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Essentials in Ophthalmology is a new review se-
ries covering all of ophthalmology categorized
in eight subspecialties. It will be published quar-
terly; thus each subspecialty will be reviewed
biannually.

Given the multiplicity of medical publica-
tions already available, why is a new series 
needed? Consider that the half-life of medical
knowledge is estimated to be around 5 years.
Moreover, it can be as long as 8 years between
the description of a medical innovation in a
peer-reviewed scientific journal and publica-
tion in a medical textbook.A series that narrows
this time span between journal and textbook
would provide a more rapid and efficient trans-
fer of medical knowledge into clinical practice,
and enhance care of our patients.

For the series, each subspecialty volume
comprises 10–20 chapters selected by two dis-
tinguished editors and written by international-
ly renowned specialists. The selection of these
contributions is based more on recent and note-

worthy advances in the subspecialty than on
systematic completeness. Each article is struc-
tured in a standardized format and length, with
citations for additional reading and an appro-
priate number of illustrations to enhance im-
portant points. Since every subspecialty volume
is issued in a recurring sequence during the 
2-year cycle, the reader has the opportunity to
focus on the progress in a particular subspecial-
ty or to be updated on the whole field. The clin-
ical relevance of all material presented will be
well established, so application to clinical prac-
tice can be made with confidence.

This new series will earn space on the book-
shelves of those ophthalmologists who seek to
maintain the timeliness and relevance of their
clinical practice.

G. K. Krieglstein
R. N. Weinreb
Series Editors

Foreword



This second volume in the Essentials in 
Ophthalmology series provides detailed and
concise updates of the major topics in cataract
and refractive surgery. Because of the remark-
able growth of these two subspecialties, our
challenge was to highlight new advances, with
the primary emphasis on clinical applications.
The section on cataracts calls attention to recent
progress in surgical techniques and the man-
agement of complications. Topics include new
anaesthesia and small incision techniques, new
devices (ophthalmic viscosurgical devices and
intraocular lenses), prevention and manage-
ment of complications and the treatment of dif-
ficult cases, such as mature, uveitic and paedi-
atric cataracts.
As refractive surgery now encompasses an in-
creasing array of procedures, the book covers
excimer laser surface and lamellar procedures,
incisional corneal surgery and the use of in-
traocular implants to correct refractive errors.
Particular emphasis is placed on topics related
to quality of vision, such as wavefront technolo-
gy, measuring quality of vision and issues in

pupil measurement.We believe that these issues
will be of growing importance as refractive sur-
gical techniques are refined. Interestingly, many
of the topics in this section are also pertinent to
cataract surgery, reflecting the merging of tech-
nologies that is occurring in these two major
ophthalmic subspecialties.
The goal of the editors of this book has been to
provide up-to-date, clinically relevant overviews
in these fields and to highlight the most inter-
esting areas of research and controversy. This
was only possible with the support of our many
outstanding authors. We truly appreciate the
thought, time and care they put into their chap-
ters. We would also like to thank the series edi-
tors for giving us the opportunity to do the
book, Springer for its excellent work on all as-
pects of preparing it and our wives, Eva-Maria
and Marcia, for their wonderful support during
its realization.

Thomas Kohnen
Douglas D. Koch
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1.1
Introduction

1.1.1
Foreword

Topical and intracameral drug administration
is now the preferred method for anaesthesia in
cataract surgery [47], and an increasingly pre-
ferred method for anaesthesia in anterior and
posterior segment surgery. Despite its universal
use, standards have never been established and
many variations in the technique are currently
employed, while many studies about new drugs
or protocols continue to appear. In this chapter
we will review the current knowledge about top-
ical and intracameral anaesthesia, examining
both pharmacological and clinical aspects. In
addition, we will discuss recent advances in or-
der to formulate some recommendations for
clinical practice.

1.1.2
History

Topical anaesthesia for cataract surgery is not
new. First introduced in Europe at the end of the
19th century when cocaine was widely available
to ophthalmologists [44], it almost fell out of
use in favour of retrobulbar injections following
the introduction of newer and less toxic anaes-
thetic agents such as procaine [6]. Surgical tech-
nique modifications in cataract extraction with
the advent of small incision surgery and of pha-
coemulsification, and the continuous report of
severe complications due to retrobulbar needle
injections prompted surgeons to look for gen-

Topical and Intracameral Anaesthesia for Cataract Surgery

Roberto Bellucci, Simonetta Morselli

1

|

∑ Topical anaesthesia consists in blocking 
the production and not the transmission 
of pain sensation

∑ It is suitable for cataract surgery because
akinesia is not required by phacoemulsifi-
cation

∑ Treatments proven to be safe and effective
include: repeated eyedrop instillations, gel
application, use of drug-soaked sponge,
intracameral injection of drug dilutions 
or of anaesthetic viscoelastic substance

∑ Ester-bound compounds like tetracaine
and benoxinate have faster and shorter 
action than amide-bound compounds like
lidocaine and ropivacaine

∑ Different anaesthetic drugs give similar 
results

∑ The authors’ preferred schedule includes
4% unpreserved lidocaine eyedrops, with 
or without 1% intracameral injection

∑ Patient selection or intravenous sedation
are less employed with experience

∑ Side effects of topical anaesthesia consist 
in immediate and postoperative ocular 
dryness, that can last up to a few weeks

∑ Intracameral anaesthesia has been proven
safe for intraocular structures, although its
necessity remains controversial

Core Messages



tler and safer methods of anaesthesia. Davis and
Mandel proposed peribulbar injections in 1986
[19], Smith published a work on subconjuncti-
val injections in 1990 [73], and 2 years later the
sub-Tenon approach by a plastic cannula was
proposed by Greenbaum [29].

Modern topical anaesthesia in cataract sur-
gery began in 1991, when Fichman performed a
series of phacoemulsifications under topical
anaesthesia using 0.5% tetracaine [22]. This
technique spread rapidly, and other drugs like
lidocaine were tested, lidocaine eventually be-
coming the most used drug. Intraocular irriga-
tions of anaesthetic agents to improve analgesia
were postulated in 1993 [26], and the first results
on a large series of patients were published in
1997 [27, 41].

1.1.3
Definitions

For a number of years, many anaesthetic tech-
niques without periocular needle injections
have been named “topical”. Variations include
use of oral or IV sedation, administration of lid
block, use of subconjunctival injections or sub-
Tenon irrigations, intraocular irrigations and
more. At present we consider “topical anaesthe-
sia” only the use of anaesthetic eyedrops with-
out sedation, and “intracameral anaesthesia”
the use of anaesthetic irrigation of the anterior
chamber at any step of surgery.

1.2
Bases of Topical/Intracameral Anaesthesia
in Cataract Surgery

1.2.1
Physiological Bases

Ocular sensitivity is based on terminations of
the 5th cranial nerve, especially distributed to
the cornea and to the ciliary body in the anteri-
or part of the eye. These fibres are generally
non-myelinated, types A-delta and C. They are
able to carry sensation of pain, temperature and
touch, and are blocked by lower concentrations
of drugs in comparison with motor fibres. Clin-

ically, the order of loss of nerve function is as
follows: pain, temperature, touch, propriocep-
tion, and skeletal muscle tone. However, the
cornea has very little temperature sensation,
while the conjunctiva and the iris have more. As
it can be expected, ocular sensitivity is de-
creased by low temperatures, and decreases
with age. Because pain sensation reflects more
the amount of involved nerves than the tissue
deepness of the injury, corneal abrasions are by
far more painful than corneal penetrations.

1.2.2
Pharmacological Bases

Sensitive nerves have to be blocked by anaes-
thetic agents to suppress pain. The block can
take place along the nerve itself, or at its senso-
ry terminations. Nerve block is commonly
achieved in local anaesthesia by drug injection.
The anaesthetic agent has to come in touch with
the sensory nerve, exerting its activity on non-
myelinated fibres or on Ranvier nodes of myeli-
nated fibres. To suppress impulse propagation,
three to five nodes of Ranvier must be blocked,
for a length of 3–7 mm [36]. This relatively long
length of portion could explain the variability
we find in the level of anaesthesia after peribul-
bar injections.

Sensory termination block is the most im-
portant feature of topical anaesthesia. It in-
volves the inhibition of sodium channels at
nerve endings or receptors by the anaesthetic
agents, thus blocking the production (and not
the transmission) of nervous impulse.

According to these considerations, anaes-
thetics topically applied to the eye could act di-
rectly on the corneal epithelium and stroma,
and the part of drug penetrating into the anteri-
or chamber could suppress iris and ciliary body
pain. The amount of anaesthetic coming in
touch with deeply settled structures can be in-
creased by repeating eyedrop applications be-
fore surgery starts, or by adding some drug af-
ter first surgical incisions: additional eyedrops
after conjunctival incision, or intracameral in-
jection after opening the anterior chamber.

The duration of the effect of topically applied
anaesthetics depends on the properties of the

2 Chapter 1 Topical and Intracameral Anaesthesia for Cataract Surgery



employed drug. Usually it lasts up to 15–20 min
for the commonly used agents, but eyedrop in-
stillations or intracameral irrigations can be re-
peated during surgery, if needed.

If proper concentrations are achieved, motor
fibres are also blocked. In cataract surgery, in-
traocular muscles are affected by topical/intra-
cameral anaesthesia, but the akinesia of the eye-
ball we obtain by retrobulbar or peribulbar
injections cannot be achieved in any way.

1.2.3
Surgical Bases

In cataract surgery, the absence of ocular akine-
sia makes small incision surgery with pha-
coemulsification mandatory. Usually two inci-
sions are made, allowing the surgeon to stabilise
and to direct the eye with two instruments. Not
only is akinesia no longer needed, but the re-
tained ocular motility can be of help in some
passages of surgery if the patient follows sur-
geon’s instructions. The reduced length of the
incisions makes them less painful, as lower
numbers of nerves are cut compared with wider
incisions. During surgery, instruments are
moved as levers through the incisions thus pre-
venting fluid leakage and excessive intraocular
pressure variations, a possible cause of ciliary
pain. Careful hydrodissection prevents exces-
sive ciliary body stimulation by zonular fibres
during nucleus rotation. During surgery, a de-
crease of ocular sensitivity is provided by the
frequent use of cold irrigation solution. In addi-
tion, there are no painful manoeuvres typical of
extracapsular surgery like muscle sutures, con-
junctival incisions, iris manipulations, tissue
sutures. The advantages of topical anaesthesia
over periocular injections include not only a
higher safety level, but also better consistency of
analgesia during surgery and lower intraocular
pressure. Moreover, the limited amount of drug
employed inhibits the general side effects com-
monly observed with local anaesthesia. The re-
turn of sensitivity soon after surgery makes it
possible to immediately detect any unexpected
ocular pain suggestive of complications.

Summary for the clinician:

∑ Topical anaesthesia consists of analgesia
∑ Motor, thermal and tactile fibres are not

suppressed
∑ The production and not the transmission of

nervous impulse is blocked
∑ Phacoemulsification surgery does not 

require akinesia

1.3
Drugs Employed

1.3.1
Topical Anaesthetic Drugs

The chemical compounds employed for oph-
thalmic topical anaesthesia are tertiary amines
composed of an aromatic hydrophobic ring –
usually benzene – and an amidic hydrophilic
group, with an ester (proparacaine, tetracaine,
benoxinate) or an amidic (lidocaine, etidocaine,
mepivacaine, ropivacaine) intermediate chain.
The pharmacological properties of the drugs
(potency, onset and duration of action, selectiv-
ity) are determined by the chemical configura-
tion of the two ends of the molecule. The anaes-
thetic agents useful in clinical practice are
unstable in their amine form, and insoluble in
water. Therefore, they are prepared as salts that
are stable in solution at relatively acid pH. The
low pH of commercially available solutions is
the main cause of the burning sensations per-
ceived on the first eyedrop application. After
topical application in the conjunctival sac, the
compounds have to make the non-dissociated
form cross the tear film and the cornea, and re-
turn to the dissociated form at nerve endings or
axons to exert the anaesthetic activity. The
chemistry of body fluids and the activity of tis-
sue enzymes favour these passages. The ester
compounds are rapidly hydrolysed by plasmat-
ic esterases, and to a lesser extent by tissue es-
terases. The amide compounds are degraded
more slowly, and mainly outside the eye in the
liver, and therefore are endowed with longer du-
ration of action. Table 1.1 reports a summary of
the chemical characters of commonly employed
topical anaesthetic agents [18].
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1.3.2
Ester-Bound Compounds

1.3.2.1
Tetracaine

Tetracaine was the first anaesthetic employed
topically for cataract surgery [23], but at present
it is less used because of its short duration of ac-
tion and because of the esterase deficiency that
can lead to toxic reactions in some patients. It is
available in some countries at concentrations
between 1% and 2%. After eyedrop application
its action begins within 1 min and lasts for
10–15 min. Tetracaine is considered more toxic
than other agents for the corneal epithelium.

1.3.2.2
Proparacaine

Proparacaine is not degraded to para-
aminobenzoic acid, and therefore is considered
safer than other ester-bound compounds. It is
less irritating and less painful on instillation
than benoxinate, and does not show bacterio-
static properties. It is available in some coun-
tries at the 0.5% concentration for topical use.
The onset of action is a matter of seconds, but
the duration is usually shorter than 10 min.

1.3.2.3
Benoxinate

Benoxinate is available at 0.4% concentration as
a widely used anaesthetic for office examina-
tions in ophthalmology. Its instillation is
painful, and its corneal epithelium toxicity is
also high. It has bacteriostatic properties. After
touching the cornea, the anaesthetic action
takes place in seconds, and lasts up to 10 min.
Being rapidly degraded by ocular esterases, its
activity on intraocular structures is less strong
than other compounds.

1.3.3
Amide-Bound Compounds

1.3.3.1
Lidocaine

Currently, lidocaine may be the most employed
topical anaesthetic in cataract surgery, and it is
the most employed for intracameral irrigations
[47]. It is available in concentrations of 1%–4%,
the unpreserved preparation being preferred for
the better local tolerability. Instillation is rather
painful because the pH of the solution is usually
below 6. At the corneal surface, the onset of
anaesthesia is slower than with ester compounds.

4 Chapter 1 Topical and Intracameral Anaesthesia for Cataract Surgery

Table 1.1. Anaesthetic agents most used for topical applications in ophthalmic surgery

Agent pHa pKab % Base Concentration Action onset Action 
(25°C) (pH 7.4) (eyedrops) (%) (min) duration

(min)

Ester compounds
Tetracaine 4.5–6.5 8.5 ª15 0.5% 0.5 10–15
Proparacaine 5.0–6.0 3.7 ª75 0.5% 0.25 5–10
Benoxinate 5.0–6.0 2.2 ª80 0.4% 0.25 5–10

Amide compounds
Lidocaine 6.0–6.5 7.9 ª25 4.0% 2–5 15–20
Bupivacaine 4.5–6.0 8.1 ª15 0.5–2% 5–10 20–30
Ropivacaine 5.0–6.5 8.1 ª15 1.0% 2–5 15–20
Mepivacaine 5.5–6.0 7.6 ª40 2% 1–3 10–15

a The low pH of the instilled solution is associated with subjective burning on application.
b If the pKa is high, the molecule is more dissociated at physiologic pH (low % base at pH 7.4) with higher 

surface activity but poorer corneal penetration.



After eyedrop application, lidocaine crosses rap-
idly the corneal epithelium and stroma, exerting
its sodium channel blockade on the cornea by
first.As a result, temporary epithelial and stromal
swelling can sometimes be observed even with
unpreserved preparations. Lidocaine is not de-
graded within the eye, and therefore it can exert
its anaesthetic effect on anterior chamber struc-
tures for a long period, up to 20 min.

1.3.3.2
Bupivacaine

Bupivacaine has been extensively used as local
anaesthetic because of its potency and long du-
ration of action, and despite the relatively slow
onset of activity [36]. It has been employed at
the 0.50%, 0.75% and 2% concentrations as
topical anaesthetic for cataract surgery [17, 45,
52], showing low corneal epithelium toxicity.
The intraocular penetration is good because
bupivacaine is extremely liposoluble. The dura-
tion of the effect is about 10 min longer than
with other amide agents.

1.3.3.3
Ropivacaine

Ropivacaine is a long-lasting anaesthetic agent
that provides up to 12 h of postoperative analge-
sia. The onset of action is rather slow as it hap-
pens with bupivacaine, but ropivacaine has low-
er cardiac and central nervous system toxicity. It
has been employed topically at 1% concentra-
tion, assuring good analgesic activity lasting
more than 20 min [56].

1.3.3.4
Mepivacaine

Mepivacaine is an amide anaesthetic with rapid
onset of activity. Because of its poor corneal
penetration, its use in cataract surgery has been
mainly limited to intraocular injections in pa-
tients showing pain after topical anaesthesia
with 2% bupivacaine [52]. In that study, intraoc-
ular irrigation with 0.4 ml of unpreserved 2%
mepivacaine solution proved to be effective in
relieving pain and safe for the corneal endothe-
lium [52].

Summary for the Clinician

∑ Ester anaesthetics are better employed for
surface anaesthesia because of their fast on-
set of action and poor penetration

∑ Amide anaesthetics have slower onset of ac-
tion but better intraocular penetration

∑ Lidocaine is the most employed topical
drug for phacoemulsification surgery

∑ Bupivacaine is the most liposoluble among
topical anaesthetics

1.3.4
Influence of Formulation

1.3.4.1
pH

The available dilutions of anaesthetic drugs for
ocular use often contain sodium chloride or
other salts to make them isotonic. This fre-
quently results in a pH between 5 and 7, that
contributes to the burning sensation on the first
eyedrop application. The pH of these solutions
can be raised by further diluting the drugs in
BSS or BSS plus, approaching the physiologic
normal of 7.2–7.4. However, some anaesthetic
agents could be unstable in solutions at pH
above 7 at certain concentrations: this is espe-
cially true for bupivacaine and mepivacaine,
while lidocaine can be buffered to 7.4 without
precipitating even at the 4% concentration.

1.3.4.2
Preservatives

The presence of preservatives in drug solutions
improves stability and sterility, but the chemical
agents employed can be toxic for the ocular
structures. Corneal epithelial swelling has been
frequently observed with preserved formula-
tions of lidocaine, and the intraocular safety of
preservatives remains even more controversial.
Although some preservatives – like benzalkoni-
um chloride –  increase corneal penetration, we
recommend the use of unpreserved formula-
tions of anaesthetic agents both for topical ap-
plication and for intraocular irrigation [27].

1.3 Drugs Employed 5



1.3.4.3
Temperature

Temperature influences the stability of solu-
tions. A warm solution is probably more stable,
better tolerated by patients and therefore more
active. Therefore ampoules should not be refrig-
erated immediately before use.

Summary for the Clinician

∑ Low pH means burning on instillation
∑ Only unpreserved drugs should be used
∑ Drugs should not be refrigerated

1.4
Routes of Administration

1.4.1
Eyedrop Instillations

Many different instillation schedules have been
proposed for topical anaesthesia in cataract sur-
gery. Common features include bilateral instil-
lation, number of applied eyedrops, intervals
between instillations.

1.4.1.1
Bilateral Instillation

Usually the anaesthetic agent is applied to both
eyes, to prevent blinking and Bell’s phenome-
non elicited by the non-operated eye. This prac-
tice allows the patient to keep both eyes open
without effort during surgery. However, because
of corneal epithelial toxicity of the drugs and
lack of hydration, some vision impairment in
the non-operated eye for the first postoperative
week has to be anticipated in the patient.

1.4.1.2
Number of Instillations

Unpreserved eyedrops of the selected drug are
instilled in the 10–60 min preceding surgery, ac-
cording to the local protocol. When topical
anaesthesia is employed alone, we prefer six in-
stillations of 4% lidocaine at 10-min intervals,
that assure steady analgesia for 15–20 min.
When intracameral irrigation of an anaesthetic

agent is planned, the number of eyedrops can be
reduced to three. Usually the gained lack of any
sensitivity to instillation is considered a sign of
obtained anaesthesia. The great variations in in-
stillation schedule probably reflect more the
characters of the local population than the pre-
cision of the surgical technique.

1.4.1.3
Intraocular Penetration of Drugs

Only a few studies about intraocular penetra-
tion of topically applied anaesthetic drugs have
been carried out (Table 1.2). For 4% lidocaine
eyedrops, Zehetmayer et al. [84] found high de-
pendence on the solution pH, as expected from
chemical properties. Behndig and Linden [11]
measured the lowest aqueous humour levels
among published investigations. Higher levels
were found in our study [13] following instilla-
tions at 10-min intervals, probably because the
damage to the corneal surface favoured pene-
tration. In this study, pain sensations during
surgery were higher when the intraocular level
of lidocaine was <12mg/ml. This correlation be-
tween lidocaine levels in aqueous humour and
pain scores was not found by Bardocci et al. [ 8].

Intraocular penetration of topically applied
bupivacaine has been studied by Lagnado et al.
[45]. Following three or six instillations, they
found the number of instillations was not relat-
ed to the intraocular level of bupivacaine or
pain scores.

1.4.1.4
Side Effects and Toxicity

General Side Effects

Anaesthetic agents of the ester group cannot
have general side effects at commonly employed
doses, as they are rapidly degraded by tissue
and plasma esterases.Anaesthetics of the amide
type are metabolised in the liver, and some con-
cern arose about possible general effects. For
topically applied 4% lidocaine, blood levels
found after 1 h from the last instillation were
0.009±0.001mg/ml following three instillations,
and 0.12±0.02mg/ml following six instillations
[13]. For topically applied 0.75% bupivacaine,
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less than 1mg/ml were measured in plasma [45].
These amounts are too low to cause systemic
problems even in diseased patients, and are
much lower than the 2.13mg/ml found by Sa-
lomon et al. [71] after periocular injections. In
all the performed studies, no differences were
found in pulse rate, blood pressure and oxygen
saturation following topical anaesthesia [8, 12,
45].

Local Side Effects

With topical anaesthesia the potential risks of
needle injections are avoided, but still local side
effects can occur.Apart from burning sensation,
the instillation of an anaesthetic agent into the
conjunctival sac impairs the tear film because of
dilution and because of the pH of applied solu-
tions. Especially in older patients with low tear
secretion, the inhibition of cellular sodium
channels causes some swelling of the corneal
epithelium, with the possibility of superficial
punctate keratitis [74]. Epithelial toxicity is even
more pronounced when preservatives are
added to the solution [53]. This local toxicity is
increased by the anaesthetic interruption of the
blinking reflex and pushes to have patient’s eyes
closed after bilateral instillation. These epithe-
lial side effects can impair visibility during sur-
gery, and are an argument favouring the reduc-
tion of eye drops instillation and the adjunct of

intracameral anaesthetic irrigation. A part of
this toxicity can last a few days after surgery,
slightly affecting vision often in both eyes fol-
lowing bilateral instillation. Some of our pa-
tients reported dry eye sensations lasting
8–12 weeks after surgery, that they did not expe-
rience following retrobulbar block in the con-
tralateral eye.

1.4.2
Gel Application

Gel formulations of anaesthetic agents have
been employed to prolong the contact between
the drug and ocular surfaces. A single applica-
tion of lidocaine 2% gel into the conjunctival
sac has been found as effective as repeated eye-
drop instillation in providing anaesthesia for
cataract surgery [5, 8, 9, 31, 42], with more elevat-
ed intraocular drug level [8]. Tetracaine is the
other anaesthetic agent that has been employed
as gel [85]. Improvements over eyedrop instilla-
tions include less burning on application and
less corneal dehydration. Lidocaine gel seems to
be an efficacious alternative to eye drops instil-
lation, with the advantage of simplicity.
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Table 1.2. Aqueous humour concentration of topically applied anaesthetics

Reference Drug Concen- pH Drops Instillation Interval Level
tration (n) (n) (min) (mg/ml)

[84] Lidocaine 4% 5.2 3 3 3 4.75±3.5

4% 7.2 3 3 3 15.06±8.2

[11] Lidocaine 4% NR 1 3 1.5 1.4±0.5

4% NR 1 6 1.5 4.2±1.5

[13] Lidocaine 4% 6.0 1 3 10 8.7±2.4

4% 6.0 1 6 10 23.2±8.9

[8] Lidocaine 4% 6.0 0.5 ml 3 5 12.7±5.8

Lidocaine gel 2% NR 0.5 ml 2 15 27.1±13.8

[45] Bupivacaine 0.75% NR 1 3 10 5.9±4.3

1 6 10 5.7±4.0

NR, not reported.



1.4.3
Drug-Soaked Sponges

Sponges soaked with an anaesthetic agent in
contact with ocular surfaces to obtain analgesia
were proposed in 1995 [15, 70]. Bloomberg and
Pellican developed a ring-shaped sponge
soaked in anaesthetic, that was left in place for
10 min before surgery and during surgery itself,
if no contraindication emerged [15]. Since then
similar devices appeared sometimes in litera-
ture, employing different anaesthetic agents
[46, 67], but they weren’t widely used. The ad-
vantages of sponges could be a lesser amount of
drug in contact with corneal epithelium, al-
though the effects on ocular surface have never
been compared to that of eyedrop instillation.

Summary for the Clinician

∑ Intraocular penetration of drugs depends
on lipophilicity

∑ General side-effects are negligible
∑ Local side effects on ocular surfaces 

can occur
∑ Gels and sponges seem to reduce these 

effects

1.4.4
Intracameral Irrigations

1.4.4.1
Modalities

Intracameral irrigation with anaesthetics as an
adjunct to topical anaesthesia was first pro-
posed by Gills et al. [27], and then widely adopt-
ed to suppress pain coming from intraocular
structures [12, 26, 41]. Currently intracameral ir-
rigations are employed by over 80% of surgeons
adopting topical anaesthesia [47]. The most em-
ployed drug is lidocaine at 1% concentration,
probably because of simplicity in preparation.
Lidocaine 1% is mainly prepared at surgery
from 4% solutions by diluting in BSS or BSS
plus, with obtained pH of 6.39 and 7.11, respec-
tively [13]. Other drugs tested for intracameral
irrigation are bupivacaine [3, 48] and mepiva-

caine [52], that also proved to be effective and
safe in published studies.

After being delivered into the anterior cham-
ber, a part of the anaesthetic drug is rapidly ab-
sorbed by iris, ciliary body and cornea, while
the drug still present in solution is removed 
by subsequent anterior chamber irrigations,
thus limiting tissue exposure [4].With the com-
monly used irrigation of 1% unpreserved 
lidocaine, anterior chamber levels of the drug
are 100 times more elevated than after eye 
drop application: Behndig and Linden found
341.8±151.6mg/mL in their study [11], a study
from Wirbelauer et al. [81] gave similar results.

The intraocular irrigation of diluted anaes-
thetics is usually performed either immediately
after the first corneal incision, or at hydrodis-
section. The first method requires a lower
amount of anaesthetic eyedrops, but adds one
passage to surgery; the second method looks
somewhat simpler, but capsulorhexis has to be
performed under topical anaesthesia alone. The
intraocular irrigation can be repeated in pro-
longed or complicated surgeries, because lido-
caine is rapidly removed from ocular tissues by
irrigating BSS [4]. Every surgeon should check
the pH and the osmolarity of injected solutions.

1.4.4.2
Safety

The safety of intracameral irrigations with lido-
caine and other anaesthetic agents has been ex-
tensively studied starting from the amaurosis
encountered in some patients after posterior
capsule rupture [33]. Experimental studies on
rabbits showed the lack of toxicity of common
preparations both for corneal endothelium [37,
38, 40, 79] and for the retina [48]. Reversible cel-
lular swelling could be observed when the con-
centration was at least 1% [40], with permanent
damage only at 2% [38]. Clinical and experi-
mental studies on human corneas confirmed
these results, at least for lidocaine [21, 25, 40, 43,
54, 55] and mepivacaine [52]. Other compounds,
like bupivacaine, seem more toxic [3]. A study
on retinal and optic nerve function in patients
who received intracameral irrigation by 2% li-
docaine showed no differences in electroretino-
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grams or in visually evoked potentials as com-
pared with controls [64].

Following the sensation of some amaurosis
during uncomplicated surgery, Hoh et al. [34]
investigated the speed of visual recovery after
phacoemulsification with intracameral lido-
caine: he found prompt return to normal vision
after 4 h.

1.4.5
Viscoelastic-Borne Anaesthesia 

Solutions combining ophthalmic viscosurgical
devices with lidocaine have recently been devel-
oped. The purpose was to avoid the additional
step of irrigating the anterior chamber with li-
docaine solution, and to prolong anaesthesia
time to cover little delays in the completion of
surgery. One system is based on methylcellulose
[35], while a second system is based on sodium
hyaluronate [76]. This system is commercially
available in some countries and includes a pre-
pared syringe with viscoanaesthetic mixture
and two ampoules of jelly eyedrops to be ap-
plied before surgery to minimise corneal ep-
ithelial toxicity. Available data collected on ex-
perimental settings indicates viscoanaesthesia
is safe for corneal endothelium [76], with no ev-
idence of any postoperative reaction after pha-
coemulsification [50], and no impairment of the
mechanical properties of the viscoelastic device
[63]. Early clinical data indicates good efficacy
[35].

Summary for the Clinician

∑ Intracameral irrigations with anaesthetics
are safe and effective

∑ Lidocaine 1 % unpreserved solution 
is currently the most employed drug

∑ Viscoelastic-bound anaesthetic also proved
safe and effective

1.5
Preferred Procedures

1.5.1
Patient Selection and Counselling

Topical/intracameral anaesthesia was not ap-
preciated immediately as an universal proce-
dure, but as a procedure requiring patient selec-
tion.Grabow [28] was one of the first addressing
difficulties in applying topical anaesthesia to
some patients, like foreigners and those affected
by deafness, dementia and uncontrolled eye
movements. In addition, patients unable to co-
operate during tonometries or A-scan measure-
ments were not considered good candidates for
topical anaesthesia [24]. At present topical and
intracameral anaesthesia are considered the
standard technique for cataract surgery. Some
of the old contraindications remain, but the
most part have been overcome by the confi-
dence both of surgeons and of patients.

As patients now expect to be operated under
topical anaesthesia, little instructions have to be
given before surgery. On the contrary, too much
dialogue could increase patient anxiety. We tell
patients simply that anaesthesia will be present,
but with no needle injection; that anaesthesia
can be increased at any time during surgery
should they perceive pain; that the lack of burn-
ing sensation on eyedrop application is the
proof of achieved anaesthesia; and that eye
movement will not affect surgery.

1.5.2
Surgery Adaptation

A few adaptations have to be made to adjust
cataract surgery for topical anaesthesia. Usually
surgeons appreciate the lower posterior vitre-
ous pressure as compared with peribulbar in-
jections, due to the lower pressure in the orbit.
However, the corneal surface rapidly dries dur-
ing surgery, and must be frequently irrigated.
The microscope light frequently causes patient
discomfort, especially with subcapsular posteri-
or cataracts and in young patients, and some-
times it must be reduced during the first phases
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of surgery. Toothed forceps are more likely to
cause discomfort than notched forceps. Corneal
tunnels without conjunctival incisions or
diathermy are likely to be better tolerated than
scleral incisions.Additional eyedrop instillation
after any conjunctival opening and before fur-
ther manipulation must be considered. The eye
can be better stabilised by a second instrument
within the side port incision than grasping the
sclera. Cataract extraction should be made with
phacoemulsification, because the manoeuvres
required for manual fragmentation could be
more traumatising for the eye. IOL implantation
should not stretch the incision, as at that point
analgesia is lower than at the beginning of the
procedure. The lids must remain free from trau-
ma because they are not anaesthetised, a condi-
tion evident on draping removal.

1.5.3
Management of Complications

The short duration of topical and intracameral
anaesthesia points out the necessity to repeat
instillations and/or irrigations in prolonged
surgeries. Even repeated iris touch are painless
if sufficient amount of drug is present in the an-
terior chamber. Topical anaesthesia has not
been associated with a higher complication rate
in published studies, but complications can nev-
ertheless occur, as with peribulbar anaesthesia,
and have to be managed safely and efficiently.
Even suprachoroidal haemorrhages have been
reported [10]. Posterior capsule rupture and an-
terior vitrectomy typically cause little or no ad-
ditional pain. Scleral fixation of the intraocular
lens can be achieved with intraocular irrigation
of unpreserved lidocaine [12], but profound
amaurosis has to be expected. Probably, the only
manoeuvres requiring either subconjunctival
or peribulbar injection of anaesthetic agents –
to block the eye – is a pars plana incision or in-
cisional enlargement to convert to extracapsu-
lar extraction.

1.5.4
Postoperative Instructions

One of the advantages of topical anaesthesia is
the rapid recovery of sensation. Patients should
be aware that ocular burning will be perceived
by most of them, but ocular pain should not ap-
pear in uncomplicated cases. As most surgery is
now performed on an ambulatory basis, operat-
ed patients should be instructed to report any
unexpected pain, ocular hypertension being the
most common cause. Burning sensation and vi-
sion impairment can be perceived also in the
fellow eye, if the anaesthetic agent was applied
bilaterally. Following intraocular anaesthetic ir-
rigation, vision in the operated eye is usually
low at the end of surgery, but it takes only a few
hours to improve [34].

Summary for the Clinician

∑ Topical anaesthesia can be adapted 
to almost all adult patients

∑ Phacoemulsification procedures require
only minor adaptations: non-toothed 
forceps, no iris touch, no conjunctival touch

∑ Complications can be managed by repeat-
ing anaesthesia administration

∑ Postoperative pain is not masked 
by persisting anaesthesia

1.6
Clinical Experience

1.6.1
Topical Anaesthesia

1.6.1.1
Validity of the Procedure

The first clinical reports about the feasibility of
phacoemulsification with topical anaesthesia
appeared in 1993 [28, 39, 80]. Although prelimi-
nary in many aspects, those early works already
pointed out the most important features of
topical anaesthesia: the efficacy of the obtained
analgesia; the possible decrease of corneal
transparency during surgery; the steady rate 
of surgical complications as compared with
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peribulbar injections; the good acceptance from
patients’ point of view; the early recovery of vi-
sion; the obvious lack of risks typical of needle
injections. Since then countless papers on topi-
cal anaesthesia appeared, underlining many dif-
ferent aspects of the procedure. Large field 
studies proved it effective and safe from a pop-
ulation-based perspective [14, 59], other investi-
gations found eyedrop instillation [61] and the
placement of the IV cannula [57] as the most
painful part of the procedure [58]. Topical
anaesthesia has been demonstrated suitable for
inexperienced surgeons [57].

Despite this wide demonstration of validity,
many variations of the treatment schedule have
been proposed to answer local needs and opin-
ions of patients and of surgeons. In some in-
stances topical anaesthesia was augmented by
sub-conjunctival or periocular injections [2, 51],
mainly reflecting some difficulties in changing
surgeon’s mentality and in establishing new re-
lations with the patient in the operating room
[65, 66].

Not surprisingly, patients were delighted by
topical anaesthesia. All the published studies
report as anecdotal the preference for needle in-
jections, the most feared part of cataract sur-
gery itself. This preference of topical anaesthe-
sia occurs despite the occasionally reported
greater discomfort during surgery and in the
postoperative period as compared with peribul-
bar injections [60]. At present there is a push
from patients towards topical anaesthesia,
which is now regarded as the standard tech-
nique in many countries. This change in men-
tality will probably further increase success
rates and will extend topical anaesthesia to oth-
er procedures on the anterior and posterior seg-
ment [78, 82].

1.6.1.2
Different Anaesthetics

While many studies have been devoted to inves-
tigating the activity of single drugs, compar-
isons of two topical anaesthetics are scant in the
literature. The availability of the new drug ropi-
vacaine stimulated two comparisons with lido-
caine [49, 56]. Ropivacaine was tested at 1% con-
centration, and lidocaine at 4% concentration.

The studies found both drugs effective and safe,
with better results for ropivacaine regarding en-
dothelial cell count [56] and need for further
drug administration [49].

A comparison of lidocaine 2% gel vs. bupiva-
caine 0.5% plus benoxinate 1% eyedrops was
also performed on a limited number of patients,
reporting similar results in relation to analgesic
effect. Should these comparisons continue, they
will probably confirm that almost all the anaes-
thetic drugs employed for local anaesthesia can
be employed as topical agents in cataract sur-
gery, with some minor differences among them.

1.6.1.3
Sedation

Oral or IV sedation is present in the protocol of
many surgeons, especially during transition or
when comparison studies were carried out [65,
69,77,83]. In other studies sedation was used only
in selected cases, demonstrating the feasibility of
topical anaesthesia in almost 100% of patients
[20]. The current approach to no sedation sur-
gery was opened by studies demonstrating that
in peribulbar cases sedation was necessary more
for needle anaesthesia delivery than for surgery
itself [64,72],and by studies finding that patients’
objective anxiety for the surgical procedure was
very low [23].More recently self-administered se-
dation during surgery has been studied, compar-
ing patients receiving fentanyl after pressing a
button with patients receiving saline [7]. Better
comfort both for the patient and for the surgeon
was found associated with general sedation in
that study.Other surgeons think that sedation di-
minishes patient co-operation during surgery,
and could lead to unwanted ocular movements
that could increase surgical difficulties.

1.6.2
Intracameral Anaesthesia

1.6.2.1
Efficacy and Safety

Proposing intracameral irrigation with unpre-
served 1% lidocaine, Gills and Koch [26, 41]
helped change surgeons’ mentality. With intra-
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cameral irrigation, intraocular levels of drug are
about 100 times the level after topical instilla-
tions [11], completely eliminating pain and dis-
comfort coming from intraocular structures. In
his study on 1000 subjects, Koch [41] had only
four failures. In our study spanning the first
2 years of use [12], we had 14 partial failures (af-
ter surgery patients preferred peribulbar injec-
tions because of the high intra-operative dis-
comfort perceived with topical anaesthesia) and
11 total failures (peribulbar injection selected by
the surgeon before or during surgery) out of
1442 operations, a percentage of 1.7%.

Recent studies continue to underline the
safety of intracameral anaesthesia. Heuermann
et al. [32] demonstrated that long-term en-
dothelial cell loss was similar to peribulbar:
12.55% vs. 11.11%. Pang et al. [64] showed intra-
cameral anaesthesia to be as safe as topical
anaesthesia for the retina, while Roberts and
Boytell [68] found no statistical difference in
topical anaesthesia as regards systolic blood
pressure, pulse rate and oxygen saturation.

1.6.2.2
Topical vs. Topical Plus Intracameral

Although more than 80% of surgeons adopting
topical anaesthesia for phacoemulsification also
employ intracameral irrigation [47], its necessi-
ty in phacoemulsification surgery remains
controversial [43]. At first many studies were
demonstrating better analgesia and better pa-
tient comfort with intracameral irrigations [25,
54, 55], but thereafter other studies failed to con-
firm the need for intracameral drug delivery,
showing no significant relationship between the
use of intracameral lidocaine and the intraoper-
ative or postoperative pain scores [33, 64, 68, 75].
In most cases intraocular irrigations probably
offer little advantage after proper topical anaes-
thetic instillation, particularly in uncomplicat-
ed cases performed by experienced surgeons.
However, also in these circumstances it adds to
our surgery the confidence not to cause pain
even with sudden or unwanted movements. In-
tracameral anaesthesia can also increase pupil-
lary dilation.
Based on our review of the literature and clinical
experience, it could be an option to keep the in-

tracameral irrigation ready, and to use it only if
necessary or in selected cases. With this ap-
proach, intraocular irrigation was employed in
22% [52] and in 14% [56] in two published stud-
ies.

Summary for the Clinician

∑ Topical anaesthesia is now the standard 
for phacoemulsification surgery

∑ Intracameral anaesthesia could not be 
required in most uncomplicated cases

1.7
No Anaesthesia Cataract Surgery

After the first experience in India by Argawal et
al. [1], some reports of cataract surgery with no
anaesthesia has appeared in various countries
in recent years [30]. In a prospective ran-
domised study, Pandey et al. [62] found similar
pain scores in patients operated under topical
BSS, topical lidocaine and topical plus intra-
cameral lidocaine, although surgeon anxiety
was increased. The authors conclude that
cataract surgery can be performed with no
anaesthesia, at least in older patients with lower
corneal sensitivity, and probably with some
racial differences. Other important features of
no anaesthesia cataract surgery are pupil dila-
tion with cycloplegic eyedrops, the use of cold
eyedrops and solutions, the low level of micro-
scope lights, the avoidance of forceps, and espe-
cially the confidence of the surgeon. At present
cataract surgery with no anaesthesia is not
growing in popularity among ophthalmic sur-
geons, but its feasibility could be of interest in
very selected cases.

