Original

No 4

Vol 5,

November 2006,

-
o
c
©
c
.
E]
o]

—

<
e
v
-
c
o]
NS
v
o
2
2
2

Presbyopia correction and
accommodative intraocular lenses

S.A. Koopmans
Department of Ophthalmology, University Medical Center Groningen,
University of Groningen, P.O.Box 30001, 9700 RB Groningen, The Netherlands
E: s.a.koopmans@ohk.umcg.nl

A.C. Kooijman
Laboratory of Experimental Ophthalmology and Department of
Ophtalmology, University Medical Center Groningen, University of Groningen,
P.O. Box 30001, 9700 RB Groningen, The Netherlands
E: a.c.kooijman@ohk.umcg.nl

S.A. Koopmans, A.C. Kooijman, Presbyopia correction and accommodative in-
traocular lenses. Gerontechnology 2006; 5(4):222-230. With ageing, the ability of
the eyes to focus near objects is gradually lost. The progression of this loss gener-
ally goes unnoticed until near tasks such as reading become impossible at the age
of 45-50 years, called presbyopia. Usually, presbyopia is corrected with reading
glasses. When a presbyopic person needs lens surgery, for instance to remove an
opacified lens, the opportunity occurs to implant a lens that restores the ability to
clearly see at all distances. This article discusses several methods for presbyopia
correction, including multifocal and accommodative lenses.
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Accommodation is the ability to change
the optical power of the eye for near vis-
ion, allowing dynamic focusing of the im-
ages of close as well as far-away objects
on the retina. Credit for explaining the
mechanism of accommodation in the
human eye is usually given to Anthony
Cramer', a physiologist from Groningen,
the Netherlands, and Hermann von Helm-
holtz? from Berlin, Germany. Accommod-
ation begins with contraction of the cili-
ary muscle located behind the iris
(Figure T1). Contraction of the ciliary
muscle moves the apex of the ciliary
body inwards. This releases the circum-
ferential tension on the zonular fibres.
The zonular fibres are very fine fibres
from which the lens is suspended. The
elasticity of the lens capsule and the mal-
leability of the lens contents enable the
lens curvatures to increase and this res-
ults in an increase of the optical power
of the lens. During relaxation of accom-
modation the tension on the zonular

fibres increases again, thus pulling the
lens back in its unaccommodated,
flattened state.

PRESBYOPIA

During life, the accommodative amp-
litude gradually decreases. This results
in difficulties with near vision at approx-
imately 45 years of age, called presby-
opia. At the age of 60 years, the accom-
modative amplitude has decreased to
zero and all near visual tasks, which re-
quire a good visual acuity, have become
impossible without the help of reading
aids. Only short-sighted people (-1,5 to
-3 diopter of myopia) are able to clearly
see nearby without refractive correction.
The decrease in accommodative amp-
litude affects every human being, al-
though there are small differences in the
age of onset of presbyopia. Factors that
are responsible for presbyopia are lens
hardening®*, aging of the ciliary muscle’
and growth of the lens, resulting in geo-
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Figure 1. Schematic, transverse section
of a human eyeball, showing the struc-
tures involved in accommodation

metric changes during ageing®. Which of
these factors is most important is still
the subject of scientific debate.

Glasses and monovision

There are several ways to improve near
vision after the onset of presbyopia.
Reading glasses are most commonly
used (since about 1300). Reading
glasses are plus-powered lenses which
compensate for the inability of the pres-
byopic eye to increase the lens power. Bi-
focal glasses” consist of two parts.
There is an upper part, which corrects
the eye for distance vision, and in the
lower part a more plus powered lens cor-
rects for near vision. In trifocal glasses
an additional lens is added between the
upper and the lower part of bifocal
glasses to give clear vision at an interme-
diate distance. In multifocal glasses, the
optical power gradually increases from
the upper part to the lower part of the
glasses. This enables clear vision from
far away to nearby and at all intermedi-
ate distances. A drawback of multifocal
glasses is that distortion of the image
may occur.

