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(57) Abstract: A method for adjusting a light, adjustable lens m an optical system includes providing a light adjustable lens in an
optical system; providing an ultraviolet light source to generate an ultraviolet light; aid irradiating die generated ultraviolet light with
a light delivery system onto the light adjustable lens with a center wavelength and with a spatial irradiance profile to change a di-
optric power of the light adjustable lens by changing a refraction of the light adjustable lens in a refraction-change zone, thereby
causing a wavefront sag, defined as half of a product of the change of the dioptric power and the square of a radius of the refraction-
change zone, to be within 10% of its maximum over an ultraviolet spectrum.
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Robert H, Grubbs and Christian A, Sandstedt

CROSS REFERENCE TO RELATED APPLICATION
This patent application claims benefit of US provisional application 62/164,413, filed

5/20/2015, which i3 incorporated in its entirety herem.

TECHNICAL FIELD
{8001} This mvention relates generally to the post-manufacture alteration of the properties of
an optical device, and, more specifically, to modifving the refractive power of light adjustable

lenses.

BACKGROUND

{0002} A light adjustable lens Is an optical device whose refractive properties can be changed
after its fabrication and insertion into 7 human gve. Such lenses ave described, for example, in US
Patent No. 6,450.642: No. 6,851,804, No. 7.074.840; and No. 7,281,795, the disclosure of all
which Is incorporated herein by reference. The light adjnstable lens (LAL} has g refraction
modulating composition dispersed in a polymer matrix. After the lens has been mmplanted into the
eve and refractive stabilization has occurred, deviations from the planned refractive power, and
preexisting optical aberrations or those induced by the clintcal procedure {e.g spherical power,
astigmatisn, spherical aberration), can be measured. In order to correct the optical, or diopinic
power, as well as these optical aberrations, the LAL is irradiated, typically with a UV light. This
irradiation alters the optical properties of the lens either through changes i #ts shape, its index of
refraction, or both. Following one or several nradiations in which portions of the lens have been
exposed to selectively and spatially modify the refractive power, the entire lens is irradiated to
“lock in” the modified lens.

{0803} The use of UV irradiation has been discussed in the uliraviolet wavelength range of
320-400 am for post-operatively adjusting the optical power of LALs. For example, a Helium
Cadmium (HeCd) laser operating at 3235 nm and a mevcary {Hg) arc lamp spectrally filtered for

i
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the emissyon lines at 334 and 363 mn have been wsed for modifying the refractive power of LALs.
Additionally, references also mention that tripled frequency laser diode pumped solid state YAG
lagers operating at 355 nmy, an argon ion laser operating i the 350-360 nm range, 8 deuterium
discharge lamp, and broad-band xenon:mercury lamps operating with any narrow band speciral
filter are all useful light sources for conducting UV irradiation on light adjustable materials and
lenses.

{0004} However, there is still room for improvements related to these sources. When using a
coherent source, such as a laser, theve 1s the possibility that the source gets focused to a point on
the retina, creating high irradiances that can cause damage. Extended spectrum, mcoherent sources
such as arc lamps are attractive from the standpoint that they cannot be focused to a tight spot. It
is noted though that these sources typically have high output krradiances so thedr output must be
attenuated by as much as a factor of 11000 for use in irradiating the light adjnstable fenses. Thus,
tmproper use of such incoherent lamps, or a mechanical or electrical fatlure of the attenuation
system could reselt i inadvertent application of high irradiances to the ocular structures, again
resulting in unintended damage. These possibilities, however, can be prevented with a reassuringly
strong margin of safety. Therefore, incoherent mercury arc lamps provide a valuable engineering
Their utility 1s further underlined by their relatively low cost, and the fact that the filtered 365 am
{ine from the mercury arc lamp is effective for the photo-polymerization process.

{0005} Stll, given the high value and demand for achieving optimal chimcal outcomes in
ophthalmology, as well as the importance of reducing ocular exposure, deive the search for newer
generations of lens adjustment systems that can deliver more precise and more predicable clinical

outcomes and reduce the ocular exposure even further,

A
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SUMMARY

{0806] Hubodiments of the invention relate to systems and methods to modity a refractive
property of a hight adjustable lens by a lens adjustruent system that provide improvements in the
achieved optical power change and in other opiical characteristics, and reduce the dose requived
for lock-in and the ocular exposure,

{0007} Accordingly, embodiments include a method for adjusting a lght adjustable lens inan
optical system, the method comprising: providing a light adjustable lens in an optical system;
providing an pltraviolet light source to generate an ultraviolet hght; and nradiating the generated
ultraviolet light with a light delivery system onto the light adjustable lens with a center wavelength
and with a spatial irradiance profile to change a dioptric power of the light adjustable lens by
changing a refraction of the hight adjustable lens in a refraction-change zone, thereby causing a
wavefront sag, defined as half of a product of the change of the dioptric power and the square of a
radius of the refraction-change zone, to be within 10% of its maximum over an ultraviolet
SpeCHIunL,

{0008] Further, embodiments include a lens adjustment system, comprising: an wltvaviolet
fight source to generate an ultraviolet light; and a light delivery system to irradiate the generated
ultraviolet Light onte a light adjustable lens in an optical system, with a center wavelength and with
a spatial uradiance profile to change a dioptric power of the light adjustable lens by changing a
refraction of the hight adjustable lens in a refraction-change zone, to cause a wavehont sag, defined
as half of a product of the change of the diopiric powser and the square of a radins of the refraction-
change zone, to be within 10% of its maximum over an vliraviolet spectrum,

{0009] Further, embodunents mclude a light adjustable lens comprising: a first polymer
matrix; a refraction modulating composition, including a macromer with a photo-polvmenizable
end group, dispersed i the first polvmer matrix; and a photoinitiator; a first ultraviolet absorber
with a first absorption coefficient v a first concentration, dispersed in the first polymer matrix;
and a back-laver, formed in conjunction with a back surface of the light adjustable lens with a
back-layer thickness, the back laver including a second uhraviolet absorber with a second
absorption coefficient in a second concentration; wherein the first absorption coefficient, the first
concentration, the second sbsorption coefficient, the second concentration and the back-layer
thickness are selected such that a ratio of an tradiance of an vlivaviolet hight transmitted by the
Light adjustable lens through the back-layer over an irradiance of the nltraviolet light incidenmt ona

front surface of the light adjustable lens is less than 0.1%.
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BRIEF DESCRIPTION OF THE DRAWINGS

{0010] FIG. 1 dlustrates an embodiment of a lens adjustment systemn 100,

{0011} FIG. 2 illustrates a method 200 for adjusting a light adjustable lens 130 in an optical
system 140

{8012] FIG. 3 is a schematic representation of the major light adjustable lens chemical
components,

{0013] FIGS. 4A-B show embodiments of an existing class of light adjustable lenses. FIG.
4A 15 a top/frontal view, and FIG. 4B is a cross-sectional view of the lens, with a posterior UV
absorbing back-layer,

{0014] FHGS. 3A-D are a schematic representation of the processes and stages of a Hyperopic
Power Adjustment Mechanism.

{0015] FIG. 6 shows the normalized spectra of ultraviolet light sources with different center
wavelengths, used to analyze embodiments of the existing light adjustable lenses.

{0016] FHGS. 7A-B show spatial irradiance profiles to adjust hyperopic and myopic optical
svstems.

{0017} FIGS. 8A-B ilustrate interference fringe patterns, imdicating the spatial extent of the
refraction-change zone 160, formed by the iradiating step 230.

{0018] FIG. 9 shows the normalized spectra of six different light sowces having different
center wavelengths, used to characterize embodiments of a light adjustable lens 130,

{0019] FIGS. 10A-B show the transmittance measurements with four light sources having
different center wavelengths, performed with embodiments of existing hight adjustable lenses.
FIG. 19A shows the spectral irradiances incident on the anterior surface of the lens, with integrated
srradiances under each ciwve being approximately the same. FIG. 10B shows the corresponding
transmitted spectral irradiances for each of the four center wavelengths.

[0020] FIG. 11 shows the incident and transavitted spectral frradiances for existing LAL
lenses, and for embodiments of the optimized LAL’ lens. The wransmitted rradiances are to be read

off the vertical axis on the right.
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DETAILED DESCRIPTION

{0021} As the Background section described, existing Hight adjustable lens systerns offer good
optical performance and are safe. Nevertheless, given the central importance of the quality of the
clinical outcomes for patients, it is highly valuable to fether increase the optical performance of
{ens adjustment systems, as well as to further reduce ocular exposure mvolved.

{0022} In this context, the present document describes new lens adjustment systems and
methods that improve the eventaal optical performance of the light-adjusted lens, as well as
benchicially reduce an ocular exposure associated with the adjustment process. To place the
advantages of the lens adjastment systems and methods in context, FIG. 1illustrates embodiments
of a lens adjustment system 100, The lens adjustment svstem 100 can include an ultraviolet light
sowrce 110 to generate an ultraviolet hight, a light delivery system 120 to deliver and irradiate the
generated ultraviolet light from the ultraviolet light source 110 onto a Hght adjustable leas 130 in
an optical system 140 with a center wavelength and with a spatial irradiance profile 150 to change
a dioptric power of the light adjustable lens 130 by changing a refraction of the light adjustable
tens 130 1 a refraction~-change zone 160. The trradiance profile 150 in FIG. 1 15 shown with higher
resolution i FIG. 7A.

{6023} In ophthalnuc embodiments of the lens adjustment system 100, the optical system 140
can be a haman eye and the light adjustable lens 130 can be a bight adjustable inwra ocular lens
{IOL), implanted into the hwman eyve. In some typical systems, the vltraviolet Helt sowrce 110 and
the Light delivery system 120 can irradiate the implanted bight adjustable lens 130 {0 change its
dioptric or refractive power to adjust or correct a myopic power, a hyperopic power, astipmatism,
a spherical aberration, or a higher order aberration of the human eve in the refraction-change zone
160. This zone 160 can extend partially along an optical axis of the eve, as shown, or in some
ernboditents, it can extend across the eutire depth along the optical axis,

{0024} Some of the advantages of the here-described embodiments of the lens adjustment
system 100 include the followings. {8} Embodiments increase the achievable maximum dioptiic
change of the light adjustable lens comfortably above 2 diopters, or 21 using the same irradiances
as existing systems. Put differently, the irradiance of the altraviotet (UV) light needed to achieve
the same diopiric changes with the new systems as with existing systems is substantially redoced.

¢

Since in more than 95% of cataract surgeries the eventual clintcal outcome 1s within 2D of the
targeted dioptric power, the here-described improved systems consolidate the status of the light
adjustable lenses as chincal solutions that are capable of delivering the targeted optical owtcome
in essentially all cataract surgeries.

{0025] (b) Further, the here-described svstems increase the area of the refraction-change zone

160 of the light adjustable lens 130 to prevent wnwanted optical disturbances ansing from 8
g
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boundary with a peripheral refraction-unchanged area of the lens slipping into the visual axis with
a {arge margin. This 13 another substantial step forward m the optical performance, as the boundary
between the refraction-change zone 160 and the refraction-unchanged regions of the lght
adjustable lens 130 can introduce noticeable distortions. Therefore, it is very valuable to make sure
that this boundary region is kept well away from the optical apertare of the eve 1o solidify the high
quality optical performance of the LAL 130. Accordingly, improvements that further expand the
radius of the refraction-change zone 160 genuinely enhance the optical performance of the light
adjustable lens 130 Classes of additional competing optical performance factors will be desentbed
in relation to embodiments below.