1.8
Current Recommendations

1.8.1
Treatment Schedule

A useful scheme for topical and intracameral
anaesthesia for phacoemulsification surgery
could be the following (see also Table 1.3):
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1. Excessive eyedrop instillation should be
avoided, to minimise unwanted effects on oc-
ular surfaces

2. Intracameral irrigation with anaesthetics
could be used routinely to achieve standard
anaesthesia and to reduce surgeon anxiety

3. Repeated instillations or intracameral irriga-
tions in the case of pain sensation did not
cause evidence of problems in some of our
patients

4. Pain in the case of conjunctival or scleral ma-
nipulation at the end of surgery (e.g. suture
apposition) should be expected

5. Patients should be made aware of possible
postoperative mild discomfort due to dry
eye, lasting up to 8 weeks

1.8.2
Drug Selection

At present, the selection of the preferred anaes-
thetic drug is probably conditioned by a num-
ber of factors that can address or limit surgeon’s
choice.

1.8.2.1
Tolerance

Ester-bound compounds frequently cause some
allergic reactions due to their metabolite para-
aminobenzoic acid, proparacaine being a no-
table exception [36]. Therefore they are not pre-
ferred as default drugs in favour of the amide
lidocaine.

1.8.2.2
Speed of Action

Ester-bound compounds exert their anaesthetic
activity immediately after administration.
Therefore they should be preferred when instant
analgesic effect is required, as in the case of pain
during surgery. The combination of different
anaesthetic drugs in the same eyes did not lead
to relevant complications in published reports
[16, 52]. Amide compounds, especially bupiva-
caine and ropivacaine, require a longer time to
act and therefore they should be administered
beginning 10–15 min before surgery. If used in-
tra-operatively, surgery should be stopped for at
least 1 min to allow analgesia. For this reason
Malecaze et al. [52] used intraocular mepiva-
caine to control intra-operative pain after topical
anaesthesia with bupivacaine eyedrops.

1.8.2.3
Duration of the Effect

Amide compounds have a longer lasting effect
than ester compounds. Any of them covers the
entire duration of uncomplicated cataract sur-
gery, although bupivacaine and ropivacaine
have longer lasting activity.

1.8.2.4
Drug Availability

Sterile vials of the selected unpreserved drug
must be available to prepare dilutions for topi-
cal and intracameral use. As the most available
in the different countries is lidocaine, this is
now the standard drug for topical and intra-
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Table 1.3. Schedule for topical/intracameral anaesthesia for phacoemulsification

1. Base drug Lidocaina 4% monodose Alfa-Intes, Casoria, Naples
Single-dose sterile units 0.5 ml without preservatives

2. Topical instillations One drop in both eyes every 5 min at times –15, –10, –5 min

3. Intracameral irrigation 1% Lidocaine obtained adding 1.5 ml of BSS to 0.5 ml 
of the 4% solution (pH 6.4)
Approximately 1–1.5 ml used to obtain hydrodissection

4. Topical repeated In case of conjunctival manipulation

5. Intracameral repeated In case of prolonged surgery/complications



cameral anaesthesia in phacoemulsification
surgery [12, 47]. Ampoules should be checked
for pH both before and after dilution prepara-
tion, at least at the beginning of use and at inter-
vals thereafter.

1.9
Conclusions

Topical drug administration is rapidly becom-
ing the preferred method of anaesthesia for
phacoemulsification in all countries for reasons
of simplicity, safety and cost.Although there are
some drawbacks, the advantages by far exceed
the disadvantages. In addition to the mentioned
efficacy and safety, the saving of complex preop-
erative evaluations of the general health of pa-
tients should be underlined. Intraocular irriga-
tion of unpreserved lidocaine is probably not
required in every case, although widely accept-
ed as standard. It has induced many uncertain
surgeons to abandon peribulbar injections, and
helped reduce the number of instillations and
therefore their toxicity for the ocular structures.
Intracameral anaesthesia will probably be used
for a long time if signs of intraocular side effects
do not emerge.The feasibility of intraocular irri-
gation with anaesthetics is prompting surgeons
to perform other types of anterior and posterior
segment procedures, such as glaucoma and vit-
reoretinal surgery, under topical/intracameral
anaesthesia. Once again, cataract surgery is lead-
ing innovation in ophthalmic surgery.
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2.1
Introduction

Phacoemulsification (phaco) means disassem-
bly and removal of the crystalline lens. From its
introduction in the late 1960s to the present,
phaco has evolved into a highly effective
method of cataract extraction. Incremental ad-
vances in surgical technique and the simultane-
ous redesign and modification of technology
have permitted increasing safety and efficiency.

Among the advances that have shaped mod-
ern phaco are incision construction, continuous
curvilinear capsulorhexis, cortical cleaving
hydrodissection, hydrodelineation, and nucle-
ofractis techniques. The refinement of cataract
removal through a small incision has improved
phaco and permitted rapid visual rehabilitation
and excellent ocular structural stability. Per-
haps the most outstanding characteristic of this
era of phaco is the unrelenting quest for excel-
lence that continues to challenge the innovative
spirit of cataract surgeons.

2.2
Wound Construction and Architecture

The availability of foldable intraocular lenses
which can be inserted through small unsutured
phacoemulsification incisions [13] has created a
trend away from scleral tunnel incisions to clear
corneal incisions [41].Among the disadvantages
of scleral tunnels are the need to perform con-
junctival incisions and scleral dissections, and
the need for cautery to prevent operating in the
presence of blood. In addition, there is in-
creased difficulty with oarlocking of the phaco
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∑ An incremental yet inexorable reduction 
in incision size and related morbidity 
has marked the recent history of cataract
surgery

∑ Continuous curvilinear capsulorhexis 
has improved stability and centration of 
intraocular lenses, helped to reduce poste-
rior capsular opacification and spurred the
development of endolenticular nucleo-
fractics techniques

∑ Cortical cleaving hydrodissection has 
reduced the need for irrigation and 
aspiration of cortical material and the 
rate of posterior capsular opacification

∑ Chop techniques substitute mechanical
forces for ultrasound energy to disassemble
the nucleus, utilize high vacuum as an 
extractive technique to remove nuclear 
material and facilitate the achievement 
of minimally invasive surgery and rapid 
visual rehabilitation

∑ The promise of bimanual, ultra-small 
incision cataract surgery and companion
IOL technology is today becoming a reality,
through both laser and new ultrasound
power modulations
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tip and distortion of the cornea because of the
length of scleral tunnels.

Kratz is generally credited as the first sur-
geon to move from the limbus posteriorly to the
sclera in order to increase appositional surfaces,
thus enhancing wound healing and reducing
surgically induced astigmatism [8, 43]. Girard
and Hoffman were the first to name the posteri-
or incision a “scleral tunnel incision” and were,
along with Kratz, the first to make a point of en-
tering the anterior chamber through the cornea,
creating a corneal shelf [32]. This corneal shelf
was designed to prevent iris prolapse. In 1989,
McFarland used this incision architecture and
recognized that these incisions allowed for the
phacoemulsification and implantation of lenses
without the need for suturing [44]. Maloney,
who was a fellow of Kratz’, advocated a corneal
shelf to his incisions which he described as
strong and waterproof [42]. Ernest recognized
that McFarland’s long scleral tunnel incision
terminated in a decidedly corneal entrance. He
hypothesized that the posterior “corneal lip” of
the incision acted as a one-way valve thus ex-
plaining the mechanism for self sealability (as
postulated by Ernest in a presentation to the De-
partment of Ophthalmology, Wayne State Uni-
versity School of Medicine, Detroit, MI, on Feb-
ruary 28, 1990). In April of 1992, Fine presented
his self-sealing temporal clear corneal incision
at the annual meeting of the American Society
of Cataract and Refractive Surgery [5].

There have been surgeons who have favoured
corneal incisions for cataract surgery prior to
their recent popularization. In 1968, Charles
Kelman stated that the best approach for per-
forming cataract surgery was with phaco-
emulsification through a clear corneal incision
utilizing a triangular-tear capsulotomy and a
grooving and cracking technique in the posteri-
or chamber [37]. Harms and Mackenson in Ger-
many published an intracapsular technique us-
ing a corneal incision in 1967 [33]. Troutman
was an early advocate of controlling surgically
induced astigmatism at the time of cataract sur-
gery by means of the corneal incision approach
[12]. Arnott in England utilized clear corneal
incisions and a diamond keratome for pha-
coemulsification although he had to enlarge the
incision for introducing an IOL [4]. Galand in

Belgium utilized clear corneal incisions for ex-
tracapsular cataract extraction in his envelope
technique [24] and Stegman of South Africa has
a long history of having utilized the cornea as
the site for incisions for extracapsular cataract
extraction (R. Stegmann, personal communica-
tion, December 3, 1992). Finally, perhaps the
leading proponent of clear corneal incisions for
modern era phacoemulsification was Kimiya
Shimizu of Japan [53].

In 1992, Fine began routinely utilizing clear
corneal cataract incisions with closure by a tan-
gential suture modelled after Shepherd’s tech-
nique [51]. Within a very short period, the su-
ture was abandoned in favour of self-sealing
corneal incisions [17]. Through the demonstrat-
ed safety and increased utilization of these inci-
sions by pioneers in the United States, including
Williamson, Shepherd, Martin, and Grabow
[61], these incisions became increasingly popu-
lar and utilized on an international basis.

Rosen demonstrated by topographical analy-
sis that clear corneal incisions of 3 mm or less in
width do not induce astigmatism [49]. This
finding led to increasing interest because of bet-
ter predictability of T-cuts, arcuate cuts, and
limbal relaxing incisions for managing pre-ex-
isting astigmatism at the time of cataract sur-
gery. Surgeons recognized many other advan-
tages of the temporal clear corneal incision,
including better preservation of pre-existing fil-
tering blebs [47] and options for future filtering
surgery, increased stability of refractive results
because of decreased effects from lid blink and
gravity, ease of approach, elimination of the bri-
dle suture and iatrogenic ptosis, and improved
drainage from the surgical field via the lateral
canthal angle.

Single plane incisions, as first described by
Fine [15], utilized a 3.0-mm diamond knife.
After pressurizing the eye with viscoelastic
through a paracentesis, the surgeon placed the
blade on the eye so that it completely applanat-
ed the eye with the point of the blade positioned
at the leading edge of the anterior vascular ar-
cade. The knife was advanced in the plane of the
cornea until the shoulders, 2 mm posterior to
the point of the knife, touched the external edge
of the incision. Then the point of the blade was
directed posteriorly to initiate the cut through

20 Chapter 2 Surgical Techniques for Small Incision Cataract Surgery



Descemet’s membrane in a manoeuvre known
as the dimple-down technique. After the tip en-
tered the anterior chamber, the initial plane of
the incision was re-established to cut through
Descemet’s in a straight-line configuration.

Williamson was the first to utilize a shallow
300–400mm grooved clear corneal incision [21].
He believed that the thicker external edge to the
roof of the tunnel reduced the likelihood of
tearing. Langerman later described the single
hinge incision, in which the initial groove meas-
ured 90% of the depth of the cornea anterior to
the edge of the conjunctiva [40]. Initially he uti-
lized a depth of 600mm and subsequently made
the tunnel itself superficially in that groove, be-
lieving that this led to enhanced resistance of
the incision to external deformation.

Surgeons employed adjunctive techniques to
combine incisional keratorefractive surgery
with clear corneal cataract incisions. Fine used
the temporal location for the cataract incision
and added one or two T-cuts made by the Feast-
er Knife with a 7-mm ocular zone for the man-
agement of pre-existing astigmatism. Others,
including Lindstrom and Rosen, rotated the lo-
cation of the incision to the steep axis. Kershner
used the temporal incision by starting with a
nearly full thickness T-cut through which he
then made his corneal tunnel incision. For large
amounts of astigmatism he used a paired T-cut
in the opposite side of the same meridian [38].
Finally, the popularization of limbal relaxing in-
cisions by Gills [25] and Nichamin [46], added
an additional means of reducing pre existing
astigmatism.

The 3-D Blade (Rhein Medical, Tampa, FL)
improved incision construction with differen-
tially sloped bevels on its anterior and posterior
surfaces. This design allowed the surgeon to
touch the eye at the site of the external incision
location and advance the blade in the plane of
the cornea without dimpling down. The differ-
ential slopes allowed the forces of tissue resist-
ance to create an incision characterized by a
linear external incision, a 2-mm tunnel, and a
linear internal incision [18]. The trapezoidal 3-D
Blade also allowed enlargement of the incision
up to 3.5 mm for IOL insertion without altering
incision architecture.

Following phacoemulsification, lens implan-
tation, and removal of residual viscoelastic,
stromal hydration of the clear corneal incision
can be performed in order to help seal the inci-
sion [16]. Stromal hydration is performed by
gently irrigating balanced salt solution into the
stroma at both edges of the incision with a 
26- or 27-gauge cannula. Once apposition takes
place, the hydrostatic forces of the endothelial
pump help seal the incision. In those rare in-
stances of questionable wound integrity, a sin-
gle 10–0 nylon or Vicryl suture is placed to en-
sure a tight seal.

Clear corneal incisions, by nature of their ar-
chitecture and location, have some unique com-
plications associated with them. If one inciden-
tally incises the conjunctiva at the time of the
clear corneal incision, ballooning of the con-
junctiva can develop which may compromise
visualization of anterior structures. In this case,
a suction catheter may be used to aid exposure.
Early entry into the anterior chamber may re-
sult in an incision of insufficient length to be
self-sealing. In addition, incisions that are too
short or improperly constructed can result in an
increased tendency for iris prolapse. A single
suture may be required in order to assure a se-
cure wound at the conclusion of the procedure.
On the other hand, a late entry may result in a
corneal tunnel so long that the phaco tip creates
striae in the cornea and compromises the view
of the anterior chamber.

Manipulation of the phacoemulsification
handpiece intraoperatively may result in tearing
of the roof of the tunnel, especially at the edges,
resulting in compromise of the incision’s self-
sealability. Tearing of the internal lip can also
occur, resulting in compromised self-sealability
or, rarely, small detachments or scrolling of De-
scemet’s membrane in the anterior edge of the
incision.

Of greater concern has been the potential for
incisional burns [19].When incisional burns de-
velop in clear corneal incisions there may be a
loss of self-sealability. Closure of the wound
may induce excessive amounts of astigmatism.
In addition, manipulation of the incision can re-
sult in an epithelial abrasion, which can com-
promise self-sealability because of the lack of a
fluid barrier by an intact epithelium.Without an
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intact epithelial layer, the corneal endothelium
does not have the ability to help appose the roof
and floor of the incision through hydrostatic
forces.

In a large survey performed for the Ameri-
can Society of Cataract and Refractive Surgery
by Masket [56] there was a slightly increased
incidence of endophthalmitis in clear corneal
cataract surgery compared to scleral tunnel 
surgery. However, the survey failed to note the
incision sizes in those cases where endoph-
thalmitis in clear corneal incisions had oc-
curred. Masket described several generally ac-
cepted techniques of prophylaxis, including
preoperative topical antibiotics, 5% povidone-
iodine prep and draped eyelashes

Colleaux and Hamilton [7] found no signifi-
cant difference in the rate of endophthalmitis
with respect to clear corneal versus scleral tun-
nel incisions in a retrospective review of 13,886
consecutive cataract operations. They reported
a significant prophylactic effect of subconjunc-
tival antibiotic injection, but found no benefit to
preoperative antibiotic drops. In an evidence-
based update, Ciulla, Starr and Masket found
that current literature most strongly supports
the use of preoperative povidone-iodine anti-
sepsis [6]. They found little change in the risk of
endophthalmitis in the United States over time,
from 0.12% in 1984 to 0.13% in 1994.

Clear corneal cataract incisions are becom-
ing a more popular option for cataract extrac-
tion and intraocular lens implantation through-
out the world. With clear corneal incisions we
have achieved minimally invasive surgery with
immediate visual rehabilitation. Clear corneal
incisions have had a proven record of safety
with relative astigmatic neutrality. In addition,
clear corneal incisions result in an excellent cos-
metic outcome. We expect that they will contin-
ue to increase in popularity, especially as newer
modalities, such as non-thermal bimanual pha-
co, become the standard of care.

Summary for the Clinician

∑ Increased operating efficiency, improved
control of astigmatism and foldable 
intraocular lens technology have led to 
increasing utilization of self-sealing, clear
corneal incisions for cataract surgery

∑ Pre-existing corneal astigmatism may be 
effectively treated at the time of cataract
surgery by means of incisional keratore-
fractive techniques

∑ Successful clear corneal incisions require
attention to detail in order to avoid unique
complications associated with them

2.3
Continuous Curvilinear Capsulorhexis

Implantation of the IOL in an intact capsular
bag facilitates the permanent rehabilitative ben-
efit of cataract surgery. For many years, sur-
geons considered a “can-opener” capsulotomy
satisfactory for both planned extracapsular
cataract extraction and phaco. Problems related
to malposition and decentration of implanted
posterior chamber IOLs were later recognized.
In 1991, Wasserman and associates [59] per-
formed a postmortem study that showed that
the extension of one or more V-shaped tears to-
wards the equator of the capsule produced in-
stability of the IOL and resulted in IOL malposi-
tion.

We are fortunate to have benefited from the
work of Calvin Fercho, who developed continu-
ous tear capsulotomy (as presented in “Contin-
uous circular tear anterior capsulotomy,” Welsh
Cataract Congress, on 9th September, 1986) and
Gimbel and Neuhann, who popularized contin-
uous curvilinear capsulorhexis (CCC) [28, 29,
45].

The technique of CCC is not difficult to learn
if certain basic principles are observed:
1. The continuous capsular tear should be per-

formed in a deep, stable anterior chamber.
We advocate using a viscoelastic substance
that deepens the anterior chamber and
stretches the anterior capsule. The use of a
viscoelastic material accomplishes two im-
portant goals:
a) It creates space for safe instrumentation

in the anterior chamber
b) By making the anterior capsule taut and

pushing the lens posteriorly it resists the
action of posterior pressure, which tends
to cause the capsular tear to move periph-
erally
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2. The tear is started at the centre of the cap-
sule. This way the origin of the tear is includ-
ed within the termination of the tear. Start-
ing in the centre of the capsule generates a
flap with a peripheral edge that is smooth
and continuous

3. Once the initial flap is mobilized, it is invert-
ed to permit a smooth tearing action, such as
would be achieved in tearing a piece of paper
with one half held stable while the inverted
half is torn to the desired configuration. This
principle is the same whether a cystotome/
bent needle or forceps is used to create the
capsulotomy

4. The continuous tear proceeds either clock-
wise or counter-clockwise in a controlled
and deliberate fashion, the surgeon regrasp-
ing with the forceps or repositioning the
point of the cystotome/bent needle on the in-
verted flap to control the vector of the tear.
Upon completion of the CCC, it is essential
that the origin of the peripheral portion of
the CCC be included within the circumfer-
ence of the tear

As we have indicated, it is essential to control
the course of the capsular tear.A tear that begins
moving peripherally or in a radial fashion is a
signal that a condition exists that requires im-
mediate attention. The first thing the surgeon
must do is to recognize the situation. Further
progress of the tear should be stopped and the
depth of the anterior chamber assessed. Fre-
quently the cause of the peripheral course of the
tear is shallowing of the anterior chamber and
the effect of posterior pressure on the lens and
anterior capsule. Adding more viscoelastic to
deepen the anterior chamber opposes the poste-
rior pressure, makes the lens capsule taut,
widens the pupil, and permits inspection of the
capsule to see whether zonular extension onto
the anterior capsule is responsible for the misdi-
rection of the tear. Generally, the tear can be
redirected and continued.

If the tear has extended peripherally and
cannot be safely redirected, one option is to cre-
ate a small tangential incision at the origin of
the CCC with Vannas scissors and to direct the
tear in the opposite direction to include the pe-
ripheral extension. If this manoeuvre cannot be

accomplished and the discontinuity in the CCC
remains, it is probably wisest to make several
other small incisions in the capsular rim so that
the peripheral force is distributed evenly, reduc-
ing the likelihood that a tear will extend around
the lens equator.

A similar situation may occur upon comple-
tion of the CCC. Again, at this point it is essen-
tial that the origin of the peripheral portion of
the CCC be included within the circumference
of the tear. If this manoeuvre is performed cor-
rectly, it will result in a totally blended edge or 
it will form a small centripetally peaked area 
(cardioid). If the end of the CCC results in a 
V-shaped centrifugally oriented peak, however,
this peak acts as a discontinuity in the anterior
capsular opening and may extend peripherally,
with the attendant consequences mentioned
above. The surgeon must convert this area to a
smooth tear by either regrasping an edge to in-
clude the V-shaped tear or by making a small in-
cision with a Vannas scissors to create a seg-
mental secondary CCC.

The use of a vital dye to stain the anterior
capsule in the absence of a good red reflex con-
stitutes an important adjunctive technique for
capsulorhexis construction. The surgeon makes
the sideport incision and then fills the anterior
chamber with air. The dye, either indocyanine
green or trypan blue, is injected into the cham-
ber. The air and residual dye is then exchanged
for viscoelastic. Despite the absence of a red
reflex the capsule is now easy to see.

The technique of CCC has provided impor-
tant advantages both for cataract surgery and
IOL implantation. Because endolenticular or in
situ phaco must be performed in the presence of
an intact continuous capsulotomy opening, the
capsulorhexis has also served as a stimulus for
modification of phaco techniques.

Summary for the Clinician

∑ Critical elements of technique for the 
construction of continuous curvilinear 
capsulorhexis include operating in a deep
and stable chamber, initiating the tear in
the centre of the capsule and regrasping 
the flap to maintain control of the vector 
of the tear at all times
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∑ The use of vital dyes has extended the 
application of continuous curvilinear 
capsulorhexis to cases with a reduced 
or absent red reflex

2.4
Hydrodissection and Hydrodelineation

Hydrodissection of the nucleus in cataract sur-
gery has traditionally been perceived as the in-
jection of fluid into the cortical layer of the lens
under the lens capsule to separate the lens nu-
cleus from the cortex and capsule [48]. With in-
creased use of continuous curvilinear capsu-
lorhexis and phacoemulsification in cataract
surgery, hydrodissection became a very impor-
tant step to mobilize the nucleus within the cap-
sule for disassembly and removal [10, 14, 26, 52].
Following nuclear removal, cortical cleanup
proceeded as a separate step, using an irrigation
and aspiration handpiece.

Fine first described cortical cleaving hy-
drodissection, which is a hydrodissection tech-
nique designed to cleave the cortex from the
lens capsule and thus leave the cortex attached
to the epinucleus [17]. Cortical cleaving hy-
drodissection usually eliminates the need for
cortical cleanup as a separate step in cataract
surgery, thereby eliminating the risk of capsular
rupture during cortical cleanup.

2.4.1
Cortical Cleaving Hydrodissection

A small capsulorhexis, of 5–5.5 mm, optimizes
the procedure. The large anterior capsular flap
makes this type of hydrodissection easier to
perform. The anterior capsular flap is elevated
away from the cortical material with a 26-gauge
blunt cannula (e.g. Katena Instruments No.
K7–5150) prior to hydrodissection. The cannula
maintains the anterior capsule in a tented-up
position at the injection site near the lens equa-
tor. Irrigation prior to elevation of the anterior
capsule should be avoided because it will result
in transmission of a fluid wave circumferential-
ly within the cortical layer, hydrating the cortex
and creating a path of least resistance that will

disallow later cortical cleaving hydrodissection.
Once the cannula is properly placed and the
anterior capsule is elevated, gentle, continuous
irrigation results in a fluid wave that passes cir-
cumferentially in the zone just under the cap-
sule, cleaving the cortex from the posterior cap-
sule in most locations. When the fluid wave has
passed around the posterior aspect of the lens,
the entire lens bulges forward because the fluid
is trapped by the firm equatorial cortical-capsu-
lar connections. The procedure creates, in effect,
a temporary intraoperative version of capsular
block syndrome as seen by enlargement of the
diameter of the capsulorhexis. At this point, if
fluid injection is continued, a portion of the lens
prolapses through the capsulorhexis. However, if
prior to prolapse the capsule is decompressed by
depressing the central portion of the lens with
the side of the cannula in a way that forces fluid
to come around the lens equator from behind,
the cortical-capsular connections in the capsu-
lar fornix and under the anterior capsular flap
are cleaved. The cleavage of cortex from the cap-
sule equatorially and anteriorly allows fluid to
exit from the capsular bag via the capsulorhexis,
which constricts to its original size, and mobi-
lizes the lens in such a way that it can spin freely
within the capsular bag. Repeating the hydrodis-
section and capsular decompression starting in
the opposite distal quadrant may be helpful. Ad-
equate hydrodissection at this point is demon-
strable by the ease with which the nuclear-corti-
cal complex can be rotated by the cannula.

2.4.2
Hydrodelineation

Hydrodelineation is a term first used by Anis to
describe the act of separating an outer epinu-
clear shell or multiple shells from the central
compact mass of inner nuclear material, the en-
donucleus, by the forceful irrigation of fluid
(balanced salt solution) into the mass of the nu-
cleus [3].

The 26-gauge cannula is placed in the nucle-
us,off centre to either side,and directed at an an-
gle downward and forward towards the central
plane of the nucleus. When the nucleus starts to
move, the endonucleus has been rea-ched. It is
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not penetrated by the cannula. At this point, the
cannula is directed tangentially to the endonu-
cleus, and a to-and-fro movement of the cannu-
la is used to create a tract within the nucleus.The
cannula is backed out of the tract approximately
halfway, and a gentle but steady pressure on the
syringe allows fluid to enter the distal tract with-
out resistance. Driven by the hydraulic force of
the syringe, the fluid will find the path of least re-
sistance, which is the junction between the en-
donucleus and the epinucleus, and flow circum-
ferentially in this contour. Most frequently, a
circumferential golden ring will be seen outlin-
ing the cleavage between the epinucleus and the
endonucleus. Sometimes the ring will appear as
a dark circle rather than a golden ring.

Occasionally, an arc will result and surround
approximately one quadrant of the endonucle-
us. In this instance, creating another tract the
same depth as the first but ending at one end of
the arc, and injecting into the middle of the sec-
ond tract, will extend that arc (usually another
full quadrant). This procedure can be repeated
until a golden or dark ring verifies circumferen-
tial division of the nucleus.

For very soft nuclei, the placement of the
cannula allows creation of an epinuclear shell of
any thickness. The cannula may pass through
the entire nucleus if it is soft enough, so the
placement of the tract and the location of the in-
jection allow an epinuclear shell to be fashioned
as desired. In very firm nuclei, one appears to be
injecting into the cortex on the anterior surface
of the nucleus, and the golden ring will not be
seen. However, a thin, hard epinuclear shell is
achieved even in the most brunescent nuclei.
That shell will offer the same protection as a
thicker epinucleus in a softer cataract.

Hydrodelineation circumferentially divides
the nucleus and has many advantages. Circum-
ferential division reduces the volume of the cen-
tral portion of nucleus removed by phacoemul-
sification by up to 50%. This allows less deep
and less peripheral grooving and smaller, more
easily mobilized quadrants after cracking or
chopping. The epinucleus acts as a protective
cushion within which all of the chopping, crack-
ing and phacoemulsification forces can be con-
fined. In addition, the epinucleus keeps the bag
on stretch throughout the procedure, making it

unlikely that a knuckle of capsule will come for-
ward, occlude the phaco tip, and rupture.

Summary for the Clinician

∑ Critical steps of cortical cleaving hydrodis-
section include injection of balanced salt
solution under the anterior capsule such
that a fluid wave traverses the posterior 
aspect of the lens and decompression 
of the capsule by depression of the 
central portion of the lens

∑ Hydrodelineation means separation 
of the epinucleus from the endonucleus 
in order to allow the epinucleus to 
serve as a protective cushion during 
manipulation and extraction of the 
endonucleus

2.5
Nucleofractis Techniques

The evolution of phaco from the initial proce-
dure as described by Kelman [10] in the late
1960s to the techniques that we currently prac-
tice is nothing less than remarkable. The contri-
butions of talented ophthalmic surgeons who
persevered throughout these years should be
commended, since they laid the groundwork for
our present methods.

The major distinction between the phaco
techniques practised today and the earlier tech-
niques is that modern methods have facilitated
phaco of dense cataracts within the capsular
bag, allowing the central endonucleus to be re-
moved before the epinucleus is encountered.
With previous techniques, we worked from the
peripheral portion of the epinucleus/nucleus
complex toward the centre. This change was in-
fluenced by the recognition that the nuclear
mass of firm and hard lenses could be divided
into smaller pieces for controlled removal with-
in the protective layer of the epinucleus and that
a capsular opening produced by a CCC would
withstand the forces involved in nuclear crack-
ing. Retention of an intact CCC opening also re-
quired sequential microsurgical removal of the
contents of the capsular bag, best achieved by
performing phaco in the central and deepest
portion of the anterior chamber.
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2.5.1
Divide and Conquer Technique

Divide and conquer nucleofractis phaco, de-
scribed by Gimbel [26], was the first nucleofrac-
tis (two-instrument) cracking technique devel-
oped. After adequate hydrodissection, a deep
crater is sculpted into the centre of the nucleus,
leaving a dense peripheral rim that can later be
fractured into multiple sections. It is important
that the crater include the posterior plate of the
nucleus; otherwise, fracturing of the rim will be
much more difficult. A shaving action is used to
sculpt away the central nuclear material. When
the central material is no longer accessible to
the phaco probe, the lens should be rotated and
additional central phaco performed to enlarge
and deepen the crater. The size of the central
crater should be expanded for progressively
denser nuclei. Enough of the dense material
must be left in place, however, to allow the pha-
co probe and second instrument to engage the
rim and fracture the lens into sections.

The surgeon uses his experience as a guide to
determine how deeply the central crater should
be sculpted. The peripheral nuclear rim stretch-
es the entire capsular bag and acts as a safety
mechanism to prevent the posterior capsule
from suddenly moving anteriorly and being cut
by the phaco probe.For harder nuclei, small sec-
tions should be fractured from the rim. Rather
than emulsify the sections as they are broken
away, the sections should be left in place within
the rim to maintain the circular rim and the ten-
sion on the capsule. Leaving the sections in
place also facilitates rotation and the progres-
sive fracturing of the remaining rim. It is some-
times advisable to initially remove one small
section to allow space for fracturing of the oth-
er segments of the remaining rim. If only a
small fragment is removed, the remaining seg-
ments can maintain capsular stretch and help to
avoid rupture of the capsule. After the rim is
fractured around the entirety of its circumfer-
ence, each segment can then be brought to the
centre of the capsule for safe emulsification.
One must be more cautious at this point be-
cause as more segments are removed, less lens
material is available to expand the capsule and

the capsule will have a greater tendency to be
aspirated into the phaco tip, especially if high
aspiration flow rates are used.

2.5.2
Phaco Fracture Technique

In phaco fracture, a widely used nucleofractis
technique described by Shepherd [53], the sur-
geon sculpts a groove from the 12- to 6-o’clock
position after performing hydrodissection and
hydrodelineation. The width of the groove
should be one and a half to two times the diam-
eter of the phaco tip. Using the phaco handpiece
and a second instrument, the surgeon rotates
the nucleus 90º. A second groove is sculpted
perpendicular to the first, in the form of a cross.
Sculpting continues until the red reflex is seen
at the bottom of the grooves. Additional rota-
tions and removal of nuclear material is often
necessary to accomplish adequate grooving.
Care should be taken to avoid sculpting com-
pletely through to the cortex peripherally, since
this puts the equatorial and posterior capsule at
increased risk of damage. A bimanual cracking
technique is used to create a fracture through
the nuclear rim in the plane of one of the
grooves.The nucleus is then rotated 90º,and ad-
ditional fractures are made until four separate
quadrants are isolated. The segments are then
tumbled toward the centre of the capsule for
safe emulsification.A short burst of phaco pow-
er is used to embed the phaco tip into the bulk
of the isolated quadrant, and then with the use
of aspiration, the quadrant is gently pulled into
the centre for emulsification. Alternatively, the
second instrument can be used to elevate the
apex of the wedge to facilitate mobilization of
the nuclear quadrant to the capsule’s centre.
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2.5.3
Chip and Flip Technique

Introduced by Fine [14] and useful for softer
grades of nuclei, this procedure relies on a nu-
cleus that rotates freely within the capsular bag.
Initially a central bowl is sculpted in the nucle-
us until a thin central plate remains. The second
instrument introduced through the side port in-
cision engages the subincisional nuclear rim to
move the inferior nuclear rim to toward the cen-
tre of the capsule bag. Then clock-hour pieces of
the rim are carefully emulsified as the nucleus is
rotated. Once the entire rim is removed, the sec-
ond instrument is used to elevate the remaining
central thinned nuclear plate (the chip), which
is then emulsified. The epinucleus is engaged at
the 6-o’clock position with aspiration alone. As
the phaco tip is moved superiorly, the second
instrument pushes the epinucleus toward the 6-
o’clock position, thereby tumbling the epinu-
clear bowl and permitting it to be aspirated (the
flip).

2.5.4
Crack and Flip Technique

Fine and colleagues modified Shepherd’s phaco
fracture technique by adding hydrodelineation,
resulting in the crack and flip technique [22].
Sculpting two deep grooves at right angles to
each other that extend to the golden ring per-
mits bimanual nucleus cracking. Only the
endonucleus cracks, since the epinucleus is sep-
arated from it by hydro-delineation. Each quad-
rant is then sequentially removed with the use
of pulsed phaco and moderate aspiration. The
second instrument elevates the apices of each
quadrant so that the tip of the phaco needle can
be totally occluded to aid in aspiration. Once the
nucleus is removed, the epinucleus is aspirated
as with the chip and flip technique.

There are several helpful tips in using the
crack and flip technique or a modification of
this method. The sculpting portion of the pro-
cedure is performed with minimal vacuum, rel-
atively low aspiration flow, and low phaco pow-
er. The forward passes of the phaco needle only

shave the nuclear material to ultimately sculpt a
groove. The phaco tip is never totally occluded
during this phase of the operation. Rather, only
a portion of the phaco needle contacts the nu-
cleus to remove controlled amounts of lens
material. This process is continued until the
grooves are deep. The appropriate depth can be
assessed by a brightening of the red reflex,
which suggests that the denser portion of the
nucleus has been emulsified on the region of the
grooves.

To achieve nuclear cracking, two instru-
ments are placed deeply in the grooves and
moved down and outward. The phaco needle
and a second instrument introduced through
the side port, paracentesis, or incision will crack
the nucleus if the grooves are sufficiently deep
and the instruments placed in the depth of the
grooves. If cracking does not readily occur, ad-
ditional deepening of the grooves is warranted.
Phaco energy is not required during this step.
The limit of the grooves is the golden ring,
which represents the perimeter of the endonu-
cleus. The loosened quadrants of the endonu-
cleus remain within the cushion of the sur-
rounding epinucleus.

Removing the nuclear fragments requires a
change in the parameters for phaco. For this
step, it is desirable to have lens material in con-
tact with the phaco needle. Increasing the aspi-
ration flow slightly directs lens material to the
phaco tip, while increasing the vacuum encour-
ages the nuclear fragments to be aspirated with
application of only a minimum of phaco power.
These parameters will be influenced by the den-
sity of the nucleus, but in principle, these set-
tings will result in successful nucleus removal.A
second instrument guides the control of nuclear
fragments.

Removing the epinucleus is accomplished as
described in Sect. 2.5.3. The parameters can be
modified such that: (1) the aspiration flow is
slightly reduced from the setting used in nu-
clear fragment removal, and (2) pulsed phaco
power is used. If cortical cleaving hydrodissec-
tion is successful, the cortex is removed along
with the epinucleus during this step of the pro-
cedure.
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2.5.5
Phaco Chop

The phaco chop technique was initially intro-
duced by Nagahara, who used the natural fault
lines in the lens nucleus to create cracks without
creating prior grooves (as presented by K. Naga-
hara, at the American Society of Cataract and
Refractive Surgery film festival, in 1993). The
phaco tip is embedded in the centre of the nu-
cleus after the superficial cortex is aspirated. A
second instrument, the phaco chopper, is then
passed to the equator of the nucleus, beneath
the anterior capsule, and drawn to the phaco tip
to fracture the nucleus. The two instruments are
separated to widen the crack. This procedure is
repeated until several small fragments are creat-
ed, which are then emulsified.

Koch and Katzen [39] modified this proce-
dure because they encountered difficulty in mo-
bilizing the nuclear fragments. They created a
central groove or central crater, depending on
the density of the nucleus. This modification
permits ease of removing the nuclear fragments
liberated by the phaco chop technique.

Advocates of these nucleus-dividing tech-
niques have suggested that high levels of vacu-
um help to remove the nuclear fragments and
minimize the need for ultrasound energy. With
some of the newer phaco instruments, higher
vacuum power can be applied with minimal
risk of anterior chamber collapse.

2.5.6
Choo Choo Chop and Flip

Fine described the “choo-choo chop and flip”
technique in 1998 [20]. Subsequently, Fine,
Packer and Hoffman correlated the reduction of
ultrasound energy with this technique to im-
provement in uncorrected post-operative day
one visual acuity [23]. A 30º standard bevel
down tip is used throughout endonuclear re-
moval. After aspirating the epinucleus uncov-
ered by the capsulorhexis, a Fine/Nagahara
chopper (Rhein Medical, Tampa, FL) is placed in
the golden ring by touching the centre of the nu-
cleus with the tip and pushing it peripherally so

that it reflects the capsulorhexis. The chopper is
used to stabilize the nucleus by lifting and
pulling toward the incision slightly, after which
the phaco tip lollipops the nucleus in either
pulse mode at two pulses/s or 80-ms burst mode
(Fig.2.1). Burst mode is a power modulation that
utilizes a fixed per cent power (panel control), a
programmable burst width (duration of power),
and a linear interval between bursts. As one en-
ters foot position 3, the interval between bursts
is 2 s; with increasing depressions of the foot
pedal in foot position 3 the interval shortens un-
til at the bottom of foot position 3 there is con-
tinuous phaco. In pulse mode, there is linear
power (%) but a fixed interval between pulses,
resulting at two pulses/s in a 250-ms pulse (lin-
ear power) followed by a 250-ms pause in pow-
er followed by a 250-ms pulse, etc. However, in
both of these modulations with tip occlusion,
vacuum is continuous throughout the pulse and
pause intervals. With the energy delivered in
this way, ultrasound energy into the eye is min-
imized and hold on the nucleus is maximized as
vacuum builds between pulses or bursts. Be-
cause of the decrease in cavitational energy
around the tip at this low pulse rate or in burst
mode, the tunnel in the nucleus in which the tip
is embedded fits the needle very tightly and
gives us an excellent hold on the nucleus, thus
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Fig. 2.1. The nucleus is stabilized during lollipop-
ping for the initial chop



maximizing control of the nucleus as it is scored
and chopped in foot position 2 (Fig. 2.2).

The Fine/Nagahara chop instrument is
grooved on the horizontal arm close to the ver-
tical “chop” element with the groove parallel to
the direction of the sharp edge of the vertical el-
ement. In scoring the nucleus, the instrument is
always moved in the direction the sharp edge of
the wedge-shaped vertical element is facing (as
indicated by the groove on the instrument), thus
facilitating scoring. The nucleus is scored by
bringing the chop instrument to the side of the
phaco needle. It is chopped in half by pulling the
chopper to the left and slightly down while
moving the phaco needle, still in foot position 2,
to the right and slightly up. Then the nuclear
complex is rotated. The chop instrument is
again brought into the golden ring (Fig. 2.3), the
nucleus is again lollipopped, scored, and
chopped with the resulting pie-shaped segment
now lollipopped on the phaco tip (Fig. 2.4). The
segment is then evacuated utilizing high vacu-
um and short bursts or pulse mode phaco at two
pulses/s (Fig. 2.5). The nucleus is continually
rotated so that pie-shaped segments can be
scored, chopped, and removed essentially by the
high vacuum assisted by short bursts or pulses
of phaco. The short bursts or pulses of ultra-
sound energy continuously reshape the pie-

shaped segments which are kept at the tip, al-
lowing for occlusion and extraction by the vac-
uum. The size of the pie-shaped segments is
customized to the density of the nucleus with
smaller segments for denser nuclei. Phaco in
burst mode or at this low pulse rate sounds like
“choo-choo-choo-choo”, ergo the name of this
technique. With burst mode or the low pulse
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Fig. 2.3. The nucleus is stabilized before the second
chop is commenced

Fig. 2.2. The initial chop is completed

Fig. 2.4. A pie-shaped segment adheres to the phaco
tip after the second chop is completed



rate, the nuclear material tends to stay at the tip
rather than chatter as vacuum holds between
pulses. The chop instrument is utilized to stuff
the segment into the tip or keep it down in the
epinuclear shell.