Developments in manufacturing tech-
niques have made the wearing of eye-
glasses, including bi- or multifocal
glasses, comfortable. Eyeglasses now-

adays are made of lightweight, thin and
strong materials that are resistant to
scratching. Strong, non-corrosive and
hypoallergenic materials are used for
the frames. Nevertheless, efforts to elim-
inate the necessity of wearing glasses®
have never abated. After all, eyeglasses
have a number of disadvantages. For
one thing, they are considered to be cos-
metically unattractive by some. In order
to clearly see objects at varying dis-
tances, the wearer has to look through
different sections of his or her bifocal
or multifocal glasses. Glasses will cloud
over when moving from a cold to a
warm environment. People may be un-
able to find their glasses unless they
are worn continuously. The reading ad-
dition in bifocal or multifocal glasses is
usually located in the lower section of
the glass, which makes it cumbersome
to view close or overhead objects.

A second possibility for presbyopia cor-
rection is monovision. Monovision
means that the person uses far vision
correction for one eye while the other
eye is corrected for near vision. This
can be achieved with glasses, contact
lenses, corneal laser surgery (LASIK), or
by implantation of intraocular lenses
after lens surgery. Despite a certain de-
gree of success, not everyone is ready
to accept this way of achieving simultan-
eous far and near vision. Difficulties in
the brain with fusion of the images
from either eye causing a reduced ste-
reoscopic vision have been suggested
as factors influencing the acceptance of
monovision®.

Multifocal lenses

A third approach to improve near vision
after the onset of presbyopia is to in-
crease the depth of field of the eye by
providing it with a multifocal lens. Multi-
focal lenses can be provided as contact
lenses or by implantation of an intraocu-
lar multifocal lens. A multifocal lens res-
ults in more than one focal point be-
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cause incoming light rays are refracted
differently. Usually, multifocal lenses
have one focal point for distance vision
and the other for nearby vision. A draw-
back of multifocal lenses is that the in-
coming light in the eye is separated in
two focal points which results in a reduc-
tion of the contrast of each image. Few
people wear multifocal contact lenses'®.
This could be due to age-related
changes in the ocular tear film, which
may affect the comfort of wearing con-
tact lenses. Also, the fine motor skills ne-
cessary for insertion and removal of con-
tact lenses may be an obstacle for
elderly people. Multifocal intraocular
lenses may cause unwanted side effects,
such as glare and seeing halo’s around
light sources'".

Multifocal intraocular lenses can be
placed in the eye after removal of the
natural lens during cataract surgery. In
2005, approximately 140,000 cataract
surgeries were performed in the Nether-
lands (population about 16.5 million).
Surgeons have the choice between im-
plantation of a multifocal or monofocal
intraocular lens. Most surgeons implant
monofocal lenses and prescribe reading
glasses after surgery.

ACCOMMODATIVE INTRAOCULAR LENSES
Because of the potential disadvantages
of multifocal intraocular lenses, engin-
eers have designed intraocular lenses
that change the optical power of the eye
in response to contraction of the ciliary
muscle. These lenses are called accom-
modative intraocular lenses. A prerequis-
ite is that the ciliary muscle is still active
at older age. Because it is located be-
hind the iris, ciliary muscle activity is dif-
ficult to determine. Using MRI, Strenk et
al. demonstrated'® that the ciliary
muscle shows activity at all ages after
an accommodative stimulus. A similar
conclusion was reached by Stachs et
al."® on the basis of high resolution ultra-
sound measurements. Ciliary muscle

activity may thus be used to create a
change in lens power using a properly
designed intraocular lens.

During cataract surgery, the opacified
lens is removed through an opening in
the lens capsule. The lens capsule re-
mains in the eye and the intraocular
lens is implanted in this remaining cap-
sule. Several weeks after the cataract
surgery, shrinkage of the lens capsule
occurs, which results in a firm fixation
of the intraocular lens in the capsule.
Two types of accommodative intraocu-
lar lenses are commercially available.
Both are designed to shift forward in
the lens capsule in response to contrac-
tion of the ciliary body. This is possible
by attaching the lens optic to plates
(called the haptics) by means of a
hinge. The forward shift along the optic-
al axis results in an increase of the op-
tical power of the eye. The engineers of
the accommodative lenses claim that in
response to ciliary muscle contraction,
the pressure in the vitreous cavity of
the eye increases, which pushes the
lens optic forward due to the hinged
connection of the lens optic to the lens
haptic. Optical calculations reveal that
an anterior movement of the intraocular
lens optic of one millimeter produces
approximately one dioptre of accom-
modation'®. Using partial coherence in-
terferometry, a precise measurement
method, changes in the position of the
accommodative intraocular lens were
measured in patients, implanted with
these lenses'®. The small anterior shifts
of the accommodative lens optic in re-
sponse to accommodative stimuli, resul-
ted in a power change of maximally one
dioptre. However, in most patients, the
power changes were less and these de-
creased several months after implanta-
tion of the accommodative lens'®. Al-
though such amounts may be of some
help, a restoration of three to four di-
optres of permanent accommodation is
necessary to benefit all presbyopes'”.
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After implantation of an accommodative
lens, functional tests, such as reading
performance, are also important. A com-
parable reading performance was repor-
ted in patients implanted with multifocal
or accommodative intraocular lenses
while patients implanted with standard,
monofocal intraocular lenses had the low-
est reading performance. In some pa-
tients the hinged connection between
the lens optic and lens haptic of the ac-
commodative intra-ocular lens resulted
in an unwanted change in lens position.
After shrinkage and fibrosis of the lens
capsule, decentrations of the lens optic
occurred'®.