{0026] It was discovered that it was entirely not obvious how to achieve and improve the above
fisted optical performance factors {a)-{b) of the lens adjustment system 100, At feast the following
analysis and development steps had to be performed in the design process.

{80271 (1) First, there were a large number of optical performance factors that mmpacted the
optical performance of the lens adjustment svstem 100 and the hght adjustable lens 130 to some
degree, It was far from clear o priorf which were the high value optical performance factors and
which had lesser impact on the overall optical performance. Therefore, identifving the lens dioptric
change and the radins of the refraction-change zone 160 as the key optical performance factors to
maximize the overall optical performance of the light adjustable lens 130 was a substantive step.

{0028} (2) Next, it had to be figured out which system factors can impact most effectively the
identified optical performance factors {8)-(b). It has been determined that, of the large number of
candidate system factors, spectfically the wavelength of the uliraviolet light is one of the systers
factors that can impact both optical performance factors efficiently.

0029] (3) It was next discovered that the two optical performance factors (a) and (b} favor
opposite trends with the wavelength, one grew with increasing wavelength, the other with
decreasing wavelength. Therefore, 1t had to be discovered how to improve both these factors (a)
and (b} simultancously. It has been decided that a properly selected figure of merit is a best way
for simultaneously improving both optical performance factors. Moreover, since the wavelength
is a continuous variable, the process of simultaneousty improving the perfonmance factors with the
help of a figare of merit, was selecting the most suitable wavelength values out of an infinite
number of possible wavelength values.

{0030] (4) Kt bas been decided that a product of the square of the refraction-change zone and
the diopter change of the lens, often referred to as & “wavefront sag”, or “sag” for short, s a satable
figure of ment for the optical performance maximization out of the large number of possible

figures of mentt.

&
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{0031 (5} Detailed experimentation was needed to determine the wavelength that maximizes
the selected figure of merit, from the very large mumber of possible wavelength values {in principle
infinite number of possible vahues, as discussed before )

{0032] (6) An ultraviolet light source 110 needed to be developed that is capable of delivering
the UV light with the performance-maxinmizing wavelength.

{0033} (7) The light delivery system 120 needed to be formed so that it should be capable to
impart a suitable spatial irradiance profile 150 on the generated UV light, received from the UV
hight source 110, to control the radius of the refraction-change zone 160

{0034] (3) The light adjustable lens 130 needed to be formed to be consistent with the selected
system factors, e.g by mcluding a UV light absorber that s sufficiently absorbing at the
performance-maxinizing wavelength.

{0038] Combinations and the eventual effect of the development steps {1)1-(8) are wells
captured by the description that in embodiments the ultraviolet Haht source 110 and the light
delivery system 120 are configured to irradiate the ultraviolet light onto the light adjustable lens
130 to cause a wavefront sag of the optical system, defined as half of a product of the change of
the dioptric power of the optical system and the square of a radius of the refraction-change zone
of the hight adjustable lens, to be within 10% of iz maximum over an ultraviolet spectrum. An
explanation of why the wavefront sag was chosen as a compelling figure of menit to balance the
competing optical performance factors and system factors is presented later in detail.

{0036} In some embodiments, the sag can be within 3% of #s maximum over the applied
ultraviolet spectrom. Here the ultraviolet spectrum can mclude the UV-A range, it can include the
range of 320 am ~ 400 nm, or it can include another range m the overall UV region, such as a
range of 350 ww ~ 400 nm, or a range of 365 nm ~ 382 nm,

{8037} Embodiments of the lens adjustment system 100 with the above identified
configurations, exhibiting a near-maximal wavefront sag, are capable of delivering both a dioptric
power change in the entire chinically high value range of (-2D, 2D}, as well as comfortably make
sure that the edge of the refraction-change zone 160 is outside an operational aperture of the optical
system 14, such as the human eve. Embodiments of the lens adjustment svstern 100 that improve
both of these optical performance factors in the described, substantial manner, provide a critical,
distingnishing characteristic in their overall optical performance and utility over existing systens.

{0038} Further, embodiments of the lens adjustment system 100 also reduce the exposare of
the retina n cases when the optical system 140 18 a hwwan eve. As demonstrated below, the
development again included numerous steps again, such as (9) identifving kev exposure factors
ot of the large number of possible performance factors, followed by (10} identitying what system

factors can improve the exposure factors in the most efficient manner, then (11) determining the
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system factors that huprove the exposwre factors the wmost out of the contimaun, and therefore
infimite number of, possible system factors, (12} followed by developing the chemistry and
material science of the lght adjustable lens 130 to exhibit these optimal svstem factors. A
combination of these development steps {93-(12} can again critically improve the overall exposure
parameters. As demonstrated later, the overall effect can be as high as a factor of 10-20 reduction
of the wradiance reaching the retina. Since any substantial improvement of a ocular exposure
signals valuable progress, discovering systems and methods via the development process (93-(12)
to reduce ocular exposure by a factor of 10-20 1s a critical improvement by any measure. Here, the
term “ocular exposure” is used i an inclusive manner: it can include a retinal exposure, a comeal
exposure, or an exposure of any ocular tissue.

[6039] Finally, in some embodiments, some combination of the development steps (1)-(8) and
{9)-{12) can be used to drive the system improvement. For example, the fact that the Hght source
110 and the light delivery system 120 at the selected wavelength can mduce a diopter change of
the light adjustable lens 130 more efficiently than in existing systems not only improves the optical
performance, but also allows the reduction of the ocular exposure to reach the same diopter change
as with previous methods. Thus, improving the system by discovering the most efficient
combination of the systems factors based on development steps (13-(8) and (9)-{12} can be viewed
as improviag both optical performance and ocular exposure.

[0040] Finally, for completeness it is noted that substantial improvements can be achieved
already if opne or more steps are omitted, or camed out partially, c.g by enhancing but not
optimizing a performance or an exposure factor.

{0041} Detailed description of the performance and exposure factors, and the corresponding
svstemn factors that noprove them critically are described in the romainder of this application.

8042} FIG. 2 illustrates embodiments of a method 200 for adjusting the Hght adiustable lens
130 in the optical svstem 140 using the lens adjustment system 100 that has been discovered by
some combination of development steps {13-(8), possibly further combined with steps (9)-(12).

{0043] The method 200 can include

- providing 210 a light adjustable tens 130 in an optical system 14;

- providing 220 an ultraviolet Hght source 110 10 generate an ultraviolet light; and

- irradiating 230 the generated vltraviolet light with a light delivery system 120 onto the light
adjustable lens 130 with a center wavelength and with a spatial irradiance profile 150 to change a
dioptric power of the optical system 140 by changing a refraction of the hight adjustable lens 130
in a refraction-change zone 160, thereby

- caysing a wavefront sag, defined as half of a product of the change of the dioptric power of
the optical svstem 140 and the square of a radius of the refraction-change zone of the light
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adjustable lens, to be within 10% of its maxinmum over an ultraviolet spectrum. In some
embodiments, the wavefront sag can be within 5% of its maximum over the ulivaviolet spectrum.
In some embodiments, the frradiating step 230 is referred to as the refractive adjustment step 230.

{0044] FI1G. 3 illustrates that the material and optical design of the light adjustable lens (LAL)
is based upon the principles of photochemistry and diffusion, whereby photoreactive components
mcorparated in a cross-linked silicone lens, or first polymer-matrix, are photo-polymerized upon
exposure to UV light of a select spatial ivadiance profile. Generally, a LAL comprises a first
polymer matrix and a refraction modulating composttion dispersed therein. The first polymer
matrix forms the optical element framework and is generally responsible for many of its material
properties. The refraction modulating composition may be a single compound or a combination of
compounds that i3 capable of stimulus-induced polymerization, preferably photo-polymerization.
As nsed herein, the tern “polvmerization”™ refers to g redction wherein at least one of the
components of the refraction modulating composition reacts to form at least one covalent or
physical bond with either a like component or with a different component. The identities of the
first polymer matrix and the refraction modulating compositions will depend on the end use of the
optical element. However, as a general rule, the first polymer matrix and the refraction modulating
composttion are selected such that the componsuts that comprise the refraction modulating
composition are capable of diffusion withun the first polvimer matrix. Put another way, a foose first
polymer matrix can be paired with larger refraction modulating composition components and a
tight fust polymer matrix can be paired with smaller rehaction modulating composition
COmMpPOnents.

{0045] In some specific embodiments, the LAL can be based on the inclusion of photoreactive
silicone macromer and photoinitistor within a silicone polymer matrix. Post-operative, in-sifu
irradiation of the implanted LAL, using targeted dosages of UV light, produces modifications in
the lens curvature, thus resulting in predictable changes in the dioptric or refractive power, and in
various aberrations, including spherical, cvlindrical, and aspheric types.

{0046} FIG. 3 is a schematic representation of the LAL and its major constituents. The first
component of note is shown as the long connected strands and corresponds to the polymer matrix,
which acts o give the LAL s basic optical and mechanical properties. Generslly, the polymer
matrix 18 composed of a high molecular weight (> 200 k) polysiloxane that also possesses a
covalently bonded UV blocker (not shown). Due 1o its cross-link density and inherent low glass
transition temperature {~ ~125 °CY, the LAL’s polymer matrix allows for relatively rapid diffasion
throughout its polymer network. The second major constituents are the smaller strands with
circular endgroups noted as macromer. The macromer is a low, relative to the mainx polvmer,

molecular weight polysiloxane. From a chemical standpoint, the majonty of the macromer chain
9
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can be the same as that of the polymer matrix, which allows for essentially infinite miscibility of
the acromer within the polymer matix. The macromer and polyiner matrix generally are
miscible with each other, thus avoiding the potential for phase separation and subsequent Hght
scatter. A unique aspect of the macromer molecule is the presence of symmetric, photo-
polymerizable methacrylate end groups at the end of each macromer chain. In FI1G. 3, these photo-
polyvmerizable endgroups are represented by circles af the end of each macromer chamn. The final
chemical motety of note is listed as photoinitiators, which act to catalyze the photo-polvmerization
reaction of the macromer end groups.

{0047 Generally, embodiments of the LAL can also compnise a UV gbsorber in the bulk of
the lens in 8 concentration in the range of 0.0 wi% to 0.05 wt¥s. The concentration of this UV
absorber can be selected by corresponding development steps.

{04B] Examples of existing LALs are described, for example, in US Patents No. 6 450,642
No. 6,851 &34 No. 7,074,840; and No. 7,281,795, contents of all of which are herein incorporated
in their entirety by reference. Several different versions of LAL have been developed by the
applicants and are known in the art.
these embodiments, the LAL can be a foldable, posterior chamber, UV absorbing, three-piece
photoreactive silicone lens. Embodiments of the LAL may include blue PMMA {poly methyl
methacrylate} modified-C haptics, a biconvex optic having a diameter in the § mm — 7 mm range,
such as & mm. Some embodiments can have a squared posterior edge, and an overall length of 10
-13 mm. The wt% of the UV absorber in the bulk of the LAL can be 0.04 w5 or lugher. The LAL
optiv design can incorporate a silicone posterior surface laver, or back-layer 310. The thickness of
this back-laver 310 can be about 100 tun all across a back surface, or posterior surface of the light
adipstable lens 130, In other embodiments, the thickness can be between 50 g and 100 ymvin the
center, and can merease gradually to 100 um at the edge of the light adjustable lens 130, This back-
tayer 310 can include a higher concentration of a UV absorber than the photoreactive bulk lens
material to further enhance the UV absorbing properties of the LAL and provide additional
attenuation to reduce ocular exposure during the lens power adjastment and lock-in procedures.