After evacuation of the first hemi-nucleus,
the second hemi-nucleus is rotated to the distal
portion of the bag and the chop instrument sta-
bilizes it while it is lollipopped. It is then scored
and chopped (Fig. 2.6). The pie-shaped seg-

ments can be chopped a second time to reduce
their size if they appear too large to easily evac-
uate (Fig. 2.7).

There is little tendency for nuclear material
to come up into the anterior chamber with this
technique. Usually it stays down within the
epinuclear shell, but the chop instrument can
control the position of the endonuclear materi-
al. The 30º bevel-down tip facilitates occlusion,
as the angle of approach of the phaco tip to the
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Fig. 2.5. The first pie-shaped segment is mobilized Fig. 2.6. The second heminucleus is scored

Fig. 2.7. The final quadrant is mobilized Fig. 2.8. The epinuclear shell is rotated for trimming



endonucleus through a clear corneal incision is
approximately 30º. This allows full vacuum to
be quickly reached which facilitates embedding
the tip into the nucleus for chopping and allows
mobilization of pie-shaped segments from
above rather than necessitating going deeper
into the endolenticular space as is necessary
with a bevel-up tip. In addition, the cavitational
energy is directed downward toward the nucle-
us rather than up toward the endothelium.

After evacuation of all endonuclear material,
the epinuclear rim is trimmed in each of the
three quadrants, mobilizing cortex as well in the
following way (Fig. 2.8).As each quadrant of the
epinuclear rim is rotated to the distal position in
the capsule and trimmed, the cortex in the adja-
cent capsular fornix flows over the floor of the
epinucleus and into the phaco tip. Then the
floor is pushed back to keep the bag on stretch
until three of the four quadrants of the epinu-
clear rim and forniceal cortex have been evacu-
ated. It is important not to allow the epinucleus
to flip too early, thus avoiding a large amount of
residual cortex remaining after evacuation of
the epinucleus.

The epinuclear rim of the fourth quadrant is
then used as a handle to flip the epinucleus
(Fig. 2.9). As the remaining portion of the epin-
uclear floor and rim is evacuated from the eye,
most of the time the entire cortex is evacuated

with it. Downsized phaco tips with their in-
creased resistance to flow are less capable of
mobilizing the cortex because of the decreased
minisurge accompanying the clearance of the
tip when going from foot position 2 to foot po-
sition 3 in trimming of the epinucleus.

After the intraocular lens is inserted, these
strands and any residual viscoelastic material
are removed using the irrigation-aspiration tip,
leaving a clean capsular bag.

If there is cortex remaining following re-
moval of all the nucleus and epinucleus, there
are three options. The phacoemulsification
handpiece can be left high in the anterior cham-
ber while the second handpiece strokes the cor-
tex-filled capsular fornices. Frequently, this re-
sults in floating up of the cortical shell as a
single piece and its exit through the phacoemul-
sification tip (in foot position two) because cor-
tical cleaving hydrodissection has cleaved most
of the cortical capsular adhesions.

Alternatively, if one wishes to complete corti-
cal cleanup with the irrigation-aspiration hand-
piece prior to lens implantation, the residual
cortex can almost always be mobilized as a sep-
arate and discrete shell (reminiscent of the
epinucleus) and removed without ever turning
the aspiration port down to face the posterior
capsule.

The third option is to viscodissect the resid-
ual cortex by injecting the viscoelastic through
the posterior cortex onto the posterior capsule.
We prefer the dispersive viscoelastic device
chondroitin sulfate-hyaluronate (Viscoat, Alcon
Surgical, Fort Worth, TX). The viscoelastic ma-
terial spreads horizontally, elevating the poste-
rior cortex and draping it over the anterior cap-
sular flap. At the same time the peripheral
cortex is forced into the capsular fornix. The
posterior capsule is then deepened with a cohe-
sive viscoelastic device and the IOL is implant-
ed through the capsulorhexis, leaving the ante-
rior extension of the residual cortex anterior to
the IOL. Removal of residual viscoelastic mate-
rial accompanies mobilization and aspiration of
residual cortex anterior to the IOL, which pro-
tects the posterior capsule, leaving a clean cap-
sular bag.

Chop techniques substitute mechanical
forces (chopping) for ultrasound energy
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Fig. 2.9. The epinucleus is flipped



(grooving) to disassemble the nucleus. High
vacuum is utilized as an extractive technique to
remove nuclear material rather than utilizing
ultrasound energy to convert the nucleus to an
emulsate that is evacuated by aspiration. These
techniques maximize safety, control and effi-
ciency, allowing phaco of harder nuclei, even in
the presence of a compromised endothelium.
Chop techniques facilitate the achievement of
two goals: minimally invasive cataract surgery
and maximally rapid visual rehabilitation.

2.5.7
Laser Phacoemulsification

Cataract extraction modalities employing laser
energy currently include the Erbium:YAG Pha-
colase (Carl Zeiss Meditec, Jena, Germany),
the Neodymium:YAG Photon Laser PhacoLysis
System (Paradigm Medical, Salt Lake City) and
the Dodick Q-switched Neodymium:YAG laser
(ARC GmbH, Jona, Switzerland). Several poten-
tial advantages over ultrasound have main-
tained interest in laser, including relative reduc-
tion in the energy requirement for cataract
extraction, the absence of any potential for ther-
mal injury, and improved protection of corneal
endothelial cells.

The erbium:YAG (2940-nm) laser energy is
well absorbed by tissues with high water con-
tent and has a penetration depth of less than
1mm. The laser energy is delivered via a fibre in-
side the aspiration port placed flush with the
tip. Hoh and Fischer demonstrated that erbium
laser is safe and effective for mild to moderate
nuclear sclerosis [34].

Surgeons may employ a bimanual technique,
separating irrigation from aspiration, or the
more familiar coaxial set up. With the latter,
Takayuki Akahoshi’s counter prechop technique
is used to effectively disassemble the lens nucle-
us into multiple wedge-shaped segments [2]. A
horizontal chopper such as the Fine-Nagahara
chopper (Rhein Medical, Tampa, FL) is inserted
via the side-port, touched against the anterior
lens surface and gently pushed under the distal
anterior capsular flap where it falls into the
golden ring. The chopper supports the nucleus
while the Akahoshi Prechopper (ASICO, West-

mont, IL) is passed through the 2.5-mm corneal
incision directly into the core of the nucleus.
The chopper in the golden ring is held in front
of the prechopper to preclude rotational move-
ment of the nucleus. Opening the prechopper
then bisects the nucleus.

The nucleus is then rotated 90º and the first
hemi-nucleus is bisected in a similar fashion.
The chopper supports the hemi-nucleus from
the golden ring while the prechopper is inserted
directly into the centre of the hemi-nucleus and
opened. In this manner the nucleus may be di-
vided into four or more segments, each of which
is a suitable size for laser phacoemulsification.

Nd: YAG photolysis represents a low energy
modality for cataract extraction developed by
Dodick [11]. Kanellopoulos reported a mean in-
traocular energy use of 5.65 Joules per case [36].
This level of energy compares favourably with
values previously reported for ultrasound pha-
coemulsification, and approximates the level of
energy reported for the chop and flip pha-
coemulsification technique using power modu-
lations [49]. Huetz and Eckhardt found mean
total energy of 1.97 Joules for nuclear sclerosis
up to grade 3, 3.37 Joules for Grade 3 and
7.7 Joules for Grade 4 [35].

Surgeons generally employ a groove and
crack technique with the laser, sculpting in a bi-
manual fashion and cracking as soon as possi-
ble. Once superficial cortical material is aspirat-
ed, the laser tip is used to ablate and fragment
the nucleus. The laser tip should only just touch
the surface of the nucleus, and not be used to
impale the cataract. Following central photo-
fragmentation, the nucleus is handled much as
it is with the classic divide and conquer tech-
nique. The total time that the tip is in the eye
varies with the grade of nucleus, from 2.15 min
for 1+ nuclear sclerosis to 9.8 min for 3+ nuclear
sclerosis [36].

Using the bimanual Dodick system, a
cataract may be completely extracted through
two 1.5-mm incisions. Now, intraocular lens
technology is becoming available to take advan-
tage of this ultra-small incision. Wehner and Ali
have reported a series of cases implanted with a
dehydrated acrylic intraocular lens through a
1.5-mm incision [60].
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2.5.8
Bimanual Ultrasound Phacoemulsification

The promise of bimanual, ultra-small incision
cataract surgery and companion IOL technolo-
gy is today becoming a reality, through both
laser and new ultrasound power modulations.
New instrumentation is available for bimanual
surgery, including forceps for construction of
the capsulorhexis, irrigating choppers and bi-
manual irrigation and aspiration sets. Propo-
nents of performing phaco through two para-
centesis-type incisions claim reduction of
surgically induced astigmatism, improved
chamber stability in every step of the proce-
dure, better followability due to the physical
separation of infusion from ultrasound and
vacuum, and greater ease of irrigation and aspi-
ration with the elimination of one, hard-to-
reach subincisional region. However, the risk of
thermal injury to the cornea from a vibrating
bare phaco needle has posed a challenge to the
development of this technique.

In the 1970s, Girard attempted to separate in-
fusion from ultrasound and aspiration, but
abandoned the procedure because of thermal
injury to the tissue [30, 31]. Shearing and col-
leagues successfully performed ultrasound pha-
co through two 1.0-mm incisions using a modi-
fied anterior chamber maintainer and a phaco
tip without the irrigation sleeve [50]. They re-
ported a series of 53 cases and found that phaco
time, overall surgical time, total fluid use and
endothelial cell loss were comparable to those
measured with their standard phaco tech-
niques. Crozafon described the use of Teflon-
coated phaco tips for bimanual high frequency
pulsed phaco, and suggested that these tips
would reduce friction and therefore allow sur-
gery with a sleeveless needle [9]. Tsuneoka, Shi-
ba and Takahashi determined the feasibility of
using a 1.4-mm (19-gauge) incision and a 20-
gauge sleeveless ultrasound tip to perform pha-
co [57]. They found that outflow around the tip
through the incision provided adequate cool-
ing, and performed this procedure in 637 cases
with no incidence of wound burn [58]. Addi-
tionally, less surgically induced astigmatism de-
veloped in the eyes operated with the bimanual

technique. Agarwal and colleagues developed a
bimanual technique, “Phakonit,” using an irri-
gating chopper and a bare phaco needle passed
through a 0.9 clear corneal incision [1]. They
achieved adequate temperature control through
continuous infusion and use of “cooled bal-
anced salt solution” poured over the phaco nee-
dle.

Soscia, Howard and Olson have shown in ca-
daver eye studies that phacoemulsification with
the Sovereign WhiteStar system (AMO, Santa
Ana,CA),using a bare 19-gauge aspiration needle,
will not produce a wound burn at the highest
energy settings unless all infusion and aspira-
tion are occluded [54, 55]. WhiteStar represents
a power modulation of ultrasonic phacoemulsi-
fication that virtually eliminates the production
of thermal energy. Referred to as “cold phaco,”
WhiteStar allows reduction of the duration of
energy pulses to the millisecond range.

Summary for the Clinician

∑ The divide and conquer technique employs
ultrasonic sculpting of a deep central crater
and fracturing of segments of a peripheral
rim

∑ Phaco fracture involves ultrasonic sculpting
of grooves and bimanual cracking of the
nucleus into four separate quadrants

∑ Chip and flip means sculpting of a central
bowl until a thin chip of endonucleus 
remains, while crack and flip is a modifica-
tion of phaco fracture including hydrode-
lineation

∑ Phaco chop requires a firm hold with high
vacuum and a second sharp instrument to
either horizontally or vertically divide the
nucleus

∑ Investigation of the choo choo chop and flip
technique led to the conclusion that reduc-
tion of ultrasound energy is correlated 
with improvement of visual acuity on the
first postoperative day

∑ Phacoemulsification with laser systems 
allows reduction of incision size to 1.5 mm

∑ Surgeons using bimanual microincision
phacoemulsification have described 
improved chamber stability, better follow-
ability and greater ease of irrigation and 
aspiration
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2.6
Conclusion

Since the time of Charles Kelman’s inspiration
in the dentist’s chair (while having his teeth ul-
trasonically cleaned), incremental advances in
phacoemulsification technology have produced
ever-increasing benefits for patients with
cataract. The modern procedure simply was not
possible even a few years ago, and until recently
prolonged hospital stays were common after
cataract surgery.

The competitive business environment and
the wellspring of surgeons’ ingenuity continue to
demonstrate synergistic activity in the improve-
ment of surgical technique and technology. Fu-
ture advances in cataract surgery will continue
to benefit our patients as we develop new pha-
coemulsification techniques and technology.
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3.1
Introduction

Ophthalmic viscosurgical devices (OVDs, previ-
ously known as viscoelastics (terms which will
be used interchangeably in this review) were

originally devices in search of a use. Sodium
hyaluronate viscoelastic solutions were tried as
vitreous substitutes as early as the 1960s, with
varying success. But their eventual primary
ophthalmic niche in cataract and intraocular
lens (IOL) surgery did not become apparent un-
til 1979, when Balazs, Miller and Stegmann re-

Ophthalmic Viscosurgical Devices

Steve A. Arshinoff
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∑ Cataract surgery is performed in a closed,
fluid filled medium, and it is dependent
upon fluid flow.The science of rheology, the
study of the response of fluids to applied
forces, is therefore key to understanding
phacoemulsification (phaco) fluidics and
performing better phaco surgery

∑ Ophthalmic viscosurgical devices (OVDs,
viscoelastics) can vary in their properties
from being similar to flowing air, to mimick-
ing glass, which flows only slightly over
centuries.The history of the study of OVDs
has been one of working to determine
which fluid properties were most 
important in cataract surgery and then,
how to measure them

∑ OVDs, even those that are made with the
same rheologic polymer, differ significantly
depending upon the chain length of the
polymer, and its concentration, such that
referring to an OVD by a generically equiva-
lent name is inaccurate and confusing

∑ OVDs can best be classified in a system
based upon zero shear viscosity and rela-
tive degree of cohesion or dispersion,
as these two factors play important roles 
in our surgical use of OVDs

∑ The soft shell technique employs a lower-
viscosity dispersive OVD and a higher-
viscosity cohesive OVD, sequentially to 
occupy adjacent spaces in the anterior
chamber, and by so doing, to take maximal
advantage of the desirable properties 
of both types of OVDs, while minimising
their shortcomings. It requires meticulous
ordered use of the two OVD classes to
achieve optimal results

∑ The Ultimate Soft Shell Technique utilises 
a viscoadaptive OVD in conjunction with
balanced salt solution, to enhance 
capsulorhexis, hydrodissection and OVD 
removal, beyond that which can be
achieved using a viscoadaptive alone.
Viscoadaptives provide superior space 
creation, stability, and clarity, when com-
pared to use of previous OVDs, and permit
us to do many things that were simply 
impossible before

∑ The science of OVD rheology is finally
reaching a state of maturity, sufficient to
permit the design and testing of new OVDs
in the laboratory, and enabling accurate
prediction of surgical performance

Core Messages



ported success for that purpose [21]. Before the
popularisation of endothelial cell protection
with viscoelastics, some degree of endothelial
damage had long been considered an unavoid-
able consequence of intraocular surgery in the
anterior segment. Shortly after the introduction
of OVDs, protection of the corneal endothelium
and the creation and maintenance of surgical
space to facilitate IOL implantation became
recognised as the two chief advantages of what
came to be known as viscosurgery.The evidence
highlighting the enhanced safety of cataract
surgery when viscosurgical devices are used is
dramatic, with an extensive review demonstrat-
ing only 1/3 of the endothelial cell loss in both
ECCE and phaco when viscoelastics are used
compared to surgery without them [17]. The ad-
ditional advantage of relatively easy and gentle
viscolysis of intraocular adhesions and preven-
tion of their reformation was soon added as a
third major use. OVDs, which peculiarly exhibit
some properties of both fluids and solids simul-
taneously, have now evolved into essential tools
in ophthalmic surgery. Numerous such prod-
ucts are now marketed, and although each has
its advocates, and some are best suited for spe-
cific surgical techniques, none has yet proven to
be completely ideal, and therefore “best”, for all
purposes. Many surgeons’ access to more than
one or two specific OVDs may be limited by
misguided administrative cost-containment ef-
forts to designate one OVD as suitable in all cas-
es or to consider two or more OVDs as thera-
peutically equivalent on the grounds that they
are composed of a similar substance. Converse-
ly, each OVD is most appropriately used in such
a manner as to take advantage of its particular
rheologic properties while coping with or limit-
ing certain undesired effects, which every OVD
has. The field of science most relevant to the
comparative evaluation of OVDs and to the ulti-
mate design of “tailored” products is rheology
(the study of the deformation and flow of fluids
in response to forces). Rheologists and ophthal-
mologists are working to ascertain the rheolog-
ic properties most and least desirable for opti-
mal efficacy in specific ophthalmic operations
and on that basis to produce OVDs tailored to
specific tasks. Healon5 was the first OVD to be
created rheologically, in a lab, rather than by tri-

al and error in clinical use. At the same time, ef-
forts are underway to create new classes of
OVDs that are more versatile, and therefore bet-
ter approach the ideal of one OVD for every
ophthalmologic surgical purpose. A major ob-
stacle to development of the best OVD for a giv-
en purpose has been difficulty in determining
which viscoelastic rheologic properties best re-
late to varying aspects of intraoperative per-
formance and then devising a uniform method
of measuring those properties in currently
available products. Until recently, surgeons have
had to rely primarily on experience and anec-
dotal testimony in their selection of OVDs.
Moreover, as suggested above, in some practices
product selection and thus comparative experi-
ence are limited by institutions intent on saving
money. We now know that the OVDs currently
marketed differ not only in content and proper-
ties but also in how those properties are altered
by the surgical manoeuvres required in specific
operations. Consequently, choosing an OVD by
price alone, or a single OVD for all circum-
stances, may be foolhardy and even dangerous
[7, 9].

3.2
History

The safety of cataract removal and lens replace-
ment surgery was greatly improved in 1979 
by the introduction of Healon, the first OVD.
Healon is a sodium hyaluronate solution that
maintains anterior chamber depth and protects
delicate intraocular tissues, thereby facilitating
IOL implantation. With far less successful re-
sults, air and autologous serum had been tried
before for those purposes. Initially, there were
concerns about severe postoperative intraocu-
lar pressure spikes seen when Healon was in-
completely removed, a problem that would re-
cur later, when new OVDs, such as Healon5,
were developed, but removal techniques were
developed to overcome these problems. Because
of the tremendous advantages of corneal en-
dothelial protection and surgical facilitation
during intraocular lens implantation, Healon
was rapidly adopted into the operative proto-
cols for intracapsular cataract extraction
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(ICCE) and extracapsular cataract extraction
(ECCE) with IOL implantation world-wide in
the early 1980s. Within a few years after the in-
troduction of Healon, other OVDs became
available. Chondroitin sulphate,Viscoat, and hy-
droxypropylmethylcellulose (HPMC – which
was uniquely both home-made in many hospi-
tal pharmacies and commercially manufac-
tured), appeared as competitive viscoelastic
substances, and the science of rheologic study
of the surgical demands and relative merits 
of various OVDs was born. The study of OVD
efficacy was accelerated by the possibility of
significant endothelial damage associated with
ultrasonic phacoemulsification, which was be-
coming the preferred method of cataract sur-
gery in the 1980s. Not all OVDs were found to be
equal with regard to retention in the anterior
chamber during the copious anterior chamber
irrigation, and the consequent induced turbu-
lence,needed to cool the phaco tip and maintain
a stable deep anterior chamber during phaco.
Neither were they equivalent in endothelial pro-
tection from free radicals generated by pha-
coemulsification, or in their ease of removal at
the end of the surgical procedure. The first step
in either evaluation or product design of OVDs
must be to define and measure the surgically
important rheologic properties of the individ-
ual OVDs now available. In the early 1980s, work
to address that first step was prompted by diffi-
culty in scientifically comparing the available
products. The difficulty was partly attributable
to inconsistency and non-uniformity in manu-
facturers’ publicly reported data. Because rheol-
ogy was a new and difficult field of study with
varying terminology and methods, the produc-
ers of OVDs had used inconsistent methods and
even varying units of measure to attain and re-
port their data. Thus, the surgeon’s preference
for one product over another was necessarily
based more on subjective, empirical, and anec-
dotal evidence than on the results of scientifi-
cally reproducible comparative study. The con-
fusion about comparative data was addressed
by the development of standardised methods to
assess and compare the physical properties of
OVDs using parameters that related to their use
in cataract surgery [1, 2]. Recently, the Interna-
tional Standardization Organization (ISO) has

established standards for measuring the safety
and efficacy of “ophthalmic viscosurgical de-
vices” – viscoelastic formulations intended for
use in ophthalmic surgery [22]. The main goals
of the ISO project was to define “requirements
for minimum safety standards, and to mandate
disclosure of rheologic performance character-
istics in a standard fashion.” Safety standards
include factors relating to “accurate chemical
description, required preclinical and clinical
evaluation, sterilisation, product packaging,
product labelling, and the information required
to be supplied by the manufacturer.” One of the
most practically useful results of ISO standard-
isation is the promulgation of accepted termi-
nology and units of measure, so that rheologic
and other data about OVDs can be meaningful-
ly and uniformly compared by surgeons who
are considering using these products.

3.3
Physical Properties of OVDs

Currently available OVDs are aqueous solutions
of naturally occurring long-chain polymers
(sodium hyaluronate, hydroxypropylmethylcel-
lulose [23], or chondroitin sulphate). Composed
mostly of water, those products are of nearly the
same density – about 1.0. The protective, reten-
tive, cohesive, and lubricating properties of
OVDs are grounded in their polymeric struc-
ture, molecular weight, electrical charge, purity,
and interchain molecular interactions. The
physical properties commonly recognised as
differentiating the ophthalmic viscoelastics
from each other include viscosity, elasticity,
rigidity, pseudoplasticity, and cohesion, all of
which are clinically relevant in terms of protect-
ing tissues, maintaining space, and ease of injec-
tion and removal. Briefly stated, dynamic vis-
cosity (the usual viscosity quoted for OVDs –
the other is kinematic) is the resistance to the
non-accelerated displacement of two parallel
planes separated by a unit distance, the separat-
ing space being filled with the test substance.
[Kinematic, or flowing, viscosity is the degree to
which a fluid resists flow under an applied force
(for example water flowing down a slope) and is
equal to dynamic viscosity divided by specific
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gravity. For currently available OVDs, which
consist almost entirely of water, the kinematic
and dynamic viscosities are practically identi-
cal.] Elasticity is the degree to which a sub-
stance tends to reassume its original shape after
having been stretched, compressed, distorted,
or deformed. Rigidity is the degree of stiffness
or inflexibility of a substance, and is equal to the
Pythagorean sum of viscosity and elasticity
(R2=V2+E2). Plasticity is the quality of being
conformable. Plastics become more conforma-
ble (exhibit decreasing viscosity) under in-
creased applied stress, but are solid in the ab-
sence of external stress. Pseudoplastic fluids,
which all of our OVDs are, exhibit decreasing
viscosity as the external stress is increased, but,
unlike plastics, possess a limiting viscosity as
the stress is reduced, and always remain fluid.
Cohesion is the tendency for similar molecules
to stay together. This is a typical property of
long chain entangled OVD solutions, whereas
the physical opposite, dispersion is seen in solu-
tions of small molecules, like salt in water.As we
shall discuss, one challenge in evaluating the
various products now available, or in assessing
the potential uses of those under development,
has been how to measure properties that usual-
ly change as the substance is used.

3.4
Generic or Proprietary Nomenclature

Unlike pharmacologic preparations, that we are
familiar with, when considering OVDs, in which
chain lengths, pH, osmolality, concentrations,
other solutes present,polymeric conformations,
electrical charge, molecular weight, and other
factors, even within a specific polymeric molec-
ular category of viscoelastic substances, can
vary, specific trade-named products cannot be
accurately designated by “generic” names. Most
sodium hyaluronate products, for example, are
very different even though their basic molecular
structure may be identical and though they may
share certain properties. For instance if one of
two products of the same composition is of
greater osmolality, or longer molecular chain
length, than the other, it could be potentially
more protective or damaging to endothelial

cells,and possess a very different pseudoplastic-
ity profile.Nevertheless, those products within a
given category do share certain qualities, so let
us begin by reviewing each molecular category’s
similarities, before we go on to the differences
within a category.

3.5
Currently Marketed Polymers

3.5.1
Sodium Hyaluronates

Hyaluronic acid, “the cement substance of tis-
sues,” is a mucopolysaccharide that is a polymer
of N-acetylglucosamine and glucuronic acid. A
salt of hyaluronic acid, sodium hyaluronate
(NaHa) is found extensively as a gel in the inter-
cellular matrices of vertebrate soft connective
tissues, especially the skin but also in the syn-
ovial fluid and the vitreous humour of the eye.
Among its purposes are wound repair, cellular
growth, and lubrication and protection of mus-
culoskeletal and eye structures. Its ophthalmic
concentrations are greatest in the vitreous hu-
mour and the trabecular angle and are least in
the aqueous humour and on the endothelium.
Balazs, who was first to propound the use of vis-
coelastics in ophthalmic surgery and developed
an ultrapurified sodium hyaluronate product,
proposed that the corneal endothelium secretes
sodium hyaluronate as a protective coat [20].
Through the use of tritiated high-molecular-
weight sodium hyaluronate, Madsen et al. in
Sweden have shown that human corneal en-
dothelial cells are naturally covered in vivo by
bound sodium hyaluronate, and possess specif-
ic hyaluronic acid binding sites on their surface.
The cells have high affinity to binding with
high-molecular-weight hyaluronate, and the
greater the hyaluronate molecular weight, the
greater the affinity. The sites are reported to
have all the characteristics of receptors. There is
no proof of a pharmacologic action of sodium
hyaluronate on endothelial cells, and it is be-
lieved to play a physical protective role [24].

The sodium hyaluronate in currently avail-
able OVDs is extracted from rooster combs or
streptococcal bacterial cultures and then under-
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goes a variety of purification processes. Solu-
tions of sodium hyaluronate (like other OVDs)
vary in concentration and chain length, or mo-
lecular mass, and therefore also in physical
properties both in vitro and during use. Thus,
not all products containing the same rheologic
polymer perform alike or are necessarily useful
for the same specific purpose.

Table 3.1 lists many of the hyaluronate OVDs
currently marketed in western countries.

3.5.2
Chondroitin Sulphate

Chondroitin is a mucopolysaccharide found in
the cornea and differing from hyaluronic acid in
that it contains N-acetylgalactosamine in place
of N-acetylglucosamine. The sulphate ester oc-
curs in three forms: Chondroitin sulphate A is
composed of glucuronic acid and sulphated
galactosamine. In the B form, the glucuronic

constituent is replaced by L-iduronic acid.
Chondroitin sulphate C differs from chon-
droitin sulphate B in the position of the sulphate
on the galactosamine residue.All three forms of
chondroitin sulphate are widespread in the con-
nective tissues of vertebrates, particularly in
cartilage. In nature, chondroitin sulphate exists
as a component of a proteoglycan rather than as
a free polysaccharide. For use in OVDs, chon-
droitin sulphate A has generally been obtained
from shark-fin cartilage. As compared with
sodium hyaluronate, chondroitin sulphate has
an extra negative charge per repeating unit. Be-
cause the corneal endothelial cell membrane is
positively charged, the greater negativity of
chondroitin sulphate may increase electrostatic
interaction with tissue and consequently more
tenaciously bind to the cells [25]. The chain
length of chondroitin sulphate is about 50 nm,
and its molecular mass is about 22.5 kDa –
roughly 0.5% and 1% of the length and mass, re-
spectively, of sodium hyaluronate. Unlike most
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Fig. 3.1. Fluid behaviour types: rheometric patterns.
The first fluids described were Newtonian. Newton-
ian fluids, such as air, water, and chondroitin sulfate
demonstrate viscosity independent of shear rate. In
other words, their viscosity is constant, independent
of the degree of stress applied. Plastic fluids, however,
demonstrate ever increasing viscosity with decreas-
ing applied stress, and therefore show low viscosity at
high shear rates,but infinite viscosity at infinitesimal-
ly small rates of shear. In other words, plastic fluids
become solid at vanishingly small rates of shear, like

the “plastics” we use in everyday life. Pseudoplastic
materials are unique in that they are similar to plas-
tics at higher rates of shear, but have a limiting viscos-
ity that they do not exceed, no matter how low the
shear rate is reduced. In other words, they remain vis-
cous fluids, even at very low shear rates. All currently
marketed ophthalmic viscosurgical devices are
pseudoplastic, as this type of behaviour is best suited
to ophthalmic surgery. Dilatant fluids are unique in
that their viscosity increases in response to increasing
shear. Egg whites are one example of dilatant fluids



other currently available ophthalmic viscoelas-
tics, chondroitin sulfate is a newtonian fluid
(Fig. 3.1).

3.5.3
Hydroxypropylmethylcellulose (HPMC)

Another material used in the production of
ophthalmic viscoelastics is ultrapurified HPMC,
a cellulose ether in which about 1/3 of the hydro-
gen of hydroxyl groups in methylcellulose is re-
placed by methoxy and hydroxypropyl groups
in a ratio of roughly 4:1. HPMC is more hy-
drophilic than methylcellulose, which although
not present in mammals is a common compo-
nent of plants. Methylcellulose has numerous
industrial and medicinal uses and is readily
available as a substrate for HPMC production.
Its usual commercial source is wood pulp. Many
commercially produced HPMC OVDs are on the
market, but because HPMC is easily prepared
(although not easily ultrapurified), some HPMC
viscoelastics for use in ophthalmic surgery have
been produced ad hoc in hospital pharmacies.
For that reason, and because some physical
properties of HPMC can depend on such factors
as temperature, one batch of “home-made”
HPMC will differ from another in crystalline
formation and content of particulate matter. In
the experimental ophthalmic application of var-
iously formulated HPMC viscoelastics in rab-
bits, some older in-house formulations have
been associated with severe inflammation of
the vitreous [23]. Relatively inexpensive, HPMC
OVDs are perhaps more commonly used in Eu-
rope and Asia than in North America. Unlike
other OVDs, HPMC and modified HPMC prod-
ucts can undergo autoclave sterilisation and be
stored for as long as 2 years at room tempera-
ture without resulting depolymerization or al-
teration in rheologic properties. More recent
additions to the HPMC commercial offerings
consist of chemically modified HPMCs,with the
molecule being altered to enhance its rheologi-
cal characteristics, yielding considerably in-
creased zero shear viscosities, when compared
to unmodified HPMCs. Cellugel, Ocumax and
LA Gel are composed of modified HPMC.

3.6
Polymers no Longer Marketed as OVDs

3.6.1
Polyacrylamide

A synthetic polymer of acrylamide, polyacryl-
amide is a nonprotein, long-carbon-chain sub-
stance widely used in industrial and medical
laboratories for electrophoresis and chro-
matography. As the principal rheologic ingredi-
ent of an OVD, Orcolon, it was marketed for hu-
man use in cataract surgery, but soon found to
cause severe intractable glaucoma due to the
formation of microgels that clogged the trabec-
ular meshwork and could not be eliminated
from the eye. Orcolon was rapidly removed
from the market in North America and Europe,
in 1991, but I have personally seen its continued
sale in less affluent countries, as late as 2003 [3,
27].

3.6.2
Collagen IV

Collagen is a main supportive protein of skin,
tendon, bone, cartilage, and connective tissue.
Although at least theoretically the intraocular
implantation of a protein could result in some
adverse effects, Collagel, a viscoelastic sub-
stance prepared from type IV human placental
collagen, was tried as an OVD. In comparison
with other ophthalmic viscoelastics, Collagel
was extremely temperature dependent,with vis-
cosity decreasing more than a thousand-fold as
temperature increased from 17° to 25°C. It be-
haved as a true plastic, with infinite zero-shear
viscosity, and was more elastic than viscous,
making its utility in intraocular surgery ques-
tionable. But the ultimate reason for its removal
from the market place was the world-wide fear
of possible prion contamination of human-
sourced protein.
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3.7
The Physical (Rheologic) Properties 
of OVDs and Their Measurement

As noted earlier, OVDs are peculiar in that they
possess properties of both solids and fluids. In
solids, internal forces are generated by a change
in shape or volume. In fluids, which include
liquids and gases and have no intrinsic shape,
only changes in volume generate internal forces.
The following are the principle parameters that
have been found to be useful measures of OVD
performance in cataract surgery.

3.7.1
Viscosity (Dynamic)

Some fluids, such as air, water, and chondroitin
sulphate, possess constant viscosity independ-
ent of shear rate (or force applied – how fast it
moves). Called Newtonian fluids, they contrast
with non-Newtonian fluids, which exhibit vary-
ing viscosity at different shear rates. Plastic and
pseudoplastic non-Newtonian fluids (Fig. 3.4)
exhibit declining viscosity with increasing
shear rate, whereas dilatant non-Newtonian flu-
ids (e.g. egg whites) exhibit increasing viscosity
with increasing shear rate. Plastic and pseudo-
plastic fluids differ in that pseudoplastic devices
never gel: they possess a limiting viscosity at
very low shear rates that does not increase fur-
ther with decreasing rates of shear; thus they re-
main fluid even at extremely low shear rates. In
the case of sodium hyaluronate solutions (typi-
cal pseudoplastic fluids), for example, the phe-
nomenon of decreasing viscosity with increas-
ing shear rate as the material is injected through
a small-bore cannula can be explained by defor-
mation of randomly entangled molecular coils
to elongated aligned structures that flow more
readily.Viscosity also varies inversely with tem-
perature. Thus, the viscosity of non-Newtonian
fluids cannot be properly measured (nor can
viscosity data be relevantly interpreted) without
taking into account the temperature and the
shear rate at the time of measurement. There-
fore, to understand and compare rheologic data
about the non-Newtonian OVDs that we use in

surgery, one must compare dynamic viscosities
over a broad range of shear rates at a consistent
temperature in a graph, and report numerically
the zero-shear viscosity at that temperature.
However, manufacturers, in their advertising,
often report viscosities measured in various
ways, at non-zero shear rates, making compar-
isons to other OVDs, by the reader, almost im-
possible.

3.7.2
Plasticity

A simple illustration of plasticity is the physical
behaviour of a steel rod when a bending force is
applied. After enough force has been applied to
begin bending the rod, less and less force is re-
quired to continue bending it, and finally, it
stays bent. The greater the plasticity of a materi-
al, the more the force required to bend it de-
creases as the speed of bending increases. The
steel rod is a plastic solid, and not a pseudoplas-
tic fluid, because it becomes solid at very low
shear rates – that is, its zero-shear viscosity goes
to infinity at low shear (it becomes solid) in-
stead of having a limiting zero-shear viscosity
and thereby remaining a viscous fluid (see
Fig. 3.1).

3.7.3
Pseudoplasticity

The property of becoming less viscous with in-
creasing shear rate, while possessing a limiting
viscosity at zero shear, is called pseudoplastici-
ty. It defines a subclass of non-Newtonian fluids.
Until recently, the unit of dynamic viscosity
measurement for ophthalmic viscoelastics was
the centipoise (cp). [1 cp=0.01 g force per cen-
timetre of flow per second. The current term in
measurement is the milliPascal second (mPas):
1 cp=1 mPas.] It is readily apparent that surgical
manoeuvres are most easily performed in a sta-
ble operative field. A corollary would be that
OVDs with high zero-shear-viscosity should be
better than a low-viscosity OVDs to stabilise the
anterior segment and therefore also better in fa-
cilitating intraocular surgery. However, in any
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operation, but particularly in microsurgical
procedures, any impediment to the surgeon’s
tactile sensitivity can complicate the procedure
or even imperil the patient. A fluid that is high-
ly viscous will require greater force for its injec-
tion into the eye than would a less viscous fluid
injected through a same-sized cannula, and the
greater the force required, the less able the sur-
geon is to judge either the required force or the
sufficiency of the injection. Among the desir-
able characteristics of an OVD,therefore,are: (1)
low viscosity during its injection (performed at
very high shear rates – 1,000–10,000 s–1) into
the operative space, to facilitate rapid move-
ment through a small-bore cannula while pre-
serving the surgeon’s tactile feedback sensitivi-
ty; (2) high viscosity when stationary, to create
and maintain surgical spaces (shear rate
0.001–0.01 s–1); and (3) intermediate viscosity at
intermediate shear rates, to allow the passage of
an intraocular lens or a surgical instrument as
required during the operation (shear rate
0.1–10 s–1). In other words, a desirable attribute

in an ophthalmic viscoelastic is a high degree of
pseudoplasticity (Fig. 3.2). Pseudoplasticity is
plotted as log of dynamic viscosity versus log of
shear rate. Because the pseudoplasticity of an
OVD is crucial in evaluating its suitability for a
specific surgical operation, surgeons should be
conversant with the pseudoplasticity curves of
the OVDs they use, in comparison to the stan-
dards (Healon, Healon GV,Viscoat and HPMC).

3.7.4
Elasticity

Another important rheologic factor that relates
to intraoperative behavior of OVDs is elasticity,
which is the tendency of a substance to resume
its original form after having been stretched,
compressed, or deformed. By definition, vis-
coelastic substances have that quality, but to
varying degrees. As a space occupying material
becomes more viscous, it is desirable for it to
also be elastic to absorb shock during surgical
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Fig. 3.2. Pseudoplasticity curves of OVDs. It is cus-
tomary to plot rheologic curves of the log of viscosity
vs the log of shear rate for ophthalmic viscosurgical
devices. As these rheometric graphs demonstrate the
pseudoplasticity of ophthalmic viscosurgical devices
(OVDs), the graphs are commonly referred to as
pseudoplasticity curves. They can be divided conve-
niently into areas of high, middle and low shear, for

analysis of the behaviour of any given viscoelastic for
a given surgical use. For example, it is desirable for an
ophthalmic viscoelastic to possess high viscosity at
low shear, thus making it better at creating and pre-
serving intraocular surgical space, while it is also de-
sirable for OVDs to possess low viscosity at high shear
in order to facilitate injection through small bore can-
nulas



manipulation and increase retention in the eye
in the presence of vascular pulsation. Elasticity,
however, should not exceed viscosity, as that
could make some surgical manoeuvres, for ex-
ample. capsulorhexis, more difficult to perform.
In an environment of elasticity exceeding vis-
cosity, the capsular flap would tend to spring
back to the position from which the surgeon
had just moved it, when the surgeon released
the flap to regrasp it. Whether an OVD is pre-
dominantly viscous or elastic at the time of
measurement depends not only on molecular
chain length and, concentration but also on the
speed or frequency of impact as force is applied.
Under low frequency impact, viscoelastics be-
have in a primarily viscous manner,and become
ever more relatively elastic as the frequency of
the applied force increases. This is due to molec-
ular realignment under low frequency stress,
and inadequate time for molecular realignment
under high frequency stress.

3.7.5
Rigidity

Also referred to as complex viscosity, rigidity is
the sensation of resistance, felt by the surgeon,
to movement of an object through a viscoelastic
substance. It is defined as the Pythagorean sum
of viscosity and elasticity, i.e. R=√⎯⎯⎯⎯⎯⎯⎯(V2+E2).
(Mathematically, rigidity is equal to the square
root of the sum of the squares of the dynamic
viscosity and the elasticity.) The rigidity of a
viscoelastic at any given time will depend on the
shear rate and the frequency of vibration and
will be nearer to the value of the dynamic vis-
cosity or of the elasticity, whichever is the
greater under the operative conditions of meas-
urement. (Similarly, the hypotenuse of a right
angle triangle is nearer in length to the longer of
two unequal right angle sides of the triangle).
Thus, either viscosity or elasticity will appear to
predominate as the tactile “feedback” quality
when the surgeon manipulates the OVD at any
given shear rate, thereby yielding the surgeon’s
tactile sensation of the OVD’s behaviour as
either viscous or elastic in a given situation.

