Novel Approaches to
Treating Presbyopia

As the presbyopic population grows to nearly 100 million in the U.S., new surgical
solutions may offer hope to those who are seeking independence from their spectacle

or contact lens corrections.
By Clark Chang, O.D., M.S.

resbyopic patients often believe
Pthat the gradual loss of near
vision represents a visual
impairment that will degrade the
quality of their lives. In actuality,
the inevitable loss of accommodative
power in human visual systems begins
as early as infancy, with virtually
everyone fully realizing its adverse
effects by 50 years of age.

According to 2010 U.S. Census,
there are approximately 100 million
people over the age of 50 living in the
United States—which provides only a
glimpse of the global influence of this
ocular condition." Already in 2005,
presbyopia was estimated to impact
1.04 billion people worldwide, with
410 million people classified as visu-
ally impaired due to lack of adequate
near corrections.” The projected mag-
nitude of this phenomenon underlies
the attention devoted to pursuing
innovative surgical approaches to
manage this treatable condition.

The total power of a human eye
is determined by the relationship
between cornea, crystalline lens,
and the axial globe length. Since
the first two elements are relatively
modifiable via surgical interventions,
it is easy to understand why refrac-
tive procedures—including those
for presybyopia—are typically of
either lens-based or cornea-based

approaches. Lens-based methods
include clear lens exchange, and
cataractous lens extraction fol-
lowed by multifocal intraocular lens
(IOL) insertion. Reduced stereoacu-
ity in monovision modality and
compromised contrast sensitivity in
multifocal modality may hinder post-
operative patient satisfaction.

Current cornea-based management
options typically result in alteration of
corneal curvatures, such as monovi-
sion LASIK/PRK, PresbyLASIK and
conductive keratoplasty. However,
postoperative risks of optical and visu-
al disturbances, reduced uncorrected
distance vision, irreversible structural
changes, regression of treatment effects
and possible corneal ectasia have lim-
ited clinical applications of these surgi-
cal procedures.

Femtosecond Laser and
Corneal Inlays

First introduced by Jose Barraquer
in 1949, refractive addition surgery
describes the placement of a synthetic
lenticule on the cornea after debride-
ment to alter the anterior curvature
after re-epithelialization. Known today
as corneal onlay, this procedure was
introduced as aphakic or myopic
management—although issues with
epithelial healing and biocompatibility
restricted its applications.
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Advances in femtosecond laser
platform and biocompatible material
now offer intrastromal inlays as an
alternative to current cornea-based
vision correction techniques, while
significantly reducing issues with epi-
thelial remodeling and nutrient per-
meability as compared to onlays and
early inlays respectively.’ Adequate
corneal nutrient supply, such as oxy-
gen from tear film and glucose from
aqueous humor, is essential to pre-
vent tissue opacification and necrotic
responses. Hence, an ideal corneal
inlay would be a thin material with
high porosity and water content in
order to facilitate the navigation of
nutrients and metabolic byproducts
through corneal layers.*’

Femtosecond laser operates
via the principles of tissue pho-
todisruption where intrastromal
cavitations bubbles are formed at
pre-programmed depth in the tar-
get tissue. These bubbles coalesce
into a cleavage plane and allow
for a controlled manual dissec-
tion. Resultant surgical outcomes
improve due to smoother and more
stable tissue interfaces, reduced
forward light scatter and poten-
tially better overall wound healing
response.’ In addition to creat-
ing more biomechanically stable
LASIK flaps, corneal pockets can
also be made to house corneal
inlays (figure 1 and 2). A keyhole-
shaped infrared blocker, inserted
within the laser docking cone,
outlines the area where stromal
corneal pocket is to be created.

Maximal preservation of nerve

16

1, 2. Flap technique for inlay placement (left) and pocket techniques (right).

Photo courtesy of AcuFocus

plexus and peripheral biomechani-
cal properties—which may offer
patients a faster recovery and more
intact corneal sensitivity—are some
of the advantages of the pocket tech-
nique. Flap-related complications
like striae are also reduced. None-
theless, creation of a flap will allow
concurrent treatment of ammetropia
and presbyopia as laser ablation can
be combined with inlay implanta-
tion. This treatment approach called
“sim-LASIK” is gaining popularity
outside of the United States.”

