PBR of 9. To get a high contrast

number or a high PBR, N can be maximized and M can be minimized.
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(1) Tradeoff between the number of controllable elements (V) and the system

speed. according to one or more examples

A fast TRUE system is highly desirable in some examples in order to render
images in real time and accommodate for microsaccades, respiration, and other
movements. The speed of a TRUE system according to one or more embodiments is
limited by the speeds of the cameras, data transfer, data processing, and SLMs.
Decreasing the number of pixel counts of the electronic devices has been
demonstrated as an effective way to speed up TRUE systems; however, it also
degrades the focusing contrast accordingly. Therefore, there exists a tradeoff between
the pixel counts of the electronic devices (both the SLMs and the cameras) and the
system speed.

To accommodate most circumstances, the following example systems may be
used.

(1) System 1: A first system comprising high-speed SLM (HSP1920,
Medowlark, 1920 x 1152) integrated with a scientific complementary metal-oxide—
semiconductor (sCMOS) camera (pco.edge 5.5, PCO AG). This system supports
2.21x10° independent controllable elements with a system runtime of 11.5 ms.

(2) System 2: A second system?* which integrates a ferroelectric-based SLM
(A512-P8, Medowlark, 512 x 512) and a scientific CMOS camera (pco.edge 5.5, PCO
AG). This system supports 2.62x10° independent controllable elements with a system
runtime of 7.0 ms.

Both systems uses a double-exposure binary wavefront measurement method?*
and adopts binary-phase modulation. The first system supports about 8 times more

independent controllable elements but is about two times slower.

(i1) Estimation of the number of speckle erains within the TRUE focus (M)

according to one or more embodiments
When light passes through highly scattered cataractous lens, scattered light

forms a speckle pattern on the retina, which looks like a grainy image. The FWHM of
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the autocovariance function of this speckle pattern is defined as the diameter of the
speckle size dspeckle, which can be physically understood as the average size of these
speckle grains. Consequently, the number of speckle grains inside the TRUE focus
can be estimated as M = (dTrue/dspeckic)’. Using the speckle theory,”® dspeckte =
Alightl/dlight = 1.35 um, where the wavelength of light inside the eye Aiight =
(0.532/1.34) um = 0.397 um and the spot diameter at the posterior surface of the

cataractous lens dlight = 5 mm.

(i11) Estimation of the focusing contrast according to one or more

embodiments
Table 2 summarizes the example focusing contrast for TRUE foci obtained
using different ultrasonic transducers. As seen from the table, in all situations, the

PBRs are much higher than 9 and the contrast numbers are always well above 80%,

System 1: Slower, more SLM elements System 2: Faster, fewer SLM

elements

# of SLM elements: N

2.21x10%(= 1920 x 1152) 2.62x10°(=512x512)

System runtime (ms) 11.5 7.0

Center frequency 75 100 125 75 100 125
(MHz)

# of modes: M 2.47x10° 1.39x10° 891 2.47x10° 1.39x10° 891
PBR 285 506 789 33.8 60.0 93.6
Contrast number 99.3% 99.6% 99.7% 94.2% 96.7% 97.9%

15  Table 2. Summary of the example key parameters of TRUE systems according to

20

one or more embodiments.

g. Recording and playback steps according to one or more embodiments
Fig. 10 illustrates the wavefront recording process of the TRUE system

according to one or more embodiments. In the recording step, a recording beam
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(denoted in yellow) is directed to the eye, passing through the cataractous lens. Due to
the highly scattering properties of the cataractous lens, light is scattered (i.e., diffused)
before reaching the retina. The ultrasonic transducer forms an ultrasonic focal point
anterior to the retina. Due to ultrasonic modulation, a small portion of the light that
passes through the ultrasonic focus is frequency shifted (tagged, denoted in green),
while the remainder of the diffused light is untagged. Both tagged and untagged light
will enter the DOPC module. In general, untagged light is orders of magnitude
stronger than the tagged light. In one or more examples, to isolate the useful
information from the strong background, heterodyne holography is used to select the
tagged light.”® The strong heterodyne gain provided by the reference beam boosts the
signal strength contributed by the tagged light, and allows the tagged light to be
detected accurately by a camera. The camera-captured holographic images are then
sent to the computer for processing, and the wavefront of the tagged light is computed.