At very low shear rates, all currently available
OVDs perform in a predominantly viscous

manner. For each viscoelastic product, at some
specific frequency the dominant sensation of
viscosity will change to elasticity – that is, on a
plotted curve, the viscosity will exceed its elas-
ticity until, at a “crossover point,” the elasticity
will begin to exceed the viscosity. For that rea-
son, products with high crossover points, above
2 s–1 will feel viscous when rubbed between the
thumb and the fingers, (a manoeuvre that im-
poses a shear rate of about 2 s–1), for example,
Viscoat, whereas, for products with low
crossover points, below 2 s–1, the quality trans-
mitted by rubbing will be of elasticity, for exam-
ple Healon GV.

3.7.6
Cohesion and Dispersion

OVDs can be divided into two broad groups on
the basis of their relative cohesion or disper-
sion. In reality, this behaviour really lies along a
continuum; however, it is convenient, for use
and study to divide viscoelastics into the above
categories. To date all cohesive OVDs are of
higher zero-shear viscosity, and all dispersive
OVDs are of lesser zero-shear viscosity
(Table 3.1). Generally, given two viscoelastic
substances of the same chemical family and
concentration, the greater the mean molecular
weight (i.e. the greater the polymeric chain
length) of a substance, the greater its cohesion
and zero-shear viscosity. Cohesion correlates
highly with zero shear viscosity for our current
hyaluronate and HPMC viscoelastics (there are
no current chondroitin sulphate containing
OVDs whose primary rheologic constituent is
not hyaluronic acid). However, cohesion is a dif-
ferent property, that is very important in sur-
gery, and it is probably incorrect to assume that
all future viscoelastics will demonstrate the
same correlation. Therefore, along with zero-
shear viscosity and pseudoplasticity, the relative
cohesive or dispersive behaviour of an OVD is
one of its most important properties, because it
relates directly to how OVDs are used in surgery
[26]. Cohesion is the tendency of a material’s
constituent molecules to adhere to one another
rather than to disperse. A low concentration of
high-molecular-mass polymers entangled as a
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network in solution will be cohesive, whereas a
higher concentration of lower-molecular-mass
polymers unentangled will be dispersive. Unlike
the polymers of a predominantly cohesive vis-
coelastic substance, which under force will tend
to move as a single mass, those of a dispersive
substance (by definition) tend to separate and
move apart. As we shall discuss, an understand-
ing of the general characteristics of the two
groups of products is helpful in choosing a spe-
cific formulation for use in a specific oph-
thalmic surgical procedure. Cohesion is actual-
ly more complicated than this, and all OVDs are
really cohesive at rest, but lower molecular
weight OVDs behave in a dispersive fashion un-
der the low vacuum stress imposed by irrigation
and aspiration encountered in phaco surgery. A
full discussion of this is given by Arshinoff and
Wong [15].

3.8
Important Viscoelastic Rheologic
Properties in the Various Steps 
of Cataract Surgery

Intracapsular cataract extraction (ICCE) and
manual extracapsular cataract extraction (ECCE)
were the preferred surgical techniques for
cataract removal when the first OVD, Healon,
was introduced. Initially, OVDs were used pri-
marily to maintain the depth of the anterior
chamber so that an intraocular lens could be
implanted without damaging the corneal en-
dothelial cells. ICCE was soon replaced by
ECCE, which in turn has now largely been dis-

placed by ultrasonic phacoemulsification in
most of the world. Thus, the demands placed on
surgical OVDs increased as surgical technique
itself gradually became more meticulous and
complex. A capsulorhexis requires much more
delicate and precise manipulation than does its
predecessor, the “can-opener” anterior capsulo-
tomy. Implantation of a foldable IOL into the
capsular bag is a more precise procedure than
the implantation of a one-piece IOL into the cil-
iary sulcus. Phacoemulsification, itself, requires
protection for the endothelial cells from the ul-
trasonic energy that was not used in earlier pro-
cedures. For those reasons, each step of modern
phacoemulsification has been analysed to de-
termine the desirable viscoelastic properties of
an ideal OVD for that step (Table 3.2).

In both ECCE and phacoemulsification (fol-
lowed by implantation of an IOL within the cap-
sular bag), the first surgical step is injection of
the OVD into the anterior chamber. The opera-
tive shear rate as the material is expelled
through a small-bore cannula is about 1000 s–1.
At that shear rate, a desirable viscoelastic char-
acteristic is low viscosity (therefore a highly
pseudoplastic OVD is desirable) so that only a
relatively gentle force of injection is required,
and ocular inflation pressure can be judged and
modulated by the surgeon’s tactile sensitivity. If
the viscosity of the OVD is excessive at high
shear rates, the only feedback sensation the sur-
geon feels is the resistance of the cannula, and
over or under inflation of the anterior chamber
is a distinct possibility, often with undesirable
consequences.
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Table 3.2. Using OVDs in Phacoemulsification

Task Shear rate Important properties

Fill AC 1000 High pseudoplasticity

Capsulorhexis 0 High viscosity, elasticity

Emulsify nucleus Varies with AC position High retention

I/A cortex Varies with AC position High retention

Fill capsular bag 1000 High pseudoplasticity

Keep bag open 0 High viscosity, elasticity

Insert IOL 2–5 High pseudoplasticity

Removal Varies with AC position High cohesion, scrollability



Having been properly injected, the OVD
serves as a stable viscous and elastic mass that
will resist deformation of eye structures or dis-
ruption of their anatomical relationships while
the capsulorhexis is being performed. For that
purpose, the operative shear rate is close to 0 s–1

as instruments are manually moved through the
OVD mass that is essentially stationary as it
maintains the corneal dome and anterior cham-
ber depth, and therefore, the most desirable
OVD attribute is high viscosity and elasticity at
low shear.

Removal of the nucleus by ECCE entails ex-
pulsion at a shear rate of about 2–5 s–1, at which
time viscoelastic pseudoplasticity is desirable to
decrease the resistance that would occur if the
OVD were to have high zero-shear viscosity and
poor pseudoplasticity. When the nucleus is re-
moved by phacoemulsification, however, the
shear rate is irrelevant, because most of the vis-
coelastic substance in the area of the nucleus
being emulsified, will have left the eye, irrespec-
tive of which class of OVD is used, and the ante-
rior chamber is pressurised by the infusion
pressure of the intraocular irrigant, a balanced
salt solution, with viscosity very close to that of
water. The cornea, however, is vulnerable to
damage by ultrasonic energy and fluid turbu-
lence. Thus, the OVD properties that are more
important than viscosity during phacoemulsifi-
cation are retention adjacent to the endotheli-
um, in the concavity of the cornea, under the
conditions of the procedure (to protect the en-
dothelium), elasticity (to absorb vibration), and
the ability to neutralise free radicals liberated by
the phacoemulsification process.

As the nucleus is being emulsified, dispersive
OVDs tend to remain within the corneal con-
cavity of the anterior chamber better than do
cohesive OVDs. However, dispersive OVDs also
tend to entrap air bubbles generated by the tip
of the phacoemulsification instrument and thus
impede the surgeon’s operative view of the lens
and the posterior capsule. The problem of hav-
ing to accept one liability of an OVD in order to
benefit from one of its assets has been ad-
dressed in two ways. The first is the viscoelastic
soft- shell technique, first presented in 1996 [10,
5, 28] and the second is the development of vis-
coadaptive OVDs, which despite being very vis-

cous and cohesive exhibit high retention in the
anterior chamber during phacoemulsification
[15]. The first of the viscoadaptive products
brought to market was Healon5, which was re-
leased at the ESCRS meeting in Nice, France, in
September 1998 [8, 11, 12].

The next step, after nuclear removal, in either
ECCE or phacoemulsification with IOL implan-
tation is irrigation and aspiration of any resid-
ual lens cortex, a procedure that is identical with
respect to fluidics as the demands upon the vis-
coelastic to phacoemulsification. The endothe-
lial cells are still subject to the trauma of fluid
turbulence, but are no longer at risk from trans-
mitted ultrasonic energy or free radicals.

Irrigation and aspiration of the cortex is fol-
lowed by injection of the OVD into the capsular
bag. Because that entails the same manoeuvres
and imparts the same shear rate as does filling
of the anterior chamber at the beginning of the
procedure, a high index of pseudoplasticity,
with low viscosity at high shear rates is again
desirable. Similarly, when the OVD is stable
within the capsular bag and serving to maintain
space, permitting easy IOL implantation, high
viscosity and elasticity are preferred.

The effective shear rate during IOL insertion
is about 2–5 s–1. One role of the OVD in this step
is to protect the corneal epithelium from dam-
age due to compression or drag that might oc-
cur if the lens were to approach the endotheli-
um too closely. At low shear rates, such as when
the lens is immobile, a highly viscous material
between the lens and the cornea is superior in
protecting the endothelium from compression
by the lens. When the lens moves, however, and
the shear rate increases, a cushioning material
that remains highly viscous will endanger the
cornea by transmitting drag forces. The most
useful and versatile OVD for use in IOL inser-
tion will therefore be highly pseudoplastic dur-
ing the time of insertion – that is, it will become
much less viscous where the IOL slides through
it, as the shear rate increases locally. In addition,
a highly viscous OVD provides excellent cush-
ioning to the opening of foldable IOLs inside the
eye.

The final step in either ECCE or phacoemul-
sification is removal of the viscoelastic,and here
high cohesion is desirable so that removal can
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be accomplished expeditiously and completely.
If any viscoelastic is left in the eye inadvertent-
ly, two serious specific complications can occur:
severe postoperative elevation of intraocular
pressure and capsulorhexis-blockade syndrome.

3.9
Choosing Viscoelastics 
for Specific Procedures

Most ophthalmic surgeons in clinical practice
do not have a practical method to scientifically
compare and evaluate the numerous OVDs now
on the market. However, a useful consideration
is that they can be classified generally as either
higher-viscosity cohesive or lower-viscosity
dispersive, according to their properties in sur-
gical use (Table 3.1). The higher-viscosity cohe-
sive group can be further divided into super-
viscous cohesive and viscous cohesive sub
groups. The attributes and disadvantages of
each category and subcategory can serve as
guidelines in choosing the product most suit-
able for a specific surgical procedure. Similarly
the lower-viscosity dispersives can be sub divid-
ed into medium viscosity dispersives and very
low viscosity dispersives.

Most OVDs now available are formulations
of hyaluronic acid or hydroxypropyl methylcel-
lulose (HPMC), with the hyaluronates possess-
ing greater viscosity and more desirable rheo-
logic attributes that the HPMCs. Any clinical
differences among the hyaluronate formula-
tions are due to differences in concentrations
and lengths of the hyaluronic acid chains.With-
in the range of concentrations of current com-
mercial hyaluronic acid products, those with the
greatest viscosity at low shear rates are also the
most elastic, rigid, and pseudoplastic.

3.9.1
Higher-Viscosity Cohesives

The property of cohesion is important for surgi-
cal removal of an OVD after it has served its
purpose. Because a highly viscous product is
generally desirable to increase the stability of
the surgical environment, and viscosity of

hyaluronates correlates highly with cohesion,
these products are doubly advantageous both
during surgery and at the end of the procedure
and minimise postoperative spikes of intraocu-
lar pressure when removed properly by the sur-
geon. On the other hand, the same property of
high cohesion and therefore easy removability
will be less desirable when the surgeon wishes
to retain some viscoelastic material within the
corneal concavity throughout the phacoemulsi-
faction and irrigation/aspiration parts of the
procedure. Viscoadaptive products were devel-
oped for precisely that reason.

OVDs within the higher-viscosity-cohesive
category are particularly useful when there is a
need to create space and stabilise the microsur-
gical environment, such as to deepen the anteri-
or chamber, to enlarge small pupils, to dissect
adhesions, to stabilise the capsular bag, or to
displace the iris and vitreous temporarily dur-
ing IOL implantation.

3.9.1.1
Super-Viscous Cohesives

The super-viscous cohesive OVDs are a subclass
of the higher-viscosity cohesive OVDs, and 
exhibit extremely high zero-shear viscosity
greater than 1 million mPaS (milliPascal-
seconds). They are admirably suited for use in
topical and intracameral anaesthesia and pha-
coemulsification techniques that entail confin-
ing the surgery to manoeuvres “within the cap-
sular bag”. For instance, when capsulorhexis is
to be performed in a shallow-chambered hyper-
ope under topical anaesthesia, a super-viscous
cohesive OVD is especially helpful in achieving
intraocular stability and creating and maintain-
ing adequate operative space. Except when a
dispersive material is specifically indicated (see
Sects. 3.9.2, 3.10), the super-viscous cohesive
products are often the ophthalmic surgeon’s
first choice in most cases.

3.9.1.2
Viscous Cohesives

The viscous cohesive OVDs (zero shear viscosi-
ty between 100,000 and 1,000,000 mPaS) con-
sist of the original Healon and all of its copies.

3.9 Choosing Viscoelastics for Specific Procedures 49



They have the same utility and drawbacks as su-
per viscous cohesive OVDs, but generally are
not quite as effective [14].

3.9.2
Lower-Viscosity Dispersives

When injected as a bolus into the eye, the lower-
viscosity dispersive OVDs are (by definition)
more likely than viscous and cohesive products
to disperse into fragments in the anterior cham-
ber. Low viscosity and the tendency to disperse
make some OVDs particularly useful when tis-
sues must be isolated and moved selectively, as,
for example, when in the presence of a zonular
disinsertion the vitreous must be kept out of the
operative field or when a piece of frayed iris is to
be sequestered away from irrigation that would
draw it toward the phaco tip. The lower-viscosi-
ty dispersives can be subdivided into the medi-
um-viscosity dispersives and the very low-vis-
cosity dispersives, with the medium-viscosity
dispersives generally possessing better rheolog-
ic properties for cataract surgical applications,
but being more expensive than the very low vis-
cosity dispersives, which are all HPMC prod-
ucts. Some remnants of a lower-viscosity dis-
persive OVD tends to remain adjacent to the
corneal endothelium, within the corneal con-
cavity, even during phacoemulsification. How-
ever, that characteristic, which in some cases
might be protective, could be detrimental if the
surgeon’s operative view is thereby significantly
diminished. In that case, the risk of inadvertent
intraocular surgical damage, for example to the
posterior capsule, might be increased. Another
potential drawback is that the trauma (due to
drag forces from irrigation and aspiration close
to the endothelial cells) required for postopera-
tive removal of a dispersive OVD could result in
more endothelial damage than was prevented
by the presence of the dispersive OVD during
surgery. The advantages of dispersive OVDs are
maximised, and their disadvantages are min-
imised, by using the viscoelastic soft-shell tech-
nique for routine cases and especially for com-
plex cases [10, 28].

3.10
The Viscoelastic Soft Shell Technique

3.10.1
Background and Rationale

Highly viscous-cohesive viscoelastics are best at
creating space with their viscosity, preserving it
by being elastic, and at displacing and stabilis-
ing tissues in the surgical environment. Intra-
ocular pressure can only be induced in an un-
sealed eye (with a small, potentially leaking
incision), with an elastic substance, consequent-
ly only the highly viscous-cohesive elastic vis-
coelastics are capable of neutralising positive
posterior pressure, which is always present, to
some extent, in cases of topical or intracameral
anaesthesia (because the extraocular muscles
are not paralysed), by pressurising the anterior
chamber to a degree equal to the posterior pres-
sure. I have termed this viscoelastic pressure
neutralising method of cataract surgery “pres-
sure equalised cataract surgery (PECS)”, which
can only be accomplished with viscous-cohesive
and super viscous-cohesive OVDs (as well as
viscoadaptives). A “pressure equalised anterior
chamber” stabilises the lens during capsu-
lorhexis by flattening out the anterior lens cap-
sule, thus reducing the risk of errant tears, and
facilitates foldable lens implantation, by stabil-
ising the viscoelastic expanded capsular bag,
and preventing it from developing folds in the
posterior capsule as the IOL is being inserted
and unfolded (Fig. 3.3). The high cohesion of
viscous-cohesive and super viscous-cohesive
OVDs is the factor that results in ease of re-
moval by irrigation and aspiration at the end of
the surgical procedure. But due to the same co-
hesive behaviour, cohesive OVDs leave the ante-
rior chamber rapidly during phaco, except for a
thin layer of hyaluronate bound to endothelial
cell membrane specific binding sites [24], per-
mitting a clear unobstructed view of the poste-
rior capsule. But, sometimes the early disap-
pearance of cohesive OVDs from the anterior
chamber during phaco can lead to suboptimal
corneal endothelial protection during the tur-
bulence of phacoemulsification. Furthermore,
cohesive OVDs are unable to partition fluid

50 Chapter 3 Ophthalmic Viscosurgical Devices



spaces in the anterior chamber. In other words it
is impossible, using a cohesive viscoelastic, to
envelop a structure on one side of the anterior

chamber, and then go back in with either the I/A
tip or phaco, and work on the other side of the
AC, without dragging the viscoelastic mass back
into the aspiration port, along with the tissue
the surgeon wanted sequestered. Consequently,
the higher-viscosity cohesive OVDs are best
used to create space and stability where it is oth-
erwise inadequate. This may include their use in
deepening a shallow anterior chamber in a hy-
perope to facilitate the insertion of a pha-
coemulsification tip, to create a pressure-
equalised environment to facilitate a difficult
capsulorhexis, to enlarge small pupils, to dissect
adhesions and to implant foldable intraocular
lenses (Table 3.3). Surgically, the most useful
properties of dispersive OVDs are their resist-
ance to aspiration, and their ability to partition
spaces. Their dispersive nature is one factor,
along with negative electrical charge and the
presence of hyaluronic acid (to bind to specific
binding sites), that improves the retention of
OVDs in the anterior chamber, adjacent to the
corneal endothelium, throughout phacoemulsi-
fication and irrigation/aspiration [25]. Disper-
sive OVDs are also extremely useful as surgical
tools in situations when it may be necessary 
to selectively move or isolate a single structure
in the anterior chamber (e.g. holding back vitre-
ous at an area of zonule disinsertion, or to 
isolate a piece of frayed iris preventing it from
being constantly drawn into the phacoemulsifi-
cation tip). They are capable of partitioning the
anterior chamber into a viscoelastic protected
space and a surgical zone in which the irrigation
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Table 3.3. Best uses and disadvantages of OVD groups

Higher-viscosity cohesives Lower-viscosity dispersives

Best uses Best uses
1. Create and preserve spaces 1. Remain adjacent to corneal endothelium 
2. Displace and stabilise tissues throughout phaco
3. Pressurise the AC 2. Selectively move and isolate
4. Clear view of posterior capsule during phaco 3. Partition spaces

Disadvantages Disadvantages
1. Leave AC too quickly during I/A or phaco 1. Do not maintain spaces or stabilise as well

-suboptimal endothelial protection 2. Irregular fracture boundaries obscure view
2. Unable to partition spaces ofposterior capsule
3. More difficult to remove at the end 

of the procedure

Fig. 3.3. Pressure equalised cataract surgery. When
cataract surgery is performed, especially using topical
or intracameral anaesthesia, once an incision is made,
the eye is exposed to unbalanced forces. There is pos-
terior vitreous pressure pushing forwards, which
originates from the constant pulling of the extraocu-
lar muscles (green arrows), but no anterior pressure
to counterbalance it, as a consequence of the incision
being open, permitting aqueous escape, thus depres-
surising the anterior chamber. In an open eye, it is im-
possible to pressurise the anterior chamber with an
inelastic device. Long chain hyaluronic acid OVDs are
best at neutralising the posterior pressure, and per-
mit surgery to be done in a much safer “pressure
equalised” environment. This is particularly impor-
tant for capsulorhexis and IOL implantation



of phaco or I/A can be continued, without the
two areas mixing.The major drawback of lower-
viscosity dispersive viscoelastics is that their
relatively low viscosity and elasticity do not al-
low them to maintain or stabilise spaces as well
as higher-viscosity cohesive viscoelastics (e.g.,
in the performance of a capsulorhexis or im-
plantation of a foldable intraocular lens). In
other words their decreased cohesion can be
used to the advantage of the surgeon, but their
lower viscosity and elasticity is a definite draw-
back. In addition, lower-viscosity dispersive
OVDs tend to be aspirated in small fragments
during phaco and I/A leading to an irregular
viscoelastic-aqueous interface that partially
obscures the surgeon’s view of the posterior
capsule during phacoemulsification. The mi-
crobubbles that form during phacoemulsifica-
tion, tend to become trapped in this irregular
interface, further obscuring the surgeon’s view
of the posterior capsule, rendering surgical ma-
noeuvres in the posterior chamber more diffi-
cult. Lower-viscosity dispersive OVDs, because
of their low cohesion, are more difficult to re-
move at the end of the surgical procedure. Assia
et al. demonstrated, in a controlled in vitro
study, that lower-viscosity dispersive OVDs
such as Viscoat, Occucoat and Orcolon, may
take more than seven times longer to remove
than higher-viscosity cohesive OVDs such as
Healon and Healon GV [18]. The additional ma-
nipulation and aspiration required to complete-
ly remove dispersive viscoelastics may actually
increase the likelihood of complications such as
endothelial damage or puncturing of the poste-
rior capsule. Lower viscosity-dispersive vis-
coelastics are most advantageous when dealing
with problematic cases such as zonule disinser-
tions, small holes in the posterior capsule, a
frayed piece of iris, and Fuch’s endothelial dys-
trophy, the latter being a situation in which the
surgeon specifically wants to isolate the corneal
endothelial cells from the phaco procedure’s
turbulent flow (Table 3.3).

3.10.2
The Dispersive-Cohesive Viscoelastic 
Soft Shell Technique

The dispersive-cohesive viscoelastic soft shell
technique is a method which uses both disper-
sive and cohesive viscoelastics sequentially, in
order to derive the benefits of both viscoelastic
types and eliminate the drawbacks of each (see
discussion above). The viscoelastics should not
mix in the eye, but should occupy adjacent
spaces within the anterior chamber, if optimal
results are to be achieved. The technique relies
upon three principles:
1. A pressurising elastic device (e.g., a higher-

viscosity cohesive OVD) in a confined space,
will transmit pressure through adjacent flu-
ids, within the confined space, to pressurise
the entire space.

2. A dispersive viscoelastic will maintain it’s
dispersive characteristics when subjected to
moderate pressure from an adjacent cohe-
sive fluid.

3. Two rheologically dissimilar, but both trans-
parent, OVDs can be placed in adjacent
spaces within the anterior chamber, without
mixing, and without blurring the surgeon’s
view, in order to take maximum advantage of
the unique properties of each viscoelastic, in
the exact location where it is most needed.

3.10.3
Method

At the commencement of the surgical cataract
procedure (Fig. 3.4), a lower-viscosity dispersive
OVD is injected into the anterior chamber first,
and a mound is formed centrally on the anteri-
or surface of the lens. A higher-viscosity co-
hesive OVD is then injected into the posterior
centre of the lower-viscosity dispersive OVD
mound, such that the incoming higher viscosity
cohesive OVD fills the centre of the eye, and
pushes the lower-viscosity dispersive OVD up-
wards and outwards, eventually forming a
smooth, even, pressurised layer adjacent to the
corneal endothelium . The higher-viscosity co-
hesive OVD permits creation of space and pres-
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surisation of the anterior chamber, to deepen
and stabilise it and facilitate capsulorhexis, in a
manner that could never be achieved with a
lower-viscosity dispersive alone, while the low-
er-viscosity dispersive is fashioned into a
smooth, even protective layer adjacent to the
corneal endothelial cells, where it will remain
throughout the turbulence of the surgical pro-
cedure. A continuous curvilinear capsulorhexis
is then performed followed by hydrodissection.
As the phaco is begun, the higher-viscosity co-
hesive OVD is aspirated out, leaving a smooth,
ironed out layer of lower-viscosity dispersive
OVD adjacent to the corneal endothelial cells,
without irregular fracture boundaries, allowing
for clearer visualisation of the posterior cap-
sule, while simultaneously protecting the deli-
cate endothelial cells against fluid turbulence.
After the lens has been emulsified and irriga-
tion/aspiration of the cortical remnants com-
pleted, but before implantation of the IOL, the
OVDs are injected in reverse order: the higher-
viscosity cohesive OVD is injected first, fol-
lowed by the lower-viscosity dispersive into its
centre.The higher-viscosity cohesive OVD pres-
surises the anterior chamber and expands the
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Fig. 3.4 a–f. The viscoelastic soft shell technique.
a The lower-viscosity dispersive OVD (violet) is in-
jected first to form a mound on the surface of the cen-
tre of the cataractous lens. b The higher-viscosity co-
hesive OVD (green) is injected into the posterior
centre of the lower-viscosity dispersive OVD, such
that continued injection pushes the lower-viscosity
dispersive OVD upward and outward, finally pres-
surising it into a smooth layer against the corneal en-
dothelial cells. c After performance of the capsu-
lorhexis, when the phaco is begun, the higher-visco-
sity cohesive OVD (green) rapidly leaves the eye, leav-
ing behind the smooth layer of lower-viscosity dis-
persive OVD (violet) ironed out against the corneal
endothelial cells, which remains largely intact
throughout the phaco and I/A procedures. d After
completion of removal of the nucleus and cortex the
OVDs are injected in reverse order. The higher-vis-
cosity cohesive OVD (green) is injected first to sta-
bilise the iris, capsule and anterior chamber. The low-
er-viscosity dispersive OVD (violet) is then injected
into its centre, placing the cannula tip approximately
in the geographic centre of the capsulorhexis. Figure
3.4 e,f see next page
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capsular bag to prevent wrinkles in the posteri-
or capsule and facilitate foldable lens implanta-
tion. It’s presence in the periphery of the anteri-
or chamber stabilises the iris and lens capsule
so that they do not move when the IOL is intro-
duced. It also protects the delicate structures of
the eye against the sometimes rapid unfolding
of silicone IOLs. The lower-viscosity dispersive
OVD, occupying the centre of the anterior

chamber and capsular bag, permits easier
movement of instruments and the IOL through
the OVD mass. Because of the concentric parti-
tioning of the anterior chamber into two differ-
ent OVD filled spaces, the unfolding of the IOL
in the central lower-viscosity dispersive filled
space transmits less force into the surrounding
higher-viscosity cohesive OVD filled space,
than would occur with either type of viscoelas-
tic alone. As a consequence IOL implantation is
achieved through a much better stabilised ante-
rior chamber, and the tendency for a haptic to
catch on the iris or posterior capsular folds, or
to be reluctant to drop into the capsular bag, is
greatly reduced. Furthermore, the anterior
chamber, iris and capsular bag are all more sta-
ble during IOL implantation. The incision is en-
larged, if necessary, to the appropriate size to al-
low implantation of the selected IOL after both
OVDs have been injected. Once the lens has
been implanted, the OVDs are aspirated from
the eye. Because the lower-viscosity dispersive
OVD is enveloped by the higher-viscosity cohe-
sive, removal of both OVDs is quick and easy,
similar to the experience of removing a higher-
viscosity cohesive viscoelastic alone.

3.10.4
Using the Soft Shell Technique

I have been using this soft shell technique to
manage difficult phacoemulsification cases, and
complications, for about 15 years, using Healon
or Healon GV in combination with Viscoat. The
cost of using two syringes of viscoelastic for
each case precluded the use of soft shell for
every case. It is a bit tedious, because of the ex-
tra step involved with the extra viscoelastic sy-
ringe, but advantageous, especially in difficult
cases. The more recent advent of DuoVisc (Al-
con Laboratories, Fort Worth, TX), consisting of
one syringe each of Provisc and Viscoat, also
manufactured by Alcon, has somewhat over-
come this logistical issue.
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Fig. 3.4. e The presence of the lower-viscosity dis-
persive OVD (violet) in the centre of the higher-vis-
cosity cohesive OVD mass (green) allows freer move-
ment of the incoming IOL with better stabilisation of
the surrounding iris and capsular bag. f Because the
lower-viscosity dispersive OVD (violet) is enveloped
within the higher-viscosity cohesive OVD (green),
both are easily aspirated out of the eye together at 
the end of the procedure, as if only a higher-viscosity
cohesive OVD had been present.
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3.10.5
Application of the Soft Shell Technique 
to specific problems

3.10.5.1
Fuchs’ Endothelial Dystrophy

In cases of Fuchs’ endothelial dystrophy, the soft
shell technique is performed in the usual fash-
ion, except that no attempt is made to remove
the Viscoat layer residing adjacent to the en-
dothelium at the end of the case. Instead the pa-
tient is treated with intraocular pressure reduc-
ing agents (preferably a cholinergic) to prevent
an unacceptable postoperative intraocular pres-
sure spike [17].

3.10.5.2
Broken Zonules

The management of cases of broken zonules,
whether in traumatic or congenital subluxation
cases, is an example of slight modification of the
soft shell technique in order to accommodate a
specific area of the anterior chamber in need of
protection from the turbulence of the irrigation
of the phaco or I/A. In this case the lower-vis-
cosity dispersive OVD is injected to cover the
area of disinserted zonules, whereas in the rou-
tine soft shell technique the target for protec-
tion is the endothelium. As the higher-viscosity
cohesive viscoelastic is injected behind the low-
er-viscosity dispersive, the AC is pressurised,
and any protruding vitreous is pushed back-
wards, along with some of the lower-viscosity
dispersive OVD, away from the area of the
planned phacoemulsification procedure. A cap-
sular tension ring is inserted into the capsular
bag to preserve the relationships just created
with the OVDs, and further enhance the safety
of the procedure. As the phaco is begun, the
higher-viscosity cohesive OVD is aspirated out,
but the lower-viscosity dispersive remains be-
hind to isolate and protect the vitreous surface
in the area of the broken zonules.

3.10.5.3
A Small Hole in the Posterior Capsule

Sometimes, during phaco, a small round hole is
punched in the posterior capsule. In this case,
the following is done. First the surgeon must ex-
amine the hole and be sure that there it has a
smooth round border. If not, a posterior capsu-
lorhexis should be completed under viscoelas-
tic, using the soft shell technique, by first cover-
ing the area with lower-viscosity dispersive
OVD, and then filling the AC with a higher-vis-
cosity cohesive OVD without pressure (pressure
could extend the tear). Then the posterior cap-
sulorhexis is done with forceps. Once the
boundary of the hole is determined to be intact
and continuous, more higher-viscosity cohesive
viscoelastic is gently injected to slightly pres-
surise the AC, as this serves to push any pro-
truding vitreous back through the hole, along
with some of the lower-viscosity dispersive
OVD. Subsequently, now that the AC and capsu-
lar bag have been stabilised, the phaco and I/A
can be completed under low flow conditions.

3.10.5.4
Frayed Iris Strands

The problem of how to deal with a piece of
unintentionally frayed iris, or any other semi-
attached fragment in the anterior chamber is
not dissimilar to the problem of disinserted
zonules. The area of frayed iris is covered with
the lower-viscosity dispersive viscoelastic, and
the higher-viscosity cohesive viscoelastic is in-
jected behind it to pressurise the AC and move
the tail of frayed iris out of the way. When the
phaco is recommenced, the higher-viscosity co-
hesive OVD comes out with the fluid flow, but
the lower-viscosity dispersive remains behind
to isolate and protect the area of frayed iris
strands.
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3.10.5.5
Other Problems

With a bit of thought, given the above examples,
the surgeon can apply the principles of the vis-
coelastic soft shell technique to deal better with
other problems that may arise during surgery.
The surgeon must simply keep in mind that the
lower-viscosity dispersive OVD is used to iso-
late and protect an area of concern, whereas the
higher viscosity cohesive is used to create and
preserve spaces, and to pressurise. The cohesive
will rapidly be aspirated out, once phaco is
recommenced, while the dispersive will largely
remain where it was placed.

3.11
Viscoadaptives – Healon5

3.11.1
Development

The viscoelastic soft shell technique was intro-
duced to avoid the detriments of both classes of
OVDs by using one viscoelastic, from each of
the two major classes, sequentially, in a logical
system that takes advantage of the best proper-
ties of each type of OVD, while avoiding the
problems associated with each, when used
alone. The disadvantage of the soft shell tech-
nique is that it requires the use of two separate
syringes of OVDs which must be used sequen-
tially, with correct sequence and precise posi-
tioning, instead of a single OVD syringe, thus
increasing cost and inconvenience. There is the
risk that the wrong one may be injected first, a
problem that can require additional steps to
correct, and may negate some of the advantages
of the soft shell technique. Healon5,“the world’s
first viscoadaptive”, was the first OVD to be de-
signed rheologically. The desired rheologic pa-
rameters were determined based upon what
was thought to be optimal for modern pha-
coemulsification surgery at the turn of the Mil-
lenium, and rheologic knowledge of hyaluronic
acid solutions was used to engineer about 20
“candidate formulations,” which were then ex-
tensively tested in masked trials of simulated
phacoemulsification, before the final version

was chosen. The goal of the exercise was to cre-
ate a highly viscous OVD that possessed the best
properties of Healon GV (generally considered
to be the best of the super viscous cohesive
OVDs), but was also highly retentive in the ante-
rior chamber throughout all the steps of pha-
coemulsification (higher-viscosity cohesive vis-
coelastics generally have poorer retention than
dispersive viscoelastics), at least as well as the
best of the lower-viscosity dispersive OVDs,
thus conforming to our current concept of an
“ideal” viscoelastic. The world-wide launch of
Healon5 was at the European Society of Cataract
and Refractive Surgery meeting, Nice, France,
on September 7, 1998. Other competitive vis-
coadaptives have appeared since then (IVisc
Phaco, MicroVisc Phaco and BD MultiVisc, all
manufactured by Bohus Biotech). It can be seen
from Table 3.1 that viscoadaptives have the high-
est zero shear viscosities of any OVDs yet mar-
keted. Like Healon GV and Healon, Healon5 and
other viscoadaptives are very pseudoplastic
(see Fig. 3.2), making injection into the anterior
chamber through a small bore cannula similar,
with respect to required force and feedback sen-
sation, to Healon GV. The molecular weight of
viscoadaptives has not been increased, but their
concentrations have. It is the increased concen-
tration of hyaluronic acid at this high molecular
weight, that allows viscoadaptives to display
their unique characteristics. Not only does in-
creasing concentration affect zero shear viscos-
ity, but, in addition, given constant molecular
mass, ophthalmic OVDs will appear to the sur-
geon to be more dispersive as concentration is
increased, and will exhibit increased retention
during surgery. I will discuss design issues of
viscoadaptives, using Healon5 as the example,
as it was first. The problem in the design of
Healon5 was the fact that all preceding higher-
viscosity cohesive ophthalmic viscoelastics
were very good at space creation and mainte-
nance, but sometimes, in a long or complicated
surgical case, tended to come out of the eye, in a
bolus, too early in the procedure. The essence of
Healon5 is it’s rheological idiosyncrasy that
makes it unique in being both very highly 
viscous cohesive and retentive. Figure 3.5 
illustrates the outstanding characteristic of
Healon5. The attribute of the surgical environ-
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ment that causes stress to be placed upon OVDs
is fluid turbulence. Because the ultrasonic pha-
co energy itself is felt only for a very short dis-
tance from the phaco tip, the OVD present re-
mote from the immediate vicinity of the phaco
tip remains unaffected by the power used. Fluid
turbulence, however, as well as being an impor-
tant factor in potential endothelial damage,
is roughly constant throughout the anterior
chamber during phaco, except when the phaco
or I/A tip is kept within the capsular bag behind
an intact capsulorhexis. Lower-viscosity disper-
sive OVDs behave as dispersives over the entire
range of fluid turbulence normally encountered
in the AC during cataract surgery. Similarly
higher-viscosity cohesive viscoelastics behave
as viscous devices over the entire range of tur-
bulence normally encountered. Both of these
classes are therefore appropriately named, be-
cause their behaviour is consistent, under the
conditions that we expose them to. Healon5 is
referred to as viscoadaptive because under con-
ditions of low turbulence it behaves just like a
super viscous cohesive device, whereas when

the turbulence is increased Healon5 fractures
into smaller pieces and therefore somewhat
mimics the behaviour of dispersive viscoelas-
tics, but in a different way, referred to as pseudo-
dispersion [15]. What actually happens as OVDs
are made ever more viscous and cohesive from,
for example, Ocucoat to Viscoat to Healon to
Healon GV to Healon5, is that they begin to ap-
proach the properties of solids somewhat, and
start to become brittle or fracturable. This is
somewhat analogous to what happens to vis-
cous chocolate pudding when it is placed in the
refrigerator for varying periods of time. If test-
ed after different periods of cooling, the pud-
ding will be found to have become more and
more viscous, until it reaches a point when it ap-
pears to be almost solid, but a spoon inserted
into it can very easily fracture out a piece, which
can be extracted with a relatively solid mound
of pudding sitting on the spoon. The unique
fracturable quality of Healon5 is what makes it
viscoadaptive. What it means at the molecular
level, is that the inter-chain hydrogen bonding
secondary to the intertwining of the chains, is
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Fig. 3.5. The response of Healon5 to turbulence.
Healon GV and Viscoat retain their respective cohe-
sive and dispersive natures over the normal range of
fluid turbulence to which they are exposed in cataract
surgery, with fluid flow rates rarely going below
10 cc/min and rarely exceeding 45 cc/min. Healon5 is
uniquely viscoadaptive in that it becomes fracturable
(like a solid), as a consequence of its extremely high
viscosity and cohesion, at flow rates around 25 cc/min

(in the middle of the surgical range), thus allowing
surgeons to merely turn up the flow rate to make it
behave in a fracturable, pseudo-dispersive fashion.
Similarly, compartmentalisation of the anterior
chamber (for example by working in the capsular
bag, beneath an intact capsulorhexis, will yield differ-
ential flow rates above and below the capsulorhexis,
and cause fracturing of Healon5 at the pupil plane.
This is the “viscoadaptive” behaviour of Healon5



stronger than the intrachain carbon–carbon
bonds, preventing the deformation seen when
less viscous OVDs are exposed to stress. This
fracturability, exhibiting different characteris-
tics post-fracture than before, is what allows
Healon5 to be used throughout surgery as a
highly viscous-cohesive OVD, somewhat like
Healon GV, except that it can be fractured to im-
prove retention during phaco, or for removal.
Healon5 can be broken at the iris plane and the
cataract procedure can be carried out in the
capsular bag, while the anterior chamber, ex-
posed to lower flow and protected from turbu-
lence by an intact capsular bag, can remain full
of Healon5, yielding superlative protection of
the endothelial cells. On the other hand, when
removal from the anterior chamber is desired,
we need only turn up the flow rate to fracture
the viscoelastic matrix, rotate the I/A tip so that
an infusion port is directed up into the OVD
mass, and use high vacuum to aspirate the vis-
cous pieces. It is the fracturable characteristic 
of Healon5 which allows it to be used in cases 
of Fuchs’ endothelial dystrophy, congenital or
traumatic subluxated cataracts, frayed iris,
small holes in the posterior capsule, and other
circumstances when tissue isolation and protec-
tion is desired. Healon5 can therefore compete
with the viscoelastic soft shell technique in that
it can be adapted to almost any intraocular sur-
gical circumstance, as long as the concept of
fracturability is understood and utilised prop-
erly by the operating surgeon. It should howev-
er be remembered, that during injection,
Healon5 remains a large cohesive mass, and cas-
es without an intact posterior capsule, at the
time of OVD injection, will still benefit from the
concomitant use of a dispersive OVD, like Vis-
coat, to surround and protect delicate unstable
structures, before Healon5 is injected to pres-
surise. The author acted as a consultant to Phar-
macia and Upjohn for the development of
Healon5. During the process of development, we
wanted to see if this type of viscoadaptive de-
vice was really superior to conventional higher
viscosity cohesive and lower viscosity disper-
sive viscoelastics during all phases of routine
cataract surgery. World leading cataract sur-
geons were therefore asked to take part in
masked handling tests on eye bank eyes in sim-

ulated phaco surgery, using the Miyake type
preparation of eye bank eyes. The cumulative
results of these tests were that although Healon5
was not judged as absolutely the best at every
stage of phacoemulsification, it was judged ei-
ther best, or insignificantly different from the
best at each and every stage of phaco surgery,
whereas cohesive and dispersive viscoelastic
groups both had decidedly weak performance
in some aspects of phaco surgery. In fact,
Healon5 is unique in having been judged as ex-
cellent for every surgical task.