In summary, the present accommodat-
ive intraocular lenses show small measur-
able optical power changes and an im-
proved reading performance when
compared with standard monofocal
lenses, but the accommodative amp-
litude is variable and their fixation in
the eye is less stable than that of conven-
tional intraocular lenses. Other types of
accommodative lenses such as the Sar-
farazi lens or the NU-lens have been pro-
posed. However, in view of the limited
availability of peer-reviewed publica-
tions describing results of clinical or pre-
clinical testing, these lenses will not be
discussed here.

Accommodative lens refilling

Since hardening of the lens substance is
considered an important factor contribut-
ing to the development of presbyopia,
surgeons have considered removing the
hardened lens substance through a
small opening in the lens capsule and re-
placing the lens contents with a soft re-
fill material in order to restore accom-
modation. The refilling material should
be soft enough so that it can be injected
in the lens capsule through the small cap-
sular opening. In 1964, the first experi-
ments with this kind of surgery were de-
scribed'. Despite the early beginning of
the experiments, this method for restora-

tion of accommodation is still experi-
mental. There are still several questions
and potential problems that have to be
addressed before such a technique for
restoration of accommodation can be
applied in humans.

In order to refill the lens, a material
with suitable properties has to be used.
The material must be optically clear and
safe for the eye. In the past, several au-
thors experimented with silicone materi-
als'®?'. Silicones are also used in regu-
lar, foldable intraocular lenses, and this
material has a history of being well-toler-
ated when implanted in the human
eye®?. An important aspect is the refract-
ive index of the refilling material. In the
first experiments with lens refilling in
1964, a silicone material with a refract-
ive index of 1.40 was used. The equival-
ent refractive index of the natural
human lens is 1.42, and the refilled
lenses had insufficient optical power
when compared to the natural human
lens. Recently, silicone materials with a
refractive index of 1.42 were developed
by AMO Groningen BV, a company that
manufactures intraocular lenses. This
new silicone material consists of two
parts (A and B), which are mixed togeth-
er before injection. Mixing part A and B
starts a chemical cross-linking reaction,
which takes several hours and results in
a change of the liquid silicone into a
soft gel. The silicone material can be in-
jected in the capsular bag when it is still
liquid. To prevent leaking of the refill
material, a small plug was developed
which closes the opening in the lens
capsule?®. Such a plug allows refilling of
the lens capsule with variable amounts
of material.

Another important aspect of the re-
filling material is its Young’s modulus,
which indicates the elasticity. The ac-
commodative amplitude obtained with a
refilled lens should be at least equal to
that of a young natural human lens and
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not be limited by stiffness of the refill
material. This can be tested in an ex
vivo set-up in which accommodation (or
rather desaccommodation) is modelled
by a stretch ring®* (Figure 2).

The human lens, suspended in the ciliary
muscle ring from the zonular fibres, is at-
tached to a plastic ring by sutures. The
tension on the sutures is controlled with
a stepper motor. The change in optical
power of the lens can be measured while
the tension on the sutures is increased
stepwise. Lenses refilled with the softest
silicone material showed optical power
changes comparable to that of a 20 year
old natural lens, while unoperated, pres-
byopic lenses did not show any lens
power change. This experiment demon-
strates that an accommodative change
comparable to that of a 20 year old natur-
al lens can be restored to a 60 year old
presbyopic lens, when the lens is refilled
with the softest silicone material.