Fig. 11 illustrates the wavefront playback process of the TRUE system
according to one or more embodiments. In the playback step (after the recording step
illustrated in Fig. 10), the playback beam with a planar wavefront is directed to the
SLM, where it is modulated by the conjugated wavefront for “time reversal”. Due to
the time-reversal symmetry, the wavefront-shaped light converges to the ultrasonic
focus after passing through the cataractous lens. As a result, an optical focus is formed
despite scattering. In one embodiment forming a a line, a single TRUE focus is
quickly scanned at chosen locations within the human visual processing time,

although other scanning patterns can be implemented as further discussed below.

8. Stimulus selection according to one or more embodiments.

In the absence of appropriate stimulation during a critical period in early life,
responses of neurons in the visual cortex deteriorate?!, as does vision as tested
behaviorally.

Likely, moving light or dark bars are an optimal stimulus for nearly all

neurons in the visual cortex when presented at the orientation appropriate for each
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particular neurons (although other stimuli may also be used). Stryker e al. (1978)"!
found that brief daily stimulation with bars of only one orientation (either horizontal
or vertical) in otherwise visually deprived cats preserved responsiveness and
selectivity in about one third of cortical neurons, with the remaining neurons
becoming unresponsive or non-selective. In contrast, stimulation with bars of two
different orientations (horizontal and vertical) preserved near-normal function in
about two thirds of the neurons in the primary visual cortex. These defects in cortical
function had corresponding behavioral consequences for vision.®® These findings
indicate that stimulation with light or dark bars is sufficient to preserve visual
function for stimuli at orientations near that of the bars to which the animal was
exposed. Similarly, daily exposure to only one direction of movement during early
life altered the directional responses of cortical cells.’!

Bar stimuli can be presented either as flashed or moving gratings or as single
bars. Visual cortical responses, however, are selective for spatial frequency and
direction of motion as well as for stimulus orientation, and no one spatial frequency
will activate the majority of neurons. In human infants in particular, spatial frequency
selectivity changes during early life.”” Moving bars have the advantage that they
sweep over the receptive fields and activate all neurons regardless of their selectivity
for spatial frequency. In one or more examples, the stimulus selected to preserve
vision comprises thin bars of light ~10 degrees (2 mm) long are swept across the
central 20 degrees of the visual field at random orientations at a speed of 10 deg/sec.

In one or more examples, the TRUE system is used to present gratings, which
are appropriate for eliciting pattern-visual cortical evoked potentials (pVEPs). Pattern
VEPs can be elicited using two parallel bars of light, each shorter than the bar used
for moving stimuli, spaced at varying distances. In one example eliciting a pattern
pVEP used to interrogate central visual function, a pair of bars presented initially at 4-
degree (800 um) spacing is alternated at 4 Hz with an identical pair of bars displaced
by half of the spacing. This stimulus is roughly equivalent to a contrast reversing

grating at a spatial frequency of 0.25 cycles/deg and temporal frequencies between 1
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Hz and 4 Hz can be used for eliciting pVEPs in human infants.”® To measure the
minimal angle of resolution using the pVEP, the spacing between the lines can be
reduced until the pVEP disappears. While grating pVEPs do not correspond well to
behavioral measures of optotype in amblyopic adult subjects,®? they are a measure

that is conventionally used for studies of visual development.

9. Stimulus pattern generation according to one or more examples

(1) Ellipsoidal acoustic lens according to one or more examples

In this example, a stimulus pattern comprising a sweeping single line is used
to effectively stimulate the infants’ retina and help them develop normal vision
through opacity. An ellipsoidal acoustic lens that imposes a much less focused
constraint in one direction is used to elongate the TRUE focus along one direction so
as to form the TRUE focus having an ellipsoidal shape. Table 4 lists key example
parameters of an example TRUE system using different ultrasonic transducers with
ellipsoidal acoustic lenses. The aspect ratio of the ellipsoidal acoustic focus is 14:1.
Other choices of aspect ratios can be computed similarly. In one or more examples,
System 1 is used. System 1 with 2.21x10° independent controllable elements and 11.5
ms system runtime achieves satisfactory PBRs and a contrast number higher than 9
and 80%, respectively.