3.11.1
Viscoadaptive Use in Complications

As explained above, viscoadaptives possess the
unique property of being fracturable when ex-
posed to high turbulence, giving them a desir-
able dual personality. Strategies of viscoelastic
fracturing, instead of layering two OVDs can be
used in the examples above (see Sect. 3.10) of
desired partitioning of the anterior chamber
into a viscoelastic filled space and an operative
zone to deal with complications such as broken
zonules, Fuchs’ endothelial dystrophy, a piece of
frayed iris, a small hole in the posterior capsule
etc.

3.11.2
The Ultimate Soft Shell Technique

3.11.2.1
Why a Soft Shell Technique 
for Viscoadaptives?

Initial experience with viscoadaptives demon-
strated, that like with any other new device,
some aspects of use would present problems for
some surgeons. Three areas were found to pres-
ent difficulty to significant numbers of sur-
geons:
1. Capsulorhexis – The surgical environment of

an AC full of viscoadaptive was found by
many to be too viscous to work in. Many
found the increased stability of the AC to be
an advantage, and increasing AC pressure by
increasing the amount of viscoadaptive in-
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jected, allowed easy customisation of the 
diameter of the capsulorhexis performed.
However, some found that the capsulorhexis
flap gets tangled too easily in such a viscous
environment

2. Hydrodissection – Filling the AC with vis-
coadaptive blockades the incision.When BSS
is injected to perform hydrodissection, the
intraocular pressure can be severely elevated
before the viscoadaptive is expelled. If the
OVD does not expel easily, hydrodissection
becomes difficult because of the increased
intraocular pressure caused by the attempted
BSS injection. If the lens is unstable,as in cas-
es of pseudoexfoliation, this increased injec-
tion pressure could be dangerous

3. Viscoadaptive removal – Viscoadaptives
were designed to be fracturable. So, one of
the logical places for them to fracture is on
the edges of the new sharp edged IOLs, re-
sulting in failure to remove all the OVD be-
hind the IOL and possible undesirable severe
postoperative IOP spikes. Tetz et al. had in-
troduced the two compartment technique,
suggesting that viscoadaptive can be re-
moved behind the IOL by simply placing the
I/A tip behind the lens, but not all surgeons
are comfortable with that procedure, despite
it having been shown to be safe, and fairly
easy [29].

3.11.2.2
The Ultimate Soft Shell Technique (USST)

The first, or pre-capsulorhexis step of the USST
(Fig. 3.6) is a method to blockade the cataract
wound with viscoadaptive, while filling the area
just above the lens surface with BSS, thus creat-
ing a situation where the eye is pressurised as if
a viscoadaptive alone was used, but the resist-
ance to surgical manoeuvres on the lenticular
surface (capsulorhexis) is that of BSS. This over-
comes concern (1) above with viscoadaptives,
and is well described in the reference at the end
of this section. To perform hydrodissection, in a
low resistance environment, which is desired,
the surgeon merely wiggles the hydrodissection
cannula, while simultaneously slowly injecting
BSS, as it enters the AC, to break out the small
piece of viscoadaptive that is blockading the

wound, thus establishing free BSS irrigation and
exit from the eye below the viscoadaptive mass
filling the corneal concavity, and resolving the
second concern above. The second step of the
USST, the pre-IOL implantation step, merely in-
volves injecting the viscoadaptive into the AC,
across rather than into the capsular bag, after
completion of the I/A, until the viscoadaptive
begins to enter the capsular bag. At this point
the wound and the capsulorhexis have been
blockaded by OVD, and the OVD syringe is ex-
changed for the BSS syringe. BSS is injected into
the capsular bag by placing the end of the can-
nula underneath the capsulorhexis edge, in a
manner similar to what is done for hydrodissec-
tion, and continued until the bag is seen to fill,
and the eye becomes fairly firm.As the IOL is in-
serted into the eye, the leading haptic will fall
into the BSS filled capsular bag and begin to
open, whereas the trailing haptic remains fold-
ed in the OVD. When the I/A is reinserted into
the AC to remove the OVD, the IOL is seen to fall
backwards into the BSS filled capsular bag when
irrigation is engaged and the trailing haptic
opens. The viscoadaptive is now entirely anteri-
or to the IOL, in the AC, and is easily removed in
about 5–10 seconds, with gentle “Rock ‘n’ Roll”
[4, 6]. I have been using the USST for four years,
and it is the easiest and safest technique of pha-
coemulsification that I have yet found [13].

3.11.3
Removal of Viscoadaptives

As in all innovation, the work with viscoadap-
tives has taught us an important lesson. Like all
OVDs, Healon5, and other viscoadaptives, must
be removed as completely as possible from the
eye at the end of the surgical procedure to avoid
unacceptable postoperative elevations of in-
traocular pressure. Historically, a number of
studies in a Miyake lab ascertained optimal re-
moval techniques for OVDs. “Rock ‘n’ Roll” had
been confirmed by a comparative study of dif-
ferent removal techniques by Auffarth et al. in
1994 to be the most effective technique to date
[19]. To remove Healon5 using the “Rock ‘n’
Roll” technique settings causing sufficient tur-
bulence to achieve easy fracturing of the
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Healon5 matrix, are necessary. This technique
takes less than 30 seconds with Healon5, but as
with all viscoelastics, the end point is complete
removal, and not any time period: the time esti-
mate being only a general guide. The two com-
partment technique (TCT) of Tetz [29], and the
ultimate soft shell technique (USST) [13] have
proved to be more effective and popular vis-
coadaptive removal techniques than simple
“Rock ‘n’ Roll”. When Healon5 first appeared,
severe postoperative IOP spikes were reported
when it was incompletely removed, but it has
since been shown that postop IOP spikes are a

function of incomplete removal, and patient
susceptibility, and are not significantly different
with different OVDs [16].

3.12
Conclusion

The purpose of this chapter is to inspire interest
in how an understanding of physical mechanics
of OVDs, in the practice of ophthalmic surgery,
can enable the development of newer, better
OVDs and viscosurgical techniques, enhance

60 Chapter 3 Ophthalmic Viscosurgical Devices

Fig. 3.6 a, b. Ultimate soft shell technique. a In the
pre-capsulorhexis step of the USST the AC is first
filled about 70% with viscoadaptive through the
main incision, being sure to blockade the incision by
injecting OVD as the cannula is withdrawn. Balanced
salt solution is then injected through the same inci-
sion, with the tip of the cannula remote from the inci-
sion and slightly indenting the anterior lens capsule,
until the eye begins to become firm. The capsulorhex-
is is performed with the resistance of water, but the
AC is pressurised as if only viscoadaptive was being
used. After completion of the capsulorhexis, the BSS
cannula is again introduced, but this time wiggled as
the eye is entered, slowly injecting BSS all the time,
which breaks out the small piece of OVD in the red
circle, permitting free circulation of BSS under the
viscoadaptive protective dome. When it is desired to
use capsular dyes, the dye is gently painted over the
capsular surface, before the BSS injection step. Very
little trypan blue is required, about one drop, and the
subsequent injection of the BSS visually clears the
field, making capsulorhexis easy in these otherwise
difficult cases. b In the pre-IOL implantation step of

the USST, after completion of the phaco and I/A, vis-
coadaptive is injected into the eye, across the capsu-
lorhexis, not into it. When the AC begins to fill, OVD
is seen to begin to enter the capsular bag.At that point
injection stops, and the BSS cannula is retrieved. BSS
is injected into the capsular bag, by placing the tip of
the cannula under the capsulorhexis edge, in the same
manner as is done with hydrodissection. As BSS fills
the capsular bag, the bag is seen to distend, and the
OVD moves upwards out of the bag toward the inci-
sion. As the eye begins to become firm, injection
stops. The IOL may be implanted with forceps or an
injector, but I use a little more OVD, and less BSS,
when implanting the IOL with forceps. When an in-
jector is used, the leading IOL haptic is observed to
open as it enters the BSS filled capsular bag. The trail-
ing haptic, however, remains folded, as it remains in
viscoadaptive. When the I/A is reinserted to begin
OVD removal, the trailing haptic is observed to fall
into the bag and open as soon as irrigation is begun,
thus pressurising the eye. All of the viscoadaptive is
now in front of the IOL and can be removed in less
than 10 s with gentle “Rock ‘n’ Roll”

a b



the surgeon’s skills, the likelihood of operative
success, and the patient’s safety. Phacoemulsifi-
cation surgery is really just a sequence of rheo-
logic manoeuvres, because everything is done
with fluid flow, and the better we understand
rheology, the better our surgery will be.

Attempts to comparatively evaluate the many
available OVDs have been complicated by the
varying methods, units of measurement, and
technologic terminology cited in technical data.
Now, however, the confusion imposed by such
variation is giving way to consensus and under-
standing as the International Standardization
Organization (ISO) establishes guidelines for
uniformity and precision in assuring chemical
safety and presenting to the surgeon data de-
rived from research on OVDs that is under-
standable and comparative, while being ex-
pressed in a manner directly comparable to
methods of surgical use. That standardisation
in turn assists not only in the surgeon’s choice of
products but also in the researchers’ develop-
ment of products with the rheologic and biolog-
ic properties most likely to enhance the efficacy
and safety of ophthalmic surgery. Another ben-
efit of standardisation, I hope, will be the recog-
nition that OVDs do differ in rheologic proper-
ties that are directly relevant to clinical practice.
For example, higher-viscosity cohesive OVDs
and lower-viscosity dispersives are essentially
different and each is especially suitable for spe-
cific operative situations. Whether or not vis-
coadaptives will fulfil their goal of being the
ideal viscosurgical device for all surgical proce-
dures awaits broader world-wide experience.
Undoubtedly, the future will not end, and newer
better OVDs await development. For now, to
minimise complications and thereby to enhance
surgical quality and improve outcomes, a rea-
sonable range of a few OVD products from the
different categories should be made available to
ophthalmologic surgeons at all times. Healon5
was the first OVD to be designed at the rheolog-
ical bench, rather than by trial and error in ani-
mal and human surgery. Surely there will be
more to come.
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4.1
Introduction and Brief Overview 
of Biomaterials Used for the Manufacture 
of Foldable Intraocular Lenses

Although sporadic early attempts to implant
foldable intraocular lenses (IOLs) probably oc-
curred in the 1970s, in general the development
of small incision lenses occurred in the past two
decades [3]. More recently, the majority of effort
and funding appears to be spent on the develop-
ment of complex foldable IOLs that not only 
restore the refractive power of the eye after
cataract extraction through small incisions, but
also provide some special features. These in-
clude multifocality, toric corrections, pseudoac-
commodation, and postoperative adjustment of
the IOL refractive power, among others [46].

In this text we present an overview of fold-
able IOL designs, focusing on modern lenses
that are currently available or under investiga-
tion. Our intention is to provide a general scan
of the subject, which is therefore not intended to
be an exhaustive list. For some of these lenses,
formal peer-reviewed publications are not yet
available. The information provided is some-
times based on non peer-reviewed publications,
advertising material, or preliminary results
from experimental studies performed in our
laboratory. Some of the designs discussed in
this chapter are not yet approved by the United
States Food and Drug Administration (FDA).

Foldable Intraocular Lenses

Liliana Werner, Nick Mamalis

4

|

∑ Foldable intraocular lenses are manufac-
tured from silicone or acrylic (hydrophobic
or hydrophilic) biomaterials, in three-piece
or single-piece designs. Single-piece lenses
can be found in plate configurations, or
with two or more haptic components

∑ The most important isolated IOL design
feature for prevention of posterior capsule
opacification is the square, truncated optic
edge.This feature has been incorporated to
foldable IOLs manufactured from silicone,
hydrophobic acrylic and hydrophilic acrylic
biomaterials

∑ Foldable silicone and acrylic lenses are 
also available in designs providing 
special features.These include multifocality
and toric corrections, lenses with a modi-
fied prolate profile to compensate for the
corneal spherical aberration, yellow lenses
to protect the retina against blue light 
rays, accommodative lenses, lenses that 
can be inserted through sub 1.5-mm 
incisions, and light adjustable power 
lenses

Core Messages



Biomaterials (polymers) currently used for
the manufacture of IOL optics can be divided
into two major groups, namely acrylic and sili-
cone [13, 25, 40, 41].Acrylic lenses can be further
divided as follows:
– Rigid, e.g. manufactured from poly(methyl

methacrylate) (PMMA)
– Foldable, manufactured from hydrophobic

acrylic materials, or from hydrophilic acrylics
also known as hydrogels

Polymerization is the process by which the re-
peating units of monomers linked by covalent
stable bonds form a polymer. Three-dimension-
al, flexible acrylic polymers can be created by a
process known as cross-linking. When different
monomers are polymerized together, the
process is called copolymerization. Each cur-
rently available foldable acrylic lens design is
manufactured from a different copolymer
acrylic, with a different refractive index, glass
transition temperature (above this temperature
the polymer exhibits flexible properties and 
below it remains rigid), water content, and me-
chanical properties, etc.

Silicones are known chemically as polysil-
oxanes based on their silicon-oxygen molecular
backbone, which confers mechanical flexibility
to the materials. Pendant to the silicone back-
bone are organic groups, which determine me-
chanical and optical properties. The first sili-
cone material used in the manufacture of IOLs
was poly(dimethyl siloxane),which has a refrac-
tive index of 1.41. Poly(dimethyl diphenyl silox-
ane) is a later generation silicone IOL material
that has a higher refractive index than poly(di-
methyl siloxane) (1.46). While foldable acrylics
display glass transition temperatures at around
room temperature, the glass transition temper-
ature of silicones can be significantly below
room temperature. Acrylic lenses in general un-
fold in a more controlled manner, while silicone
lenses have the tendency to rapidly spring open.
Another differentiating property between fold-
able acrylics and silicones is the refractive in-
dex, which is higher in the first group (1.47 or
greater) so acrylic lenses are thinner than sili-
cone lenses for the same refractive power.

Other important elements of the IOL optic
component are represented by the ultraviolet-

absorbing compounds (chromophores). These
are incorporated into the IOL optic in order to
protect the retina from ultraviolet radiation in
the 300–400 nm range, a protection normally
provided by the crystalline lens. In general, two
classes of ultraviolet-absorbing chromophores
are used for the manufacture of pseudophakic
IOLs: benzotriazole and benzophenone. Four
materials are currently being used for the man-
ufacture of the haptic component (loops) of
three-piece foldable lenses: PMMA, polypropy-
lene (Prolene), polyimide (Elastimide) and
poly(vinylidene) fluoride (PVDF). Polypropy-
lene is less rigid than PMMA, polyimide and
PVDF. We have recently performed a laboratory
study comparing the shape recovery ratios after
compression of three-piece silicone lenses with
haptics manufactured from these four materi-
als. The three later materials exhibited similar
loop memories, which were found to be higher
than that of polypropylene [19].

Summary for the Clinician

∑ Currently available intraocular lenses are
manufactured from silicone and acrylic
(hydrophobic or hydrophilic) biomaterials

∑ Acrylic lenses in general unfold in a more
controlled manner, and have higher refrac-
tive indexes than silicone lenses

4.2
Silicone Intraocular Lenses

4.2.1
Plate Intraocular Lenses

Development of single-piece soft IOL designs,
including plate lenses, began in the 1970s and
early 1980s. By the late 1980s, the design and
manufacture had markedly improved and mod-
ern foldable silicone plate lenses, first character-
ized by the presence of small positioning holes
on either side of the optic (0.3 mm in diameter),
emerged (Fig. 4.1a) [3]. These became very pop-
ular, because they were relatively easy to insert
using an injector through a small incision. The
designs with small holes are now considered ob-
solete and have been replaced by silicone lenses
with larger fenestrations (1.15 mm in diameter).
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These latter have been incorporated to enhance
postoperative lens fixation, as fibrous adhesions
occur between the anterior and posterior cap-
sules through the holes to lock the lens to the
equator of the capsular bag, assuring optic cen-
tration and long-term stability (Fig. 4.1b,c) [22,
50].

Silicone plate lenses available in the US are
basically manufactured by Staar Surgical (Elas-
tic Lens, Monrovia, CA), and Bausch & Lomb
Surgical (Rochester, NY). Staar also uses the
platform of the silicone plate lens with large
holes for the manufacture of toric lenses (see
Sect. 4.4.2). A similar design is used for lenses
manufactured from the Collamer material (see
Sect. 4.3.2). The biconvex optic of silicone plate
lenses is 5.5 or 6.0 mm in diameter, and lenses
with an overall length of 10.5, 10.8 or 11.2 mm are
available.

4.2.2
Three-Piece Intraocular Lenses

The optic component of currently available
three-piece silicone lenses is, in general, manu-
factured from silicone materials with a refrac-
tive index higher than those of silicone plate
lenses. Thus three-piece lenses are thinner for
the same refractive power. There is a manufac-
turer tendency to use haptic materials that are
relatively rigid, with good material memory,
such as PMMA, polyimide or PVDF (Fig. 4.2).
Studies have demonstrated that anterior cap-
sule opacification/fibrosis is more significant
with silicone lenses, especially the plate designs,
due to the larger area of contact between the
biomaterial and the inner surface of the anteri-
or capsule [43, 44]. In the case of the three-piece
designs, haptics with appropriate rigidity pro-
vide better resistance to postoperative contrac-
tion forces within the capsular bag, preventing
lens decentration in cases of asymmetric cap-
sule fibrosis/contraction.

Another recent manufacturing tendency is
the incorporation of square optic edges to sili-
cone lenses. This is probably the most impor-
tant isolated design feature for posterior cap-
sule opacification (PCO) prevention, regardless
of the biomaterial used for the lens [6, 24, 35].
Examples of square-edged silicone lenses are
the CeeOn Edge IOL, model 911 (Pfizer Global
Pharmaceuticals, Peapack, NJ), and the Clari-
Flex with OptiEdge (Advanced Medical Optics,
Santa Ana,CA).The first is a three-piece silicone
optic-PVDF haptic lens, in a cap C haptic design
with a 90º exit and an angulation of 6º. The sec-
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Fig. 4.1 a–c. Silicone plate lenses. a, b Gross photo-
graphs from a posterior or Miyake-Apple view of hu-
man eyes obtained postmortem implanted with a sil-
icone plate small hole lens (a), and a silicone plate
large hole lens (b). c Photomicrograph illustrating
the growth of fibrocellular tissue through the large
fenestrations of a silicone plate large hole lens, which
should ensure better lens fixation (Masson’s tri-
chrome stain; X40)

a

b

c



ond is a three-piece silicone optic-PMMA hap-
tic lens, in a modified-C haptic design with an
angulation of 10º. The OptiEdge technology in-
corporated to the ClariFlex lens is described in
details in Sect. 4.3.1.

Summary for the Clinician

∑ Anterior capsule opacification is more 
significant with silicone lenses, especially
the plate designs

∑ Silicone lenses with square, truncated 
posterior optic edges for the prevention 
of posterior capsule opacification are also
available

4.3
Acrylic Intraocular Lenses

4.3.1
Hydrophobic Acrylic Intraocular Lenses

The first hydrophobic acrylic lens introduced
on the market (December 1994) was the three-
piece AcrySof (Alcon Laboratories, Fort Worth,
TX). Some of the characteristics of the current-
ly available three-piece AcrySof designs are pro-
vided in Table 4.1. The optic component of the
lenses is manufactured from a material with a
contact angle in water of 73°, made of a copoly-
mer of phenylethyl acrylate and phenylethyl
methacrylate, crosslinked with butanediol di-
acrylate. The material has the highest refractive
index available (1.55). The haptics of the lenses
are made of blue-coloured PMMA in a modi-
fied-C design. The lenses can be implanted with
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Fig. 4.2. a–d. Gross photographs from a posterior or
Miyake-Apple view of human eyes obtained post-
mortem implanted with three-piece silicone lenses. a
SI30 (AMO), with Prolene haptics. b SI40 (AMO),

with PMMA haptics. c AQ2003 V (Staar), with Elas-
timide haptics. d CeeOn Edge (Pfizer), with PVDF
haptics

a b

c d



forceps, or injected with the Monarch II IOL de-
livery system.

The AcrySof lens was also the first lens man-
ufactured with square optic edges, a design fea-
ture that was proved to be associated with low-
er rates of PCO (Fig. 4.3a, b). The square edge
creates a barrier where it maintains contact with
the posterior capsule, preventing migration of
cells from the equatorial region of the capsular
bag onto the central posterior capsule. In a
study on pseudophakic human eyes obtained
postmortem, the three-piece AcrySof IOL with
square optic edges was associated with the low-
er Nd:YAG posterior capsulotomy rates [4]. In
other studies on cadaver eyes, this lens was also
associated with the lower rates of anterior cap-
sule opacification (ACO) [44, 43]. Some studies
suggest that the adhesive nature of the AcrySof
material also plays a role in the maintenance of
the clarity of the capsular bag. The “sandwich”
theory states that IOLs having a bioadhesive
surface would allow only a monolayer of lens
epithelial cells to attach to the capsule and the
IOL, preventing further cell proliferation and
capsular bag opacification [26]. Recent studies
performed in our laboratory revealed that this
bioadhesion, in the case of AcrySof lenses is
mostly mediated by fibronectin [27, 28].

The occurrence of glistenings has been de-
scribed in association with the AcrySof materi-
al. In vitro studies have suggested that it may be
related to variations in the temperature (Dt),
with formation of vacuoles within the sub-
mersed acrylic polymer when there is a tran-
sient increase in temperature above the glass

transition temperature, approximately 18.5°C
for AcrySof. Clinical studies on this lens have
demonstrated that contrast sensitivity has been
decreased to a small degree in some patients,
but clinically significant decrease on visual acu-
ity has been rare [16].

The one-piece AcrySof lens (Alcon Laborato-
ries, Fort Worth, TX), model SA30AL was ap-
proved by the FDA in 1999, but was semi-offi-
cially launched at the 2000 ASCRS Symposium
on Cataract, IOL and Refractive Surgery, in
Boston [11, 15]. Three models are currently avail-
able (Table 4.1). The single-piece AcrySof has
square, truncated optic and haptic edges, which
present a “velvet” finishing (Consistent Edge
Technology); it is claimed to reduce the glare
phenomenon that has been described in associ-
ation with IOLs having square optic edges and a
high refractive index. This lens has the modified
“L” shape of Alcon’s previous one-piece
“slimplant” PMMA IOLs, rather than the
Sinskey-style appearance of three-piece fold-
able IOLs to which we have become accus-
tomed. It has solid extended haptics that are
made of the same acrylic copolymer as the op-
tic. The haptics are more flexible than the tradi-
tional three-piece acrylic foldable design, and
are purported to retain the same good memory.
The haptics of three-piece lenses often create
striae by applying pressure to the edges of the
capsular bag. In addition to the undesired opti-
cal effects, striae can create a pathway for the
migration of lens epithelial cells and increase
the risk for PCO formation. The haptics of the
single-piece AcrySof have increased the IOL
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Table 4.1. Characteristics of the currently available AcrySof intraocular lenses

Model Optic diameter Overall length Haptic angle A-constant Power range

MA30AC 5.5 mm 12.5 mm 5º 118.4 +10 to +30

MA60AC 6.0 mm 13 mm 10º 118.4 +6 to +30

MA50BM 6.5 mm 13 mm 10º 118.9 +6 to +30

MA60MA 6.0 mm 13.0 mm 5º 118.9 –5 to +5

SA60AT 6.0 mm 13.0 mm – 118.4 +6 to +40

SA30AT 5.5 mm 13.0 mm – 118.4 +10 to +30

SA30AL 5.5 mm 12.5 – 118.4 +10 to +30

MA, three-piece models; SA, single-piece models
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Fig. 4.3. a–f. Hydrophobic acrylic lenses. a Three-
piece AcrySof lens in a human eye obtained post-
mortem (posterior or Miyake-Apple view). b Scan-
ning electron microscopy showing the square optic
edge of the same design as in (a). c Single-piece
AcrySof lens in a human eye obtained postmortem

(posterior or Miyake-Apple view). d Scanning elec-
tron microscopy showing the square optic and haptic
edges of the same design as in (c). e Clinical photo-
graph of a patient implanted with the Sensar lens
(courtesy of AMO). f Scanning electron microscopy
showing the characteristics of the OptiEdge design

a b

c d

e f



surface contact area, resulting in fewer posteri-
or capsule wrinkles and excellent centration
(Fig. 4.3c,d).

Because of the memory and flexibility of the
AcrySof material, the haptics can literally be
bent back on themselves, twisted and contorted
to a much greater degree than PMMA haptics.
They conform to the equatorial region of the
capsular bag instead of pushing into it like the
PMMA haptic design. The single-piece design is
strong enough not to break or permanently de-
form when folded or squeezed through an injec-
tor or a tight incision. In this respect it has an
advantage over the three-piece IOLs, which oc-
casionally suffer permanent haptic deformation
under the stress of implantation. This IOL was
solely designed for capsular implantation. It
should be used only with both an intact capsu-
lorhexis and intact bag, because of the very flex-
ible nature of the haptics, which unfold slowly
like the IOL. The optic-haptic angulation is pla-
nar. The optic is biconvex; the convexity of the
posterior surface is fixed and that of the anteri-
or surface varies according to the IOL power.
The single-piece can be implanted either with
forceps or the Alcon Monarch II injector.

We recently accessioned the first 14 pseud-
ophakic human eyes obtained postmortem im-
planted with this IOL design [20]. From a poste-
rior or Miyake-Apple view, all the lenses showed
excellent centration. According to our scoring
methods, central and peripheral PCO, Soem-
mering’s ring formation and ACO were only
minimal. Also, histopathological analyses of
these specimens demonstrated the barrier ef-
fect of the square edge, and the presence of
“sandwich” structures, composed of the anteri-
or or posterior capsules, a monolayer of lens
epithelial cells and the IOL.

The single-piece AcrySof platform is being
used for the manufacture of three different lens-
es with special features (see Sect. 4.4). The
ReSTOR is a multifocal diffractive lens; model
SA60TT was designed to provide toric correc-
tions, and the AcrySof Natural (SN60AT) con-
tains a covalently bonded, blue light-filtering
chromophore, which more closely mimics the
light transmission spectrum of the pre-catarac-
tous adult human crystalline lens.

The other currently available hydrophobic
acrylic lens is the Sensar lens with the OptiEdge
Technology (Advanced Medical Optics, Santa
Ana, CA), approved by the FDA and introduced
on the US market in February 2000. The optic
component of the lens is manufactured from a
material with a contact angle in water of 88°,
made of a copolymer of ethyl acrylate and ethyl
methacrylate. The material has a refractive in-
dex of 1.47. The haptics of the lens are made of
blue-coloured PMMA in a modified-C design,
with an optic-haptic angulation of 5°. The opti-
cal diameter of the lens is 6.0 mm and the over-
all diameter is 13.0 mm. Implantation with the
Unfolder Sapphire Series implantation system is
recommended.

The hydrophobic acrylic copolymer used for
the manufacture of this lens is stated to be “vac-
uoles free.”An in vitro study comparing glisten-
ing formation induced by temperature among
hydrophobic acrylic lenses available in the US
has recently been published [18]. The authors
confirmed that glistening quantity varied
among hydrophobic acrylic lenses and was tem-
perature dependent. Glistening quantity ob-
served with the Sensar lens in the same study
was more stable than with the other IOL types
upon cooling.

The Sensar lens with the OptiEdge technolo-
gy is the successor model of the Sensar IOL,
which had smooth, slightly rounded edges to
scatter internal reflections and eliminate glare.
The new OptiEdge design (also incorporated to
the ClariFlex design; see Sect. 4.2.2) combines
three elements: a rounded anterior edge, a slop-
ing side edge and a sharp, vertical posterior
edge (Fig. 4.3 e, f). The rounded anterior edge
was designed to minimize glare. It spreads out
rays that pass through its surface and disperses
light rays reflected from the edge. The sloping
side edge is designed to reduce the area of the
surface that can cause internal reflections and
to scatter internal reflections away from the
retina. The squared posterior optic rim design
has proven to be effective in the prevention of
PCO. Thus, the new Sensar lens with OptiEdge
was designed to reduce the occurrence of PCO,
without introducing unwanted internal glare
symptoms (dysphotopsia).
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A clinical study by Buehl et al. [10] confirmed
that incorporation of the OptiEdge with a sharp
posterior edge design led to significantly less
PCO 1 year postoperatively in comparison to the
previous rounded-edge Sensar. Also, implanta-
tion of currently available single-piece and
three-piece hydrophobic acrylic lenses in rabbit
eyes showed no statistically significant differ-
ence among the groups of lenses, with regard to
PCO formation [47].

4.3.2
Hydrophilic Acrylic (Hydrogel) 
Intraocular Lenses

Foldable hydrophilic acrylic (hydrogel) IOLs
have been marketed by several firms for several
years in international markets [46]. Many sur-
geons have adopted the use of hydrophilic
acrylic IOLs because of their easier-handling
properties and biocompatibility, with low in-
flammatory cytological response. Most of the
currently available hydrophilic acrylic lenses
are manufactured from different copolymer
acrylics with water content ranging from 18% to
38%, and an incorporated UV absorber. They
are packaged in a vial containing distilled water
or a balanced salt solution, thus being already
implanted in the hydrated state and in their fi-
nal dimensions. Hydration renders these lenses
flexible, enabling the surgeons to fold and in-
sert/inject them through small incisions. In the
past 2 years, we have been witnessing an in-
creasing introduction of hydrophilic acrylic
posterior chamber lenses in international mar-
kets. Different companies, mostly European, are
manufacturing lenses from hydrophilic acrylic
materials in a great variety of designs. They are,
in general, single-piece plate lenses, some of
which have clearly defined three or four fixation
points to the capsular bag.

One of the US manufactured hydrophilic
acrylic designs is the Hydroview lens, manufac-
tured by Bausch and Lomb (Rochester, NY). The
optic material of the lens is composed of a
cross-linked copolymer of 2-hydroxyethyl
methacrylate and 6-hydroxyhexyl methacry-
late, with a bonded benzotriazole-type UV ab-
sorber. The water content of this material is 18%

and the refractive index is 1.474. The haptics are
modified-C loops made of blue-coloured
PMMA, polymerically cross-linked with the op-
tics by means of an interpenetrating polymer
network, which provides a one-piece design
with a true optic zone of 6.0 mm (Fig. 4.4a)
[46]. Its launch in the US was postponed be-
cause of reports of calcium precipitation on its
surfaces, clustered in some centres [42]. An in
vitro model, according to the manufacturer, re-
vealed a migration of silicone from a gasket in
the lens packaging (SureFold system) onto the
surface of the IOL. The experimental model also
showed that, in addition to silicone, fatty acids
had to be present to attract calcium ions to the
lens surface.A compromised blood–retinal bar-
rier seemed to be associated with the appear-
ance of calcified deposits. Changes in the pack-
aging of the lens were performed and no cases
of calcification were reported 2 years after im-
plantation of the lenses in the modified packag-
ing.

The MemoryLens manufactured by Ciba Vi-
sion (Duluth, GA) is the only pre-folded acrylic
IOL available on the market. It can be implanted
directly from the container without any require-
ment of folding instruments, thus reducing the
surgical time.The container with the lens is kept
at a temperature of 8°C. Following intraocular
insertion and under the influence of body tem-
perature, the lens unfolds slowly (approximate-
ly 15 min) providing an atraumatic and con-
trolled implantation (Fig. 4.4b,c). The polymer
used for the manufacture of the optic of
this lens contains 59% of 2-hydroxyethyl
methacrylate, 16% of methyl methacrylate, 4%
of 4-methacryloxy 2-hydroxy benzophenone
UV absorber and 1% of ethylene glycol
dimethacrylate. The haptics are made of Pro-
lene. The optic material has a water content of
20% and a refractive index of 1.473. The optic
diameter of the MemoryLens is 6.0 mm, the
overall length is 13.4 mm and the optic-haptic
angulation is 10°. Reports on traces of a polish-
ing compound on the MemoryLens causing
postoperative inflammatory reactions in ap-
proximately 0.1% of the lenses implanted led
Ciba Vision to voluntarily withdraw the lens
from the market [21]. After identifying and cor-
recting the problem, the manufacturer received
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approval from both the US FDA and the Euro-
pean regulatory authorities to return the lens to
the market in September 2000. Cases of surface
lens calcification were also reported in associa-
tion with specific lots of MemoryLens IOLs
manufactured in 1999 by using a special polish-
ing process. This has been discontinued, and no
similar cases have been reported with this lens
design to date.

Staar Surgical (Monrovia, CA) manufactures
single-piece and three-piece foldable lenses
from “Collamer,” Staar’s proprietary material,
which is said to be highly biocompatible [8, 9].
This material is composed of a proprietary hy-
drophilic collagen polymer (copolymer of 63%
hydroxy-ethyl-methyl-acrylate, 0.2% porcine
collagen and 3.4% of a benzofenone for UV ab-
sorption), with a water content of 34%, a light
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Fig. 4.4. a–i. Examples of hydrophilic acrylic lenses.
a Gross photograph showing the Hydroview design
(Bausch & Lomb). b, c Gross photographs showing
the unfolding of the MemoryLens (Ciba Vision). d Ex-
perimental implantation of the CenterFlex model
570C (Rayner) in a human eye obtained postmortem,
prepared according to the Miyake-Apple technique.
e Scanning electron microscopy showing the en-
hanced square edge of the model 570C, at the level of
the optic-haptic junction. f Gross photograph show-
ing the Concept 360 (Corneal). (Courtesy of Dr.

Philippe Sourdille, Nantes, France.) g Gross photo-
graph showing the Acqua (Mediphacos) lens in a dry
state. h Gross photograph of a human eye obtained
postmortem implanted with the Stabibag lens, manu-
factured by Ioltech (La Rochelle, France). Note the fi-
brotic tissue formed through the holes of the haptic
component, which certainly helps in the fixation of
the lens (case from Dr. G. Ravalico, Trieste, Italy).
i Gross photograph showing the Quattro lens, which
was manufactured by Corneal (Pringy, France)
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transmission of 99%, and a refractive index of
1.45 at 35° C. Model CC4204BF is a plate haptic
design (see Sect. 4.2.1). The overall length of the
IOL is 10.8 mm with an optic diameter of
5.5 mm. The haptic component has two 0.9 mm
fenestrations to help stabilize the IOL and re-
duce the risk of decentration. This IOL has 
the wound size benefits of injectable silicone
foldable lenses but with intraocular unfolding
characteristics closer to acrylic IOLs. Model
CQ2003 V is a three-piece design, with modi-
fied-C Elastimide haptics. The overall length of
the lens is 13.0 mm with an optic diameter of
6.0 mm, and no optic-haptic angulation. The
high water content properties require the Col-
lamer IOLs to be wet packed. They have a dis-
tinct, almost shiny patina that is easily seen un-
der the slit lamp. This material is also used for
the manufacture of the Staar Implantable Con-
tact Lens (ICL).

The CenterFlex lens (model 570H; Rayner
Intraocular Lenses Ltd., Brighton-Hove, East
Sussex, UK) is a newly developed one-piece, hy-
drophilic acrylic IOL. It is not a traditional plate
haptic design, but has extended loops or haptics
that resemble three-piece modified-C loop IOL
designs. The optic size of this lens is 5.75 mm,
with an overall diameter of 12.0 mm. The Cen-
terFlex is made of a copolymer of hydrophilic
and hydrophobic methacrylates with a water
content of 26%, namely 2-hydroxyethyl meth-
acrylate and methyl methacrylate, which is the
main component of PMMA. The lens material
(Rayacryl) also comprises ethylene glycol
dimethacrylate and a benzophenone ultraviolet
absorbing agent. This lens design has been de-
veloped to provide maximum stability and cen-
tration while incorporating a square edge to 
the optic and the haptics. The haptics have 
been designed to resist an excessive or asym-
metrical capsular contraction, which provides
the benefit of increasing support for the lens as
the capsule contracts. This also prevents dislo-
cation due to buckling or twisting the haptics.
The CenterFlex is a non-angulated lens style
that can be inserted either by forceps or by the
Rayner Injection System.

We recently performed a study in our labora-
tory on the evaluation of PCO formation after
implantation of the CenterFlex lens. The results

were comparable to those of the single-piece
AcrySof [37]. In a second study, we compared
minus power (–7 D) to regular power (+21 D)
CenterFlex lenses [38]. The minus power lenses
had a thicker square optic edge as well as a
ridged posterior-peripheral aspect of the poste-
rior concave optic surface that appeared to in-
crease the barrier effect. Indeed, the minus pow-
er lenses were significantly associated with less
PCO formation. The manufacturer has devel-
oped a new design of the CenterFlex lens (mod-
el 570C) incorporating the ridged posterior-pe-
ripheral aspect of the low power lenses to all
dioptric powers (Fig. 4.4d,e). This created an
enhanced square edge for 360 degrees around
the IOL optic. This later design performed bet-
ter than the standard 570H model, with regard
to PCO formation in a rabbit model [48].

The Concept 360 (Corneal Laboratoire,
Pringy, France) is a single-piece IOL manufac-
tured from a foldable hydrophilic acrylic mate-
rial with water content of 26%. The lens has an
optical diameter of 6.0 mm, an overall diameter
of 11.5 mm, and square optic and haptic edges. It
can be injected through a 3.0-mm incision. The
overall design is that of a disc-shaped lens, with
six haptic components having a 10º posterior
optic-haptic angulation. Once implanted, the
periphery of the lens stays in contact with the
equatorial region of the capsular bag for 360º,
having the effect of a complete capsular tension
ring (Fig. 4.4f). This design is also aimed at
keeping the anterior capsule away from the an-
terior IOL optic surface in order to prevent cap-
sular opacification and shrinkage. The square
edges of the lens, in association with the main-
tenance of the overall geometry of the capsular
bag by the capsular tension ring effect are ex-
pected to help in the prevention of PCO.

The Acqua (Mediphacos, Belo Horizonte,
MG, Brazil), IOL is a single-piece plate design
manufactured from a proprietary copolymer
hydrophilic acrylic (Acryfil CQ) with high water
content (73.5%) and an incorporated UV ab-
sorber. The refractive index of this material is
1.409. In a dry state, this IOL is 7.1 mm long and
3.2 mm wide (Fig. 4.4g). This allows its direct
intraocular insertion through a small incision
without folding. Once in the capsular bag the
IOL material becomes hydrated. After 2–3 min
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the degree of expansion obtained allows for
general centration of the lens inside the capsu-
lar bag. The IOL reaches its final and permanent
dimensions after 20 min (10.8 mm long and
5.1 mm wide), but a complete hydration of
the optic component is observed 8–24 h after
implantation. The fixation holes measure
1.00 × 0.65 mm, when the lens is fully expanded.
This is the only “expandable” IOL currently
available on the international market. It was de-
termined in experimental studies that this lens
may absorb minimal residual amounts of try-
pan blue, presenting postoperative blue discol-
oration. Thus, it should not be implanted in cas-
es where this capsular dye has been used for
staining the anterior capsule while performing
capsulorhexis [45].

Examples of other European hydrophilic
acrylic designs, with three and four points of
fixation are shown in Fig. 4.4h, i.

Summary for the Clinician

∑ Two hydrophobic acrylic lenses are avail-
able on the market: the Alcon AcrySof
(one or three-piece), and the AMO Sensar
with OptiEdge (three-piece)

∑ Hydrophilic acrylic lenses are available in a
great variety of designs, including three-
piece designs, or single-piece designs in a
plate configuration or with multiple haptic
components

4.4
Specialized Foldable Intraocular Lenses

4.4.1
Multifocal Intraocular Lenses

Before choosing multifocal IOLs, astigmatism
control and precise biometry are required, as
well as careful patient selection. This is especial-
ly true because of concerns related to the possi-
bility of higher incidence of decreased contrast
sensitivity and glare with these lenses.

The Array lens (Advanced Medical Optics,
AMO, Santa Ana, CA) is a three-piece multifocal
IOL manufactured from a silicone material hav-
ing a refractive index of 1.46. It has angulated
“C” haptics made of extruded PMMA [17, 39]. It

is the first multifocal IOL approved by the FDA.
The optical design of this lens is a zonal-pro-
gressive multifocal optic with five concentric
zones (Fig. 4.5a). This lens design is a distance-
dominant, zonal progressive optic. The center of
the lens is primarily for distance but has some
near effect. All of the other zones have distance
and near in different proportions – 50% of the
available light is devoted to distance vision, 13%
to intermediate vision and 37% to near vision.
No available light is lost in the lens because the
optic is refractive and not diffractive. The addi-
tion for near is +3.5 dioptres.