{0058] FIGS, SA-D illusirate that the optical system 140 where the LAL 130 1s positioned can
be a human eve and the LAL 130 can be a light adjustable 101, As mentioned before, in a large
fraction of cataract surgeries, 93% according to some reporis, the clinical outcome for the dioptric
power of the eye deviates from the targeted diopiric power by an amount in the {(-2D, +2D) range.
The here-described lens adjustinent systems 100 make it possible to irradiate the LAL 130 to
correct this deviation of the patient’s vision after the implantation, so that the patient does nothave

to wear eveglasses after surgery. In accordance with embodiments of the present nvention,
10
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tollowing implantation and waiting the necessary timie {ofien 1 to 4 weeks) for refiactive
stabilization to ocour, the deviations from the targeted dioptric outcomes and the aberrations m the
eve can be measured. Then the intensity, the spatial irradiance pattern 150, and the duration of the
srradiation can be precisely planned to reduce or eliminate the deviations in the dioptric oufcomes
and for one or more aberrations. Finally, the light source 110 and the light delivery svstem 120
can be activated to iradiate the light adjustable lens 130 with the planned intensity, profile and
duration.

{0051] I s mentioned that other uses of the method 200 also exist. For example, embodiments
of the method 200 can be used as an aberration conjugator to correct other types of optical systems,
including microscopes, telescopes, camera lenses, ex-vive, custom ordered intraoccolar lenses
{(10Ls), before implantation, and custom ordered contact lenses.

{0052] Upon exposure to an appropriale enevgy source, for example, the UV Heht sowrce 110,
the refraction modolating composition, more precisely the photosensitive photo-polymerizable
{sithcon) macromers of the refraction modulating composition, typically form a second polymer
matrix, an interpenetrating network, in the exposed region of the LAL 130, induced by the photo-
polvmerization by the UV light, as shown in process {a).

{B053] FIG. 5B ilustrates that this process generates an enhanced density of polymerized, and
therefore low mobility macromers in the exposed region, thus reducing the concentration of the
more mobile, unpolymerized macromers in the exposed region. This creates a concentration
gradient of the mobile macromers, with a corresponding spatial variation of thetr chemical
potential.

{0054} In process (b), the more mobile, wnpelvmerized macromers diffuse or migrate to the
exposed region driven by thetr concentration gradient, and cause a change w the radius of curvatare
of the light adjustable fens 130. FIGS. 5A and 5C illustrate the case of a hyperopic treatment,
when a central region of the LAL 130 was exposed. In other, myopic embodiments, the exposed
region is peripheral, depending on whether a hyperopia or a myopia of the eye is being corrected.
FIG, 5C illustrates that the macromere diffusion changes the radius of curvature of the surface of
the light adjustable lens, thus changing its refractive and dioptric power.

{0055] The amount of refraction maodulating composition that migrates imo the exposed region
i3 time dependent and may be preciselv controlled during the rradiating step 230, After long
enough time, the unpolymerized macromers of the refraction modulating composition re-
equilibrate, and the diffusion comes to & halt, Generally, the equilibrium is re-estabhished in 24-48
hours post wrradiation. The just-described process of the frradiating step 230, followed by an

appropriate tme interval to allow for macromer diffusion, may be repeated until the exposed
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region of the optical element bas reached the desired optical property, e.g., the targeted change of
optical power, dioptric power, sberration, refractive mdex, or shape.

{0056] Further, FIG. 3C illustrates that when the targeted enhanced central curvature is
reached, caused by the diffusion of the mobile macromers, the method 200 can mclude a
subsequent, “locking-in irradiation” 250 to solidify the successfully reached targeted optical power
change by immobilizing all macromers that remamed mobile after the uradiating steps 230, This
locking-in trradiation 250 can be applied not only to a selected region of the LAL 130, but to a
broad region, or large fraction of the LAL 130, to photo-polymerize all remaining and still mobile
macromers that were wnpolvmerized by the previous, spatially selective and lower mitensity
irradiating step 230, Without this locking in 250, mobile macromers would remain in the LAL
130, and they could move around, causing further, unplanned dioptric power changes when
exposed to further external stimudy, such ag the patient looking, evey accidentally, into the Sun.

{H057] FIG. SD tlustrates a typical end point of the method 200, wherein the vast majority,
or essentially all of the macromers got polvimerized, either in process {a), having moreased a
dioptric power of the LAL 130 by a targeted amount, or in process (¢}, having “locked in” the
achieved enhanced curvature and thus the increased dioptric power of the swollen region of the
LAL 130 by polvmernizing the remaining mobile macromers.

H0058] As an example, ifthe central portion of the lens is irradiated and the peripheral portion
is left non-irradiated, wweacted macromers diffuse into the centar portion cauging an increase in
the lens power (FIG. 8B). Conversely, by wrradiating the outer periphery of the lens, macromer
migrates outward causing a decrease in the lens power. Cylindrical power adjustinents can be
achieved in a similar manner by removing power in one meridian while adding power in the
perpendicular meridian, By using a digitally generated beam profile, in other words, the spectral
irradiance profile 150, the axis of the cvlindrical correction can be precisely aligned by digitally
rotating the spatial frradiance profile. By controlling the radiant exposure {i.e. beam trradiance and
duration}, spatial irradiance profile 130 and target area, physical changes in the radius of curvatare
of the lens surface are achieved, thus modifying the refractive power of an mmplanted light
adjustable lens to add or subtract sphegical power, remove toricity, or adjust the amount of
asphericity. Once the appropriate power adjustment andfor visual cutcomes are achieved, the entire
lens is irradiated in the locking-in step 250 to polymerize the remaining unreacted macromer to
prevent any additional change in lens power. By uradiating the entire lens, further macromer
diffusion 1s prevented thus no additional change i lens power results.

{8059 Having reviewed the photo-chenustry of changing the optical and dioptric power ofthe
hight adjustable lens 130, the following development questions emerger (1} which optical
performance factors are the most critical for the overall performance of the light adjustable lens,
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{2y which system factors impact these performance factor in the most efficient and oritical manner.

Several answers to these questions are discussed in the next sections.

Optical performance improvement 1

{0068] As discussed above, one of the highest value optical performance factors for the clinical
utility of the lens adjustment system 100 for cataract surgeries is to reliably deliver a diopiric
change across the entive {-2D, +2D) range, since more than 95% of cataract surgeries today end
up with clinical outcomes that differ from the planned or targeted optical power by up to 2 diopters.
This is the optical performance factor which is first investigated. Here it is noted that the dioptric
power change can be that of the light adjustable fens 130, or that of the entire optical system 140
that includes the LAL 130, In the case when the optical system 140 s the human eve, it inclodes
further optical elements, such as the cornea which impact how the optical power change of the
LAL 130 translates into the optical power change of the entire optical system of the eye 140.

{0061] A series of experiments were conducted to determine what system factors impact the
performance factor of dioptric change the most critically. First, the dependence of the optical
performance factor on the wavelength of the applied UV Hght source 110 was examined. While
early lens adjustiment systems were confined to mercury arc lamps as light sources that emit at 365
wm, recent vears have seen a dramatic upsorge in the development of high power output, near UV
LED light sources that are produced with discrete spectral outputs from 365 nm to 405 nm. FIG.
& displays the sormalized spectral output of a UV LED (solid black curve, {c}) with a center
wavelength at 379 nm. This spectrum is visibly very broad, with a large full width half maximum
(FWHM), larger than 10nm. To determine the wavelength dependence more precisely,
commercially available bandpass interference filters were nserted into the beam path of this UV
LED source. These discrete spectral bandpass filters were centered at different center wavelengths
with significantly narrower FWHM, typically in the range of 6-8 nm. To this end, different
bandpass filters with central pass wavelengths of 370 nm, 375 nm, and 380 nm, were inserted into

the beam path of the 379 am LED and produced the spectral curves plotted in FIG. 6. For
comparison, the spectral output of the 365 nm from the mercury are lamp {dashed black lime, (/)

iy also shown. Table 1 swmmarizes the spectral characteristics of the 3 curves.
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Table 1. Summary of the spectral characteristics of a 365 mm filtered mercory are lamp, &
conumercially available UV LED light source, and the UV LED source with a 370 wm bandpass,
375 nm bandpass, and 380 nm bandpass filter inserted into its beam path.

************** Spectral Bandpass | Center wavelength () FWHM (o)
Hg Arc + 365 nm BP filer 365 9
379 LED 379 i0
379 LED + 370 nm BP 374 i
379 LED + 375 nm BP 377 6
376 LED + 380 nm BP 380.5 8

{0062] FIGS. TA-B illastrate that to investigate the potential tmprovement in power change
due to tuning of the applied wavelength, a series of Hght adjustable lenses were irvadiated with the
same spatial irradiance profile 150, the same average irradiance, and the same treatment duration,
but the spectral band of the trradiating beam was changed. Four different spectral bandpasses were
applied and correspond to the mercury are lamp + the 365 nm BP filter, the 379 nm UV LED +
the 370 nm BP filter, the 379 nm UV LED + the 375 nm BP filter, and the 379 nm UV LED + the
380 o BP filker. FIG. 7A illustrates a spatial trradiance profile used for a hyperopic adjustinent
with a targeted power change of +1.25 D). FIG. 78 illustrates a spatial irradiance profile used for
a myopic adjustment with a targeted power change of -0.75 1. Four individual Light adjustable
lenses were itradiated wath 1dentical treatment conditions and spectral bandpasses.

{0063] Table 2 sunmarizes the refractive power changes, referenced to the spectacie plane of
the optical svstem. In embodiments, the refractive power change can charactenize only the hight
adjustable lens 130, m others, the entire optical system 140, When the optical system 140 45 3
haman eye, the cornea does impact how the change of the optical power of the lens 130 translates
into a change of the optical power of the entire eve. The second row in Table 2 lists the hyperopic
and myopic refractive changes for a series of existing LAL embodiments, irradiated with a filtered
365 am emission line from the mercury are fight source. The next three rows correspond to the
adjustment data using spectral bandpasses that possess longer wavelengths, Ingpection of the
power change data for these three bandpasses, as well as their power change ratios relative to the

mercury arc source indicated that by tuning the iradiating wavelength to a speciral region where
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the relative absorption ratio between the photoitiator and the UV absorber is larger, # was
possible to achieve greater power change for the saime nonunal exposure conditions.