Figure 2. Stretch ring used to induce ac-
commodative changes in human lens,
zonula and ciliary body specimens; Ro-
tation of the outer ring resulted in an in-
crease or decrease of the tension of the
sutures; The optical power of the lens
has been measured along the optical
axis of the lens

Before the lens capsule can be refilled
with a soft silicone material, the lens
contents have to be removed. This must
be done through a small opening in the
lens capsule, because the capsule must
be kept as intact as possible. In an
older, presbyopic person, lens contents
are hard and may be difficult to remove.
Manipulation of the lens contents with
instruments through a small capsular
opening can easily cause tears in the
lens capsule, because the thickness of
the human lens capsule is only 10 pm.
Therefore, the combination of a small
capsular opening with a hard, presbyop-
ic lens makes lens removal technically
challenging. Regular cataract removal
techniques and instrumentation cannot
be simply copied, because in regular
cataract surgery the lens contents are re-
moved through much larger openings in
the lens capsule (5 mm in diameter)
than those used for lens refilling (1-1.5
mm in diameter). Regular cataract re-
moval is usually done with a hollow ul-
trasound needle with a diameter of 0.9
mm, surrounded by an irrigation sleeve
which provides a saline solution to the
eye in order to keep it pressurized. This
method to remove a cataract is called
phacoemulsification. The total diameter
of the phacoemulsifier is approximately
1.5 mm and using this instrument to re-
move the human lens contents through
an opening of 1.5 mm frequently res-
ults in tearing of the lens capsule. Laser
phacoemulsifiers exist, but the diamet-
er of these instruments (1.5-2.0 mm) is
still too large to remove the lens con-
tents through a capsular opening of 1-
1.5 mm. Technical development will
have to take place to provide an instru-
ment which will enable surgeons to re-
move the human lens contents through
a capsular opening of 1-1.5 mm. The
lens refilling technique has been carried
out successfully in various animal mod-
els and eyes of human corpses®*?®.
These animal models differ from the
human clinical situation because the an-
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imals used are young and have soft
lenses which can be aspirated easily.
Eyes of human corpses are available
without a cornea or the cornea needs to
be removed because it is opaque. This
makes experimental lens refilling sur-
gery in animal models and eyes of
human corpses technically easier but
these models do not represent the chal-
lenges of lens removal in a human clinic-
al situation very well. So, although lens
refilling surgery can be carried out
under experimental circumstances, a
need for technology remains, which en-
ables removal of a hard human lens
through a small opening in the lens cap-
sule.

Usually, after lens surgery, cells remain
on the inside of the lens capsule. From
regular cataract surgery, it is known
that these remaining cells start to divide
and transform into cells found in scar tis-
sue. This results in a slowly progressive
opacification of the lens capsule, caus-
ing a decrease in vision. This type of opa-
cification is known as after-cataract or
posterior capsular opacification. In regu-
lar lens surgery for cataract this opacific-
ation is treated with a Yag-laser. With
the Yag-laser a hole is made in the opaci-
fied lens capsule, so that the optical
axis of the lens becomes clear again.
When the lens is filled with a soft silic-
one material after lens refilling surgery,
it is not possible to create a hole in the
opacified capsule because it will result
in bulging of the silicone material
through such a hole. Therefore, all cells
capable of causing capsular opacifica-
tion have to be removed from the inside
of the lens capsule during the lens sur-
gery. To kill all the lens cells, toxic com-
pounds have been used®®. They are left
in the lens capsule for some time after
which they are removed. A side effect of
toxic compounds is that they can dam-
age other ocular structures. Therefore
they must only come into contact with
the inside of the lens capsule without

leaking to the rest of the eye. This can
be achieved by dissolving the toxic com-
pounds in a visco-elastic material which
is regularly used in eye surgery (sodium-
hyaluronate). Sodiumhyaluronate can be
injected in the lens capsule without leak-
ing to other eye structures. After some
time, it can be aspirated again from the
capsule. Using sodiumhyaluronate with
actinomycin D (a toxic compound that
interferes with DNA) on the inside of
the lens capsule during lens refilling sur-
gery, capsular opacification was effect-
ively prevented in experiments per-
formed with rabbits that underwent
experimental lens refilling. However,
more work has to be done to determine
more precisely the effectiveness and
safety of this treatment in other models.