The ReSTOR (Alcon Laboratories, Fort
Worth, TX) is a diffractive multifocal IOL under
investigation, manufactured by using the plat-
form of the single-piece AcrySof design. The
lens is designed so that the diffractive grating is
present only in the central 3.6 mm of the optic.
The largest diffractive step is at the lens centre
and sends the greatest portion of energy to the
near focus. As the steps move away from the
centre, they gradually decrease in size, blending
into the periphery, and sending a decreasing
proportion of energy to the near focus
(Fig. 4.5b). As a result of this design, when the
pupil is small, such as during reading tasks, the
lens provides appropriate near and distance vi-
sion. However, in large pupil situations, such as
during the night, the ReSTOR lens becomes a
distant-dominant lens, providing appropriate
distance vision while reducing unwanted visual
phenomena, as the defocused near image has
less energy and is smaller.

The MF4 manufactured by Ioltech Labora-
toires (La Rochelle, France) is a single-piece, bi-
convex hydrophilic acrylic design with three
points of fixation (tripod design). The optic di-
ameter of the lens is 6.0 mm and the overall di-
ameter is 10.5 mm. It has four refractive zones,
alternating near and distance vision (Fig. 4.5c).
The manufacturer states that the surface of the
different optic zones has been calculated to pro-
vide optimal near and distance vision, accord-
ing to the natural diameter of the pupil. The re-
fractive addition obtained with this lens for
near vision is +4 dioptres [46].

Acri.Tec GmbH (Berlin,Germany) developed
three-piece silicone-optic, PMMA-haptic multi-
focal lenses, the Acri.Twin. The two models

4.4 Specialized Foldable Intraocular Lenses 73



(737 D and 733 D) have the same design, but an
asymmetric optic configuration for near and far
vision (Fig. 4.5d). The overall diameter of the
lenses is 12.5 mm, and the diameter of the dif-
fractive optic is 6.0 mm. The addition obtained
with these lenses for near vision is +4 dioptres.
They are aspheric, biconvex, and equiconvex.
According to the manufacturer, better results
are obtained with implantation in the dominant
eye of the model 737 D, with 70% of the light in-
tensity used for far vision, while the other eye is
implanted with the model 733 D, with 30% of
the light intensity used for near vision [46].

4.4.2
Toric Intraocular Lenses

For the manufacture of lenses to reduce pre-ex-
isting astigmatism in cataract patients, it is very
important to use a design that provides appro-
priate centration, fixation, and stability, without
rotational movements.

Staar Surgical (Monrovia, CA) manufactures
silicone posterior chamber IOLs with toric op-
tics (models AA4203TF and AA4203TL) [12, 36].
These toric IOLs are single-piece, plate haptic,
injectable lenses with biconvex optics designed
to be implanted within the capsular bag
(Fig. 4.6a). They incorporate a cylindrical cor-
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Fig. 4.5 a–d. Gross
photographs of multifo-
cal intraocular lenses.
a Array lens (AMO).
b ReSTOR lens (Alcon).
c MF4 (Ioltech).
d Acri.Twin (Acri.Tec)
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rection to a spherical optic to create a toric lens.
The toric IOL has an overall diameter of
10.8 mm in the TF version and of 11.2 mm in the
TL version to fit in the capsular bag of eyes of
different sizes. These IOLs are available in pow-
ers from +4 dioptres to +35 dioptres, in 0.5 diop-

tre increments. The cylindrical powers of the
IOLs are of 2 dioptres and 3.5 dioptres in the
long axis of the lens. The cylindrical power of
the toric IOLs at the corneal plane for a 2-diop-
tre lens is about 1.4 dioptres, and about 2.3 diop-
tres for the 3.5-dioptre IOL.

Another toric lens, now under investigation,
is the model SA60TT, manufactured by using
the platform of the single-piece AcrySof IOL
(Alcon Laboratories, Fort Worth, TX). The
SA60TT is available in three models for the on-
going study that offer 1.50 dioptres (SA60T3),
2.25 dioptres (SA60T4), or 3 dioptres (SA60T5)
of power at the IOL plane. The IOLs feature
three alignment marks on each side of the lens
to assist with axis orientation. Implantation is
also performed by injection with the Monarch
II system (Fig. 4.6b).

The MicroSil toric IOL (HumanOptics, Er-
langen, Germany) is a three-piece silicone-op-
tic, PMMA-haptic lens. It has sharp edges, a
spherical front surface and a toric back surface.
The overall diameter of the lens is 11.6 mm, with
an optical diameter of 6.0 mm. The haptics have
a special “Z”-shaped design, which is said to in-
crease the rotational stability of the lens within
the capsular bag, and to balance any mechanical
forces during postoperative capsular bag
shrinkage (Fig. 4.6c). The lens has no optic-
haptic angulation, and it is available in dioptric
powers between –3.0 to +31.0 dioptres, and
cylindrical powers between 2.0 and 12.0 diop-
tres. It can be inserted with a forceps through a
3.2- to 3.4-mm incision.

4.4.3
Aspheric Intraocular Lenses

The Z-Sharp Optic Technology developed at
Pfizer (Pfizer Global Pharmaceuticals, Peapack,
NJ) is being implemented on the CeeOn Edge
IOL, model 911 platform (Tecnis Z 9000 IOL) [7,
23, 31, 33]. The principle of this technology,
which has FDA approval, is based on the fact
that spherical aberrations of the human eye
vary with age [5]. The cornea has positive spher-
ical aberration, which means peripheral rays are
focused in front of the retina. This positive
spherical aberration of the cornea remains
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Fig. 4.6 a–c. Gross photographs of toric intraocular
lenses. a AA4203TF (Staar). b AcrySof SA60TT (Al-
con). c MicroSil (HumanOptics)
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throughout life. In young people, the crystalline
lens corrects this defect, as it is dominated by
negative spherical aberration. The crystalline
lens undergoes changes with age, which cause a
shift of spherical aberration towards positive.
This adds to the positive spherical aberration of
the cornea, with possible increased sensitivity
to glare and also reduced appreciation of con-
trast. The Tecnis lens has an aspheric surface,
more specifically a modified prolate profile.
This means that the lens has less refractive pow-
er at the periphery (contrary to spherical lenses,
which have more refractive power at the periph-
ery), therefore all the rays are coming to the
same point, leading to a higher contrast sensi-
tivity. The Z-Sharp Optic Technology could ac-
tually be applied to any lens biomaterial, as it is
based on the modified prolate profile of the lens
optic.

4.4.4
Intraocular Lenses with Special Blockers
(Blue Blocker)

The AcrySof Natural (SN60AT) is the first IOL
that provides incremental light protection
above and beyond traditional ultraviolet pro-
tection [46]. This lens is manufactured by using
the platform of the single-piece AcrySof. It 
contains a proprietary, integrated polymer dye
(blue light-filtering chromophore – ImprUV)
designed to filter both invisible ultraviolet rays
and visible blue rays of light. The addition of a
covalently bonded yellow dye results in an IOL
ultraviolet/visible light transmittance curve
that mimics the protection provided by the nat-
ural, pre-cataractous adult human crystalline
lens.While the traditional ultraviolet-absorbing
lenses provide light filtration from 200–400 nm,
the AcrySof Natural lens would provide filtra-
tion properties from 200–550 nm. Prolonged ex-
posure to visible blue light rays are widely con-
sidered to be a causative factor for damage to
the retina and macula, and are believed to be a
primary contributor to age-related macular de-
generation. Studies performed at various inter-
vals after cataract surgery and IOL implantation
showed no significant differences between the
AcrySof Natural and the standard SA30AL with

regard to visual acuity, contrast sensitivity, or
colour perception.

4.4.5
Accommodative Intraocular Lenses

In general, IOLs proposed to restore accommo-
dation have been designed to do so by enabling
a forward movement of the optic component
during the efforts for accommodation. How-
ever, it is still not known whether the ability of
these new IOL designs to move their optic for-
ward will not be impaired by long-term post-
operative fibrosis/opacification within the cap-
sular bag. This involves not only PCO, but also
ACO, which has been only considered a signifi-
cant complication in cases such as capsulorhex-
is phimosis.

The C&C Vision (Aliso Viejo, CA) CrystaLens
(model AT-45) is a modified plate haptic lens
manufactured from a high-refractive index
(1.430), third generation silicone material
(Biosil), which contains an ultraviolet filter [14].
The lens is hinged adjacent to the optic and has
small looped polyimide haptics, which have
been shown to fixate firmly in the capsular bag.
The grooves across the plates adjacent to the op-
tic make the junction of the optic with the plate
haptic the most flexible part of the optic-haptic
design. The overall length of the lens is 11.5 mm
(loop tip to loop tip measurement), while the
overall length, as measured from the ends of the
plate haptics, is 10.5 mm. The optic is biconvex
and is 4.5 mm in diameter; the recommended A-
constant is 119.24, and the lens is designed for
placement in the capsular bag (Fig. 4.7a). The
theoretical mechanism of efficacy of this lens is
based on the concept that with accommodative
effort, redistribution of the ciliary body mass
will result in increased vitreous pressure which
will move the optic forward anteriorly within
the visual axis, creating a more plus powered
lens. One drop of atropine administered at the
time of surgery and one drop on the first day af-
ter surgery would allow the lens to remain in the
maximal posterior position within the capsular
bag and not move forward during the period of
fibrosis around the lens haptics. This would re-
sult in a greater potential for forward movement

76 Chapter 4 Foldable Intraocular Lenses



of the lens upon ciliary body constriction. The
hinge was incorporated to facilitate the forward
movement of the optic by minimizing the resist-
ance to the possible pressure exerted on the lens
by the forward movement of the vitreous body
by contraction of the ciliary muscle. The lens
has recently been approved by the FDA.

The Synchrony IOL (Visiogen Inc. Irvine,
CA) is a one-piece lens manufactured from sili-
cone [30, 49]. The lens, which is under investiga-
tion, has two major components (anterior and
posterior), each having the general design of a
plate-haptic silicone lens connected by a bridge
through the haptics, with spring function. The
posterior aspect of the device is designed with a

significantly larger surface area than the anteri-
or, in order to maintain stability within the cap-
sular bag during the accommodation/un-ac-
commodation process. The anterior optic has
two expansions oriented parallel to the haptic
component that lift the capsulorhexis edge up,
thus preventing complete contact of the anteri-
or capsule with the anterior surface of the lens
(Fig. 4.7b). In this dual optic lens system the an-
terior lens has a high plus power beyond that re-
quired to produce emmetropia, while the poste-
rior lens has a minus power to return the eye to
emmetropia. The lens is designed to work in
concert with the capsular bag, according to the
traditional Helmholtz theory of accommoda-
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Fig. 4.7 a–d. Accommodative intraocular lenses.
a Gross photograph of the CrystaLens (C&C Vision).
b Gross photographs of the Synchrony IOL (Visio-
gen). c Schematic drawing showing the BioComFold
model 43E (Morcher). d Experimental implantation

of the Akkommodative 1CU in a human eye obtained
postmortem, prepared according to the Miyake-Ap-
ple technique. (Courtesy of Dr. Gerd U. Auffarth, Hei-
delberg, Germany)
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tion.The distance between the two optics is stat-
ed to be minimum in the un-accommodated
state and maximum in the accommodated state,
with anterior displacement of the anterior op-
tic.

The BioComFold, manufactured by Morcher
GmbH (Stuttgart, Germany) is composed of a
hydrophilic copolymer of PMMA and poly(2-
hydroxyethyl methacrylate) with a water con-
tent of 28% and a refractive index of 1.46 [46].
The first available model had an overall length
of 10.0 mm with a 5.8 mm diameter. BioCom-
Fold has square edges for PCO prevention.A pe-
ripheral bulging ring is connected to the optic
via an intermediate, forward-angled (10º) per-
forated ring section. With accommodation ef-
forts for near vision, the centripetal force of the
elastic hollow ring of the equator narrows the
peripheral ring, thereby steepening the inter-
mediate ring section of the lens, which pushes
the optical part forward. For distance vision, the
elastic properties of the bulging ring and of the
intermediate ring section of the lens return the
optic to its primary position. The current ver-
sion, the 43E, has an overall length of 10.2 mm,
and an optic diameter of 5.8 mm (Fig. 4.7c). The
diameter of the perforations in the perforated
ring section is also larger. Model 43S also has a
refractive zone of +2 dioptres.

The Akkommodative 1CU, manufactured by
HumanOptics (Erlangen, Germany), is also
manufactured from a hydrophilic acrylic mate-
rial [32]. The optical diameter of this lens is
5.5 mm with an overall diameter of 9.8 mm
(Fig. 4.7d). The refractive index of the lens ma-
terial is 1.46.As with the other above-mentioned
lenses, the special design and mechanical prop-
erties of this IOL are also stated to enable the
lens to change power by a forward movement of
the optic during the contraction of the ciliary
muscle.

4.4.6
Intraocular Lenses for Very Small Incisions

The advent of microincision surgical techniques
rendered cataract removal through clear corneal
incisions as small as 1.6 mm possible. The natu-
ral consequence of this advance is the develop-

ment of IOLs that can be inserted through such
small incisions [2].

One of the recently developed lenses that can
be inserted through a sub 2.0-mm incision
(1.45 mm) is the UltraChoice 1.0 Rollable Thin-
Lens (ThinOptX, Abingdon, VA) lens [34]. It is
manufactured from a hydrophilic acrylic mate-
rial with 18% water content. The refractive
index of the material is 1.47. As of April 2003,
the dioptric power of this lens ranges from +15
to +25 dioptres. The optical thickness is 300–
400mm, with a biconvex optical configuration
having a meniscus shape. The overall diameter
of the lens is 11.2 mm, and the optical diameter
is 5.5 mm. After implantation, the natural tem-
perature of the eye causes the lens to open grad-
ually within the capsular bag, approximately
20 s. The teardrop shaped holes in the haptic
component should point in a clockwise direc-
tion.

The ultrathin properties of the lens are at-
tributable to its optical design. The optic fea-
tures three to five concentric optical zones with
steps of 50mm (Fig. 4.8a,b). Each Fresnel-like
ring or segment of the lens has a small change in
the radius to correct for spherical aberration.
The difference in radius is stated to ensure that
each ring of the lens focuses light at nearly the
same point as the prime meridian. According to
the manufacturer, by making the lens thinner,
other aberrations such as coma, as well as the
potential for distortion and glare are reduced.
The four tips of the haptic component have a
thickness of 50mm. They can roll once in the
capsular bag, absorbing capsular contraction
forces. The edge of the lens is also 50mm thick,
which is stated to reduce the potential for halos
and glare. It has been hypothesized that the thin
nature of this design provides increased ampli-
tude of pseudoaccommodation, which will be
further investigated. One explanation could be
that the thin lens is associated with increased
depth of field. Another possibility is that the
lens would move with the capsular bag during
efforts for accommodation, as it is thin and
light, and exerts little force against the equator.

Another recently developed lens for inser-
tion through very small incisions is the
Acri.Smart lens (model H44-IC-1, Acri.Tec
GmbH, Berlin, Germany) [1]. This is a one-piece
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Fig. 4.8 a–f. Intraocular lenses for very small inci-
sions. a Gross photograph showing the UltraChoice
lens and its optic steps. (Courtesy of ThinOptX.) 
b Clinical picture obtained under an operating mi-
croscope, showing injection of the UltraChoice lens
through a 1.45-mm incision, using a newly developed
roller/injector system. (Courtesy of ThinOptX.) 
c Gross photograph showing the Acri.Smart lens
model 48 S. d Implantation of the Acri.Smart lens

through a 1.5-mm incision using a specially designed
injector. (Courtesy of Dr. Sunita Agarwal, Banglore,
India, and Dr. Suresh K. Pandey, Salt Lake City, UT)
e, f Gross photographs of a human eye obtained post-
mortem (Miyake-Apple posterior view) implanted
with a prototype of the three-piece SmartIOL. The
rod gradually transformed into a three-piece lens, af-
ter instillation of balanced salt solution at body tem-
perature
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hydrophilic acrylic lens that has an optical di-
ameter of 6.0 mm and a total length of 12.3 mm.
The lens is pre-folded as follows: after dehydra-
tion up to 27%, the optic of the lens is rolled
onto itself to create a pre-folded lens that is
shorter in diameter. A folded +19-dioptre lens
has a width of about 1.2 to 1.3 mm. Over the next
minutes following implantation in the capsular
bag, the Acri.Smart unfolds gradually, being
completely unfolded after 23–30 min. Other
models of the Acri.Smart lens (model 48 S with
a 5.5-mm optic, and model 46S with a 6.0-mm
optic) have been developed for implantation
with a specially designed injector through a 
1.5-mm incision. These are hydrophilic acrylic
(25% water content) lenses with a hydrophobic
coating. The overall design is that of plate hap-
tic lenses with square edges, which are loaded
into the injector already in a hydrated state, thus
the unfolding is faster (Fig. 4.8c,d). Model 36A,
with a special aspherical design, has also been
developed to compensate for the positive spher-
ical aberration of the cornea, in a mechanism
similar to that of the Tecnis lens.

A new concept of very-small-incision IOLs is
being developed at Medennium Inc. (Irvine,
CA), called the SmartIOL. This lens uses a ther-
modynamic hydrophobic acrylic material that
is packaged as a solid rod approximately
30.0 mm long and 2.0 mm wide. The refractive
index of the material is 1.47, and the glass tran-
sition temperature is 20–30º C.When implanted
through a small incision, body temperature
transforms the solid into a soft gel-like materi-
al, which has the shape of a full-sized biconvex
lens that completely fills the capsule. The entire
transformation takes less than 30 s and results
in a lens about 9.5 mm wide and from 2.0 to
4.0 mm thick (but averaging about 3.5 mm) at
the centre, depending on dioptric power. The
lens is highly flexible, more closely resembling a
gel, and it recovers its full shape when not com-
pressed. Before it forms into a rod, the precise
dioptric power and dimensions that the trans-
formed material will take upon thermal activa-
tion in each eye can potentially be imprinted.

Besides being implanted through a very
small incision, another potential advantage is to
restore accommodation. By combining a full-
sized optic with a very flexible material, Meden-

nium scientists hope to be able to mimic the ac-
commodative action of the young, natural lens
and achieve a larger potential accommodation
than other optical-mechanical designs, accord-
ing to the classical Helmholtz theory.Also, com-
plete filling of the capsular bag eliminates space
for cell growth. The hydrophobic acrylic materi-
al of this lens exhibits high tackiness, which
might promote its attachment to the capsular
bag, further enhancing PCO prevention. A new
design of this lens is being developed, which 
is a three-piece lens, having PVDF haptics
(Fig. 4.8e, f). This will probably eliminate po-
tential problems related to the different diame-
ters of the capsular bags in different eyes.

4.4.7
Adjustable Power Intraocular Lenses

Calhoun Vision (Pasadena, CA) is developing a
three-piece silicone optic-PMMA haptic lens
with photosensitive silicone subunits, which
move within the lens upon fine tuning with a
low intensity beam of near-ultraviolet light
(light adjustable lens – LAL). The refractive
power of the lens can thus be adjusted non-in-
vasively after implantation to give the patient a
definitive refraction (Fig. 4.9) [46].

When the eye is healed at 2–4 weeks after im-
plantation, the refraction is measured and a low
intensity beam of light is used to correct any
residual error. The mechanism for dioptric
change is akin to holography and is pictorially
displayed in Fig. 4.9. The application of the ap-
propriate wavelength of light onto the central
optical portion of the LAL polymerizes the
macromer in the exposed region, thereby
producing a difference in the chemical potential
between the irradiated and non-irradiated re-
gions. To reestablish thermodynamic equilibri-
um, unreacted macromer and photoinitiator
diffuses into the irradiated region. As a conse-
quence of the diffusion process and the materi-
al properties of the host silicone matrix, the LAL
will swell producing a concomitant decrease in
the radius of curvature of the lens. This process
may be repeated if further refractive change in
the LAL is desired, or an irradiation of the entire
lens may be applied consuming the remaining,
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undiffused, unreacted macromer and photoini-
tiator. This action has the effect of “locking” in
the refractive power of the LAL.

It should be noted that it is possible to induce
a myopic change by irradiating the peripheral
portion of the LAL to effectively drive ma-
cromer and photoinitiator out of the central re-
gion of the lens, thereby increasing the radius of
curvature of the lens and decreasing its power.A
new digital delivery system for light application
has recently been developed in conjunction
with Carl Zeiss Meditec (Jena, Germany). Cor-
rection of higher order aberrations such as the
tetrafoil pattern, besides hyperopic, myopic, and
astigmatic corrections, is now possible. Prelimi-
nary in vitro and in vivo studies with the rabbit
model have demonstrated appropriate accuracy
and reproducibility of the corrections obtained
with the new digital system.

Summary for the Clinician

∑ Careful patient selection is important in
multifocal IOL implantation, because of
concerns of decreased contrast sensitivity
and glare

∑ Designs used for the manufacture of toric
IOLs should provide appropriate centra-
tion, fixation, and stability without rota-
tional movements

∑ An IOL with an aspheric surface compen-
sates for the positive spherical aberration 

of the cornea, improving the contrast 
sensitivity

∑ An IOL with an incorporated blue light
blocker mimics the protection provided by
the natural crystalline lens to the retina

∑ Accommodative IOLs currently available 
or in development are designed to enable 
a forward movement of the optic during 
efforts for accommodation

∑ IOLs that can be inserted through sub 
1.5-mm incisions are already available

∑ Development of the light adjustable lens
will allow non-invasive postoperative 
adjustment of the refractive power and 
full customization of the lens

4.5
Summary

Foldable lenses have been implanted over the
past two decades with increasing success as bet-
ter manufacture and surgical techniques be-
come available.A recent survey of the complica-
tions associated with these lenses revealed that
some of the common causes for explantation of
foldable IOLs are not specifically related to
them, e.g. incorrect lens power [29]. New tech-
nology available, such as the LAL, will allow
non-invasive postoperative adjustment of these
errors in power calculation. Also, we expect in
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Fig. 4.9. Proposed mechanism of swelling. Selective
irradiation of the central zone of the IOL polymerizes
macromer creating a chemical potential between the
irradiated and non-irradiated regions. To reestablish

equilibrium, excess macromer diffuses into the irra-
diated region causing swelling. Irradiation of the en-
tire IOL “locks” the macromer and the shape change.
(Courtesy of Calhoun Vision)



the near future an increase in the popularity of
other specialized foldable lenses, including mul-
tifocal and accommodative lenses, with increas-
ing performance of procedures such as refrac-
tive lens exchange.
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5.1
Introduction

5.1.1
Background

Accommodation is the change of overall refrac-
tive power of the eye to produce a sharp image
of near objects on the retina. The age-depend-
ent loss of the ability to accommodate, named
presbyopia, is primarily attributed to a decrease
in lens elasticity [18]. Other possible causal fac-
tors for presbyopia include the increase in equa-
torial diameter of the lens, loss of elasticity of
Bruch’s membrane and reduced mobility of the
ciliary muscle [6].

One of the most challenging tasks of modern
cataract surgery is restoration of the accom-
modative ability in pseudophakic patients. Var-
ious attempts to solve the problem of presby-
opia correction after cataract surgery have been
made to enable satisfying distance and near vi-
sion without spectacles. One example are multi-
focal intraocular lenses (IOL) that provide im-
proved uncorrected near vision at the expense
of reduced contrast sensitivity and disturbing
optical phenomena [40]. Since the optics of cur-
rent IOLs do not change in shape during ciliary
muscle contraction, it is the general under-
standing that pseudophakic patients cannot ac-
commodate.

“Accommodative” IOLs

Oliver Findl

5

|

∑ Current designs of “accommodative”
IOLs are supposed to work by the focus-
shift principle to allow true pseudophakic
accommodation

∑ Studies that biometrically assessed 
“accommodative” IOL optic shift found 
no or only low amplitudes of forward
movement

∑ The amount of forward movement,
if present, is highly variable between 
patients

∑ To date, most studies present psycho-
physical data for the proof of concept
which seems insufficient

∑ Capsule bag performance and posterior
capsule opacification with “accommoda-
tive” IOLs seems worse than that with 
standard IOLs

Core Messages



5.1.2
Apparent Accommodation or Depth of Field

As a result of several factors such as small pupil
size [43], myopic astigmatism [29], corneal
aberrations [47], corneal multifocality [17] and
good visual perception [25], pseudophakic pa-
tients may have an adequate depth of field to
reach satisfying far and near visual acuity with-
out any correction. This clinical phenomenon is
referred to as apparent accommodation or
pseudoaccommodation. It is also found in
aphakic patients,proving that this phenomenon
does not rely on the presence of an IOL.

5.1.3
Focus Shift Principle

Provided that the ciliary muscle maintains its
potential for contraction with increasing age
[56], a forward shift, or movement, of the IOL
optic under ciliary muscle contraction and the
concomitant shift of the focal plane would result
in true pseudophakic accommodation. For an
eye of the usual dimensions, an IOL forward
movement of about 0.60 mm would cause 1 D of
accommodation in the spectacle plane [27]. The
mechanism of such an IOL movement could be
based either on the Helmholtz theory of accom-
modation [57], hypothesising force transmis-
sion from the ciliary muscle to the lens via the
zonular apparatus, or the “hydraulic suspension
theory” by Coleman [3], that assumes changes
in vitreous pressure to be responsible for lens
shape changes. “Accommodative” IOLs are de-
signed to transform such forces of the ciliary
muscle into a forward movement of the IOL op-
tic (optic-shift concept) by anterior flexing of
the optic in relation to the haptics. However, in
order to attain an accommodative amplitude of
3 D to enable reading at the usual reading dis-
tance of 33 cm, an IOL movement of 1.8 mm is
needed for an eye of normal dimensions. The
distance from the posterior corneal surface to
the IOL, or anterior chamber depth, obviously
depends on the IOL design and size of the ante-
rior segment of the eye, but will be about 4 mm
on average. Therefore, to attain an IOL induced

accommodative amplitude of 3 D, the resulting
anterior chamber depth under ciliary muscle
contraction would need to be rather shallow
with about 2.2 mm (Fig. 5.1). Such a change of
IOL position seems unrealistic considering 
the anatomical setting. An IOL movement of
such magnitude could be potentially harmful to
the eye by, for example, causing pigment disper-
sion because of contact between the IOL and the
iris.

However, an accommodative effect of an 
IOL by movement of the optic would be sup-
ported by the apparent accommodation which
is always present. The amplitude of apparent 
accommodation is in the order of 1–2 D [10,
25, 44], depending on which method of assess-
ment was used. Therefore, if an “accommoda-
tive” IOL would cause at least 1 D of true
pseudophakic accommodation, then most 
patients should be able to read without near 
addition. Consequently, the minimum induced
IOL movement would need to be in the order of
at least 0.6 mm for an accommodative IOL to be
of clinical use.
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Fig. 5.1. The pseudophakic eye showing the extent
of IOL movement necessary to achieve 3 dioptres of
true pseudophakic accommodation



5.1.4
Clinical Assessment

5.1.4.1
Psychophysical Assessment

For rating the accommodative effect of “accom-
modative” IOLs, most clinical studies use psy-
chophysical methods such as near visual acuity
with distance spectacle correction. However,
such visual acuity data is strongly influenced by
depth of field, or apparent accommodation,
which in turn is influenced by many factors as
mentioned above. Obviously, patient compli-
ance and observer bias are also confounding
factors in such subjective testing. Additionally,
there are differences in optotype size between
different reading charts. This is even the case for
reading charts of the same type but from differ-
ent manufacturers, for example the Rosenbaum
chart [28]. Therefore, psychophysical assess-
ment is not appropriate for a proof of principle
of “accommodative” IOLs.

5.1.4.2
Refraction Measurement

A large number of techniques for measurement
of refraction and it’s dynamic changes are avail-
able [53]. Unfortunately, these methods do not
work well for eyes with small pupils, and for
pseudophakic eyes because of the bright Purk-
inje images.

5.1.4.3
Biometric Measurement

Measurement of IOL movement with ciliary
muscle contraction is the direct way of proving
that an IOL has an “accommodative” potential.
Different methods of measurement have been
used (Fig. 5.2).
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Fig. 5.2. Biometric measurement methods for evalu-
ation of IOL movement: a-scan ultrasound [39] (left),
ultrasound biomicroscopy [2] (middle), laser inter-

ferometry (right). Scans under disaccommodation
(upper) and pilocarpine induced ciliary muscle con-
traction (lower)



Ultrasound

Ultrasound has been used for quantification of
IOL movement during accommodation in the
human eye [2, 38, 39]. Both a-scan ultrasound
and b-scan mode with ultrasound biomi-
croscopy have been used (Fig. 5.2). The ultra-
sound approach is mainly limited by the repro-
ducibility of the technique which is in the order
of 0.15 mm for the anterior eye segment [42].
One problem is that the eye that is measured
cannot fixate since the ultrasound probe is in
front of the eye. Therefore, the contra-lateral eye
must be used for fixation. This results in a
change in direction of gaze due to convergence
that varies with extent of accommodation. The
axis of the ACD measurement is therefore not
constant which leads to a low reproducibility of
measurement. Additional problems are echo
artefacts caused by the iris or the IOL optic ma-
terial, that can make identification of the actual
IOL peak impossible. Better reproducibility
data was reported for dedicated laboratory ul-
trasound equipment [45].

Optical and Photographic Techniques

Haag-Streit slitlamp pachymetry has been used
to assess anterior chamber depth in pseudopha-
kic eyes with a reproducibility of 0.1 mm under
cyclopentolate cycloplegia and mydriasis [24].
However, the reproducibility of this technique
was not reported for pseudophakic eyes under
small pupil conditions, as seen during pilo-
carpine induced accommodation.

Photographic techniques, such as Scheim-
pflug photography or automated slit-lamp pho-
tography, as found in the Orbscan (Bausch &
Lomb, Rochester, NY) or IOL-Master (Carl Zeiss
Meditec, Jena, Germany), have been shown to
suffer from poor accuracy mainly because of
artefactual measurements of anterior chamber
depth to the posterior IOL surface or the iris in-
stead of the anterior IOL surface, especially un-
der miosis [2, 32].

Laser Interferometry

Dual beam partial coherence interferometry, or
laser interferometry, is a new optical technique
which has been developed for high precision
biometry [11]. This technique was used to per-
form accurate biometry in phakic and pseudo-
phakic eyes [8, 9, 13]. Since the eye being meas-
ured is used for fixation and scans can only be
attained when measuring along the optical axis,
the reproducibility of this method is about 4mm
for measurements of the anterior segment,
more than ten times better than that of conven-
tional ultrasound. Sample scans are shown in
Fig. 5.2, illustrating the slim peaks of the laser
interferometric a-scans. Currently, laser inter-
ferometry seems to be the most promising 
technology for assessing lens movement in
pseudophakic eyes.

5.1.4.4
Accommodative Stimulus

When attempting to measure change of IOL po-
sition in pseudophakic eyes, ciliary muscle con-
traction must be stimulated. In monkey eyes this
has been done effectively by direct stimulation
of the Edinger Westphal nucleus which results in
a maximal contraction of the ciliary muscle [5].
For clinical studies in humans, near-point stim-
ulation and pharmacological means of inducing
ciliary muscle contraction have been used.

Near-Point Stimulus

In the clinical setting with patients there are 
two options for stimulating the ciliary muscle:
voluntary near-point stimulation and pharma-
cological stimulation. Clearly, a near-point
stimulus is more physiological. However, the
stimulus, usually an optotype used as the target,
should be presented to the eye being measured
for reasons mentioned previously. This is tech-
nically not possible in most of the above-men-
tioned apparatus set-ups. Also, when using a
near-point stimulus, the examiner relies on pa-
tient compliance during the measurement pro-
cedure. Prolonged fixation of a near target can
be difficult and tiring, especially for elderly
pseudophakic patients.
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Pharmacological Stimulus

Advantages of using pharmacological means of
stimulating ciliary muscle contraction are that
it allows more time for measuring the biometric
changes within the eye and is probably more re-
producible, especially, in a pseudophakic popu-
lation. Combining these measurements with
IOL position under cycloplegia, performed with
cyclopentolate in most studies, results in the dif-
ference between maximal stimulation and re-
laxation of the ciliary muscle.This maximal am-
plitude of IOL movement is an indicator of the
accommodative potential of a new IOL design.
Possible drawbacks of pharmacological stimu-
lation are that it may act “unphysiologically” by
inducing a pattern of muscle contraction that
cannot be reproduced by patients in daily life,
and therefore over- or possibly under-estimat-
ing the real accommodative effect of an IOL.
Also, the concomitant miosis of the pupil can
hinder measurement with some of the men-
tioned techniques.

Pilocarpine is the most commonly used drug
for this purpose, usually in a concentration of
1% or 2%, in some studies even as high as 6%.
The maximum effect was reached after 33 min
in phakic eyes [59] and 60 min in pseudophakic
eyes [33]. It was shown that application of pilo-
carpine was effective in inducing changes in
lens thickness [12], anterior chamber depth and
lens curvature [1, 50] that were similar to those
found during near-point fixation in young pha-
kic subjects. In presbyopic phakic subjects,
near-point stimulation did not induce any bio-
metric changes, as expected; however, pilo-
carpine induced a forward shift of the lens of
about 0.15 mm [31]. Therefore, it seems as if pi-

locarpine acts as an “unphysiological super-
stimulus” in the elderly presbyopic eye and may
also do so in the pseudophakic eye.

5.1.4.5
Capsule Bag Performance

Current “accommodative”IOLs are made of well
known materials, but have an altered haptic de-
sign compared to conventional open loop or
plate haptics to allow optic movement during
ciliary muscle contraction. Such design alter-
ations also carry the risk of a compromised cap-
sule bag performance by deviating from the
well-tested conventional IOL designs. There-
fore, meticulous evaluation of the safety of such
new IOLs is of great clinical importance. The
main variables concerning capsule bag per-
formance are lens centration and tilt, fibrotic
changes of the capsule and posterior capsule
opacification (PCO).

5.1.5
Accommodative IOLs

The so-called accommodative intraocular lens-
es are made of flexible silicone or acrylate, and
have in common a thin and flexible “hinge” at
the haptic–optic junction which should allow
forward movement of the optic with haptic
compression (Table 5.1).
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Table 5.1. Main properties of “accommodative” IOLs

IOL Haptic Overall size Optic size Material 
angulation (mm) (mm)

BioComfold, 43 A, Morcher –10º 9.8 5.8 Hydrophilic acrylic

1CU, Humanoptics 0º 9.8 5.5 Hydrophilic acrylic

Crystalens AT-45, C&C Vision 0º 10.5 4.5 Silicone
(11.5 between 
loop tips)



5.1.5.1
Ring-Haptic IOL

The first “accommodative” IOL that was avail-
able on the market was the ring-haptic IOL de-
signed by H. Payer and produced by Morcher
GmbH in Stuttgart, Germany [48]. Two designs
were marketed in the 1990s, under the names
Biocomfold 43 A and 43 E, the latter with a few
minor modifications in design. This foldable,
single-piece, disc-like IOL is made of hydro-
philic acrylate and has a peripheral bulging dis-
continuous ring (Fig. 5.3). The ring is connected
to the optic by an intermediate forward angled
perforated ring section. The IOL optic is posi-
tioned in front of the haptic plane to ensure that

centripetal compression of the haptic by the cil-
iary muscle will result in a forward shift of the
optic and not in the reverse direction.

5.1.5.2
1 CU IOL

The second “accommodative” IOL that became
available in 2001 is based on a concept by K.D.
Hanna and is produced under the name “1CU”
by HumanOptics AG, Erlangen, Germany [34].
This foldable, single-piece IOL is made of hy-
drophilic acrylate and has four flexible haptics
that have transmission elements at their attach-
ment to the optic (Fig 5.4). A centripetal pres-
sure of the ciliary body on these haptic elements
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Fig. 5.3 a, b. Ring-haptic IOL: type 43 A (a) and
retroillumination photograph of type 43 E (b)

a

b

Fig. 5.4 a, b. 1CU IOL: drawing (a) and retroillumi-
nation photograph (b)

a

b



should result in a forward shift of the optic. The
haptic ends are formed in such a way as to sim-
ulate the equator of the crystalline lens, proba-
bly to allow for a ciliary body – zonula – capsule
relationship similar to that seen in the phakic
eye. A finite element model was used to develop
this design.

5.1.5.3
Crystalens IOL

The third “accommodative” IOL that became
available in Europe in 2002 and has been FDA
approved since 2003, was designed by S. Cum-
ming and is produced under the name Crystal-
ens AT-45 by C&C Vision (Aliso Viejo, CA) [7].
The Crystalens is a modified three-piece plate
haptic silicone IOL with small t-shaped poly-
imide haptics at the end of the plate (Fig. 5.5).
The optic has an unusually small diameter of
4.5 mm with hinges at the optic–haptic junction
to allow shift of the optic relative to the haptic
plane. Forward movement of this lens under ac-
commodation is supposedly mediated by an in-
crease in vitreous pressure pushing the lens for-
ward as a result of a mass redistribution under
ciliary muscle contraction as postulated by
Coleman [3, 4].

5.1.5.4
Future Concepts

IOL with Two Optics

As early as 1990, T. Hara introduced the concept
of an IOL with two optics which he named
spring IOL [21, 22]. The IOL is positioned inside
the capsule bag, with one optic positioned at the
posterior capsule and connected to the other
optic, which rests behind the anterior capsule,
through spring-like loops. With this IOL the en-
tire capsule bag space is occupied. With defor-
mation of the capsule bag during ciliary muscle
contraction, the optics should move apart and
vice versa under disaccommodation. A proto-
type of an IOL with a similar concept which is
also foldable has recently been presented by
F.M. Sarfarazi [52]. However, no clinical data in
humans is yet available.

IOL with Magnets

Recently, the concept of shifting the entire cap-
sule bag-IOL complex instead of the IOL within
the capsule bag was introduced by P.R. Preuss-
ner [51]. Tiny permanent magnets are intro-
duced into a special capsular tension ring and
opposing magnets are positioned under the rec-
tus muscles on the sclera. With ciliary muscle
contraction and zonular relaxation the entire
capsule bag should shift forward resulting in a
concomitant shift of the optic. No clinical data
in humans is yet available.

5.1 Introduction 91

Fig. 5.5 a, b. Crystalens IOL: drawing (a) and retroil-
lumination photograph (b)

a

b



5.1.6
Lens Refilling

One approach, albeit still experimental, is to
preserve accommodation by lens refilling.
Thereby, a special phacoemulsification tech-
nique is used to remove the lens through a small
capsular opening. The capsule bag is filled with
a refilling material. Such a material must be
transparent, non-toxic and elastic.

At present, in animal experiments, lens 
refilling still faces great difficulties [20, 23, 26,
46]. Especially due to the refilling procedure
and material, postoperative refraction is still
unpredictable, and the long-term problem of
secondary cataract, has not been solved. No
clinical data in humans is yet available.

5.2
Clinical Experience with Available IOLs

5.2.1
Conventional IOLs

5.2.1.1
IOL Movement Data

Measurement of IOL movement under pharma-
cologically and near-point stimulated ciliary
muscle contraction was reported for pseudo-
phakic eyes with conventional IOLs in five stud-
ies (see Table 5.2). Hardman Lea et al. observed a
slight backward shift of rigid PMMA IOL reach-
ing a maximum of 0.25 mm in single cases and
no shift with a foldable IOL, as assessed with op-
tical pachymetry under pilocarpine stimulation
[24]. Gonzalez et al. observed essentially no
shift for PMMA IOLs and a forward shift of
0.42 mm for hydrogel IOLs [19]. In a study by
Niessen et al., an average forward shift of
0.08 mm was found for a disc IOL with near-
point stimulation in 15 eyes using a dedicated
ultrasound set-up [45]. Lesiewska-Junk et al. re-
ported on adolescent pseudophakic patients
and found a forward shift of 0.42 mm under
near-point stimulation as measured with ultra-
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Table 5.2. Clinical data on IOL movement with conventional IOL designs

Study Measurement IOL style Eyes (n) Average IOL Remarks 
method movement 

(mm)a

[24] Optical pachymetry PMMA 21 0.25

Hydrogel 8 0

[19] Ultrasound PM 8 0.08

Hydrogel 12 –0.42

[45] Ultrasound Disc 15 –0.08

[39] Ultrasound PC IOL 45 –0.42 Adolescents, no 
reproducibility 
data

[15] Laser interferometry Plate 10 –0.16

PMMA c-loop 10 –0.06

Acrylic c-loop 8 0.04

Acrylic j-loop 12 0.16

a Negative values indicate forward movement.



sound [39]. Unfortunately, no reproducibility
data for the measurement method was reported
in that study. A sample a-scan is shown in
Fig. 5.2.