A Further Look: Corneal Inlays

Although many inlay models have
received CE marks in Europe for
the purposes of treating presbyopia,
the FDA currently labels the inlays
as investigational devices. Corneal
inlays typically are implanted in
the non-dominant eye to minimize
impact to binocular uncorrected
distance vision. They aim to improve
retinal qualities of near range objects
in one of three ways: providing
pinhole effects (KAMRA, AcuFo-
cus); steepening anterior corneal
curvature (Vue+, Revision Optics);
or increasing overall refractive index
(Flexivue, Presbia).

The specific mechanism of action
influences the depth of placement as
inlays designed to steepen corneal
curvature are inserted more anteri-
orly. Since centration is critical to
postoperative success, each inlay is
meticulously placed on the first Pur-
kinje image; the clinical belief is that
the first Purkinje image is the best
reference point for visual axis.
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3. Mild nuclear sclerosis easily seen upon
clinical examination even after KAMRA
implantation.

* Pinhole effect inlay. KAMRA
is an example of a small aperture
inlay and is perhaps the furthest
along the clinical trial process
amongst current generation of
inlays. It is a small, donut-shaped
disc made of polyvinylidine fluoride
(PVDF) and nano-carbon particles
(figure 3). PVDF has been used in
ophthalmic material, such as IOL
haptics, which has demonstrated
history of good tissue biocompati-
bility. KAMRA has a total diameter
of 3.8mm with a center aperture of
1.6mm. Its thickness measures Spm
and has a minimum insertion depth
of 170pm to avoid potential impact
to anterior corneal contour.

The opaque annulus is incorporat-
ed with black carbon particles and
has 8,400 perforations of various
sizes distributed in random arrange-
ment. This is designed to counter
diffraction issues under mesopic set-
tings and yet allow nutrient flow and
approximately 10% additional light
transmission beyond those passing
through the center aperture (figure
4). KAMRA inlay is estimated to
provide presbyopic corrective equiv-
alence of up to +2.00D.*

The small aperture provides a
pinhole effect in increasing depth
of focus by permitting central
image rays to project onto retina
while obscuring the transmission of
peripheral light rays. Because periph-
eral rays create larger blur circles at
the retinal plane, improved depth
of focus and image resolution will
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4. KAMRA inlay.

occur when only central incident
rays are transmitted (figure 5).

Just as in photography, decreas-
ing the size of aperture will increase
the depth of field being viewed
through a camera. However, there
is a size limitation to an aperture
stop smaller than which the increase
in diffraction and decrease in light
transmission will impair image qual-
ity observed. KAMRA’s aperture
size of 1.6mm was determined via
computer modeling to offer the best
balance in depth of field, light trans-
mission and diffraction.” In addition
to its reversibility, given ease of
removal as all inlays, the potential
advantage of a KAMRA inlay is its
maintenance of distance vision since
pinhole inlays do not alter refractive
state of a treated eye.

In a two-year study, Orang
Seyeddain, M.D., and colleagues
found a mean improvement from
J6 preoperatively to J1 in binocular
uncorrected near acuity (UNVA) in
32 emmetropic presbyopic subjects,
with 96.9% reported UNVA of J3
or better in the implanted eyes."
No significant change in uncor-
rected distance acuity (UDVA) was
found at 24 months; the implanted
eye retained a mean UDVA of
20/20." Long-term results, released
by Omer Yilmaz, M.D., and col-
leagues in 2011, confirmed similar
visual outcome and also good cor-
neal tolerance to KAMRA inlays
after a follow-up duration of four
years." Mean UNVA was J1 in 22

participants with 96% reading J3 or
better; UDVA in all eyes was 20/40
or better." The small decrease in
both UNVA and UDVA in five eyes
was suspected to be caused by age-
related cataract progression. Two
patients elected to undergo cataract
removal and both reported a final
UNVA of J1 or better with retain-
ment of KAMRA inlays. Finally,
four explantations were performed
in this series due to issues related
to two microkeratome flaps and
two post-operative refractive shifts.
All four subjects returned to within
+/- 1D of their pre-operative refrac-
tive status with no loss of corrected
distance or near acuity."