When a lens refilling material is injected
in the emptied capsular bag, the
amount of injected refill material will de-
termine the curvature of the anterior
and posterior lens capsule and thus the
optical power of the lens. In regular
cataract surgery, intraocular lenses are
used that are available in steps of 0.5 di-
opter in the range from 0 to 33 diopter.
Before cataract surgery, the length of
the eye and the corneal curvature are
measured. Using these data, a predic-
tion can be made of the resulting optic-
al situation after lens implantation. A
lens is chosen from a stock of lenses,
based on this prediction. Usually, these
predictions are very accurate; 80-90% of
patients achieve the desired eye refrac-
tion within + 0.5 diopter?®. During lens
refilling, the surgeon has to establish
preoperatively, or determine intra-oper-
atively, the amount of refilling material
that must be injected in order to
achieve the desired lens power. Today,
no systems are available that provide
feedback to the surgeon that the right
amount of material is injected. In an ex-
periment with refilling of pig lenses,
Koopmans et al.?” found that injection
of 0.04 ml of refilling material increased
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the lens power by one diopter. This
gives an indication of the precision
needed with which the material is injec-
ted during lens refilling. A technical solu-
tion to measure the refraction of the eye
during the lens surgery could be a sys-
tem mounted on the surgical micro-
scope, but these do not exist yet and
will have to be developed.

Among primates, rhesus monkeys have
been shown to have high accommodat-
ive amplitudes and an accommodative
anatomy and mechanism similar to that
of the human eye®®3°. They also develop
presbyopia with a relative age course
similar to that of humans culminating in
a near complete loss of accommodation
by the age of 25 to 30 years®'. There-
fore, rhesus monkeys are a suitable anim-
al model for studies of accommodation,
presbyopia, and lens refilling experi-
ments. In monkey accommodation stud-
ies, carbachol chloride or pilocarpine
can be used to stimulate accommoda-
tion while the monkey is under general
anaesthesia. These substances can be ap-
plied to the eye by iontophoresis or eye
drops and they give a strong stimulus to
the ciliary muscle. Accommodation can
be measured with a refractometer,
which measures the refractive state of

accommodation (D)

0 10 20 30

weeks post operation

Figure 3. Accommodative amplitude in
the left eye of five adolescent rhesus
monkeys after lens refilling with a silic-
one polymer; Accommodation was stimu-
lated with carbachol iontophoresis (O
A O), or pilocarpine eyedrops (*); Stand-
ard deviation of the accommodative
amplitude varied between 0.2 and 1.2
diopter

the eye. A requirement for a refracto-
meter measurement is that the lens and
the rest of the optical path through the
eye are clear. In the past, experiments
have been described in monkeys in
which the lens nucleus and cortex were
removed and the capsular bag was re-
filled with a silicone material®*3*. The
success of these procedures as determ-
ined by the ability to measure accom-
modation in the eyes varied due to in-
flammation and the development of
capsular opacification.

Using a special treatment protocol to
minimize postoperative inflammation
and using a treatment with actinomycin
D dissolved in sodiumhyaluronate in the
capsular bag to prevent capsular opaci-
fication, Koopmans et al.>* were able to
measure accommodation in five adoles-
cent refilled rhesus monkey lenses for a
period of 37 weeks postoperative. After
this period, capsular opacification pre-
vented further optical measurements of
accommodation and in three monkeys
the accommodative amplitude had de-
creased to almost zero. An accommodat-
ive amplitude of maximally 6.3 diopter
was measured.

Figure 3 shows the time course of the
accommodative amplitude in the five
monkeys. These experiments show that
a certain level of accommodation can be
restored after lens refilling in adoles-
cent rhesus monkeys. Further experi-
ments are necessary to study the accom-
modative amplitude in presbyopic
monkeys. Also, in the future, a more
permanent prevention of capsular opaci-
fication deserves further attention.

Conclusion

Summarizing the state of development
of accommodative intraocular lenses, it
may be concluded that the accommodat-
ive intraocular lenses which are commer-
cially available and which shift along the
optical axis of the eye offer a limited
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amount of accommodation. Accommod-
ative lens refilling with a soft, transpar-
ent material may offer larger amplitudes
of accommodation, but this technique is
still in a developmental stage. Glasses,
monovision, or multifocal lenses will re-
main the most important methods for
presbyopia correction, despite the fact
that they are compromises in terms of
visual quality. Given the worldwide in-
terest in the correction of presbyopia,
the prospects for further research and
development of accommodating lenses
are excellent.
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