In a study on 40 eyes that used laser interfer-
ometry as the measurement technique, Findl et
al. assessed a plate haptic IOL and three differ-
ent open-loop three-piece IOLs that differed in
haptic angulation and rigidity [15]. The conven-
tional plate haptic IOL showed a slight, but sta-
tistically significant, forward shift of 0.162 mm,
with a large variability ranging from no shift to
a forward shift of 0.5 mm. With the three-piece
IOLs, the c-loop lenses did not show any change,
irrespective of haptic angulation. However, the
j-loop lens with a haptic angulation of 10°,
showed a slight backward shift of 0.156 mm. The
shifts detected were too small to provide rele-
vant refractive changes.

Psychophysical Data

There is an extensive literature on apparent ac-
commodation of patients with conventional
IOLs. The amount of apparent accommodation
in most studies was about 2 D, ranging from 0.7
to 5.1 D [10, 17, 25, 44, 47, 60], depending on the
method of assessment.

5.2.2
Accommodative IOLs

5.2.2.1
Ring-Haptic IOL

Functional Performance

All three studies that assessed IOL shift found a
slight forward movement with this IOL under
pilocarpine induced ciliary muscle contraction.
Payer found a mean forward shift of 0.29 mm
with a large variability (0.2–1.0 mm) [48]. In an-
other study using ultrasound, a forward shift of
0.72 mm was found also with a large variability,
ranging from a backward shift of 0.40 mm to a
forward shift of 1.53 mm [38]. However, the shift
data did not correlate with the accommodative
amplitudes measured. In the largest sample of
22 eyes, assessed with laser interferometry, the
mean forward shift was 0.17 mm, varying from
no shift up to 0.75 mm in a single case (Fig. 5.6)
[15].
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Fig. 5.6. IOL movement with
“accommodative” IOLs as
measured with laser interfer-
ometry. The box indicates the
interquartile range, the line the
median, the whiskers the mini-
mum and maximum, the stars
the outliers



Capsule Bag Performance

Since the optic plane is in front of the haptic
plane in this lens style, there is frequently a gap
between the posterior capsule and the IOL optic
surface. This retrolental space and the insuffi-
cient barrier function of the IOL optic edge re-
sulted in increased PCO rates (Fig. 5.7).

5.2.2.2
1CU IOL

Functional Performance

In a study that assessed accommodation with
several techniques, the authors found the 1CU to
have better near acuity with distance correction
(0.32 versus 0.14) and better results in video re-
fractometry, retinoscopy and defocusing with
minus glasses compared to a conventional IOL
[37]. However, one weakness of that study was
that the control group was not randomised. In
another study, the pilocarpine induced IOL for-
ward shift was measured to be 0.63 mm with the
1CU using a photographic technique [36]. How-
ever, this technique has been shown to be of
poor accuracy in pseudophakic eyes [2, 32] and
is explicitly stated not to be used in pseudopha-
kic eyes for measurement of anterior chamber
depth in the operating manual.

A study using only psychophysical measures
to evaluate the 1CU IOL, found a large difference
in accommodative amplitude between the 1CU
(1.90 D) and the control group (0.00 D) using a
near-point procedure, 6 months after surgery
[41]. It is surprising that in the control group of
that study, during the entire follow-up which in-
cluded four examinations, the mean distance
corrected near acuity and it’s standard devia-
tion remained unchanged to the second deci-
mal figure. Also, a mean accommodative ampli-
tude of 0 D is unlikely for the pseudophakic
control group.

Using laser interferometry, pilocarpine in-
duced ciliary muscle contraction caused a for-
ward movement of the 1CU IOL of 0.314 mm
compared to a randomised control group which
showed no IOL movement [16]. The estimated
accommodative effect, as calculated from the
IOL movement data with ray-tracing, was less
than 0.5 D in a little more than half of the eyes
examined. Extensive anterior capsule polishing,
an attempt to optimise IOL performance by re-
ducing capsule fibrosis and preserving capsule
bag elasticity, did not influence the “accom-
modative” performance of the 1CU IOL. The
amount of IOL movement with the 1CU showed
a large inter-patient variability as was seen from
the found standard deviation of more than
300mm (see Fig. 5.6). There was even a slight
backward movement in one case. On the other
hand, there was one eye that showed an IOL
movement of 0.7 mm which resulted in a
pseudophakic accommodative amplitude of
more than 1 D. The amount of IOL movement
observed in the randomised trial using laser in-
terferometry was comparable to that found in a
series of seven eyes using ultrasound biomi-
croscopy [2].

Two recently presented studies using defocus
curves to assess the accommodative ability of
the 1CU IOL,showed slightly better results when
comparing it to a randomised control group
[49, 54]. However, the amount of additional ac-
commodative performance was only about
0.5 D, which is in good agreement with the laser
interferometric data described above.
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Fig. 5.7. Ring-haptic IOL with regeneratory PCO
1 year after surgery



Capsule Bag Performance

Although the 1CU IOL has been reported to be
safe [35, 36], there have been a number of re-
ported cases of “infolding” of 1CU haptics in
front of the optic underneath the capsulorhexis.
An example is shown in Fig. 5.8, where the pa-
tient reported blurred vision 6 weeks after un-
eventful cataract surgery. The refraction had
changed from +0.25 D 1 week after surgery to
+2.5 D 5 weeks later. To the author’s knowledge,

there are currently eight photodocumented cas-
es of such haptic subluxation with 1CU IOLs, of
these several IOLs had to be explanted because
of the hyperopic shift, or astigmatism induced
by the tilt. In these cases, surgery had been un-
eventful and it is not clear what the risk factors
may be to developing such a complication.

Concerning PCO, the 1CU IOL seems to per-
form worse compared to current sharp edge
open-loop IOLs. This may be a consequence of
the absence of an effective sharp optic edge in
the junction zone of the four haptics with an in-
ferior barrier effect, or the hydrophilic material,
or both (Fig. 5.9). However, long-term follow-up
is necessary to assess the PCO performance of
this IOL.

5.2.2.3
Crystalens IOL

Functional Performance

This lens was reported to result in excellent un-
corrected distance and near visual acuity (VA)
[7]. However, as discussed in a commentary by
T. Werblin in the same issue of the journal [58],
this study was not randomised and had no in-
ternal control group. This is the major weak-
ness, especially when using psychophysical as-
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Fig. 5.8 a,b. 1CU IOL with “infolding” of haptics
6 weeks after uneventful surgery, causing a hyperopic
shift of more than 2 D. Explantation of the IOL fol-
lowed

a

b

Fig. 5.9. 1CU IOL with thin regeneratory PCO
3 months after surgery



sessment for proof of the accommodative abili-
ty of the Crystalens. As mentioned earlier, visu-
al acuity data is primarily dependent on appar-
ent accommodation. Comparing visual acuity
data from this study to that of historic controls
of other studies which used different near acu-
ity cards probably under different lighting con-
ditions and in different study populations is
problematic.

Using laser interferometry with the identical
measurement protocol as for the ring-haptic
and 1CU IOLs, pilocarpine caused a small back-
ward movement of the Crystalens [14] (see
Fig. 5.6). Such a backward movement should re-
sult in a slight disaccommodation and, there-
fore, be counterproductive for an “accommoda-
tive”IOL. Obviously, if an eye has good apparent
accommodation, the patient will still be able to
read small print with distance corrected specta-
cles; however, the IOL is not the enabling factor.

Capsule Bag Performance

Surprisingly, the small optic diameter of 4.5 mm
has not been reported to cause dysphotopsias.
Concerning fibrotic after-cataract, buttonhol-
ing of the optic, due to the small optic size, is
seen more commonly with this IOL than with

conventional 6-mm optic diameter IOLs
(Fig. 5.10). However, we have not seen any de-
centrations due to these buttonholings. Even
though the Crystalens has a sharp optic edge, as
with all plate haptic designs, there is a junction
phenomenon with PCO ingrowth behind the
IOL optic along the haptic plates (see Fig. 5.11).
Therefore, the incidence of PCO is predicted to
be higher than that of current conventional
open-loop IOLs. However, to date there is no
published data on the PCO incidence with this
lens.

5.3
Current Clinical Practice 
and Recommendations

Assessment of “accommodative” IOLs remains 
a problem. Obviously, biometric methods that
directly measure the IOL optic movement and
therefore can prove the “accommodative” capa-
bility of such an IOL are preferable over indirect
psychophysical measures that are influenced by
many different factors. When using biometric
methods, a physiological stimulus would be
preferable; however, this is still difficult in many
of the procedures currently used.
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Fig. 5.10. Crystalens IOL with partial optic-rhexis
buttonholing in lower half 6 months after surgery due
to fibrosis and the small optic diameter

Fig. 5.11. Crystalens IOL with regeneratory PCO in-
vading along the haptic–optic junction 2 years after
surgery



The question arises whether the presented
focus-shift concept can be applied to the human
eye. As can be seen from Fig. 5.1, to attain a suf-
ficient amplitude of true pseudophakic accom-
modation, the IOL needs to shift far forward
and would need to displace the iris anteriorly.
Just from inspecting the geometrical and
anatomical changes needed, such a concept
seems unlikely if a full 3 D were the goal. How-
ever, with the addition of apparent accommoda-
tion to the focus shift effect, a movement of the
IOL optic of about 1 mm would probably suffice
to allow functional near vision with distance
correction.

Analysing the pilocarpine induced move-
ment data as assessed with laser interferometry
of the conventional and “accommodative” IOLs,
it becomes clear that there are large inter-pa-
tient differences in all the IOL groups. However,
there are distinct differences between some IOL
types. Most open-loop IOLs showed no signifi-
cant movement upon ciliary muscle contrac-
tion. The only exception was the Acyrsof three-
piece IOL that has a modified j-loop haptic
design and a pronounced haptic angulation of
10°, in contrast to the c-loop haptic designs and
the lower amounts of angulation of the other
open-loop IOLs examined. Therefore, one could

hypothesise that a radial compression of the
haptics by the ciliary muscle induces a back-
ward vaulting in the Acrysof, however, less or no
significant vaulting in the c-loop designs. The
reason could be that the latter tend to absorb
such radial compressive forces within the hap-
tic, whereas the j-loop design conveys this com-
pression directly to the optic with the result of
an increase in posterior vault. This hypothesis
would speak in favour of radial haptic compres-
sion occurring. This is in accordance with the
changes seen in 3D ultrasound imaging of pres-
byopic subjects after pilocarpine application.
For illustration purposes, a ciliary body contour
has been extracted from a publication by Stachs
and coworkers [30, 55]. This contour was over-
laid onto an ultrasound biomicroscopic image
of a pseudophakic eye (see Fig. 5.12). The result-
ing radial and axial vectors were calculated. For
the most anterior point of the contour of the ex-
ample displayed, these are 0.13 and 0.12 mm, re-
spectively. Therefore, the amount of anterior
displacement of the ciliary body-zonule-cap-
sule plane is similar to the radial compressive
vector. For an IOL that is posteriorly vaulted
when the ciliary muscle is relaxed, the radial
vector of the contracting ciliary muscle will
cause an increase in vault pushing the optic
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Fig. 5.12. The change in 
ciliary body configuration
from the relaxed state (grey)
to pilocarpine contraction
(red) in a presbyopic eye.
Contour lines extracted from
3-D ultrasound data by Stachs
and coworkers [30, 55]. For
this example, the axial and 
radial components of the 
vector of the anterior apex 
of the ciliary body were calcu-
lated. The possible change 
in IOL haptic position are 
illustrated



backwards. This may be compensated, at least 
in part, by the forward displacement of the en-
tire ciliary body-capsule-IOL plane. This could
explain the differences found between the open-
loop IOL designs. Interestingly, the convention-
al plate haptic design showed forward move-
ment under ciliary muscle contraction. In these
cases, the radial action may not induce a back-
ward vault, but instead the IOL is just pulled for-
ward by the axial displacement movement.

With the “accommodative”IOLs, the relative-
ly far posterior positioned Crystalens, which ac-
cordingly also has the highest IOL constant for
power calculation,probably is slightly backward
vaulted during the resting state, with the optic
plane behind the haptic plane.With muscle con-
traction, the IOL vault increases causing the
slight backward movement. This movement
does not speak in favour of the vitreous pres-
sure theory by Coleman.Another argument that
speaks against the Coleman theory, especially in
the pseudophakic eye, is that a forward push of
the optic by increased vitreous pressure should
be lost or only of short duration in the case of a
liquified vitreous, as found in most cataract pa-
tients, since the aqueous fluid from the posteri-
or eye segment would pass the zonules to flow
into the posterior chamber. This would result in
initially good reading acuity which diminishes
within seconds to minutes. There have not been
any reports on patients experiencing such fluc-
tuations with time.

The 1CU was the IOL style that showed the
most forward movement, even though too little
to allow useful near vision in most patients ex-
amined. With this IOL, and also with the ring-
haptic to a lesser degree, the radial compression
may actually result in a forward shift of the 
optic and this is enhanced by the axial forward
displacement of the ciliary body-capsule-IOL
plane. However, there was a high degree of vari-
ability between patients. This may be a result of
differences in residual ciliary muscle mobility,
or the positioning of the IOL haptics relative to
the ciliary body. If the haptic ends are too far
from the ciliary body apex, then the radial com-
pression may not be used effectively.

Summary for the Clinician

∑ There is a trade-off between questionable
accommodation and worse PCO and 
capsule bag performance with “accom-
modative” IOLs

∑ More studies are needed that measure IOL
shift to prove the functioning of an accom-
modative IOL, instead of using near visual
acuity data, which is determined by many
factors that are not IOL related
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6.1
Definition, Types and Natural Behaviour 
of “After-Cataract”

The term “after-cataract” describes growth of
lens epithelial cells (LECs) left behind on the
lens capsule following cataract removal [23].
These cells proliferate and migrate and finally
may cause visual impairment due to pearl for-
mation on, or whitening and shrinkage of the
capsule. The term “after-cataract” should be
preferred over “capsule opacification”, since the
capsule itself remains transparent [23]. Never-
theless, the term “posterior capsule opacifica-
tion”, or “PCO” has become widespread and its
use generally accepted also in literature. More
recently, the term “ACO” has also been widely
used as an abbreviation of “anterior capsule
opacification”. Therefore, both terms will be
applied in the following.

PCO and ACO not only describe different 
locations, but also different entities of after-
cataract, as they are caused by different subpop-
ulations of LECs [28], (Figs. 6.1, 6.2).

PCO is mainly caused by the “equatorial
LECs”, or “E-cells” that reside in the capsular
bag equator. E-cells have an exquisite potential
to migrate and may encroach upon the centre of
the posterior capsule if not hindered to do so.As
they tend to form globular structures called
“pearls”, the term “pearl after-cataract” has also
been used.

When an intraocular lens (IOL) has been
placed in the capsular bag, the rim of the optic
acts as a mechanical barrier against centripetal
cell migration. If the extended posterior capsule
is firmly attached to the posterior optic surface,
the capsule-optic interface will remain clear
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∑ Pearl formation and capsular fibrosis 
represent the two types of after-cataract
that derive from two different subpopula-
tions of the lens epithelial cells (LECs)

∑ Thorough surgical clean-up and the use 
of a sharp-edge optic implant are readily
available methods that effectively reduce
posterior capsule opacification

∑ Circumferential overlap of the optic by 
the rhexis leaf is crucial for the formation 
of a mechanical barrier along the optic rim
which is mediated by the capsular bend
and mechanical pressure created at the
posterior optic edge

∑ Slim haptics designed to conform to the
capsular bag support circumferential barri-
er formation, while preserving the integrity
of the anterior LEC layer and using optic
materials with high fibrogenetic potential
enhance the strength and permanence of
the barrier by maximising fibrotic sealing of
the capsular leaves along the optic rim

∑ While capsular polishing, therefore, is coun-
terproductive, performing a primary poste-
rior capsulorhexis is a safe and effective 
adjunctive method that creates a “second
line of defence” against LECs that may 
overcome the optic edge barrier

∑ Though we do have methods at our 
disposal that effectively prevent after-
cataract formation, these have been shown
to fail in cases (e.g. deficient capsular bag
sealing, delayed barrier failures; posterior
optic ongrowth), which nourishes the 
quest for still more effective alternative 
approaches

Core Messages
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Fig. 6.1. Residual LECs belong-
ing to two different subpopula-
tions

Fig. 6.2. Lens epithelial cell
(LEC) population. Properties of
E- and A-LECs

Fig. 6.3 a–f. “Regeneratory after-cataract” derived
from E-LECs. Optic–capsule interspace as visualised
by high-intensity slit-beam illumination (a); as meas-
ured by partial coherence laser interferometry (b); ill-

defined syncytial LEC layer (c); pearl monolayer (d);
pearl multilayer (e); huge pearls (“bladder cells”) (f)

a b c
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(“no space – no cells”). If, however, the posteri-
or capsule stays at a distance to the optic sur-
face, cells may eventually gain access to this in-
terspace. Once arrived there, E-cells tend to
undergo swelling the morphological result of
which depends upon the width of the capsule-
optic interspace. In a narrow interspace, these
cells form flat structures with a honeycomb-like
appearance which may finally end up in a con-
tiguous syncytial cell layer. These optically ho-
mogeneous structures do not significantly in-
terfere with the patient’s vision. With a wider
interspace, however, the E-cells turn into globu-
lar structures, or “pearls”, the borders of which
become apparent with retroillumination.With a
still wider interspace, these pearls may become
multilayered or huge (Fig. 6.3). These entities
are termed “regeneratory” after-cataract. Pearls
may significantly interfere with the patient’s vi-
sion especially when forward-scattered light

causes glare and veiling and frequently require
Nd:YAG capsulotomy.

ACO (Fig. 6.4), in contrast, derives from the
“anterior LECs”, or “A-cells” that reside on the
anterior capsular leaf left back following cap-
sulorhexis (rhexis). Though these cells also ex-
hibit some potential to migrate, their charac-
teristic is the exquisite potential to turn into
myofibroblasts (“myofibroblastic transdiffer-
entiation”) where traumatised (rhexis edge) or
establishing contact with IOL material (periph-
eral optic, haptic). These cells then tend to con-
tract and deposit collagen, which leads to
shrinkage and whitening of the anterior cap-
sule. This entity is addressed as “fibrotic” after-
cataract, “capsular fibrosis”, or simply “fibro-
sis”. Fibrosis typically forms in the area of
contact between the anterior capsule leaf adja-
cent to the rhexis (rhexis leaf) and the IOL op-
tic, but also on the posterior capsule central to
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Fig. 6.4 a–f. “Fibrotic after-cataract” derived from
A-LECs. Circumferential rhexis-optic overlap with
consecutive fibrosis (“full in-the-bag”) (a); peripher-
al posterior capsule fibrosis with round edge optic (b);
excessive rhexis contraction (“rhexis phimosis”) (c);

asymmetric rhexis contraction with consecutive op-
tic decentration (d); partial rhexis retraction (“but-
tonholing”) (e); complete rhexis retraction (full “but-
tonholing”,“haptics in – optic out”) with consecutive
central posterior capsule fibrosis (f)

a b c
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the rhexis edge in a collapsed (e.g. aphakic)
capsular bag.

If fibrosis is excessive, significant contrac-
tion of the rhexis opening (“rhexis phimosis”)
may result. Shrinkage of the anterior capsular
leaf may be asymmetric, resulting in sometimes
significant secondary decentration of the 
IOL optic despite a centred rhexis opening
(Fig. 6.4d). As A-cells also migrate, they may
gain access to the anterior optic central to the
rhexis edge (“LEC ongrowth”) to there form
transient and sometimes permanent LEC mem-
branes. Also, A-cells may migrate peripherally
to access the posterior capsule. Once arrived
there, these cells loose their capability to mi-
grate, but contract and deposit collagen as a re-
sult of transdifferentiation (“posterior capsule
fibrosis”). Biomicroscopically, contraction (fo-
cal, “wrinkling”; or concentric, “sand-duning”)
and whitening of the peripheral posterior cap-
sule is seen. With a larger optic, posterior cap-
sule fibrosis usually does not approach the visu-
al axis.

If contraction of the posterior capsule be-
hind the optic periphery exceeds that of the an-
terior capsule, the rhexis edge may be retracted
to finally be flipped over and around the optic to
then establish contact with the posterior cap-
sule behind the IOL optic. This leaves the optic
partly or even totally captured, or “button-
holed” [18, 31] (Fig. 6.4e,f). This is less seen with
thinner high-refractive silicone and acrylic
IOLs featuring a smaller optic thickness and a
less convex anterior optic surface, or a reduced
fibrogenetic potential [30]. A-cells then migrate
centrally from the rhexis edge unto the posteri-
or capsule where they undergo transdifferentia-
tion. Though migration again is thus limited,
the resulting capsular fibrosis may significantly
narrow the free optical zone especially with
small-optic IOLs (Fig. 6.4f).

The severity of ACO resulting from contact
between rhexis leaf and IOL optic is material
dependent, the latter varying in its potential to
“catalyse” transdifferentiation. Some materials
(e.g. silicones) induce more fibrosis than others
(e.g. some hydrophilic acrylics). With a small
optic diameter and an optic material that
strongly triggers A-LEC transdifferentiation,
the risk of central encroachment of the posteri-

or capsule by fibrosis increases. This is true for
any amount and extent of rhexis-optic overlap
(lacking or incomplete overlap; full in-the-bag,
partly or fully buttonholed optic).

Fibrosis of the central posterior capsule in-
terferes less with visual acuity and contrast vi-
sion than pearl formation [9], but may also re-
quire Nd:YAG capsulotomy. When necessary,
however, performing the Nd:YAG capsulotomy
may be difficult: With regeneratory after-
cataract, the capsule is thin and vulnerable, and
at a distance to the optic, which usually allows
for posterior defocus and requires only low
laser energy, thus posing a low risk of optic
damage. With vision-impairing fibrotic after-
cataract, however, the capsule is thickened and
tough. As capsular whitening hinders posterior
laser defocus and as the capsule is usually firm-
ly attached to the optic, considerable damage of
the optic may be unavoidable.

Fibrotic after-cataract formation usually
ceases after 3 to 6 months, while regeneratory
after-cataract develops over a much longer time
to become visually disturbing after 1–3 years. In
a 1998 meta-analysis, the reported PCO rates of
after extracapsular cataract surgery with IOL
implantation were 11.8% at 1 year, 20.7% after
3 years, and 28.4% after 5 years [3].

Summary for the Clinician

∑ Visual disturbance is mainly caused by
equatorial LECs that gain access to the 
posterior optic-capsule interspace 
and form pearls

∑ Anterior LECs tend to cause capsular
whitening and shrinkage following 
myofibroblastic transdifferentiation 
upon contact to the IOL

∑ “Regeneratory after-cataract of the 
posterior capsule”, and “fibrotic after-
cataract of the anterior or peripheral 
posterior capsule” more appropriately 
describe what has been generally termed
“PCO” and “ACO”

∑ Fibrotic after-cataract formation mainly 
occurs during the first 3 months, while 
regeneratory after-cataract formation starts
later, culminating between the years 2 and
3, and occasionally lasting up to 5 years
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6.2
Quantification of After-Cataract

Efforts have been made to create methods to
quantify the extent and severity of after-
cataract. Different approaches are necessary for
PCO and ACO.

For regeneratory PCO, retroillumination im-
ages are currently used for evaluation. Subjec-
tive grading, which is largely based on intuition,
has been replaced by three methods: (1) Manu-
ally outlining areas of different severity and
then multiplying area by severity (EPCO) [51];
(2) automatically calculating the total area of
opacification (POCO-A) [2]; and (3) automati-
cally calculating a score for area and severity by
either: (a) implementing an additional mathe-
matical algorithm into the POCO-A system
(POCO-S, so far unpublished), or (b) by apply-
ing a fully-automated mathematical algorithm
based on the evaluation of pixel entropy of the
image (AQUA) [14]. The latter was developed in
Vienna and is used as our standard evaluation
method since it has shown a very high repro-
ducibility and correlation with subjective grad-
ing and EPCO scoring while the POCO-A sys-
tem was not adopted because it exhibited too
early saturation and thus overestimation of low-
grade and intermediate PCO [14].

Any evaluation method can only pick up the
variability displayed by the image. Thus efforts
have been made to devise a photographic set-up
optimising sagittal alignment [44]. Inherently,
reflected-light images better display morpho-
logical details than retroillumination images
[8]. However, full area coverage is impractical,
and evaluation software is not available. Thus,
assessment of retroillumination images has be-
come the standard. As an alternative, area den-
sitometry with the Scheimpflug camera system
has been used, and has been shown to correlate
well with the patient’s visual acuity [19].

For ACO, reflected-light images are manda-
tory, as only these accordingly display the de-
gree of whitening and wrinkling, or fibrosis.
Apart from subjective grading, an automated
evaluation method has been developed by ap-
plying the Photoshop software on standardised
reflected-light images [47].

Summary for the Clinician

∑ Current methods of PCO quantification rely
on retroilluminated imaging

∑ The subjective EPCO system and the objec-
tive AQUA system correlate well with each
other, while both also do so with subjective
grading

∑ For ACO grading the degree of whitening is
assessed either subjectively or using stan-
dard image analysis software (Photoshop)

∑ Future technologies may focus on reflected-
light image evaluation which better display
morphological details

6.3
Prevention of After-Cataract

6.3.1
Removing LEC from the Equator 
to Reduce the Proliferative Potential

A logical approach is to selectively target those
LECs that finally interfere with the patient’s vi-
sion, i.e. the equatorial LEC population with its
exquisite potential to migrate centrally and to
then form pearls within the retro-optical inter-
space.However, these cells cannot be directly re-
moved as they are remote in the flaccid equato-
rial capsule and cannot be directly visualised.
Thus, direct and complete aspiration is not fea-
sible. However, reducing the number of E-LECs
may at least retard and mitigate after-cataract
formation though it will not totally preclude it.
Therefore, efforts should be made to remove as
many of these cells as possible during surgery.
Direct abrasion of E-cells using dusted curettes,
and ultrasound or diathermy probes has been
attempted. However, these procedures are poor-
ly controlled, and E-LEC removal is inherently
incomplete. Damage to the capsule, zonules, and
ciliary tissue cannot be excluded.

Lens fibres are derived from LECs in the lens
bow which have differentiated to build up the
lens. Incomplete removal may result in prolifer-
ation of these cells known as Soemmering’s ring
formation. Therefore, every effort should be
made to indirectly reduce the amount of cellular
material in the capsular equator by aiming at
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the complete removal of all lens fibres, using a
method that may be termed cortical fibre strip-
ping: Following aspiration of the cortical mass-
es left behind after phacoemulsification, resid-
ual lens fibres may be detected adhering to the
posterior capsule when focussing it at higher
magnification. When jetting water through a
thin cannula, the central end of these fibres is
detached from the capsule to then float freely.
Using an aspiration cannula, the ends of these
cells can be aspirated and occlusion attained by
additionally engaging the underlying capsule.
Thus, the residual lens fibre bundles may be
efficiently stripped off towards the periphery.
With appropriate instrumentation and flow/
vacuum settings (e.g. Brauweiler cannula by
Geuder: 7 ml/min, 100 mmHg), this has been
routinely performed by the author without a
single case of posterior capsule damage. The
goal is: (a) to completely remove all lens fibre
material, thus precluding Soemmering’s ring
formation, and (b) to potentially also catch hold
of contiguous E-cells of the capsular bag equa-
tor, which my also reduce their proliferative
potential.

Summary for the Clinician

∑ Complete removal of all LECs from the 
capsular equator by “capsule polishing”
techniques is impracticable

∑ Thorough cortical clean-up using 
“hydrodissection” and “lens fibre 
stripping” may prevent Soemmering’s 
ring and PCO formation by reducing the
number and thus the proliferative potential
of the equatorial LEC population

6.3.2
Erecting Mechanical Barriers 
to Prevent LEC Migration

Since complete mechanical E-LEC removal can-
not be achieved, efforts must be made to pre-
vent LECs from migrating centrally and reach-
ing the visual axis. The rim of the IOL optic is
known to form a mechanical barrier. The im-
portance of the rim shape, however, became ob-
vious only more recently when a sharp sharp-
edged IOL (Acrysof MA60BM) was shown to
allow for significantly less PCO than IOLs with
round edges. Meanwhile, the sharp posterior
optic edge design has been implemented into
essentially all new lenses on the market with the
effect of significantly lower Nd:YAG capsuloto-
my rates (Fig. 6.5).
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Fig. 6.5 a, b. “Hybrid IOLs” with round (sharp) optic edge oriented nasally (temporally). Note fibrotic/regen-
eratory after-cataract trespassing round optic edge

a b



6.3.2.1
Mechanism of Optic Edge Barrier Effect

Apart from its sharpness, the efficacy of the
posterior optic edge to permanently prevent
LEC migration is strongly dependent upon the
optic overlap by the rhexis leaf. Without such
overlap, the barrier effect generally is only weak
and transient. This is understood when looking
at the postoperative changes of the capsular bag
following IOL implantation as discussed in the
following sections.

Capsular Bag Closure

“Capsular fusion”: Within days after the evacu-
ation of the lens contents, the capsular bag
starts shrinking. Setting out from the bag equa-
tor, the anterior and posterior capsule leaves

progressively fuse. Depending upon the design
of the IOL, this fusion process is more or less
asymmetric and incomplete, as the haptics vari-
ably distort the contour of the capsular bag and
the IOL interferes with the approximation of the
capsular leaves. With a three-piece open-loop
IOL and a circumferential rhexis-optic overlap,
however, this generally ends up with the two
capsule leaves tightly fused around the optic
rim, with the rhexis leaf stretched out and set-
tled down on the optic in the area of overlap,
and with the posterior capsule pulled up around
the posterior edge of the optic to then join the
anterior capsule (Fig. 6.6a–c)

“Capsular sealing”: When during the course
of capsular bag closure the rhexis leaf settles
down on the optic surface, the anterior LECs
take up contact with the optic material and
transform into myofibroblasts, which contract
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Fig. 6.6 a–d. Capsular bag closure. a–c High-resolu-
tion OCT imaging of capsular fusion process. a Day 1:
capsular bag widely open. Note pronounced distance
of rhexis leaf to optic surface and posterior capsule.
b Week 1: capsular fusion in progress: rhexis leaf set-

tling down on optic surface. c Month 1: capsular fu-
sion finalised; posterior capsule wrapped around
posterior optic edge. d Capsular sealing: fibrosis pro-
viding strong and permanent “shrink wrapping”
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and deposit collagen. The collagen deposited
along the optic rim seals the two capsular leaves
together, thus creating a strong and permanent
sealing line (Fig. 6.6d).

The speed and completeness of capsular fu-
sion varies and is influenced by the design and
material characteristics of the implant [21, 42].
The firmness of capsular sealing is determined
by the catalysing potential of the optic material
and the extensiveness and intensity of contact
between optic and capsule. Its potential
strength may be experienced when trying to
surgically reopen a well-sealed capsular bag.

Capsular Bending

During the course of capsular closure the poste-
rior capsule is distended and pulled around the
optic rim.This has been shown to result in a me-
chanical barrier against LEC migration. There is
still controversy on the causative factor for this
effect. It has been attributed to the capsular
bending itself and the resulting “contact inhibi-
tion” [39], or to the mechanical pressure build-
ing up along the line of capsular apposition [4,
5, 34]. Both factors may most likely be involved
[36]. The strength of the barrier depends upon
the tension of the capsule and the angle of
the posterior optic edge, and is greatest with a
tense capsule and a sharp optic edge. As the 
A-cell-mediated contraction of the anterior and

adjacent posterior capsule tightly wraps the
capsular bag around the implant (“shrink-
wrapping”), the posterior capsule is tightly
pulled around the posterior optic edge, thus cre-
ating a sharp bend and maximising the pressure
exerted along the contact line between the
sharp posterior optic edge and posterior cap-
sule. With a lacking capsular overlap, however,
such a bend cannot form. Though collagenous
attachment may also form along the contact line
between rhexis edge not overlapping the optic
rim and the posterior capsule [23], this barrier
is more easily overcome by migrating LECs, as is
the optic rim when not overlapped by the rhex-
is leaf (Fig. 6.7).

6.3.2.2
Clinical Evidence 
for Sharp Optic Edge Efficacy

The role of a sharp implant edge as a migration
inhibiting factor and the mechanism of capsu-
lar bending was for the first time realised in the
mid-1990s. Before, the reduced PCO formation
observed with the Acrysof MA60BM three-
piece IOL was thought to reflect a specific in-
hibitory material property. However, attention
was drawn to the edge design when it became
apparent that most of the PCO inhibitory effect
was lost with a lacking rhexis/optic overlap
(Fig. 6.7). Thus, the formation of a capsular
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Fig. 6.7. Absent rhexis–optic overlap resulting in “primary barrier failure”



bend along the sharp posterior optic edge of the
Acrysof when circumferentially overlapped by
the rhexis leaf was isolated as the cardinal factor
explaining for the PCO inhibiting effect of this
IOL. In a number of pertinent animal studies,
Nishi corroborated the effectiveness of the
sharp posterior edge for various optic materi-
als. Conversely, he was able to show that most of
the PCO-inhibiting effect of the Acrysof IOL
was lost when the edge was blunted or rounded
[40]. This was experimental proof that the pre-
ventive effect of the Acrysof IOL on PCO was es-
sentially the effect of its rectangular, sharp-
edged design rather than the adhesiveness or
bioactivity of the specific acrylic material as
forwarded by others [26, 43].

Once having realised the importance of the
sharp optic edge design, clinical studies were
initiated to confirm this for, and to isolate possi-
ble differences between the various IOL optic
materials. Most of these studies, however, inves-
tigated IOLs differing in the material and the
optic edge design and/or the haptic construc-
tion [1, 20, 53]. At the University of Vienna, the
author and his group (Vienna IOL Study Group)
started conducting a series of prospective clini-
cal implant studies systematically evaluating
the influence of the IOL design and material,
and that of surgical measures by only varying
one single parameter in each study. The eyes
were randomised and compared intraindividu-
ally, since LEC proliferation rates and conflu-
ence times have been shown to be age depend-
ent and to correlate closely between pairs of
eyes [12]. One series compared lenses of a spe-
cific IOL material [poly(methyl methacrylate)
(PMMA), silicone, hydrophobic acrylic] that
differed solely in the design of the optic edge.
The sharp-edged PMMA and silicone IOLs used
in the early series were custom-made IOLs pro-
vided by Dr. Schmidt Intraokularlinsen (St. Au-
gustin, Germany). The acrylic and silicone IOLs
investigated later were provided by Allergan
(now AMO, Irvine, CA). All IOLs were investi-
gational IOL models now marketed by Dr.
Schmidt Intraokularlinsen as MicroPlex MC220
(PMMA) and MicroSeal MS 612 (silicone), and
by AMO as Sensar AR40e (hydrophobic acrylic)
and ClariFlex CLFLX B (silicone). The edge de-
sign of the two companies differed in that those

provided by Dr. Schmidt Intraokularlinsen fea-
tured both a posterior and an anterior sharp
edge (truncated edge), while those by Aller-
gan/AMO had a squared posterior edge while
the side edge was sloping and the anterior edge
round (patented “OptiEdge” design).

Meanwhile, 3- to 5-year follow-up data are
available for all three materials (MicroPlex
MC220, MicroSil MS612, Sensar AR40e;
Table 6.1). The fact that with all IOL materials
the sharp-edged models showed significantly
lower PCO rates unanimously supports the con-
cept that the sharp optic edge, at least with the
materials and designs (open-loop) used, is the
dominating PCO inhibiting factor. The crucial
role of a sharp posterior edge is evidenced by
the fact that IOLs with a sharp posterior and a
rounded anterior edge profile performed com-
parably well as those with a truncated edge [6,
7]. The subordinate though well-evidenced role
of the IOL optic material has been demonstrat-
ed by the above-mentioned animal experiment
conducted by Nishi, where blunting or rounding
off the edges of optic resulted in a loss of the
PCO inhibiting effect of the Acrysof IOL [40].

A sharp posterior optic edge and a circum-
ferential rhexis overlap as the prerequisite to al-
low for posterior capsule bending have thus
been isolated as the causative factors for effec-
tively inhibiting LEC migration at the optic rim.

Summary for the Clinician

∑ The formation of a capsular bend at the
posterior optic edge is the substrate of the
barrier effect observed at the optic rim

∑ Full circumferential rhexis-optic overlap is
a prerequisite for capsular bend and 
thus barrier formation along the posterior
optic edge

∑ The barrier effect is attributed to the 
mechanical pressure and/or the contact 
inhibition caused by the capsular bend

∑ The influence of IOL design and optic 
material characteristics, and the surgical
technique has been isolated in prospective
randomised bilateral clinical studies with
only one single varying parameter
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6.4
Rationale for Investigating Alternatives:
“Optic Edge Barrier Failures”

When thinking about alternatives to the “sharp
posterior optic edge concept”, one question
may immediately arise:“If a sharp posterior op-
tic edge so effectively prevents migrating LECs
from entering the retro-optical space, why then
should we search for alternatives?” Much more
so, as the technology can be implemented in al-
most any IOL style and does not require addi-
tional surgical skills or implant devices. The an-
swer is: “To explore even more effective or
adjunctive approaches, as a sharp posterior op-
tic edge does not completely and permanently
prevent PCO in all eyes, especially over longer
time periods (1–2 years and thereafter)”. This
becomes obvious when not only looking at sta-
tistical differences between sharp and round
IOLs, but when analysing the unfavourable cas-
es in the sharp-edged cohort.

6.4.3.1
Primary Barrier Failures

Additional to the circumferential overlap of the
optic by the rhexis leaf, centripetal fusion of the
two capsular leaves resulting in capsular bag
closure during the first weeks postoperatively is
another prerequisite for capsular bend and thus
barrier formation at the posterior optic edge.
However, in some cases, this process of capsular
closure may been incomplete, or even lacking.
This may be termed “primary barrier failure”.
LECs then are only temporarily, if at all, with-
held at the optic edge to then invade the retro-
lental space (Fig. 6.8)

Incomplete 
or Lacking Capsular Bag Closure

In some cases, the capsular bag fails to close
without detectable reasons. In others, excessive
stretch exerted by an oversized IOL may be iso-
lated as the cause of symmetric barrier failures
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Fig. 6.8 a–d. Barrier fail-
ures. A long axial capsular
stress lines (rigid over-
sized haptics) (a, b);
at optic–haptic junction
(one-piece IOLs) (c, d)

a b

c d



occurring along the capsular stress lines
(Fig. 6.8a,b). Large optics also seem to hamper
bag closure and bend formation [37].

“Junction Phenomenon”

Even at a slim haptic–optic junction, capsular
fusion and consecutive bending is compro-
mised (Fig. 6.9). Consequently, the barrier is
partly interrupted or at least weakened at these
sites. This is particularly true for any one-piece
IOL featuring plate haptics, but also those 
with broad-based loops [37]. Capsular bend-
ing cannot occur even with the sharp optic 
edge continuing beneath the junction, thus 
allowing LECs to enter the retro-optical spa-
ce (Fig. 6.8c,d). This has been termed “junc-
tion phenomenon”. The positive effect of
looped haptics on capsular fusion may be part-
ly neutralized if they are oversized and/or too
rigid [49].