In another example, the length of the stimulus pattern is further extended
through scanning. Patterns can be formed by scanning the TRUE focus within the
duration of the persistence of vision. This principle is how cathode ray tube
televisions generate images: for example, a single dot moving linearly within the
human visual processing time, approximately 20-35 ms, is perceived as a line.®
Because System 1 takes ~11.5 ms to form a TRUE focus, three foci can be formed
within the duration of the persistence of vision. As a result, the length of the stimulus
pattern, i.e., a single line, can be extended by a factor of 3, and the final dimensions of

the single line are listed in the last row of Table 4.
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An illustration of the single line generated by using an ultrasonic transducer
with a 100-MHz center frequency is shown in Fig. 11. In one or more examples, after
making this 2-mm stimulus, the line is swept perpendicularly at a speed of 2
mm/second, or 70 microns per bar presentation (at 28.5 Hz). The speed of the

5  sweeping line can be modified. In one or more examples, the translational movement
is accomplished using two motorized linear stages. In one or more examples, the
single line can also be rotated over an angle range of 0 — 180°. This rotation procedure

can be accomplished using a high-precision motorized rotational stage, for example.

System 1 with an ellipsoidal acoustic lens
Center frequency 75 100 125
(MHz)
Horizontal diameter 67.1 um 50.3 um 40.3 um
Vertical diameter 0.939 mm 0.704 mm 0.564 mm
# of modes: M 3.46x10* 1.94x10* 1.25x10*
PBR 20.3 36.3 56.3
Contrast number 90.6% 94.6% 96.5%
Line (width x length) 67.1 um x 2.82 mm | 50.3 pum x 2.11 40.3 pm x 1.69
mm mm

10 Table 3. Example key parameters of an exampleTRUE system using different
ultrasonic transducers with ellipsoidal acoustic lenses. The horizontal and vertical
NAs of the ellipsoidal acoustic lenses are 0.149 and 0.0106, respectively. This
system supports 2.21x10° (= 1920 x 1152) SLM elements. Given a system runtime
of 11.5 ms, a total number of 3 discrete focal points can be scanned within 35 ms.

15

(i1) Spherical Acoustic lens according to one or more examples

In another example using a spherical acoustic lens, a round TRUE focus is
formed with a system runtime of 7 ms. In one or more examples, System 2 is used.

Due to the higher speed of System 2, approximately 5 discrete TRUE foci can be
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generated during 35 ms. This system also supports 2.62x10° independent controllable
elements. Table 5 lists the key parameters of the designed TRUE systems using
different ultrasonic transducers with spherical acoustic lenses. As we can see from the
table, we can still generate a single line with a length of several hundred microns

5  while maintaining a contrast greater than 80%.

A special type of “lock-in” camera (heliCam C3, Heliotis) can measure a
wavefront within 0.3 ms®*. System 2 may be integrated with this lock-in camera to
shorten the total system runtime to within 1.5 ms. Under this condition, roughly 23
TRUE foci can be formed within 35 ms, thus potentially extending the length of the

10 single line into the millimeter region.

System 2 with a spherical acoustic lens
Center frequency (MHz) 75 100 125
Diameter 67.1 um 50.3 um 40.3 pm
# of modes: M 2.47x10 1.38x103 891
PBR 33.8 60.4 93.6
Contrast number 94.2% 96.7% 97.9%
Line (width x length) 67.1 pm x 336 um 50.3 pm x 251 um 40.3 pm x 202 um

Table 5. Example key parameters of a TRUE system (7 ms) coupled with

different ultrasonic transducers with spherical acoustic lenses. The NAs of these

spherical acoustic lenses are 0.149. This system supports 2.62x10° (= 512 x 512)
15  SLM elements. Given a system runtime of 7.0 ms, a total number of 5 discrete focal

points can be scanned within 35 ms.

(i11) Further examples: using an pptical scattering map

In almost all in vivo applications, blood flow through the vessels and
20  contraction of soft tissues are the major sources for speckle decorrelation. Since no
blood vessels exist along the visual pathway and the lens is rigid, the speckle

correlation can be maintained for a long period. Therefore, an “optical scattering
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map” of the entire lens can be generated using a pre-calibration process by focusing
light at different parts of the retina and storing the corresponding phase maps. This
step allows us to rapidly move the focus and project light across the retina without
any additional time required for generating the guide star, measuring the hologram,
transferring the data, and computing the phase map. Rather, we can rely on the
predetermined scattering parameters for each area of the lens/retina axis, and only the
time for the SLM to switch patterns matters. Digital micromirror device (DMD), a
special type of SLM, is a viable device for this purpose. Although DMD still suffers
from a relatively slow data transfer rate, it is able to switch the preloaded patterns at an
extremely high rate, up to 23 kHz. In this way, we can generate 35 ms x 23 kHz = 805
TRUE foci within the duration of the persistence of vision. This many foci are enough
to form a single line or even a more complex grating pattern on the retina. No
mechanical scanning of the ultrasonic transducer is required during image projection

after the pre-calibration.