* Center-near effect inlay. Cur-
rently at the end of its Phase II of
Investigational Device Exemption
(US IDE) trial, the 2mm Vue+ is the
smallest of the inlay designs. It is
slightly larger than its predecessor,
the PresbyLens, by 0.5mm to allow
for a bigger near optical zone. The
intention in the small diameter is to
deliver the least amount of interfer-
ence to the distance vision after its
implantation (figure 6).

Vue+ inlay is made of micro-
porous hydrogel that has the same
refractive index and water content
as human cornea. Thus, it does
not introduce additional refractive
power when implanted in the cor-
nea. Instead, it is placed at a depth
of approximately 120pm to 130pm
to induce a steeper postoperative
corneal profile in the non-dominant
eye. This hyperprolate shift within
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6. Vue+ inlay on slitlamp examination.
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5. Depth of focus simulation with 4mm
pupil (left). Depth of focus simulation
with 1.6mm pupil (right).

the central 2mm area confers multi-
focality at corneal plane (figure 7).

Alan Lane, Ph.D., and colleagues
implanted Vue+ inlays after con-
current LASIK procedure for 25
presbyopic patients with uncor-
rected hyperopia and found an
average improvement of seven lines
in UNVA, with more than 80%
reading J1 or better. The improve-
ment in UNVA reported at one
month follow-up was found to be
sustainable through the entire study
period of six-months. Moreover,
the sim-LASIK technique resulted
in a mean two-line improvement in
UDVA in the implanted eye, with
one subject reported loss of one line
in UDVA. Nonetheless, binocular
UDVA remained at 20/20 or better
for all participants throughout the
whole study.”

* Center-distance effect inlay.
The Flexivue Microlens is a hydro-
philic acrylic polymer insert that is
3.2mm in diameter and approxi-
mately 20pm in thickness (figure
8). The central 1.6mm disc area is a
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7. Central hyperprolate shift on topogra-
phy after PresbyLens inlay implantation.

power neutral zone, which lessens its
impact to the distance vision in the
eye. Meanwhile, customized pow-
ers ranging from +1.50D to +3.00D
in 0.25D steps can be chosen for
the area of peripheral annulus. The
nomogram for add power determi-
nation depends on patients’ near
demands as measured at 33cm. The
refractive power is mainly generated
by the higher refractive index of the
inlay material. In addition, there is
a central perforation of 0.5mm that
permits the transfer of glucose and
other nutrients to corneal tissues
anterior to the implant.

A study of 43 patients found 93%
of patients with UNVA of J2 or bet-
ter at one year.’

Femtosecond Laser and
Transepithelial Vision
Correction

® INTRACOR. Femtosecond
laser technology delivers ultrashort
pulses at near infrared wavelength
in pre-planned patterns and tissue
depth. This clinical ability renders
a new approach in which stromal
tissues can be accessed for refractive
vision correction. It is now possible
to perform intrastromal refractive
modification without breaching epi-
thelial integrity.

Femtosecond laser system (Tech-
nolas Perfect Vision) creates a pat-
tern of five intrastromal cylindrical
rings, which alters the dynamics

of corneal biomechanical forces
(figure 9). The procedure, hav-

ing already received CE marks in
Europe since April 2009, is known
as INTRACOR. A net effect of a
steepening in central cornea is pro-
duced, which confers multifocality
in the non-dominant eye. Presum-
ably, the hyperprolate shift is due

to progressive tissue distension as a
summation between outward vector
forces of intraocular pressure and
the newly established equilibrium of
corneal biomechanics."

When proper pachymetric data
is incorporated into each INTRA-
COR treatment nomogram, the
five intrastromal cylindrical rings
are incised without affecting the
four neighboring corneal layers.
The postoperative implications are
avoidance of common surgical risks
of infection, inflammation, irregu-
lar or delayed epithelial healing
and perforation. Patients typically
report initial blur immediately after
the procedure due to intraoperative
cavitation bubbles trapped within
the five intrastromal rings. Vision
improves as gas bubbles dissipate
within the first day leaving only
faint circular stromal lines reminis-
cent of the pattern seen on a multi-
focal lens (figure 10 and 11)."