Table 2. Power change of LALs sfter hyvperopic and mvopic adjustments as a function of

different spectral bands, Each reported power change value s the average of 4 individual LALs
that were adjusted with the same nomogram treatment conditions,

Hyperopic Power Myopic Power
Change Ratio of the Change Rato of the
Spectral Hyperapic Apphied Speetral Myopic Applicd Speotral
Bandpass Adpusstment [D] § Bandpass Relative to | Adjustment {1} | Bandpass Relative to
that of the Filtered that of the Filtered
e} HeAreSowee 1 Hg Are Sowree
365 mn Hg Are P25 20004 -,78 & {3.00
. = . () - ]
+ Chroma K {re=d) 100 {n=4} 1.00
LED Light LA7 £ 0.02 o 08K £ 0,05 .
Souwrce + 370 (=) 118 =) 113
,,,,,,,,,,,,, wmpp___ | =
LED Light 4y o 5003 . 0.94 4 0.04 :
Soureg + 375 =) £.28 (i) 131
nm BP ' Y
LED Light 185005 . 1042003 .
Source + 380 (=1 §.48 pd 1.33
mm BP S =)

{0064} Similarly, Table 3 summarizes a series of additional refractive adjustments performed
with three of the four spectral bands. For these adjustments, a single nomogram treatiment protocol
was applied with g single spatial irradiance profile that corrects for both hyperopic and astigmatic
refractive errors, and also induces negative 4% order spherical aberration for the correction of
presbyopia. The second row of the table displays the adjustment results using the filtered mercury
arc source. The third and fourth rows summarize the refractive change data after application of
spectral bands with longer wavelengths. Comparison of these last two cases indicates, a dramatic
increase in power change and induction of 4™ order spherical aberration even though the applied
spectral bandpass was shifted only to shightly longer wavelengths. This disproportionately strong
response of the refractive changes even to small adjustments of the light source wavelength is a
profound demonstration on the non-triviality of analyzing and exploring the optical performance

factors and their dependence on the various system factors as key parts of the developiment process.
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Table 3. LAL power change as a fupction of different spectral bands. The applied treatment
protocol corrected for both hyperopic and astigmatic refiactive errors and induced negative
asphericity for the treatiment of presbyopia. Each reported power change value 1s the average of 4

individual LALs that were adjusted with the same nomogram treatment condition.

_— T Adth Order
Powet Astigmatic Soherical
Change Ratio Power Change Aj: jm_ 1;‘1
of the Ratio of the Adth E;{ l;’"im ;Si
‘ Hyperopic Applied Astigmatic Applied Ovder avo ol tae
Spectral Adiustoe < al Adiustne < oectral Soherical Applied
Bandpass | © fustment {  Spectra Adjustment Speetra Sp crica Spectral
T {D} Bandpass {D] Bandpass Aberration N
; o S, ) , Bandpass
Relative to Relative to that {1um} Relative ta
that of the Hg of the Hg Arc clabive o
Ave Sovaree o that of the Hg
Arce Souree Source . S
Are Source
355 mm
Hg Arc+ | 0632002 - SR . 333 =
{ 3
Chroma | (=) L0 0,09 (n=4) £.00 0.01 (=) 100
K
LED
‘uélgl(:«» 1.02 2005 Ty -} 68 % vE {144 & 133
DOUILE ¥ S R XA A VT £} AN S L33
375 nm (=4 .07 (=4} 0.01 (n=4)
,,,,,,,,,, s i it b
LED
Light i : i
= 1302003 - 207 % (.58 &
Sowrce+ | 777, ' 2.0 e 4 R N e ¢ 76
Source frv=d) ve 0.06 (n=4) E 0.02 {nd) L76
30 mm
BP

{0063} These experiments revealed several key lessons. {a) Varying the wavelength of the light
source 110 has a critically strong impact on the optical performance: a 15 nm change of the 3635
am wavelength, a mere 4% relative change, can double the change in the refractive outcome. This
makes the wavelength a critical system factor. (b} The longer the wavelength, the bigger the
dioptric change: the diopiric change increases with mncreasing wavelength. It would be compelling
to conclade from these resulis that the UV light sowrce 110 and the hight delivery system 120
should be configured to deliver the longest possible wavelength UV light to induce the maximum
dioptric change in the LAL 130,

{0066] However, for a comprehensive study of the optical performance of the lens adjustment
svster 100, other optical performance factors were exanuned as well, FIGS, 8A-B ilustrate a
study of interference fringes of the hight adjustable lenses after the uradiation with a standard Zygo
interferometer. The spatial extent of the interference fringes reveals the radius of the refraction-
change region 160 whose radivs of curvature has been affected by the jrradiating step 230
Remarkably, it has been observed that with all other system factors being equal, such as trradiance

profile and iradiance, uradiations with longer wavelengths resolted in smaller radius for the
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refraction-change rone 160, As mentioned before, maximizing the radius of the refraction-change
zone 160 is another high value optical performance factor, since the edge of the refraction-change
zone 160 is observed to be quite well-defined and thus may introduce noticeable optical distortions,
if it is inside the operational aperture of the optical system 140, In the embodunents when the
optical system 140 is the human eve, this optical performance requirement approximately
translates into the radius of the refraction-change region 160 needing to be m the 4.5 mmm ~ 6
nun range. In some embodiments, the radius needs to be greater than Smm, in others, greater than
5.3 mm.

{0067] Based on the above considerations, a study was carried out how o improve the optical
performance of the light adjustable lens comprehensively, A “Figwe of merit™ has been devised
to balance the competing design forces of (a) needing to increase the wavelength to increase the
diopiric change versus (b} needing to decrease the wavelength to increase the radius of the
refraction~change zone.

{6068] FIG. 9 shows a series of normalized speciral bandpasses created by the mserbion of
different bandpass filters into the beam path of a mercury arc lamp source to produce a series of
spectra with center wavelengths ranging from 367 am to 382 nm. These six spectral bandpasses
were then used to irradiate a serles of LALs. As a Figure of merit, the induced “wavefront sag™ Iias
been selected. The wavefront sag, or “sag” for shon, 1s half of a product of the radws of the
refraction-changed zone of the lens squared and the dioptric power change:

Sag = A{Dioptric Power) « y* /2

where y s the radius of refraction-change zone of the lens, and A{fHoprric Power) is the change
in dioptric power from pre-irradiation to post irradiation, measured in units of /length, such as
Vmicrons, This valoe can describe the dioptric power change of the hight adjustable lens 130, or
that of the entire optical system 140 that mnclndes the Bght adiusiable lens 130

{0069] The second row in Table 4A provides the refractive change data for the 365 nm filtered
mercury arc lamp. Each saccessive row displays the corresponding data for speciral bandpasses,
and thus center wavelengths shified to longer wavelengths. The sag data is provided n relative
terms, as a percent of its maximum value across the investigated UV spectrumm. Remarkably, it is
noted that the sag data exbibits 8 maximum as a function of wavelength, This indicates that the
selected Figore of merit, the wavetfiont sag, is useful to determine a compromise wavelength that
balances the competing forces of increasing dioptric power change versus increasing the radius of
the refraction-change zone. Since the absolute values of the sag depend on secondary details of the
light adjustable lenses, the results are presented in relative terms, with 100% indicating the

maximum sag, and giving other sag values as a percent of this maximum value.
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Table 4A. Relative variation of wavefront sag as a function of center wavelength.

Centrad Wnvelength {nm) FWHM (nm) Relative Average Wavelront Bag (%)
367 9 R2% {n=4)
367 7 R7% {n=4)
370 6 100% {(n=4}
375 i4 100% (n=3)
379 10 97% {(n=4}
382 5 93% (n=4)

with a typical error bars of & fow percent,
[0070] Table 4B Hlustrates an analogous experiment on another embodiment of the light

adjustable lens 130, with some system factors, such as the UV absorber concentration shightly

modified.

Table 4B. Relative variation of wavefront sag as 8 function of center wavelength,

Conter wavelength {nm) FWHM (un} Relative Wavefront Sag (%}
""""""""""""" 67 | 36 w0

372 1.9 O
374 5.7 o6t

37535 7.2 944

3756 3.7 4%
377 8.0 0%,

381.4 R7 W59

{0071} Based on these observations, 1tis concluded that the wavetront sag 18 a usefud figwee of
merit o determine which values of eritical system factors maximize the best optical performance,
halancing competing individnal design factors. Therefore, in some embodiments of the lens
adjustment svstem, the vartous system factors are chosen such that the wavefron sag is within
10% of itz maximn over an ultraviolet spectruan. In other embodiments, these svstem factors are
chosen so that the wavetront sag is within $% of tis maxinum over the same ultraviolet spectium,
These choices identify lens adjustment systems with a favorable overall optical performance.

{0072] In some embodiments, these considerations translate to the ulirgviolet light source 110
and the light delivery system 128 irradiating the light adjustable lens 130 with the nhraviolet light
having a center wavelength i a range of 370 nm to 390 nm. In other embodiments, they trradiate
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the light adjustable lens 130 with the slivaviolet light having a center wavelength in a range of 374
am to 382 nm. Finally, v some embodiments, a center wavelength i the regime of 378-377 nm
can be used.

{0073] Further, since the wavefront sag and other optical performance factors are guite
behavior for narrower FWHM values, in some embodiments the ultraviolet light source and the
Hight delivery system can be configured to uradiate the light adjustable lens with the ultraviolet
hight having a full width half maxmmom (FWHM) spectral bandwidth {ess than 10 nm. In others,
with the ultraviolet light having a full width half maximum spectral bandwidth 1 a range of 2 am
to & nm.

{0074} The results were sensitive not only to the center wavelength and to the FWHM valoes
of the Hght source. It was observed that the spectrun of the mercury are lamp in fact contained a
substantial red-shifted tail, a portion of Hs spectrum extending all the way to 350 nm. While
portions of this trradiance in the 370 — 380 nm region may be helpful, the trradiance at the higher
wavelengths, above 380G - 385 nm is not optinmial, Therefore, the iradiating step 230 of the method
200 m some embodiments can include trradiating the light adjustable lens 130 by ultraviolet light
filtered by a bandpass filter in the lght delivery system 120, oy i the light source 110 itself, which
suppresses at least a portion of an undesiable foot of the spectrum. In some embodunents, this
bandpass filter can cause an extent of a spectrum of the oltraviolet light source, at e.g. 20% of the
spectrum’s maximum and at wavelengths longer than the center wavelength, to be less than twice
an extent of the spectrum of the vliraviolet hight source, at 20% of the spectrum’s maximum, at
wavelengths shorter than the center wavelength. In short, some embodiments of the hight delivery
svstern 120 can be configared to remove at least a portion of the long wavelength, red-shified tail

of the spectrum.

Optical performance mprovement 2

{0075] The above described embodiments delivered high optical performance, determined by
analyzing a judiciously chosen Figure of merit, the wavefront sag. In other embodiments, other
optical performance factors can be mmproved as well. For example, the tmportance of reliably
achieving a plus/minus 2 Diopter reftactive power change with the lens adjustment system is also
a bigh value optical performance factor. Some of the above-described light adjustable lenses
exhibited less diopiric changes. Therefore, further studies of the system factors were carried out to

determine ways to deliver the destrable plus/minus 2D dioptric change.
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{0076} Betore proceeding, it 18 mentioned that the dioptric change can be measured for the
entive optical system 140, with the light adjustable lens 130 mnplanted, or embedded m it. Other
optical elements of the optical system may impact this total diopter change. For example, in the
case when the optical system is a human eve, it additionally includes a cornea which does impact
the optical power and its changes. In this case of the human eye, the dioptric change of plus minus
2 diopters can be measured m, or referenced to, the spectacle plane of the eye. In some
embodiments, the dioptric change may refer to that of the lens 130 alone. In some embodiments,
a diopiric change of plus minus 3 diopters may be desirable to address exceptional cases.