10. Resolution testing according to one or more examples

In one or more examples, the visual acuity of the subject is tested using two
short parallel lines separated with a varying distance and projected onto the infant’s
retina. In one or more examples, to fulfill this requirement, the single long line
generated by System 1 is separated into two short lines, as illustrated in Fig. 13. In
Persistence of vision enables the generation of two parallel ellipsoidal TRUE foci
sequentially within 35 ms. In one or more examples, the starting separation between
the two short lines is 1 mm, corresponding to 5 deg of visual angle or a spatial
frequency of 0.2 cycles/deg, where contrast sensitivity is highest at 4 postnatal
weeks.”® In one or more examples, generating the two short lines takes 11.5 x 2 ms =
23 ms, which leaves (35 — 23) ms = 12 ms for translating the ultrasonic transducer.
Therefore, in this example, the scanning speed of the line has to be 1 mm/12 ms =
83.3 mm/s, which is far less than the maximum speed of the translation stages. Table

6 lists example dimensions (width x length) of the generated testing bars. The
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control codes for the high-performance motorized stages.

System 1 with an ellipsoidal acoustic lens

Center frequency 75 100 125
(MHz)

Line (width x length) | 67.1 um x 0.939 50.3 um x 0.704 | 40.3 um x 0.564

mm mm mm

Table 6. Example Dimensions of the testing patterns generated using System 1
(11.5 ms system runtime) with ellipsoidal acoustic lenses. The parameters of the
TRUE foci, such as the PBR and contrast number, are the same as the ones shown in

Table 4.

11. Process Steps

a. Processing environment

Fig. 13 illustrates an exemplary system 1300 used to implement processing
elements described herein including, but not limited to, processing elements needed to
measure the scattered field, determine the output field, and/or control the modulator
(e.g.. SLM) so as to modulate the output electromagnetic radiation with the output
field.

The computer 1302 comprises a processor 1304 (general purpose processor
1304 A and special purpose processor 1304B) and a memory, such as random access
memory (RAM) 1306. Generally, the computer 1302 operates under control of an
operating system 1308 stored in the memory 1306, and interfaces with the user/other
computers to accept inputs and commands (e.g., analog or digital signals from the
crew or automatic ice detector) and to present results through an input/output (I/0)
module 1310. The computer program application 1312 accesses and manipulates data
stored in the memory 1306 of the computer 1302. The operating system 1308 and the

computer program 1312 are comprised of instructions which, when read and executed
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by the computer 1302, cause the computer 1302 to perform the operations and/or
methods herein described. In one embodiment, instructions implementing the
operating system 1308 and the computer program 1312 are tangibly embodied in the
memory 1306, thereby making one or more computer program products or articles of
manufacture capable of determining a phase and/or amplitude of the output
electromagnetic radiation from the recording; determining the output field of the
output electromagnetic radiation comprising a phase conjugate of the scattered field
of the scattered electromagnetic radiation; determining a phase and/or amplitude of
the scattered field of the scattered electromagnetic radiation; and/or modulating the
pixels on the modulator (SLM) so as to form the output electromagnetic radiation
comprising the output (e.g., electric) field. As such, the terms “article of

2 <<

manufacture,” “program storage device” and “computer program product” as used
herein are intended to encompass a computer program accessible from any computer
readable device or media. In one embodiment, the special purpose processor 1304B
is an application specific integrated circuit (ASIC). In one or more embodiments,
computer 1302 may be coupled to, or may comprise, a personal computer (e.g.,
desktop computer (e.g., HP Compaq™ ), portable or media viewing/listening device
(e.g., cellular/mobile device/phone, laptop, tablet, personal digital assistant, etc.) or
integrated circuit, chip, or field prorgammable gate array (FPGA). In yet another
embodiment, the computer 1302 may comprise a multi-touch device, gaming system,
or other internet enabled device executing on various platforms and operating systems.
Those skilled in the art will recognize many modifications may be made to
this configuration without departing from the scope of the present disclosure. For
example, those skilled in the art will recognize that any combination of the above
components, or any number of different components, peripherals, and other devices,

may be used.
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b. Method of Fabrication

Fig. 14 is a flowchart illustrating a method of making a device 900 for
irradiating ocular tissue (referring also to Fig. 2, Figs. 4-6 and Figs. 9-12.