A one year study by Luis Ruiz,
M.D., and colleagues with 83 mildly
hyperopic or near emmetropic pres-
byopes found 89.2% of eyes with

8. Flexivue Microlens within which the
0.5mm central perforation can be seen
with retroillumination.
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UNVA of J2 or better. A two to
three line decrease in UDVA due to
mild postoperative myopic shift was
reported in 3.6% of eyes.” Overall
stability was noted in contrast sen-
sitivity, pachymetry, endothelial cell
density and corneal biomechanical
properties as measured via Ocular
Response Analyzer (Reichert). Nota-
bly, aberrometry findings of positive
shift in primary spherical aberra-
tion and negative shift in secondary
spherical aberration corresponded
to the expected clinical results of
increased corneal asphericity and
depth of focus.”

The most common patient com-
plaint during the postoperative peri-
od was nighttime halo. All patients
reported visual symptoms right after
surgery, with just 3% reporting per-
sistence of symptom at 12 months.
Although INTRACOR is optimal
for mild hyeropic or emmetropic
presbyopes, additional photodisrup-
tive spots may be applied to include
those presbyopes with the need for
mild myopic and/or astigmatic cor-
rections in future studies. Moreover,
diffractive effects of paracentral laser
energy delivery and treatment regres-
sion due to biomechanical reor-
ganization may need to be further
investigated.”

Femtosecond Laser and Laser
Lentotomy

 Femtosecond Lentotomy.
Although the exact mechanism
of accommodation is debated,
Helmholtz’s theory indicates that
zonular relaxation under the state
of ciliary muscle contraction leads
to the evenutal steepening in len-
ticular curvatures. As a result, the
object image plane moves into one’s
punctum proximum to allow for
its subsequent conjugation with the
retinal plane. This doctrine supports
lenticular sclerosis as being respon-
sible for loss of accommodative
ability with time. Because the ciliary
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9. INTRACOR 3D corneal model.

muscle, lens capsule and zonules
appear to retain inherent flexibility,
it is sensible to presume a complete
or partial return of accommodative
ability if the elasticity of crystalline
lens can be restored.

Ronald Krueger, M.D., and Ray-
mond Myers, O.D., first suggested
the use of laser photodisruptive inci-
sions within crystalline lens to alter
the dynamic forces between collagen
fibrils in order to increase tissue elas-
ticity.” The principle of photodis-
ruption was initially experimented
with nanosecond laser pulses,
which left undesirable optical effects
from trapped residual gas bubbles
and resultant lenticular opacities.
However, the ultrashort pulses of
femtosecond laser may deliver the
necessary precision to renew interest
in laser lentotomy. The accuracy and
reproducibility of femtosecond laser
permits the formation of incisions
in multiple dimensions without dis-
turbing neighboring tissue structures
such as lens capsule; therefore, glid-
ing planes can be created to break
the molding force within the scle-
rotic matrix of a crystalline lens."”

Ex-vivo elasticity measurements
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in treated porcine eyes showed 26%
increase in mechanical flexibility of
the lens. In addition, early in vivo
studies with rabbit models have not
shown side effects such as cataract
formation or optical scattering
within a three month postoperative
period.” Histology studies also have
not revealed collateral tissue dam-
age in the posterior segment from
infrared energy passing through the
crystalline lens." Utilizing computer
models, Valas Teuma and colleagues
demonstrated an average refractive
gain of +1.5D to maximum response
of +3.6D with ex-vivo treated por-
cine lenses."”

Future Management

The diminution of accommoda-
tive ability in a human eye appears
to correspond well with age-depen-
dent structural changes within the
crystalline lens. Therefore, develop-
ing presbyopic treatment modalities
that target the level of crystalline
lens would seem to have sound
clinical merits.

Inventive lens-based concepts such
as that of femtosecond lentotomy
show promising interim results

10, 11. Three hours (left) and one day (right) post-INTRACOR treatment.
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although the optimal patterns and
number of incisions have yet to be
studied. Nevertheless, development
of novel lens-based techniques may
give way to a future management
trend for our ever-growing pres-
byopic population as these proce-
dures may provide the potential for
binocular treatments while reduc-
ing iatrogenic optical disturbances
from current monovision and mul-
tifocal approaches.
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