{0077} The studies started with an analysis of the dependence of the absorption properties of
the UV absorber materials on wavelength, chemical composition and concentration, As described
earier, the photo-polvmerization process of the light adjustable lens is catalvzed by a photo-
initiator. The photoinitiator, upon absorption of a photon, decomposes to form active radicals that
chemically react with the methacrylate end groups of the nmacromer o start the polymerization
process. Another UV absorbing species in the bulk of the lens 1s the UV absorber. This molecule
also absorbs Bight in the UV, but does not participate in the photo-polymerization reaction. Instead,
this molecule absorbs UV light and dissipates the absorbed energy either as heat or through
flnorescence. In some existing lenses, the photo-polymerization of the Huht adjustable lens is
accomplished by using the filtered, 365 nm (FWHM < 10 nm) line from a mercury are lamp. The
dependence of the absorption of the photoinitiator and the UV absorber on the wavelength was
studied again using light sources with thetr center wavelengths sweeping across a UV spectrum.

{0078] Table 5 displays the absorption coefficients of the photoinitiator (PI), BL4B, and bulk
UV absorber as a function of wavelength between 355 and 390 nm. The last row of Table 5
displays the ratio of the photointtiator’s absorption coetlicient relative to that of the UV absorber
front 355 om0 390 nm.  Inspection of the ratios between 360 and 370 nm, f.e. across the FWHM
spectral band of the 365 nm emussion line, indicates a value of only 0.17. From an absorption
probability standpoint, this means that for every 100 photons irradiating the lens, 83 are absarbed
by the UV absorber and 17 are absorbed by the photoinitiator: only 17 of the photons participate
i the photo-polymerization reaction. However, inspection of this ratio from 3735 nm to 390 nm
indicates that this ratio increases dramatically, making it another critical system factor. Therefore,
by tuning the applied wavelength to longer values, the photo-polymerization process should
become more efficient.

{0079] However, just like in the section “Optical performance iraprovernents 17, a competing
system factor was identified once more. It was observed that the absolute absorption of both the
phototnitiator and the UV absorber deop off significantly as 385 nm is approached and exceeded.
Therefore, ultraviolet light with center wavelengths around and above 385 nm is absorbed with
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tow efficiency and thus both the photoinitiator and the UV absorber rapidly become effective
above these wavelengths.

{0088] Therefore, balancing the ratio of absorption coetficients preferring longer wavelengths
while the absolute value of the absorptions disfavoring wavelengths above 380 nm, the wavelength
region around 380 nim can be identified as offering the most efficient photo-polymerization process

and delivermg the best optical performance from the aspect of absorption efficiency.

Table 5. Absorption coefficients for the light adjustable lens™s bulk UV absorber and
photoinitiator (BL4B) from 355 nm to 390 nm.

. gyt ¢ -t
Absorption Coefficient {imm )

Absorbing Species 353 nm| 360 nm | 365 nm | 370 nma | 375 am | 330 388 390
Photoinitiator PL | 0.644 | 0613 | 0484 | 0375 | 0325 | 0260 | 0169 | 0.117
UV Absorber 37731 3357 | 2876 | 2307 | 1.628 | 0937 | 04352 1 0171

Ratio of PVUV Abs | 0.17 0.18 0.17 g.106 0.20 0.27 0.37 0.69

{0081] Table 6 shows that this analysis and optimization of competing optical absorption
performance factors remarkably delivered the desired improved optical performance: a dioptric
change in excess of 2 Diopters essentially at the expected wavelengths of about 380 nm.

Table 6: Hyperopic power change at various wavelengths,
with a beam diameter approximately 5.3 mm.

Center wavelength {nm) Dioptric Power Change (D)

365 +1.22+0.03

372 +1.36+ (.05

374 +1.76 % (.03

3755 +1.80 4% 0.07

375.6 (narrow fwhm} +1.69 & (0.03
377 +1.87 £ 0.03

3814 +2. 17 £ 0.08

{0082] This analvsis revealed that 1t is possible to choose a photoinitiator and a UV absorber
with such absorption coefficients and in such concentration that they can deliver a plus/munus 2
Diopter refractive change in a wavelength region that was identified based on the figare of merit
of maximizing the ratio of absorption coefficienis of the photomnitiator over the shsorption
coefficient of the UV absorber, with the added consideration that an absolute value of these
absorption coefficients remained high enough to make the photo-polymerization efficient.
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{0083} This “Optical performance improvement 27 section described some of the additional
examples of the optical performance factors besides the factors (a) and (I} discussed in the opening
passages. Just ke explamed in those passages, these additional optical performance factors were
identified out of the many possible factors, a multidimensional design and development space was
created, followed by a type of figure of merit being developed to guide a maximalization process.
Finally the system factors that impacted these optical performance factors in the most critical
manner were 1dentified and tuned to their values that provided the maximal improvement of the
optical performance of the lens adjustment system 100, all 1 analogy with the steps (1)-(12)

described m the opening passages.

s

Optical performance improvement 3

{0084] The sections “Optical performance improvements 17 and “Optical performance
unprovements 27 described various embodiments, where a complex mudtidimensional exploration
discovered lens adjustiment systems 100 with critically improved optical performances regarding
vision mmprovements and refractive outcomes by a carefud design of the most critical system
factors. The present section focuses on evaluating the optical performance of the same systems,
but from the viewpomnt of controlling and preferably reducing the wansmitted portion of the
micident light. Improving this aspect of the optical performance can be useful, and in fact critical,
to make sure that in cases when the optical system 140 is the human eye, the trradiance of the hight
transmitted by the light adjustable fens 130 stays well below exposure limits of the retina.

{BO85] Ax described elsewhere in the application, some existing light adjustable lenses 130
nchade a UV absorber m the bulk of the hght adjustable lens, and beyond that, they also include a
highty absorbing UV back-laver, or blocking-layer, 310, shown in FIG. 4B, that serves to protect
the retina from ambient sources of UV radiation and during the lock-in treatiment.

{0086] After performing the nradiating step 230 to adjust a refractive property of the optical
system 140 to achieve the optimum vision for a patient, the macromers that diffused from thetr
uiitial tocation to a new location as a consequence of the irradiating step 230 in the implanted light
adjustable lens 130, shall be locked-in, in other words, photo-polymerized n step 250, in order to
prevent the light adjustable lens 130 from undergoing further refractive changes. The lock-in
radiant exposure can be on the order of 10-20 wmes greater than a typical exposure used in the
refractive adjustment step 230, It 1s important to reduce and safficiently attenuate the irvadiance of

the incident UV hight by the UV absorber in the bulk of the lens and by the UV absorbing back-

I
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faver 310 at the back of the lens in order to nunimize the ocular, and in particalar the retinal
exposure during the locking-in step 250,

{0087} In order to determine the overall transmittance attenuation, spectral transmittance
measurements were performed on light adjustable lenses using a series of speciral bandpasses and
central peak wavelengths, as before. All spectral transmittance measurements were performed by
fixturing a wet cell to the entrance aperture of a 67 integrating sphere (OL-IS-670, Gooch &
Housego, Orlando, FL) fiber optically coupled (OL-730-7, Gooch & Housego, Orlando, Fl) toa
catibrated (NIST waceable), double grating spectro-radiometer {OL-756, Gooch & Housego,
Orlando, FLY

{0088] Results for a set of the Hght adjustable lenses are shown in FIGS, 10A-B, using four
different spectral bandpasses and center wavelengths, FIG. 10A displays the spectral irradiance
for each of the four center wavelengths incident on the anterior surface of the lenses. The areas
under the four curves, ie, the meident integrated spectral imadiance and power, were
approximately identical for each of the four spectral bandpasses. FIG, 18B shows the spectral
transnnttance, or spectral uradiance affer transmission, for each center wavelengths and
bandpasses through these lenses. Integration of the spectram of the transmitted light divided by
the integrated spectrum of the Hight incident on the antesior surface of the lens is one of the
measures that is used to characterize the transmission of the lens.

{6089] Table 7 provides a summary of the transmuttance measurements. For ease of
comparison, the ransmittance of each spectral bandpass 1s displayed relative to that of the 365 nm
filtered mercury arc source. Inspection of the ratios mdicates that the spectral bandpasses with
center wavelengths of 374 nm (FHWM = 6 nm) and 377 nm (FWHM = 6 nm) produce significantly
tess transnutted Hight than the 365 nm light source: a 70% and 37% transmission reduction was
observed, respectively. In contrast, the spectral bandpass with a center wavelength of 380.5 am
{(FWHM = § nm) transmitted 269% more light compared to the mercury lamp with 365 nm
wavelength.

Table 7. LAL spectral transmittance data with different spectral bandpasses.

Tragmittance Ratio of Spectral
Contral Wavelength {nmy) FWHM () Band Pass Relative to that of the
Filtered Hg Are Source

367 9 I

374 & (.3

377 6 (.67
3805 & 3.69
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{0090} Analysis of this transmittance data shows that embodiments of the light adjustable
fenses exhibit a particularly efficient ight attenuation for UV light with a center wavelength in the
region of 374 nm - 377 nm. This is yvet another exploration of how to improve another critical
optical performance factor with a judicious selection of a relevant figure of mentt {in this case, the
transmittance, directly related to the attenuation), followed by the careful analysis of the space of
system factors how to improve this figure of ment.

{0091} Remarkably, it is recalled here that Tables 4A and 4B mdicated that another figure of
mertt, the wavefront sag, that represented the simultaneons optimization of two other optical
performance factors, also tended to be optimal 1 the 373-377 nm range (with FWHM = 6 am).
Thus, the present analysis revealed that this 375-377 nm center wavelength range simultaneously
maximized the wavefront sag, as well as maxunized the light attenuation as well for this set of
Hght adjostable lenses. Connecting the improvement of these two optical performance Yactors is
an example of the complex multi-dimensional system design project.

[6092] As emphasized earlier, besides the identification and development of specific
embodiments where a center wavelength and other system factors optimize several figures of
merits simultaneously - representing an even larger number of competing optical performance
factors ~ the complex, multidimensional method of determining thess optimal system factors is

itself also inventive, as described in steps (1)-(12) carlier,
Optical performance improvement 4

{0093 In addition to the diopiric power change and the spectral ransmittance experiments,
described in the previous three “Optical performance improvement” sections, a further optical
performance factor 1s related to the question whether the optical performance factor improvements
created by the wventive irradiating step 230, described in the previous three sections, are preserved
even after the locking-in step 250 of method 200, The answer to this question 18 not obvious, since
the locking-in step 250 “consumes” the residoal macromers by photo-polymerizing them, as well
as all the remiaining photoinitiators, thus newtralizing them. Further, many of the responses {o even
modest changes in the system factors were Puad to be very non-linear and very amplified
variations of the optical performance, the last example being the non-monotonie, rapid, and
exponentionally strong rise of the ransmittance when the light wavelength changes only by the
minimal amount across 380 nm, as shown in Table 7.

{8094} To evaluate and improve the persistence of the adjustments of the optical performance
factor, a series of lock-in trvadiations were also performed on two sets of light adjustable lenses.
The first group cluded existing LALs, where the wradiating UV light had the typical center

wavelength of 365 nm. The other group consisted LALs optimized according to the previous three
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sections, and radiated with the defermived corvesponding optimal speciral bandpass, ot center
wavelength, of 377 nm (FWHM = 6 nmy). These will be denoted as LAL lenses.

{0095] Embodiments of these LAL lenses mvolved a reduction of the concentration of UV
absorber in bulk of the lens. In general, the UV absorbers typically have a concentration in the 0
wile to 0.05 wi% range. Embodiments of some of the existing LALs have UV absorbers in
concentrations of 0.04 wt% or higher Embodiments of the LAL’s have UV absorbers in reduced
concentrations, below 0.04 wi®s, such as in the 0.03 wi% to 0.04 wi% range. In some
embodiments, the UV absorber concentration can be .03 wi%6, in some embodiments, even less.
With these choices, there will be less competition for the applied light between the UV absorber
and the photomitiator in the LAL becanse of the reduced UV absorber in the bulk of the light
adjustable lens.