Block 1400 represents positioning a source 601 of electromagnetic radiation
602 (e.g., alaser). Examples of electromagnetic radiation 602 include light having a
wavelength in the visible or infrared wavelength spectrum (e.g., green light).

Block 1402 represents positioning a beacon 902 scattering the portion 904 of
electromagnetic radiation 602 transmitted through an opacity 906 in ocular tissue 908
so as to form scattered electromagnetic radiation 904b. In one or more examples, the
step comprises positioning a transmitter 910 of ultrasound (e.g., ultrasonic transducer)
positioned so as to transmit ultrasound 912 forming the beacon 902 including a focus
1002 of the ultrasound 912, wherein the ultrasound’s 912 frequency shifts the
electromagnetic radiation 904 transmitted through the opacity 906 so as to form the
scattered electromagnetic radiation 904b comprising frequency shifted
electromagnetic radiation.

Block 1404 represents positioning a detector 914 (e.g., wavefront sensor or
camera). The detector 914 outputs a signal comprising the recording in response to the
scattered electromagnetic radiation 904c¢ received on the detector 914. In one or more
examples, the signal comprises an interference pattern recording interference between
the scattered field of the scattered electromagnetic radiation 804¢ and a reference
beam 950 incident on the detector 914. In one or more examples, the detector
comprises a detection system measuring a phase and/or amplitude of the scattered
field of the scattered electromagnetic radiation 904¢ using phase shifting holography,
and the computer 1300 determines the output field from the phase and/or amplitude of
the scattered field.

Block 1406 represents optionally positioning and configuring a modulator 916
capable of transmitting output electromagnetic radiation having a field determined
from a recording of the scattered electromagnetic radiation 904b (or portion 1006 of

the scattered electromagnetic radiation 904b) transmitted through the opacity 906, so
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that the output electromagnetic radiation 1006 is transmitted through the opacity 906
to the beacon 902.

Block 1408 represents the end result, a device 900 for irradiating ocular tissue
908.

The device can be embodied in many ways including, but not limited to, the
following.

1. A device 200 for irradiating ocular tissue, comprising a source 601,
202 of electromagnetic radiation 602,204; a beacon 902, 206 scattering or tagging the
electromagnetic radiation 904, 208 transmitted through an opacity 906, 210 in ocular
tissue 908, 212 so as to form scattered electromagnetic radiation 904b, 214; and a
modulator 916, 216 transmitting output electromagnetic radiation 1006, 218 having a
field and/or wavefront 220 determined from a recording of the scattered
electromagnetic radiation 222 transmitted through the opacity 906, so that the output
electromagnetic radiation 1006, 218 is transmitted through the opacity 906, 210 to the
beacon 902, 206.

2. The device of embodiment 1, wherein the ocular tissue 908 comprises
lens tissue comprising cataractous tissue 502, 228 or other light scattering media 804
in/intersecting with the optical axis 810 of an eye 504. In one or more examples,
cataractous tissue or cataractous lens is a lens or tissue comprising a cataract.

3. The device of one or any combination of embodiments 1-2, wherein
the beacon 902 is positioned on retinal tissue 802, 230.

4, The device of one or any combination of the previous embodiments 1-
3 further comprising a transmitter 910 of ultrasound 912 positioned so as to transmit
ultrasound forming the beacon 902 including a focus 1002 of the ultrasound 902,
wherein the ultrasound 912 frequency shifts the electromagnetic radiation 904
transmitted through the opacity 906 so as to form the scattered electromagnetic

radiation 904b comprising frequency shifted electromagnetic radiation.
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5. The device of one or any combination of the previous embodiments 1-
4, wherein the output electromagnetic radiation 1006 comprises a phase conjugate of
the scattered electromagnetic radiation 904¢ transmitted through the opacity 906.

6. The device of one or any combination of the previous embodiments 1-
5, further comprising a detector 914 outputting a signal comprising the recording in
response to the scattered electromagnetic radiation 904¢ received on the detector 914;
and a computer 1302 connected to the detector 914 and the modulator 916. The
computer 1302 determines a phase, an amplitude, or an amplitude and a phase of the
output electromagnetic radiation 1006 from the recording; and the modulator 916
modulates the output electromagnetic radiation 1006 so that the output
electromagnetic radiation has the phase, the amplitude, or the amplitude and the phase.