{0096] Further, a new UV absorbing wolecule UV1I2 was mcorporated juto the back tayer 310
of the LAL lensex, with an improved absorption coefficient. Embodiments of efficient UV
absorbers, some used in a back-layer of a LAL lens, snch as the UV12 molecules, were described
w the commonly owned US patent No. 9,119,710, incorporated herein in its entirely by reference.

{0097} The next system factor to be optimized was the thickness and corresponding optical
density of the back-layer 310. Increasing the thickness and the optical density of the back-layer
310 can reduce and minimize the retinal and ocular exposure, a high value optical performance
factor. In some embodiments, the ultraviolet-absorbing back-layer 310 was chosen to have an
optical density sufficiently high to reduce an fivadiance of a transmutied portion of the lock-in
radiation, transmitted by the light adjustable lens, to below an exposuare limit of a human retina. In
other embodiments, the back-layer had an optical density high enough to reduce the irradiance of
the transmitted portion of the lock-m radiation to below one tenth of the exposure timit of @ human
retina.

{0098] As mentioned before, the locking-in irradiances were 10-30 times higher, i some cases
about 20 times higher than the iradiances used in the iradiating steps 230 that were aimed at
photo-polvmerizing only a portion of the macromers.

10099 Chemical extraction analysis of these tweo groups of locked-in lenses followed by
comparison of thewr residual macromer and photoinitiator concentrations indicated that the
optintized spectral bandpass for the LAL’ lenses displayed a 34% and 20% improvement in
pheteinitiator and macromer polymerization efficiency, respectively.

{0100} FIG. 11 illustrates the results of some of the studies, comparing the optical performance
of the LAL and the LAL” lenses. The meident speeteal irvadiances are to be read off from the left
vertical axis, the tansmitied ivadiances from the right vertical axis. Overall, both lenses attenuated

the irradiance greatly, as shown by the transmitted trradiances being approximately three orders of
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magnitude smaller than the incident irradiances. Beyond that, the LAL lenses offered even further
reduced transmittances, as shown by the amplitude of the {c} curve, representing the LAL lenses
to be much smaller than the amplitade of the {d) curve, representing the LAL lenses, for
comparable incident frradiances. The cumulative effects of (1) reducing the concentration of the
UV absorber in the bulk from above 0.04 wi% to the 0.03 wi%s to 0.04 wi% range, in some cases
to 0.03 wido, and (2} increasing the absorption coefficient of the UV absorber in the back layer by
employing a different absorption molecule, and (3) using a back-laver thickness and corresponding
optical density in a suitably chosen range {descnbed further above and below} m the LAL lenses
resulted in a reduction of the wansmitted irradiance by a factor of 10-20 compared to the LAL
tenses. Given that this transmutted trradiance directly controls the retinal exposure, a critical optical
performance factor, making the attenuation stronger by such a large factor is a very useful gain.

{0101} The improvement of the efficiency of the UV blocking by the LAL leuses in
comparison 1o the LAL lenses can be represented in ancther manner by integrating the speciral
uradiances over the entire UV spectrm. In some embodiments, the ratio of this specirally
uitegrated irradiance of the lens-transmitted portion of the ultraviolet light to the trradiance of the
lens-incident ultraviolet ight was less than 0.1% in the LAL lenses. In some embodiments, this
ratio was less than 0.02%:. These very low transmitted trvadiance values show that the LAL lenses
are attenuating the drradiation, mcluding the locking-n irmadiation, extremely efficienty, thus
guaranteeing a very mintmal, advaniageous retinal exposure.

{0102} One could conclude that further increasing the thickness of the back-laver of the LAL’
lenses would lead to even better attenuation. Remarkably, however, a competition of optical
performance factors was agamn discovered by observing that the UV back-layer blocked the
tocking-in light so efficiently that a portion of the macromers inside the this back-layer did not
polvimerize even daring the locking-in step 250 and thus remained mobile. Therefore, even after
the entire method 200 conclodes, these macromers coudd still diffuse mto the bulk of the lght
adiustable lens 130, and possibly change its optical performance in an unplanned and possibly
undesirable manner. This subsequent, potentially undesirable optical power change can be
nvinimized by making the back-layer 310 thinner. Doing so, however, reduces s ability to
attenuate the meident UV hight. Again, a figure of merit was developed to simultancously optimize
these competing factors, one favoring thicker back-layers, the other, thinner back-layers. As a
consequence, in some embodiments, the ultraviclet-absorbing back-layer 310 was chosen to be
thin enough such that macromers in the ultraviolet-absorbing back-layer, not polymerized by the
locking-in, are unable to canse a subsequent change of the dioptric power of the light adjustable

fens wexcess of 0.2 D,
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[0103] Transiating the above optical densities and these competing performance factors into
thicknesses of the back-laver 310, i some embodiments, the ultraviolet-absorbing back-layer had
a thickness of less than 100 microns. In other embodiments, the thickness was in the 30-70 microns

range, such as 30 microns.

Light source and light delivery system

»

{0104] In this final section, the light source 110 and the hight delivery system 120 are descrtbed
in some detail. In various embodiments, the UV Hght source 110 can generate a UV hight having
a center wavelength i range from 365 nm o 381 nm s used for modifying the power of a Hight
adjustable lens. In some embodiments, the UV light has a center wavelength in the range from 370
nm to 379 nm. In some embodiments, the UV light has a center wavelength in range from 370 nm
to 377 nm. When referring to the center wavelength, the term “about”™ can mean +/- 0.5 nm.

{0103} Further, the UV Light having 8 narcow full width half max speciral bandwidth (FWHM)
can be also beneficial. Accordingly, a UV light with a namrow spectral band width is used
embodiments. For example, the UV light with a spectral bandwidih of +/-10 nm. In some
embodiments, spectral bandwidth can range from 3 nm to 10 nam, e g, the spectral bandwidth can
be S nm, 6 nm, 7 am, 8 nm, 9 nm or 10 nm. In some additional embodiments, spectral bandwidth
can range from 2om to 8 nm, in some, from 6 nm to § nm. Several methods are known that can be
used for achieving a desired narrow spectral bandwidth, For example, commercially avalable
bandpass mterference filters can be inserted m the beam of the UV hight source.

{0106] Generally, any UV light source can be employed with embodiments of the present
vention. For example, the UV light source can be a laser, light emiitiing diode, or various types
of lamps that possess a UV spectrum. The source can alse be continunous (CW) or pulsed. Specific
embodiments provide UV Hight sowces for irradiating Heht adjustable tmracoudar lenses, Useful
sources include, but are not limited o, continuous wave {CW3 UV sources such as OW LEDs, a
CW laser, or an arc discharge lamp; pulsed UV lasers, and arc lamps. In one embodiment, an
extended ultraviolet light (UV) source can be used, e.g, UV hight enntting diodes (LED) for
wrradiating the lens. These exemplary UV Hight sources can be used with a desired speciral bandpass
filter for conducting UV wradiation on light adjustable lenses. In some embodiments, the UV light
source can be a continuouns wave light emitting diode.

{8107} In some embodiments, the method 200 can further comprise measuring the aberrations
of an optical system (e.g. the eye) containing the lens (including preexisting aberrations and those
induced by the clinical procedure and wound healing) and aligning the source of the modifying
the UV light so as to impinge the UV light onto the lens 130 in the spatially defined frradiance

pattern 150 that will effectively null the aberrations. Countrolling the wradiance and duration of the
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UV Hght controls the magnitude of the impinging radiation. The pattern can be controlled and
manitored while the lens is irradiated.

{0108] There are many instruments avaifable to measwre aberrations in the eve. For example,
the same instruments used to deterniine a patient's prescription for eyveglasses can be used. There
are several instruments for measuring spherical and astigmatic refractive errors as well as higher
order aberrations of the eye. One of the most common wavefront sensors used today is based on
the Shack-Hartimann wavefront sensor. The instrument for measuring aberrations can be a stand-
alone mstrument or it can be built into the irradiation system. The diagnostics can be performed
dunng trradiation more readily when the diagnostics are built into the nradiation svstem.

{0109] In some embodiments, a Shack Hartmann wavefront sensor is used to measure the
aberrations in the eve; a nomogram of the light adjustable lens's response to irradiation is then
consulted to detenuine the requived spatial irradiance profile 1o correct the measured aberrations.
This can be followed by the requived jwadiance profile being placed on a programmable mask
generator, such as a digital mirror device. Next, a calibration camera can be used i a closed loop
operation to correct the digital mirror device to compensate for aberrations in the projection optics
and non-uniformity in the light source. Finally, the light adjustable lens can be radiated for a
preseribed time period; after which the aberrations in the eve can be re-measured to ensure that the
proper carrection was made. I necessary, the process can be repeated until the correction i1s within
acceptable or planned dioptric range. An exemplary use of a Shack-Hartmann wavefront sensor
for measuring aberrations 1s described in Figure 6 of US Patent No. 6,905,641,

{0110} In a particalar example, the LAL is implanted in a patient's eye and the eve's refraction
is allowed 1o stabilize post operatively. Aberration analysis is made of the patient's eye using
standard refraction techniques, in some cases with a wavefront sensor. Using the knowledge of
the eve's measured aberrations in conjunction with a previously derived nomogram permits the
calculation of the desired irradiation profile and dosage to correct the patient's vision by correcting
the LAL using variams of the method 200 disclosed herein.

{0111} Once the aberrations, or the deviations of the dioptric power from its planned values
are corvected, the locking-in irradiation is applied in the step 230. The locking-in irradiation can
be, but not necessarily, applied with the same irradiation systems 110-120.

{0112} In various embodiments, modifyving UV Hght is generated and projected onto the Hght
adjustable lens 130 in a pattern or profile 150 that compensates for the aberration, for example,
one that 1s opposite in phase to the measured aberrations. A beam intensity shaper can be used o
generate a customized refraction change inthe LAL. For example, optical lenses andf/or apodizing
filters can be used 1o form a custonzed pattern of nradiation to generate a customized refraction
change in the LAL.
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{0113 Insome embodiments, the pattern of modifying Hght is obtained by use of an apodizing
filter having a predetermined spatial wradiance profile. The apodized pattern can be generated
using several methods and take different forms. For example, the desired transmission pattern
could be a static mask pattern unaged onto photographic film, photochemically etched onto a
substrate using a pattern penerating machine, or chrome applied to the appropriate substrate using
chemical vapor deposition {CVD). This tvpe of static pattern can be either continuous or half tone
structure. In addition, the desired pattern can be dynamic such as that produced by an appropriate
spatial Hght modulator (SLM), such as a liguid orystal display (LCD) or a digital mirror device
{(DMD), rotating or translating patterns, or any other method to vary the irradiance profile or
integration time of the exposed radiation dynamically. Some lasers are naturally apodized and may
not require further intensity modulation for correcting power or astigmatism i a light adjustable
fens. For example, a photographic film mask can also be used. In such embodiments, a
photographic film can be placed between two glass slides to produce the 3~ intensity profile ina
UV projection system similar to a conventional slide projector. The main components are a UV
light source, condenser optics, a field lens, an apodizing filter, and projection optics.