7. The device of embodiment 6, wherein the detector 914 comprises a
wavefront sensor 914b measuring a wavefront for each spatial location in the
scattered electromagnetic radiation 1006 associated with a stimulation pattern 1100;
the computer 1302 synthesizes an output wavefront of the output electromagnetic
radiation 1006 using the wavefront; and the modulator 916 modulates the output
electromagnetic radiation 1006 so as to transmit the stimulation pattern 1100 to the
beacon 902.

8. The device of one or any combination of the previous embodiments 6-
7, wherein the modulator 916 comprises pixels P that are sequentially modulated so as
to scan the output electromagnetic radiation 1006 representing different points in the
stimulation pattern 1100 across retinal tissue 802 within a duration of persistence of
vision so that a human or animal subject perceives the stimulation pattern 1100,
wherein the beacon 902 is on the retinal tissue 802, and/or the computer 1302 uses an
optical memory effect to determine the output wavefronts for neighboring points in
the stimulation pattern 1100 by adding different phase gradients so as to reduce a
number of the wavefronts measured by the wavefront sensor.

9. The device of one or any combination of the previous embodiments 6-

8, wherein the modulator 916 comprises pixels P, wherein the pixels P have variable
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transmissivity, reflectivity, or emission so as to modulate an intensity of the output
electromagnetic radiation 1006 transmitted from the pixels P, the computer 1302
controls the transmissivity, reflectivity, or emission of each of the pixels P so as to
form a varying intensity comprising a stimulating pattern 1100 capable of stimulating
nerves 1102 on retinal tissue 802, and the beacon 902 is on the retinal tissue 802.

10. The device of one or any combination of the previous embodiments 6-
9, wherein the computer 1302 determines, from the signal, values representing a
phase, an amplitude, or a phase and an amplitude of the scattered electromagnetic
radiation 904c at spatial locations associated with the stimulating pattern 1100; and
the computer 1302 determines the phase, an amplitude, or the amplitude and the phase
of the output electromagnetic radiation 1006 from the values.

11. The device of one or any combination of the previous embodiments 7-
10, wherein the stimulating pattern 1100 comprises a line.

12. The device of embodiment 11, wherein the stimulating pattern
comprises a pair of lines 1200 moving closer together so as to measure visual acuity.

13. The device of one or any combination of embodiments 7-12, wherein
the computer 1302 temporally controls the transmissivity, reflectivity, or emission of
each of the pixels P so that all points or regions of the stimulating pattern 1100 are
transmitted from the modulator sequentially in time, e.g., within a duration of 50
milliseconds or within a duration of a persistence of vision of an infant.

14. The device of one or any combination of embodiments 7-13, wherein
the computer 1302 determines, from the signal, values representing a phase, an
amplitude, or a phase and an amplitude of the scattered electromagnetic radiation
904c¢ for a subset of spatial locations associated with the stimulating pattern 1100; and
the computer 1302 uses an optical memory effect to calculate the phase and/or
amplitude for neighboring points in the stimulating pattern 1100 by adding different
phase gradients.

15. A device 900 for irradiating ocular tissue, comprising a source of

electromagnetic radiation 602; a beacon 902 scattering the electromagnetic radiation
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904 transmitted through ocular tissue so as to form scattered electromagnetic radiation
904b; a wavefront sensor 914b measuring a phase and/or amplitude of the scattered
electromagnetic radiation 904c transmitted through the opacity; and a computer 1302
mapping optical properties at different spatial locations across the ocular tissue 908
using the phase and/or amplitude.

16. The device of embodiment 15, wherein the ocular tissue comprises
lens tissue comprising cataractous tissue 502 or other light scattering media in the
optical axis 510, 810 of an eye 504.

17. The device of one or any combination of embodiments 15-16, wherein
the beacon 902 is positioned on retinal tissue 802, corneal tissue 804, lens tissue 806,
or other light scattering media in/intersecting with the optical axis 510, 810 of the eye
504.

18. The device of one or any combination of embodiments 15-17, wherein
the electromagnetic radiation 602 has a phase and amplitude selected to optically
determine the optical properties comprising optical scattering of corneal or lens tissue.

19. The device of embodiment 18, wherein the optical properties are used
to inform a machine (e.g., including a laser) on how to ablate the cornea to correct for
optical aberrations caused by the corneal or lens tissue (e.g., on how to ablate the
cornea for optical clarity).

20. The device of any one of the previous embodiments, wherein the
modulator is a spatial light modulator, a digital micromirror device, or a ferroelectric

modulation layer, or a ferroelectric liquid crystal based SLM.

C. Method of operation

Fig. 15 is a flowchart illustrating a method of irradiating ocular tissue.