{0114} In still other embodiments, a spatial light modulator (SLM) or digital mirror device
(DM} can be used. In any of these embodiments, the planned patiern or profile of light generated
for the vorrection of the measured optical aberrations can be obtained or modified by the use of
wavefront sensor feedback, for example from a Shack-Hartmann sensor. Such a sensor used in
conjunction with a deformable mirror (DM) has been widely used to correct the aberrations of
astronomical telescopes.

{0115} Another potential source for producing a spatially defined, variable irradiance pattern
is a UV vertical cavity surface-emitting laser {VUSEL). In contrast to the use of static masks, or
dynamic light modulators, such as an LCD or a DMD, a VOSEL array would only require a laser
array, lens matrix array, and projection optics. Thus, the advantages can be lower cost and
complexity. A controlled VOSEL 2-D array of lasers can replace a mask or an SLM. The VCSELs
can be single element lasers, 1-D arrays, or 2-d arrays. Each laser element can emit a nearly square
taser beam from the top surface in a narrow cone of Hght. Most of the research on these devices
has been in the near IR for telecommunication applications. Some visible arrays have been
developed for scanning and detecting images. The {ill factor for 2-d arrays is usually small because
of the space needed for the leads. However, lens arrays can be placed on top of the VCSEL arrays
to obtain fill factors greater than 90%. These lasers have very high modulation frequencies, Ifit s
too difficult to control the intensity of the lasers, the energy 1 the exposure can be controlled with
pulse-width medalation or other modulation methods. By spatially controlling the ntensity or

average energy in each laser, one can produce an effective beam intensity profile. This pattern or

Y



WO 2016/187497 PCT/US2016/033420
profile 150 can then be imaged outo the LAL, or {ilm, to produce the desived refraction pattern.
The advantage is divect and instantaneous or nearly instantangous control of the iradiation pattern
and increased pattern combinations.

{6116] Since the same beam profile vartation can be accomplished with various types of spatial
tight modulators and standard display or projection optics, the ramifications of the UV-VCSEL of
this embodiment are m the simplicity and in the size of the packaging. These issues are more
important when the irradiation svstem is combined with the wavefront sensor and some type of
viewing and video capability. Use of UV-VCSELs for uradiating light adjustable lenses or films
has been described, for example i, US Patent No. 6,905,641, incorporated herein by reference in
s entirety.

{8117} Accordingly, in some embodiments; a UV verticalcavity surface-emitting laser
{VCSEL;} array can be used to generate a UV infensity patters and project it onto the surface of a
LAL. Such an awangement provides further advantages in that the optical system is smalles,
fighter, more versatile in generating different irradiance patterns, and less complicated than other
UV patterning systems. The optical efficiency is also higher than that of other systems. Such
systems also produce less heat; and finally, the operating lifetime of these UV light sources tends
to be fonger.

{0118] Depending on the light adjustable lens formwulation, exposure o hght with the
appropriate wavelength will cause the refraction modulation composition to diffuse into the
irradiated volume, and produce a concomitant change in the refractive power of the lens. The
majority of the change in power of the hight adjustable lens is due to a change in the radius of
curvature of the LAL. Although, it is possible that some localized change in refractive index could
ocear as well since the refractive index of a closed thermodynamic system such as a light adjustable
fens is proportional to the number of particles per volume. For exanple, if the lens i3 trradiated
with a spatial trradiance profile 150 as that shown in FIG. 7A, then the macromers in the ireadiated
region will polymerize producing a difference in chemical potential between the irradiated and
unirtadiated regions, effectively setting up a diffusion gradient between the nradiated and
unirradiated regions. To reestablish thermodynamic equilibrium, the macromers of the refraction
modulating composition in the unexposed region will diffuse towards the center, decreasing the
radius of curvature, and therefore, increasing the lens’s power.

{0119] If, on the other hand, the lens 130 is uradiated with a pattern as that shown in FIG, 7B,
the macromers will diffuse out from the central part of the lens producing an effective decrease in
lens power.

{0120] Both of these changes tn the radius of curvature are vot necessarily a linear function of
the irradiation because of boundary conditions at the edge of the lens, non-uniform thickness across
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the lens, and, possibly, non-linear response of the lens material to the irradiation. The trradiation
profile, amplitude, and exposure time must be tatlored for each patient to produce the correct
amount of change in the LAL. This inclodes sphenical power change, astigmatism, spherical
aberrations, and other aberrations. This is referved to as custonuzed irradiation.

{0121] According to an embodiment, a spatial light modulator can be used to generate a
customized spatial irradiance profile for a composition comprising a refraction modulating
composition dispersed i a polvmer matrix forming a lens, e.g., an IOL. The spatial Hght modulator
cant be a bopud orystal display (LCD)Y or a digital murror device (DM, as deseribed above.

{0122] For example, electromagnetic irradiation n the UV, visible, or near infrared portions
of the spectrum 15 easily projected onto the lens by nsimg a projection system similar to the ones
used in commercial video/computer projection systems. Nevertheless, these projectors nse the
LCD or DMD to replace the film used i the projectors. LOCDs can operate in either fransmission
ot reflection mode. Since they rotate the plane of polarization of the light, polarized light and an
analyzer are incorporated into these optical systems.

{0123] The DMD is a pixilated, micromechanical spatial hight modulator, formed
monolithically on a silicon substrate. The DMD chips have individaal micro mirrors that are ~14
pim square and ave coated with a reflective aluminum coating.

{0124} The micro mirrors are arranged ina Xy array, and the chips contain row drivers, colamn
drivers, and timing circuitry. The addressing circuitry under each mirrored pixel is 8 memory cell
that drives two electrodes under the murror with complimentary voltages. Depending on the state
of the memory cell (a ™17 or 07 each mirror 1s electrostatically attracted by a combination of the
bias and address voltages to one of the other address electrodes. Physically the mirvor can rotate
+ 12 degrees. A 17 in the memory causes the mirror to rotate +12 degrees, while & 0" m the
memaory causes the mirror to rotate 12 degrees. A mirror rotated to +12 degrees reflects incoming
light into the projection lens system and onto the LAL. When the mirror is rotated ~12 degrees,
the reflected Light misses the projection lenses and mstead it is typically directed to a beam dump.

{0125} The DMD operates in digital mode, 1., onor off. However, an apparent analog or gray
scale image can be produced with DMDs by contralling hew long the individual nrrrors or groups
of mirvors are in the “on” {deflecting light info the projection lenses) or “off” {(deflecting hight out
of the acceptance angle of the projection lenses} siate. The operating frequency of DMDs,
sometimes referred o as the dither rate, can be of the order of 60 kHz. Thus, a particular spatial
iradiance profile can be defined with high resolution, programmed into the DMD, and then used
to irradiate the LAL. Because of #ts digital nature, the DMD enables the delivery of precise,

complex patterns to provide greater range and control over the LAL refractive adjustments.
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{0126] Inanother ernbodiment, photographic plates or films can be ased i a conventional film
projection type of systeny to project an irradiation pattern onto the LAL. In such embodinments,
each different irvadiance profile is generated by separate, dedicated individual masks, to be placed
in the beam path of the projection system.

{0127} By using a LCD or a DMD to generate customized irradiance profiles, the time and
expense of making a customized photographic mask can be elimmated. Each customized
irradiance profile can be generated on a computer screen and then programmed into the LCD or
DMD projector. The variable pattern on the computer screen can be produced with an equation
representing a 3-D image of the spatial irradiance pattern. The parameters of the equation can be
varied by the user or the physician, using the patient's refraction and & nomogram. The physician
can alse make adjustments to the pattern and its representative equation based on his/her own
experience. In one ewbodiment, one can wse the patient’s refraction plus a wavefront analysis
system to calculate the shape of the spatial irradiance profile for customized irradiation of the LAL.

{0128] As an example, the procedure m this embodiment generally involves making an
wicision i the anterior lens capsule to remove the cataractous crvstalime lens and mmplanting a
LAL in its place. After wound healing and subsequent refractive stabilization, the aberrations of
the eye are measured either by conventional refraction techaigues {defocus and astigmatism), by
wavefront analvsis (defocus, astgmatism, coma, spherical, and other higher order abemrations), or
corneal topographical maps (for higher order aberrations}. Knowledge of the aberrations as well
as their spatial distribution in the eye after post-surgical heahing allows the patient's vision to be
corrected by 8 nomogram representing the light adjustable lens' response to light of a particular
wavelength, spatial irradiance profile, and duration.

{0129] Afier deternunation of the type, magnituade, and spatial distribution of the aberrations
in the eve, this information is fed mto a computer program that works in conjunction with the
nomogram that outputs the correct spatial irradiance profile, output power, as well as the daration
of the light exposure. The information of the required spatial irradiance profile is then fed into the
DMD to control the individual mirrors that uvltimately determine the output of the DMD or
projection system and the pattern is projected onto the light adjustable lens. Once the LAL is
iradiated and the diffusion of the refraction modulating composition 1o the exposed region has
occurred, the eye can be analyzed again. If this refractive or wavefront analysis indicates that the
LAL needs to be further modified, the above sequence of using the nomogram and the DMD
pattern generator can be repeated. Once the aberrations have been corrected as desired, the lens is
nradiated to lock-in the achieved refractive adjustments of the lens in step 230, effectively

prohibiting further diffusion and subsequent refractive changes in the LAL.
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{6136 i another embodiment, 8 DMD can be used for the purpose of generating an brradiance
profile 150 for the UV irradiation of a LAL. A commaercial digital hight processor projector (such
as sold by Infocus, Inc.) can be purchased, the optics and Hght source can be removed, and replaced
with a UV light source and lens system. The optics and light source can be replaced with units
suitable for frradiating test I0Ls. Scrpts can be generated for MatLab (commercial computer
program for solving math problems and generating graphic images} or other graphics programs to
view 3-D mtensity profiles and 2-D intensity projections of those profiles. The computer can then
be connected to the modified commercial projector and test LALs can be nradiated with the
calculated profiles. Flat disks and lenses can be made from the Light adjustable lens material and
irradiated with various patterns, trradiance levels, and exposure times to generate one or more
irradiation nomograms. Typical, average irradiance levels range from 1 to 50 mWien®, In some
data can be used with the nomograms for correcting the optical power and astigmatism in the LAL.
For higher order aberrations, such as spherical aberrations and coma, a wavefront sensor can be
utilized. Although more time consuming, standard refraction techniques can be used to measure
spherical aberration.

{0131] A nomogran, i its sumplest form, is an x-y plot, or response table, of dioptnic powsr
change plotted versus the applied radiant exposure. For spherical power correction, the npmopram
can simply be a curve on an x-y plot.

{0132} In various embodiments, an irradiation system can comprise the following components:
{1} rradiation source 110, (2) beam frradiance shaper, {3) beam delivery system 120, (4) alignment
svstem, {5) calibration element, {6) diagnostic element, and (7) locking element. An exemplary
iradiation svstemn amenable to embodiments 1s described in US Patent No. 6,905,641, content of
which Is incorporated herein by reference.

{0133] The foregoing has outlined rather broadly the features and technical advantages of the
present invention in order that the detailed description of the invention that follows may be better
understood. The foregoing, and additional features and advantages of the mvention will be
described hereinafter, form the subject of the claims of the invention. It should be appreciated by
those shilled in the art that the conception and specific embodiment disclosed may be readily
wiilized as a basis for modifying or designing other struciures for carrving out the same purposes
of the presem invention. It should also be realized by those skilled in the art that such equivalent
constructions do not depart from the spirit and scope of the invention as set forth in the appended
claims. The novel features which are believed to be characteristic of the invention, both as to is
arganization and method of operation, together with futher objects and advantages will be better

understoad from the following description when considered in connection with the accompanying
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Figures. It 15 to be expressly understood, however, that each of the Figures is provided for the
purpose of iHlustration and description only and is not intended as a definition of the limits of the
present invention.