Block 1500 represents irradiating ocular tissue with electromagnetic radiation.

Block 1502 represents providing a beacon behind an opacity in ocular tissue
so as to scatter the electromagnetic radiation transmitted through the opacity and form

scattered electromagnetic radiation. In one or more examples, the step comprises
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transmitting ultrasound so as to form the beacon comprising a focus of the ultrasound,
wherein the ultrasound frequency shifts the electromagnetic radiation transmitted
through the opacity so as to form the scattered electromagnetic radiation comprising
frequency shifted electromagnetic radiation.

Block 1504 represents modulating output electromagnetic radiation so as to
form the output electromagnetic radiation having a field determined from a recording
of the scattered electromagnetic radiation transmitted through the opacity, wherein the
output electromagnetic radiation is transmitted through the opacity to the beacon.

In one or more examples, the output electromagnetic radiation comprises a
phase conjugate of the scattered electromagnetic radiation transmitted through the
opacity.

In one or more examples the modulating forms the output electromagnetic
radiation comprising a stimulating pattern useful for stimulating nerves in retinal
tissue, and the beacon is on the retinal tissue. In one or more embodiments, the
stimulating pattern is used to treat amblyopia.

In one or more embodiments, brain waves are monitored as the stimulating
pattern is applied.

In one or more embodiments electroretinogram readings are taken as the
stimulating pattern is applied.

The method of irradiating may use the device of one or more embodiments

described in Fig. 13.

Advantages and Improvements

As illustrated herein, TRUE focusing technology can be used to compensate
for scattering using time reversal symmetry and can, in some examples, form an
optical focus inside scattering media with a high resolution down to the tens of
microns. This capability to tackle highly scattering media is made possible in one or
more embodiments by a reliable guide star and a DOPC system that overcomes high

turbidity.
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Example apparatuses and methods described herein can be used to prevent the
formation of amblyopia from congenital cataracts, in one or more embodiments, by
projecting sharp images on the retina through the cataract using this TRUE optical
focusing technology. In one or more examples, TRUE overcomes the cataract-induced
scattering effect and computes the (e.g., optimum) wavefront that can achieve optical
focusing at any targeted location on the retina. Then, by repeating TRUE experiments
while fast scanning the ultrasonic transducer along a certain direction, a sequence of
discrete TRUE foci can be formed. In one or more examples, the foci are formed
within the duration of the persistence of vision (i.e., within the time in which two
sequentially projected images appear as a single image, e.g., typically 20-35 ms), so
as to blend in the infant’s vision as a single line. In one or more further examples, line
patterns with various orientations can effectively stimulate the infant’s retina and help
them develop normal vision. Therefore, in one or more examples, TRUE technology
can be the most suitable non-invasive and robust method that is capable of projecting

sharp images onto the retina through a cataract.
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Conclusion

This concludes the description of the preferred embodiment of the present
invention. The foregoing description of one or more embodiments of the invention
has been presented for the purposes of illustration and description. It is not intended
to be exhaustive or to limit the invention to the precise form disclosed. Many
modifications and variations are possible in light of the above teaching. Itis intended
that the scope of the invention be limited not by this detailed description, but rather by

the claims appended hereto.
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WHAT IS CLAIMED IS:

1. A device for irradiating ocular tissue, comprising:

a source of electromagnetic radiation;

a beacon scattering the electromagnetic radiation transmitted through an
opacity in ocular tissue so as to form scattered electromagnetic radiation; and

a modulator transmitting output electromagnetic radiation having a field
determined from a recording of the scattered electromagnetic radiation transmitted
through the opacity, so that the output electromagnetic radiation is transmitted

through the opacity to the beacon.

2. The device of claim 1, wherein the ocular tissue comprises lens tissue
comprising cataractous tissue or other light scattering media intersecting with an

optical axis of an eye.

3. The device of claim 2, wherein the beacon is positioned on retinal

tissue.

4, The device of claim 1, further comprising a transmitter of ultrasound
positioned so as to transmit ultrasound forming the beacon including a focus of the
ultrasound, wherein the ultrasound frequency shifts the electromagnetic radiation
transmitted through the opacity so as to form the scattered electromagnetic radiation

comprising frequency shifted electromagnetic radiation.
5. The device of claim 4, wherein the output electromagnetic radiation

comprises a phase conjugate of the scattered electromagnetic radiation transmitted

through the opacity.
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6. The device of claim 4, further comprising:
a detector outputting a signal comprising the recording in response to the
scattered electromagnetic radiation received on the detector;

a computer connected to the detector and the modulator:

the computer determining a phase, an amplitude, or an amplitude and a
phase of the output electromagnetic radiation from the recording; and

the modulator modulating the output electromagnetic radiation so that
the output electromagnetic radiation has the phase, the amplitude, or the

amplitude and the phase.