{6134] Although embodiments of the present mvention and its advantages have been described
in detail, 1t should be understood that various changes, substitutions and alterations can be made
herein without departing from the spint and scope of the mvention as defined by the appended
claims. Moreover, the scope of the present application is not intended to be limited to the particular
embodiments of the process, machine, manufacture, composition of matier, means, methods andfor
steps described in the specification. As one of ordinary skill in the art will readily appreciate from
the disclosure of the present invention, processes, machines, manufacture, compositions of matter,
means, methods, or steps, presently existing or later to be developed that perform substantially the
same function o achieve sobstantially the same resolt as the corresponding embodiments
described herein may be utilized according to the present invention. Accordingly, the appended
claims are intended to include within thewr scope such processes, machines, manafacture,

compositions of matter, means, methods, or steps.
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CLAIMS

1. A method for adjusting & light adjustable lens in an optical system, the method

COMPIISING:
providing a light adjustable lens i an optical system;
providing an ultraviolet light sonrce to generate an uliraviolet light; and

irradiating the generated ultraviolet Hght with a light delivery system onto the light

adjustable lens with a center wavelength and with a spatial irradiance profile to change a diopiric

power of the optical system by changing a refraction of the light adjustable lens over a

refraction~change zong, thereby

causing 8 wavefront sag, defined as half of a product of the change of the dioptric power

of the optical system and the square of a radius of the refraction-change zone of the hight

adiustable lens, to be within 10% of its maximum over an oltraviolet spectrum.

2. The method of claim 1, wherein;
the optical system 18 a human eye;
the light adjustable lens is an intra ocular lens, implanted into the human eve; and

the wradiating includes iradiating the light adjustable lens to change its dioptric power to
adjust at least one of a myopic power, a hyperopic power, an astigmatism and a spherical

aberration, and 8 higher order aberration of the human eye.

3. The method of clatm 1, wherein:

the ultraviolet light source and the light delivery system are configured for irradiating the
Hight adjustable lens with the wlraviolet Hght having a center wavelength 1o g range of 370

nm o 390 nm.

4. The method of ¢laim 1, wherein
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the wlivaviolet light soarce and the light debivery system are configured fo irradiate the
hHight adjustable lens with the ultraviolet Light having a center wavelength in a range of 374

nm o 3827 nm.

5. The method of claim 1, wherein:
the ultraviolet light source and the hight delivery system ave configured to frradiate the
Hight adjustable lens with the uliraviolet Light having a full width half maximum spectral

bandwidth does not 10 nm.

6. The method of ¢lam 5, wherem:
the ultraviolet light soarce and the light delivery system are configured to irradiate the
Hight adjustable lens with the ultraviolet light having a full width half maximum spectral

bandwidth in a range of 2 nm to 8 nm.

7. The method of claim 1, the wradiating comprising:

irradiating the lght adjustable lens by ultraviolet light filtered by a bandpass filter in the
light delivery system to cause an extent of a spectrunt of the ultraviolet light source, at 20%
of the spectrum’s maximum and at wavelengths longer than the center wavelength, to be less
than twice an extent of the spectrum of the ultraviolet light source, at 20% of the spectrum’s

maximum, at wavelengths shorter than the center wavelength.

8. The method of claim 1, the trradiating compnising:

irradiating ultraviolet light of the ultraviolet light source with the light delivery system on
the light adjustable lens with the center wavelength and with the spatial irradiance profile,
thereby

causing the wavefront sag to be within 5% of its maximum over the uliraviolet spectram,
36
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9. The method of clain 1, the rradiating comprising:

irraciating the light adjustable lens to cause the radius of the refraction-change zone of
the light adjustable lens to be larger than a radius of an operating aperture of the optical

sysient.

10. The method of claim 1, wherein,

the hight adjustable lens mcludes an oliraviolet light absorber in a concentration in the O

wi%e to 0.03 wi%o range ins a bulk of the Hght adjustable lens.

11, The method of clatm 10, whereilng

the lght adjustable lens mcludes the ultraviolet light absorber 1n a concentration in the

Q.03 wi% to 0.04 wi%6 range in the bulk of the hight adjustable lens.

12, The method of claim 1, the method further comprizing:

locking-in the Hight adjustable lens by applving a lock-in radiation to photo-polymerize

macromers that were not polvmenzed by the irradiating, wherein

the light adjustable lens comprises photo-pelymerizable macromers in a first polyiner

matrix; and

the frradiating photo-polymerizes a portion of the photo-polymerizable macromers to

cause the change of the dioptric power of the light adjustable lens.

13, The method of claim 12, the providing the light adjustable lens comprising:

providing the light adjustable lens with an ultraviolet-absorbing back-layer with an
optical density sufficiently high to reduce an trradiance of a transmitted portion of the lock-in
radiation, transmitted by the light adjustable lens, to below an exposure limit of a human

refing.
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14, The method of claim 13, the providing the hight adjustable lens comprising

providing the light adjustable lens with the ultraviolet-absorbing back-layer that has an
optical density high enough to reduce the iradiance of the transmitted portion of the lock-in

adiation to befow one tenth of the exposure Himit of a Insman retina.

18, The method of claim 13, the providing the light adjustable lens comprising:

providing the light adjustable lens with an sltraviolet-absorbing back-layer that 1s thin
enough such that macromers in the ultraviolet-absorbing back-taver, not polymerized by the
locking-in, are unable to cavse a subsequent change of the dioptric power of the hght

adjustable lens i excess of 0.2 D.

16. The method of claim 1, the providing the light adjustable lens comprising:

providing the light adjustable lens with an ultraviolet-absorbing back-layer with a

thickness of less than 100 microns.

17. The method of claim 1, the providing the light adjustable lens comprising:

providing the light adjustable lens with an wliraviolet-absorbing back-laver with &

thuckness in the 30-70 micrens range.

18. The method of claim 1, the providing the light adjustable lens comprising:

providing the light adjustable lens with an ultraviolet-absorbing back-layer with an
optical density high enough that a ratio of an irradiance of a lens-transmitted portion of the

ultraviolet light to an irradiance of the lens-incident ultraviolet light is less than 0.1%.

19, The method of claim 18, the providing the Light adjustable lens comprising:
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providing the bight adjustable lens with an pltraviolet-absorbing back-layer thick enough
that a ratio of the irradiance of 2 lens-transmitted portion of the vltraviolet light to the

irradiance of the lens-mncident ultraviolet hight is less than 0.02%.

20. The method of claim 1, the wradiating comprising

wradiating the Hight adinstable lens with ultraviclet hight with an gverage tradiance n a

range of 1 mWiom® to 50 mWiem™,

21. The method of claim 20, wherein:

irradiating the light adjustable lens with ultraviolet light with an average irvadiance in a

range of 6 mWiem® o 18 mWiem®,

22, The method of claim 1, the irradiating comprising:

irraciating the Hght adjustable lens with altraviolet fight from the ulivaviolet light source,
with a center wavelength and with a spatial wradiance profile, o change the dioptric power of

the optical system m the (2D 42D} range.

23 The method of claim 1, the irradiating comprisig:

nradiating the light adjustable lens with ultraviolet hight from the ultraviolet hght source,
with a center wavelength and with a spatial trradiance profile, to change a diopiric power of
the hght adjustable lens by changing a refraction of the light adjustable lens in a refraction-

change zone with a radius i a 4.5 nun-6 mm range.

24, The method of claim 1, the providing an ulirgviolet hight source comprising:

providing one of a continvyous wave light emitting diode and a pulsed light emitting

diade.

Lt
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25, The method of claim 1, the irradiating comprising:

generating the spatial irradiance profile of the ultraviolet hight by reflecting the ulttaviolet

Hght from a digital mirror device.

26. The methed of claim 1, the irradiating comprising:

generating the spatial irradiance profile of the ulwraviolet light by projecting ultraviolet

tight throngh a liquid erystal spatial light modulator.

27. The method of claim 1, the trradinting conprising
wrradiating the Hght adjustable lens with the spatial irradiance profile, wherein

the spatial irradiance profile 15 deterpuned using information obtained by photo-
feedback.

28, The method of claim 1, the method comprising:

measuring at least one of an optical power and an aberration of the optical system before

nradiating the light adjustable lens.

29, Alens adjustient system, comprising:

an ultraviolet light source to generate an ultraviolet light; and

a hight dehivery system to trradiate the generated ultraviolet light onto a light adjustable
tens in an optical system, with a center wavelength and with a spatial irradiance profile to
change a dioptric power of the hight adjustable lens by chaoging a refraction of the hight
adjustable lens in a refraction~change zone,

to cause a wavefront sag, defined as half of a produet of the change of the dioptric power

and the square of a radius of the refraction-change zone, fo be within 10% of s maximum over

an ultraviolet spectrum.
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30, A hght adjustable lens comprising:
a first polymer matrix;
a refraction modulating compesition, including
a macromer with a photo-polymerizable end group, dispersed in the first polymer
matriy; and
a photomnitiator;

a first nltraviolet absorber with a first absorption coefficient in a first concentration,

dispersed in the first polymer matrix; and

a back-layer, formed in conjunction with a back surface of the light adjustable lens with g

back-laver thickness, the back laver including

a second uliraviolet absorber with a second absorption coefficient in a second

concentration; wherein

the first absorption coefficient, the first concentration, the second absorption
coefficient, the second concentration and the back-laver thickness are selected such that g
ratio of an uradiance of an ultraviolet light transmiited by the light adjustable lens
through the back-layer over an iradiance of the ultraviolet light incident on a front

surface of the light adjustable lens is less than 0.1%.
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Providing a light adjustable lens in an optical system

F

. Providing an ultraviolet light source to generate an
ultraviolet light

¥

230~ . . . . :
~ frradiating the generated ultraviolet light with a light

delivery system onto the light adjustable lens with a
center paak wavelength and with a spatial irradiance
profile to change a dioptric power of the optical system
by changing a refraction of the light adjustable lens in
a refraction-change zone, thereby

|

- causing a wavefront sag, defined as half of a product of
the change of the dioptric power and the square of a
radius of the refraction-change zone, to be within 10% of
its maxirnum over an ultraviolet spectrum
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Photoinitiator \

Photo Polymerizable
End Groups

Polymer Matrix—"
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- Low glass transition temperature - Low mol wi poly(siloxane)
- Covalently bonded UV blocker - Non-volatile

- Relatively rapid diffusion - Insoluble in water
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product of the change of the dioptric power of the optical system and the square of a radius of the refraction-change zone of the light
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through the back-layer over an irradiance of the ultraviolet light incident on a front surface of the light adjustable lens is less than 0.1%,
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US 2008/0027537 A1 to GERLACH et al. (hereinafter “Gerlach”). Gerlach discloses a light adjustable lens (LAL; Title and Abstract).

Since the common technical features are previously disclosed by the Gerlach reference, this common feature is not special and so
Groups I-1l lack unity.

Form PCT/ISA/210 (extra sheet) (January 2015)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - wo-search-report
	Page 56 - wo-search-report
	Page 57 - wo-search-report