7. The device of claim 6, wherein:

the detector comprises a wavefront sensor measuring a wavefront for each
spatial location in the scattered electromagnetic radiation associated with a
stimulation pattern;

the computer synthesizes an output wavefront of the output electromagnetic
radiation using the wavefront; and

the modulator modulates the output electromagnetic radiation so as to transmit

the stimulation pattern to the beacon.

8. The device of claim 6, wherein:

the modulator comprises pixels that are sequentially modulated so as to scan
the output electromagnetic radiation representing different points in the stimulation
pattern across retinal tissue within a duration of persistence of vision so that a subject
perceives the stimulation pattern, wherein the beacon is on the retinal tissue, and/or

the computer uses an optical memory effect to determine the
output wavefronts for neighboring points in the stimulation pattern by adding
different phase gradients so as to reduce a number of the wavefronts measured by the

wavefront sensor.
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9. The device of claim 6, wherein:
the modulator comprises pixels, wherein:

the pixels have variable transmissivity, reflectivity, or emission so as
to modulate an intensity of the output electromagnetic radiation transmitted
from the pixels,

the computer controls the transmissivity, reflectivity, or emission of
each of the pixels so as to form a varying intensity comprising a stimulating
pattern capable of stimulating nerves on retinal tissue, and

the beacon 1s on the retinal tissue.

10.  The device of claim 9, wherein the stimulating pattern comprises a line.

11.  The device of claim 9, wherein the stimulating pattern comprises a pair

of lines moving closer together so as to measure visual acuity.

12. The device of claim 9, wherein:

the computer determines, from the signal, values representing a phase, an
amplitude, or a phase and an amplitude of the scattered electromagnetic radiation at
spatial locations associated with the stimulating pattern; and

the computer determines the phase, an amplitude, or the amplitude and the

phase of the output electromagnetic radiation from the values.

13. The device of claim 12, wherein the computer temporally controls the
transmissivity, reflectivity, or emission of each of the pixels so that all points or
regions of the stimulating pattern are transmitted from the modulator sequentially in

time.

14. The device of claim 12, wherein:
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the computer determines, from the signal, values representing a phase, an
amplitude, or a phase and an amplitude of the scattered electromagnetic radiation for a
subset of spatial locations associated with the stimulating pattern; and

the computer uses an optical memory effect to calculate the phase and/or
amplitude for neighboring points in the stimulating pattern by adding different phase

gradients.

15. A method of irradiating ocular tissue, comprising:

providing a beacon behind an opacity in ocular tissue so as to scatter
electromagnetic radiation transmitted through the opacity and form scattered
electromagnetic radiation; and

modulating output electromagnetic radiation so as to form the output
electromagnetic radiation having a field determined from a recording of the scattered
electromagnetic radiation transmitted through the opacity, wherein the output

electromagnetic radiation is transmitted through the opacity to the beacon.

16. The method of claim 15, further comprising:

transmitting ultrasound so as to form the beacon comprising a focus of the
ultrasound, wherein the ultrasound frequency shifts the electromagnetic radiation
transmitted through the opacity so as to form the scattered electromagnetic radiation

comprising frequency shifted electromagnetic radiation.

17. The method of claim 16, wherein the output electromagnetic radiation
comprises a phase conjugate of the scattered electromagnetic radiation transmitted

through the opacity.

18. The method of claim 17, wherein:
the modulating forms the output electromagnetic radiation comprising a

stimulating pattern useful for stimulating nerves in retinal tissue, and
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19. A device for irradiating ocular tissue, comprising:

a source of electromagnetic radiation;

a beacon scattering the electromagnetic radiation transmitted through ocular
tissue so as to form scattered electromagnetic radiation;

a wavefront sensor measuring a phase and/or amplitude of the scattered
electromagnetic radiation transmitted through the opacity; and

a computer mapping optical properties at different spatial locations across the

ocular tissue using the phase and/or amplitude.
20. The device of claim 19, wherein the electromagnetic radiation has a

phase and amplitude selected to optically determine the optical properties comprising

optical scattering of the ocular tissue comprising corneal or lens tissue.
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