6.4.3.2
Secondary Barrier Failure

In cases with primarily complete capsular clo-
sure and bending around the optic, secondary
reopening of the barrier with consecutive LEC
invasion of the retro-optical space has been ob-
served (“secondary barrier failure”). The reason
for this is understood when considering the nat-
ural course of E-cell proliferation. Close consec-
utive in vivo observation of capsular bag clo-
sure and LEC migration suggests two phases of
E-LEC migration and proliferation: In the first
days and weeks postoperatively, and before the
process of capsular bag fusion is finalised, early
LEC migration can already be observed. Thus,
E-LECs may already have reached the retro-op-
tical capsule when capsular fusion has pro-
gressed far enough to implement capsular
bending. E-LECs thus trapped in the retrolental
space, supposedly due to the lack of nutrients,
do not proliferate any further and seemingly
undergo apoptosis. Such early LEC invasion of
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Fig. 6.9 a–d. “Junction
phenomenon”. Broad-
based optic–haptic junc-
tion (below) interfering
with capsular bending.
Note “sealing line” detach-
ing from optic rim at 
junction

a b

c d



the retro-optical space seems to be influenced
by the haptic–optic angulation, since angulated
haptics provide for circular attachment of the
sharp optic edge and induce capsular bending
from the very beginning. In the months and
years to follow, a second phase of E-LEC migra-
tion and proliferation can be observed: Partly
amorphous and partly globular material forms
in the capsular equator (Soemmering’s ring
[23]), which increases in volume and tends to
mechanically reopen the once closed capsule
bag. Once arrived at the optic, progression is
halted by the collagenous sealing of the two cap-
sule leaves along the anterior and lateral aspects
of the lens optic and by the permanent posteri-
or capsular bending thus induced (Fig. 6.6d)
which both resist the mechanical force exerted
by the proliferating LEC masses. If collagenous
sealing is weak relative to the proliferative pres-
sure, however, the sealing line itself and/or the
capsular bend thereby induced may break up
secondarily, and LECs may enter the retrolental
space (Fig. 6.10). As the collagenous sealing is
mediated by the A-LECs that undergo myofi-
broblastic transdifferentiation upon optic con-
tact, the optic material is an important determi-
nant for the firmness and thus resistance of

capsular sealing. The various IOL materials dif-
fer in their inherent ability to catalyse myofi-
broblastic transdifferentiation leading to colla-
gen deposition and capsular contraction.
Silicones exhibit the highest and hydrophilic
acrylics the lowest catalysing effect,while that of
hydrophobic acrylics is labelled intermediate.
Thus, the PCO score of IOLs that show relative-
ly low PCO rates during the first 1–2 years may
increase thereafter due to secondary barrier
failure (e.g. hydrophobic acrylics), while such
decay of PCO performance is less observed with
other materials (e.g. silicones).

Summary for the Clinician

∑ A sharp posterior optic edge, though easy-
to-implement and effective, does not com-
pletely and permanently prevent PCO in all
eyes, especially over longer time periods

∑ Capsular bag closure is a prerequisite for
capsular bend formation

∑ Primary disturbances of capsular bag 
closure are caused by capsular stress lines
induced by oversized IOLs or at the
optic–haptic junction of IOLs with a broad
haptic base (primary barrier failure)
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Fig. 6.10. “Secondary barrier failure” with reopening of fused capsules following weak fibrotic sealing



∑ A once closed capsular bag may be second-
arily reopened by the mechanical pressure
exerted by proliferating equatorial cells
(secondary barrier failure)

∑ The material-dependent strength of
collagenous sealing along the optic rim
avoids secondary barrier failures as it 
resists the mechanical force exerted 
by LEC proliferation

6.34.4
Factors Influencing Fibrotic 
After-Cataract Formation

The extent and severity of ACO is influenced by
the extent and intensity of the contact between
the anterior capsule and the optic surface.With-
out such contact, the rhexis leaf remains clear,
as the A-LECs do not transdifferentiate. This is
best seen in eyes where a capsular bending ring
(CBR) keeps the rhexis leaf at a pronounced dis-
tance to the optic surface.

Certain pathologies predispose to excessive
fibrotic shrinkage (“phimosis”) which may end
up in total closure of the rhexis opening, espe-
cially with an extensive primary rhexis–optic
overlap. The causative factor is either zonular
weakness (e.g. pseudoexfoliation syndrome,
uveitis, pars planitis, high myopia, retinitis pig-
mentosa) and/or abnormal myofibroblastic ac-
tivity (e.g. myotonic dystrophy [35]). The lens
style determines the type of capsular fibrosis:
Slim-looped IOLs, especially those with silicone
optics [18, 31], often provoke half- or even full-
circumference buttonholing, while the broad
junction of plate-lenses inherently reduces this
risk. On the other hand, silicone plate-lenses
show a strong tendency to induce rhexis phimo-
sis [11], while this is much less the case with
open-looped silicone IOLs. The optic edge pro-
file also influences ACO: IOLs with a sharp pos-
terior optic edge hinder A-LECs from “escap-
ing” into the retrolental space. As a result,
fibrosis of the peripheral posterior capsule de-
creases, while anterior capsule fibrosis increas-
es, as evidenced by the enhanced whitening and
shrinkage observed [48]. As mentioned above,
fibrosis also strongly depends upon the IOL ma-
terial. There are significant differences in the

ability to catalyse myofibroblastic transdiffer-
entiation upon contact [52], with silicones being
the most potent ones. In conjunction with a
sharp-edged open-loop IOL and symmetrical
rhexis-optic overlap, however, this property of
the silicone material provides the desired cap-
sular wrapping and sealing of the optic ad-
dressed above. The pressure thus created be-
tween the posterior capsule and optic edge
provides a strong and permanent barrier
against (early) A-cell as well as (delayed) E-cell
immigration and prevents fibrotic and regener-
atory after-cataract formation behind the optic.

How can excessive fibrosis and its negative
sequelae be counteracted? Apart from hinder-
ing the rhexis leaf to establish contact with the
IOL optic by inserting a capsular bending, or
distance ring, fibrotic capsular opacification
can be avoided by anterior capsule polishing,
thereby removing the A-LEC layer as the sub-
strate of myofibroblastic transdifferentiation. In
cases predisposed for excessive anterior capsule
fibrosis and shrinkage, this protective effect 
of anterior capsule polishing may outweigh 
the disadvantages of a compromised barrier
formation at the optic edge (see Sects. 6.3.7.2,
6.3.7.4).

Summary for the Clinician

∑ The extent and severity of ACO is influ-
enced by the extent and intensity of the
contact between the anterior capsule and
the optic surface

∑ Certain pathologies predispose to 
excessive fibrotic shrinkage of the rhexis
leaf (“rhexis phimosis”)

∑ IOL determinants of ACO type and 
intensity are material, but also lens style
and optic edge profile

∑ Use of a capsular bending ring and anterior
capsule polishing effectively counteract
rhexis whitening and shrinkage, but weaken
the barrier at the optic edge
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6.4.5
The Role of Optic Material

Originally, the PCO inhibitory effect was attrib-
uted to the IOL material. Conversely, when the
sharp posterior edge was recognised as a key
factor, it became widespread to underestimate
or even ignore the influence of the material.
Theoretically, the optic material may influence
PCO development at three different stages:
(1) capsular bag closure (bend formation), (2)
fibrotic edge sealing (bend maintenance), and
(3) LEC migration and proliferation in the op-
tic–capsule interspace. Most clinical studies
comparing IOLs with regard to PCO perform-
ance have been using IOLs that differed both in
material and design. Considering these limita-
tions, the following may be stated: (1) Speed of
capsular bag closure is significantly faster with
the silicone and acrylic IOL compared to the
PMMA IOL, and significantly faster with the sil-
icone IOL than with the acrylic IOL. This was
demonstrated by observing capsular bend for-
mation at the optic edge and apposition of cap-
sule to the optic using the slit-lamp microscope
[42] and Scheimpflug videophotography [21],
respectively. (2) Firmness and thus permanence
of fibrotic capsular sealing at the optic edge is
significantly greater with silicone than with
acrylics. This is evidenced by studies showing
that round-edge silicone IOLs perform similar-
ly well as sharp-edge acrylic, and significantly
better than round-edge PMMA IOLs [20]. Dif-
ferences in adhesiveness [43] and bioactive
bonding [26] between optic and capsule have
been attributed as factors inhibiting migration
of LECs once arriving in the optic–capsule in-
terspace. Others have described regression of
PCO with specific IOL materials [22]. However,
the clinical impact of these parameters remains
to be established.

To clearly define the influence of each factor,
however, IOLs have to be investigated that differ
only in one single criterion [material, or optic
(edge) design, or haptic design]. More recent in-
tra- and inter-patient studies indicate that
sharp-edge silicone IOL may outperform sharp-
edge acrylic IOL in the long run [45] (Tables 6.1
and 6.2).

Summary for the Clinician

∑ Speed of capsular bag closure is fastest 
with silicone IOLs, and faster with acrylic
than with PMMA IOLs of similar design

∑ Firmness and thus permanence of
fibrotic capsular sealing at the optic edge 
is significantly greater with silicone than
with acrylic IOLs

∑ The clinical impact of material adhesive-
ness and bioactive bonding on after-catar-
act formation remains to be established

6.4.6
The Role of Patient Age

Organ culture experiments with human LECs
have revealed an age dependency between  pro-
liferation rates and confluence times [12]. Ac-
cordingly, children exhibit high LEC prolifera-
tion rates. The proliferative pressure is strong
enough to regularly break open and breach the
capsular sealing line. A primary posterior cap-
sulorhexis (PPCCC) as a second line of defence
is also easily overrun by exuberantly proliferat-
ing LECs which use the anterior hyaloid surface
as a scaffold. Regarding preventive surgical
measures there is general consensus with regard
to the necessity of performing a PPCCC in in-
fants and children. However, there is controver-
sy on the need and type of additional measures.
According to Koch and Kohnen a PPCCC must be
combined with anterior vitrectomy (AVE) to be
an effective method of preventing or delaying
secondary cataract formation in these patients
[24]. For children younger than 7 years the ne-
cessity of additionally performing a AVE has
been confirmed for the sharp-edge three-piece
acrylic IOL Acrysof [25]. The efficacy of captur-
ing the IOL optic through the PPCCC opening
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Table 6.2. Prerequisites for optimal optic edge bar-
rier

Circumferential rhexis/optic overlap

Sharp posterior optic edge

Slim haptic/optic junction

Fibrosis-inducing optic material



as a sole measure without AVE has been contro-
versially valued [17, 24, 55]. It may be considered
as a simple and potentially useful additive meas-
ure against after-cataract formation which also
improves optic centration, though lens deposits
and posterior synechiae may more often form. In
children older than 7 years, AVE may not be nec-
essary with modern sharp-edge IOLs [25], while
others consider an additional AVE as a mandato-
ry procedure for children up to 12 years even with
posterior optic capture [55] (Table 6.3).

Summary for the Clinician

∑ Children exhibit high LEC proliferation rates
∑ There is general consensus with regard to

the necessity of performing a PPCCC in 
infants and children, but controversy on the
need and type of additional measures

∑ Combining the PPCCC with anterior 
vitrectomy up to an age of at least 7 years
has been strongly recommended

∑ Capturing the IOL optic through the 
PPCCC opening may be considered as a
simple and potentially useful additive
measure against after-cataract formation,
and also improves optic centration

6.4.7
Alternatives to the Sharp-Edged Optic

Several approaches have been investigated as
possible alternative or adjunctive measures to
prevent PCO formation. These are discussed in
the following sections.

6.4.7.1
Posteriorly Vaulted Posterior–Convex Optic

The idea is highlighted by the “super-reversed
optic” concept originally forwarded by Fechner
[13]. It was aimed at maximising the posteriorly
directed vector force of a posterior convex op-
tic, thereby achieving tight attachment between
optic and distended posterior capsule. In theo-
ry, no interspace would be left at all, or at least
not wide enough to allow LECs to form out vi-
sion-disturbing pearls (“No space – no cells”, or
“small space – no pearls”). With current IOLs,
such posterior vaulting characteristics can be
implemented in three-piece IOLs with angulat-
ed loops made from permanent memory mate-
rials (e.g. polyimide), or in one-piece IOLs with
angulated broad-based loop or plate haptics
made from foldable acrylic or silicone. With
plate-haptic IOLs,posterior haptic angulation is
not a prerequisite, since posterior vaulting is
initiated as the anterior capsule starts shrinking
(e.g. STAAR AA4203) [10].

To prove the validity of this approach, we 
investigated the frequency and width of lens–
capsule interspace as detectable with high-in-
tensity slitlamp illumination and/or partial co-
herence laser interferometry with different IOL
styles [15]. Interestingly, no statistically signifi-
cant difference was found. Notably, the IOLs
with the strongest permanent backward vault
(Corneal ACR6D SE, STAAR AA4203) exhibited
the widest mean space (160mm) of all lenses in-
vestigated. Also, we have seen significant regen-
eratory PCO formation with a posteriorly vault-
ed plate IOL (IOGEL) [29]. In conclusion, this
concept must be considered ineffective.
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Table 6.3. Indications for alternatives to sharp-edge
optic

Primary posterior capsulorhexis

Primary posterior capsule fibrosis 
(thick plaque: HF-diathermy)

Non-availability of patient (non-compliant,
immobile, remote)

Multifocal IOLs (early loss of contrast)

Synchysis scintillans (trans-rhexis AVE)

Children (combined with AVE up to at least 
school-age)

High myopes (weakened barrier effect at 
implant edge)

Capsular bending ring

In children (in addition to PPCCC)

Possible/planned vitreoretinal surgery

Capsule polishing

Risk for rhexis phimosis (pseudoexfoliation,
uveitis, pars planitis, high myopia, retinitis 
pigmentosa; myotonic dystrophy)



6.4.7.2
Capsular Bending Ring

The capsular bending ring (CBR) was conceived
and first investigated in rabbit eyes by Nishi
[38]. After having proven the safety and short
term efficacy in a human pilot study, trials were
initiated at the Nishi and University Eye Hospi-
tals in Osaka and Vienna intraindividually com-
paring the effect of a CBR (Morcher Type 14E;
Morcher, Stuttgart, Germany) on after-cataract
formation. The device was conceived to act in
two ways. Firstly, to keep the entire posterior
capsule clear up to the very periphery by induc-
ing a capsular bend at the equator. Secondly, to
also keep the anterior capsule clear by keeping it
at a pronounced distance to the posterior cap-
sule and the anterior optic surface (“capsular
distance ring”, or “CDR”). In fact, the CBR
showed effectiveness in both aspects during a 2-
year follow-up period [32, 41]. However, in a
small number of CBR eyes some amount of re-
generatory LEC invasion was still observed.
Some of these failures could be explained by the
gap between the ring eyelets in a large bag al-
lowing LECs to gain access to the posterior cap-
sule. This was remedied by modifying the de-
sign of the ring (injectable CBR Morcher Type
14F after Menapace and Nishi). This still left us
with some cases of regeneratory after-cataract
formation without a detectable cause. Our only
explanation is that in these cases E-cells may
still be residing central to the posterior bending
line. These small numbers of “fenced in” LECs
would eventually also invade the posterior cap-
sule. Since with a CBR in place capsular bending
at the optic rim can no longer occur, LECs can
easily access the space between the tense poste-
rior capsule and the periphery of a posteriorly
convex optic, though they cannot readily access
the very centre of the optic as the apex of such
an optic is firmly attached to the capsule. Never-
theless, in our randomised study, differences in
PCO were highly significant: After 1 year, the
EPCO PCO score within the 6 mm zone was 0.4
in the CBR as opposed to 0.8 in the control
group. After 3 years, the AQUA score was 2.4 in
the CBR versus 4.4 in the control group. Of the
28 patients, only one patient had required
Nd:YAG capsulotomy in the CTR eye, as op-

posed to 11 patients with a YAG capsulotomy in
the control eye. In conclusion, the CBR concept
does work, but (at least with the IOL styles cur-
rently available) not efficiently enough to justi-
fy the routine use of such an additional implant.

6.4.7.3
Primary Posterior Capsulorhexis (PPCCC)

LECs use the posterior capsule as a scaffold
when migrating centrally. Consequently, vision-
disturbing after-cataract should be excluded
when the central posterior capsule is removed.
Even though, cases with vision-disturbing after-
cataract formation have been reported with
PPCCC. In children, the hyaloid surface is
known to serve as an alternative scaffold for E-
LEC migration. Despite the differences in
hyaloid anatomy, such failures have also been
reported in adults. Our theory was that in adults
the posterior optic surface may alternatively
serve as a scaffold. We conducted a randomised
prospective clinical trial intraindividually com-
paring the efficacy of PPCCC with different op-
tic materials (silicone as a hydrophobic versus
hydrogel as a hydrophilic material) using IOLs
with a similar design [16]. The main outcome
measure was LEC ongrowth within the PPCCC
opening in cases with optic edge barrier failure.
A capsular tension ring was additionally used in
this series to provide for a fully distended pos-
terior capsule and thus circular attachment of
the PPCCC margin to the optic. In our study,
PPCCC was demonstrated to be safe with no
case of associated retinal complication, as also
demonstrated by others [54]. In 58 eyes of 29 pa-
tients completing the 2-year follow-up, the 
PPCCC opening remained clear with 66% of the
silicone IOLs as opposed to only 41% of the 
hydrogel IOLs. Partial closure of the PPCCC was
observed with 55% of the hydrogel IOLs but
with only 28% of the silicone IOLs. Total closure
of the PCCC occurred in three eyes, two in the
hydrogel group and one in the silicone group.
PCO score within the PPCCC opening was sig-
nificantly lower with silicone IOLs as compared
to hydrogel IOLs (AQUA-score 2.3 versus 3.2,
p=0.03; Table 6.1). Biomicroscopy, and the de-
pendency on optic material confirmed that it
was the optic surface that had served as a scaf-
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fold in these cases. In conclusion, PPCCC is ef-
fective but, as it requires additional surgical
skills, may be reserved to supplement the use of
a sharp-edged optic in cases with a higher PCO
risk (children and young patients, high myopes)
or those who are difficult to follow-up or treat
(non-compliant or remote patients). In adults
silicone optics should be preferred at least over
hydrophilic acrylic IOLs because of greater
PPCCC efficacy while no retinal complications
have been observed so far.

6.4.7.4
“Capsule Polishing”

In theory, the most straight-forward and effec-
tive way to exclude any form of after-cataract
would be to completely remove all LECs during
cataract surgery. In principle, this may be
achieved by the application of chemicals or im-
munotoxins selectively targeting LECs. This,
however, has so far not been possible, postoper-
ative uveitis with clinically effective doses con-
stituting the main problem. So far, no method
has been shown to be safe for clinical use [27].

Alternatively, efforts have been made to me-
chanically abrade the lens epithelium. Rentsch
developed a ring curette to be entered through
the cataract incision (“Ring curettes”, Geuder).
However, a set of three differently angulated
curettes is required to cope with the varying an-
gles of approach. Also, the efficiency of the pol-
ishing procedure itself is low as the curettes
have to be actively pressed against the flaccid
and slippery capsule in a bag expanded with
viscoelastic. In general, 5 min under bright
coaxial illumination are usually required. Inher-
ently equatorial LEC removal and its complete-
ness cannot be assured. Thus, in an uncon-
trolled retrospective study conducted by
Rentsch [46], 12% of the eyes that had under-
gone full circumferential polishing using this
method still required Nd:YAG capsulotomy
within 3 years.

Therefore, an alternative instrument was de-
veloped by Menapace before embarking on a
controlled prospective bilateral study to eluci-
date the efficacy of capsule polishing (“aspira-
tion curette”, Geuder). Since mechanical polish-
ing of the equator is inherently uncontrolled

and incomplete, this instrument was specifical-
ly designed for efficient polishing of anterior
capsule only. Thus, the A-LEC and those E-LECs
that reside on the peripheral anterior capsular
are targeted. The cannula features an upward-
facing slit-like opening with sharp edges on
both flanks and rounded edges at the flexes. The
uniplanar configuration of the entry allows for
firm occlusion when brought into contact with
the back surface of the anterior capsular leaf. A
bypass hole allows for smooth vacuum build-
up. The cannula is compatible with the bimanu-
al cortex aspiration set designed by Brauweiler
(Geuder). The cannula is consecutively entered
through three paracentesis openings each 120°
apart and the slit-like opening lifted up against
the contralateral rhexis leaf to allow for occlu-
sion and vacuum build-up. When the cannula is
then moved from one side to the other like a
windshield wiper, the sharp slit edges efficient-
ly shear off the anterior lens epithelium.
Through each paracentesis, one third of the
contralateral rhexis circumference is thus deep-
ithelialized. The procedure is visually con-
trolled, and in several hundred cases the cannu-
la has proven to be safe (no case of capsular or
zonular damage) and efficient (mean cleaning
time 1.5 min).

A prospective study was carried out intrain-
dividually comparing the efficacy of anterior
capsule polishing with regard to after-cataract
prevention. On a randomised basis one eye un-
derwent extensive polishing using the aspira-
tion curette described above, while the other eye
was left unpolished. Round-edge open-loop sil-
icone IOLs were implanted. Main outcome
measures were: (a) PCO scores and YAG capsu-
lotomy rates after 1 and 3 years, and (b) ACO and
fibrotic PCO after 3 years.

The study produced the following results: (a)
Fibrotic after-cataract [50]: ACO in the polished
eyes was significantly reduced, with almost no
whitening and contraction of the rhexis leaf as
opposed to the non-polished eyes. Mean ACO
was 17% for the polished eyes and 26% for the
unpolished eyes (p<0.01). Mean fibrotic PCO
score was 0.5 and 1.0, respectively (p<0.01). Effi-
cacy with regard to fibrotic ACO and PCO pre-
vention thus was very satisfactory. (b) Regener-
atory after-cataract [56] (Table 6.1).
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At year 1, the polished eyes did not show sig-
nificantly lower PCO scores than the unpolished
eyes. When sorting the eyes according to PCO
severity, the worst cases were predominantly
found in the polished group.At year 1, no capsu-
lotomy was required in either group.At between
1 and 3 years, nine of the polished and two of the
unpolished eyes required Nd:YAG capsulotomy.
After 3 years, nine additional eyes in each group
needed KT. Thus, the cumulative KT rate was 18
in the polished eyes and 11 in the unpolished
group.AQUA scores, however, did not differ sig-
nificantly. This discrepancy may be explained
by an obvious morphological difference: PCO in
polished eyes tended to be more homogeneous,
while in unpolished eyes it exhibited greater
propensity to form well-defined pearls. This
layer of poorly delineated PCO after polishing 
is not adequately depicted on photographs
retroilluminated by reflected or backward scat-
tered light.Any evaluation based on retroillumi-
nated images may largely underscore PCO,
while the patient’s vision is significantly de-
graded by glare and blur due to forward scat-
tered light.

In conclusion, polishing was effective in pre-
venting fibrotic, but ineffective in reducing 
regeneratory after-cataract. Nd:YAG capsulo-
tomies had to be performed more often (18 vs 11
out of 33 eyes) and at an earlier time (nine vs
two during years 1–3).

Unfavorable results of capsule polishing with
regard to regeneratory after-cataract have also
been reported by another study using the “ring
curettes”: In a large study comprising over 1200
eyes, Miller et al. reported a cumulative Nd:YAG
capsulotomy rate of 46% in the polished group
versus 20% in non-polished eyes in the not pol-
ished group (p=0.0001) [33]. This strongly sup-
ports the concept of capsular fibrosis as a cru-
cial factor for the barrier formation at the optic
edge: Without capsule polishing, both the A-
and E-cell population are left untouched. Fol-
lowing capsular closure, the A-cells cause fibro-
sis, thereby firmly sealing the capsular leaves to-
gether along the optic circumference. This
forms a strong barrier against the delayed mi-
gration and proliferation of E-cells. Following
capsule polishing, the A-cells and the more an-
teriorly located E-cells are removed. However,

the more remote equatorial portion of E-cells is
left at least partly in situ and viable. Though re-
duced in number, these residual E-cells will also
migrate and proliferate, and finally get numer-
ous enough to reach the optic rim. Since no fi-
brotic sealing of the capsules at the optic rim
has occurred, the fusion line is easily overcome,
thus allowing the migrating LECs to gain access
to the retro-optical space along the whole cir-
cumference. Preliminary data from a more re-
cent study indicate that polishing also compro-
mises the barrier effect of sharp-edged optics,
though seemingly to a lesser extent (Table 6.1).

Summary for the Clinician

∑ The concept of avoiding PCO by creating a
strong and permanent posterior optic vault
has failed

∑ The capsular bending ring significantly 
reduces regeneratory after-cataract, while 
at the same time it avoids ACO (distance 
effect); however, its limited efficacy with
currently available IOLs and the need for an
additional implant limits its application

∑ Primary posterior capsulorhexis is safe and
effective, and supplements the efficacy of a
sharp-edge optic IOL forming a “second
line of defence”; however, the surgical skill
required limits its widespread use

∑ “Capsular polishing” is counterproductive,
as it interferes with fibrotic sealing of the
capsular leaves along the optic rim, predis-
posing for secondary barrier failures and,
consequently, unimpeded access of E-cells
to the retro-optical space
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7.1
Introduction

The mature cataract may represent one or both
of two clinical entities. The cortical mature
cataract (Fig. 7.1) has opaque, milky white, (po-
tentially) liquefied cortex that, at surgery, ob-
scures the red reflex and the nature of the un-
derlying lens nucleus. The nuclear mature
cataract (Fig. 7.2a,b) contains an ultra-firm and
visibly dark lens nucleus in which an epinucle-
us cannot be easily delineated and little to no
cortex remains; it may consist virtually of “rock-
hard” nuclear lens material and lens capsule.
Given that a very dark cataract can obscure the
red reflex and that a white cataract may harbour
an ultra-dense nucleus, there may be crossover
between the two entities.

Mature cataracts pose certain challenges to
the surgeon and add surgical outcome risks to
patients. Because phacoemulsification may be
anything but routine in these cases, ophthal-
mologists have historically considered alterna-
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∑ The mature cataract may be of the cortical
(white) type, nuclear (brunescent) type,
or a combination of both

∑ Mature cataracts, of any type are 
more likely to be associated with 
prolonged and/or complicated surgery.
Surgeons must approach these cases 
accordingly

∑ Capsule staining is a key to successful 
capsulorhexis in cases with cortically 
mature cataracts

∑ Use of appropriate viscosurgical devices 
is necessary for successful surgery for all
categories of mature cataracts

Core Messages

Fig. 7.1. Cortical mature white cataract.
Note the white lens. Additionally, an 
iridodialysis can be noted to the left
indicating the traumatic nature of this
cataract



tive surgical methods when faced with mature
cataract of either type. Nevertheless, observant
presurgical evaluation, careful surgical plan-
ning, and skilful and diligent surgical technique
can combine to afford the patient the opportu-
nity for rapid visual and physical recovery 
by means of small incision cataract surgery.
Patients contemplating surgery for a mature

cataract should be counselled regarding the
likelihood for increase surgical time, a slower
recovery of vision postoperatively, and an in-
creased risk for intraoperative complications.
Likewise, the surgeon must be properly pre-
pared for the increased demands necessary 
for successful small incision surgery in these
cases.

124 Chapter 7 Management of the Mature Cataract

Fig. 7.2. a Nuclear mature cataract.
Note the deep brown colour of the 
nuclear cataract. Also visible is a defect
in the iris and a corneal scar infer-
onasally following penetrating trauma
earlier in life. b Nuclear mature cataract
in slit view. Note the deep colour of the
cataract and presence of a thin layer un-
der the anterior capsule. No epinucleus
is visible

a

b



7.2
Cortical (Intumescent) Mature Cataracts

The aetiology of the cortically mature cataract
is generally unknown, but the condition is char-
acterised by hydration of lens cortex sufficient
for the cortical lens fibres to become swollen
and opaque milky white. In the extreme case the
lens cortex becomes fully liquefied, leaving only
a small firm floating nucleus within a sac of
white fluid; this special condition is referred to
as a “morgagnian cataract”. It is uncertain why
some cataracts become cortically mature unless
a specific rent in the capsule can be identified.
However, the likely final common pathway is the
mixture of aqueous humour with lens material.
Cases without demonstrable trauma or physical
openings in the lens capsule have, most likely,
imbibed aqueous through the ordinarily semi-
permeable lens capsule. In these cases the 
lens generally swells, inducing an increased 
hydrostatic or “intralenticular pressure”. Lens
swelling may be sufficient to cause narrowing of
the chamber angle and the potential for phaco-
morphic glaucoma (Fig. 7.3).

Raised pressure within the capsule bag (or
the eye) is but one factor that can complicate
surgery in this group of patients. Capsulorhexis
can be very difficult, given that the capsule may
be very friable and readily tear to the equator.
Furthermore, the surgeon is hindered by the ab-
sence of the red reflex, making capsulorhexis

even more challenging. Finally, these case types
may be problematic since the density of the nu-
cleus is obscured and cannot be evaluated until
after the anterior capsule has been opened.
Should the nucleus be very hard, phacoemulsi-
fication presents added risks since no epinucle-
us is present and the milky cortex may tend to
wash out, leaving no protective cushion for the
posterior capsule during the emulsification
process.

The surgical approach to the cortically ma-
ture cataract begins with the preoperative eval-
uation. Gross presurgical vision testing can be
assessed with two-point white light discrimina-
tion, perception of colour with bright light, and
entoptic phenomena. Additionally, the condi-
tion of the corneal endothelium should be eval-
uated with specular microscopy or slit lamp ex-
amination, since it may be necessary to elevate
the nucleus into the anterior chamber during
surgery, should the capsulorhexis fail, the poste-
rior capsule rupture, etc. If the nucleus is very
firm and the endothelium poor, emulsifica-
tion in the anterior chamber may be contrain-
dicated. Lastly, the preoperative evaluation
should rule out phacolysis with lens-indu-
ced inflammation and secondary elevation of
intraocular pressure. In that case intensive topi-
cal steroids and/or ocular hypotensive agents
may be necessary prior to surgery. Phacomor-
phic angle closure from an intumescent white
lens may require laser iridotomy prior to sur-
gery.
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Fig. 7.3. Phacomorphic glaucoma in 
an eye with a mature white cataract and
induced acute and marked elevation of
IOP. Note the scleral injection, sugges-
tive of significant inflammation



Anterior capsulorhexis remains the most im-
portant and the most challenging aspect of the
surgery. Generally, if one can complete the cap-
sulorhexis, all else is likely to succeed. The fac-
tors that make the capsulorhexis difficult, as
discussed above, include poor visibility and the
friable nature of the capsule, particularly if it is
under tension from increased hydrostatic pres-
sure within the capsular bag. The surgical “game
plan” must consider these issues.

Table 7.1 lists the presently available options
for increasing visibility during the capsulorhex-
is. The surgeon should alter the parameters of
the microscope, increasing magnification and
slowing the motorised changes in magnifica-
tion, zoom, and X-Y position. In that manner
the cut edge of the capsule may be kept in the
surgeon’s view.Additionally, reducing the ambi-
ent room lighting will eliminate glare and im-
prove the visibility of the events occurring in
the anterior chamber. Another commonly en-
countered problem of visibility may occur when
the capsule is first punctured, as liquefied cor-
tex may escape from the capsular bag and mix
with the aqueous or the viscoagent. This may be
prevented by “overfilling” the anterior chamber
with a highly retentive viscoagent prior to initi-
ating the capsule tear. This also helps to avoid
peripheralisation. Should cortex enter the
chamber during capsulorhexis, and preclude an
adequate view, it may be necessary to move it
out of the way with additional viscoelastic or
evacuate with the I/A handpiece or cannula.

Viscoelastic agents vary in their clinical be-
haviour according to their chemical composi-
tion. Although individual stages of the surgery
may require different visco-characteristics, the
optical clarity, cohesiveness and high viscosity
of Healon 5 (Pfizer, New York, NY) at zero shear
make it an excellent agent for capsulorhexis in
cases with white cataract. However, once the
emulsification process is initiated, a dispersive
visco-agent may be useful to protect the en-
dothelium and capsule if the nucleus is firm;
Viscoat (Alcon) performs well under these cir-
cumstances, but might reduce visibility as it
traps bubbles and liquefied lens cortex.

The key factor in determining successful
completion of a circular anterior capsulotomy
(capsulorhexis) in cases with white mature

cataracts is visualisation of the anterior capsule
and the advancing torn edge of the capsule. Pre-
viously, use of a retinal endoilluminator, held
tangential to the limbus, had been helpful in
aiding the capsule tear [1]. Nevertheless, in my
own experience, the endoilluminator method
succeeds in less than 100% of cases. Presently,
vital staining of the anterior capsule with either
indocyanine green (ICG) or trypan blue has
been popularised; this method is virtually al-
ways successful. ICG is readily available as an in-
travenous agent for retinal angiography and re-
nal and hepatic imaging. Horiguchi et al. [2]
have developed a system for its dilution, prepa-
ration and use in cataract surgery. It is essential
to follow the prescribed method, as ICG can be
modestly toxic to the corneal endothelium. As
initially reported by Melles et al. [3], trypan blue
is an excellent stain for the anterior capsule in
cases of mature cataract. It is commercially
available as a liquid in sterilised unit dose vials,
is less costly than ICG, safe with respect to the
endothelium and provides excellent contrast
between the stained capsule and the underlying
opaque or milky white cortex, as can be noted in
Fig. 7.4. Given its advantages, trypan blue has
become the method of choice for management
of cortically mature cataracts. Nonetheless, it is
presently unavailable in the USA, as the FDA has
not evaluated it or approved its use. Other dyes
for capsule staining (Table 7.1) are either more
toxic or less efficacious.

Following capsule staining, the capsule tear
should be initiated under a retentive viscoelas-
tic in the centre of the anterior lens capsule in
order to prevent peripheralisation at the outset
of the capsulotomy. Furthermore, if liquefied
cortex escapes from the lens and obscures an
adequate view, it is wise to aspirate the material
or push it aside with additional visco-agent. In
rare situations, all of the liquefied cortex may
exude from the capsule bag and require removal
before the capsulotomy can be completed; in
such cases, after evacuating the cortex, the cap-
sule can be filled with viscoelastic, making the
surgery technically feasible.

Hydrodissection is often unnecessary in cas-
es of white cataracts, as the liquefaction process
may have sufficiently eliminated cortical-capsu-
lar adhesions. The surgeon should attempt to
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rotate the nucleus after capsulorhexis; if the nu-
cleus is immobile, cautious hydrodissection is
necessary (Fig. 7.5). Given the friable nature of
the capsule in these cases, hydrodissection must
be approached with great care in order to pre-
vent rupture of the capsule; small aliquots of
balanced salt solution (BSS) should be injected
very slowly to prevent elevation of lens hydro-
static pressure. Furthermore, cases with recent
trauma are likely to have a capsule rent which
may be extended with aggressive hydrodissec-
tion; posterior lens dislocation is an unfortu-
nate, but possible sequel. On the other hand, a
case of old trauma may demonstrate a fibrotic
lens capsule (membranous cataract) and par-
tially absorbed lens cortex. Hydrodissection
may be impossible in cases of this nature.

7.2 Cortical (Intumescent) Mature Cataracts 127

Fig. 7.4. Intraoperative view of capsu-
lorhexis after staining of the anterior
capsule with trypan blue. Note that the
capsule is easily visualised and contrasts
well with the underlying white cortex

Table 7.1. Methods to enhance visibility during cap-
sulorhexis

Alter microscope parameters
Increase magnification
Reduce focus speed 
Reduce zoom speed
Reduce X-Y speed

Turn off room lights
Liberal use of visco-agent
Side lighting – retinal endoilluminator 
Stain the anterior capsule

Trypan blue
Indocyanine green (ICG)
Flourescein sodium
Methylene blue
Gentian violet
Brilliant green
Autologous blood

Fig. 7.5. Following capsulorhexis,
careful hydrodissection may be per-
formed with a blunt cannula to avoid
tearing the fragile anterior capsule



Nuclear emulsification may be carried out
with the most appropriate strategy for the given
case; nuclear chopping methods reduce the 
total amount of ultrasound necessary for lens
disassembly. Care must be taken to avoid dam-
age to the anterior capsule rim, the equatorial
capsule, and the posterior capsule. Occasional
addition of viscoelastic during the emulsifica-
tion process can be very protective.Also, the nu-
clear fragments and sharp edges should be
brought away from the posterior capsule and
into the central aspect of the chamber before
emulsification; the centre offers the furthest
distance from both the posterior capsule and
the corneal endothelium. If the lens nucleus is
particularly dense and no cortex remains, ante-
rior chamber or iris plane emulsification should
be considered, although the presurgical status
of the corneal endothelium must be factored. In
very rare circumstances, it might be safest to re-
move the nucleus manually, particularly if cap-
sular integrity is compromised. Recent forms of
ultrasound energy modulation have helped to
reduce total energy exposure and have resulted
in clearer corneas early after surgery and a
more rapid return to normal visual function.

Cortex removal following nuclear emulsifi-
cation is rarely challenging in cases with white
cataracts. Nevertheless, it is common to en-
counter resistant fibrotic plaques on the poste-
rior capsule. These may be left alone, or, in rare
circumstances, a posterior capsulorhexis may
be performed. Following “cortical clean-up”,
lens implantation can be performed routinely.
Postoperative management should present no
unusual hurdles unless preoperative lens in-
duced inflammation or elevation of IOP contin-
ue after surgery.

7.3
What to Do When Things Go Wrong

The most frequent complication, as it were, is
failure to complete a smooth-edged continuous
tear anterior capsulotomy. The capsulotomy
may be completed by the “can-opener” method
or by starting another capsulorhexis in the op-
posite direction, if possible.Added care must be
taken when carrying out nuclear emulsification

in cases without continuous capsulotomy. Given
generally poor visibility, a friable capsule, little
to no cortical or epinuclear cushion, my prefer-
ence is to bring the nucleus into the anterior
chamber with a “tire-iron” manoeuvre, using
the viscoelastic agent with its cannula. Anterior
chamber emulsification is performed unless the
lens is extraordinarily dense and/or the en-
dothelium significantly compromised preoper-
atively. Under those circumstances, manual re-
moval of the nucleus is a safer option. In that
case, it may be wise to abandon the temporal
clear corneal incision and prepare a sclero-
corneal incision superiorly for best wound and
astigmatism management. Also, removal of the
nucleus, in this situation, is properly managed
with a vectis, loop, or spoon rather than by ex-
pression since the firm, large nucleus may tear
the capsule or rupture zonules during the ex-
pression manoeuvre. In fact, cases of this nature
are at added risk for posterior dislocation of the
nucleus during attempted expression.

Summary for the Clinician

∑ Successful completion of capsulorhexis is
the key to surgical outcome in cases with
cortically mature (white) cataracts

∑ Capsule staining significantly enhances the
surgeon’s view, but great care must be taken
to manage the friable capsule, particularly
if the lens is intumescent with high 
“intralenticular” pressure

∑ Given the potential need to emulsify a
dense nucleus in the anterior chamber,
the surgeon should carefully evaluate the
health of the cornea as part of the preopera-
tive evaluation

7.4
The Nuclear Mature (Brunescent) Cataract

Brunescent nuclear cataracts (see Fig. 7.2 a,b)
can progress to very advanced stages while pro-
ducing little apparent loss of visual function.
Most patients with nuclear cataract experience
reduced distance vision, notice difficulty seeing
at night and complain of glare symptoms. These
cases generally have increased nuclear opales-
cence mixed with other forms of cataract. How-
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ever, in some eyes the nucleus changes very
gradually from clear to dark brown or black,
passing through stages of yellow to deep red. In
some of these cases, particularly those without
nuclear opalescence, there is little distortion,
glare,or relative loss of night vision; the patients
are often tolerant of the slowly evanescent re-
duction in contrast sensitivity and colour per-
ception associated with this cataract type. The
net result is that the surgeon may be confronted
with the paradox of a very advanced cataract
and a relatively asymptomatic patient. On one
hand, cataract extraction should be performed
before the surgery becomes extraordinarily
risky, while on the other the patient may per-
ceive little need for the proposed surgery, even
though visual function may be significantly re-
duced.

A nuclear cataract may be considered as ma-
ture when an epinucleus cannot be defined with
routine hydrodelineation.Additionally, the mat-
uration process may advance to where lens cor-
tex is minimal, or nearly non-existent. These
cases present added challenges intraoperatively
with regard to the capsulorhexis, hydrodissec-
tion, and lens emulsification in particular. Fur-
thermore, even in cases without surgical com-
plication, there is the potential for prolonged
recovery of vision postoperatively, owing to an
increased likelihood for transient corneal oede-
ma following prolonged phacoemulsification.

Summary for the Clinician

∑ Nuclear mature cataracts require signifi-
cantly greater energy for emulsification

∑ There may be no protective epinucleus to
act as a cushion for the posterior capsule

∑ Chopping techniques may not be feasible.
As a result, nuclear emulsification will
require greater caution, time, and diligence

∑ Generous use of viscosurgical devices can
be of significant benefit

7.5
Surgical Management

Surgical treatment for cases with nuclear ma-
ture cataracts begins with careful presurgical
evaluation and planning. Certain factors must

be considered. These include the depth of the
anterior chamber and the preoperative condi-
tion of the corneal endothelium. Prolonged
emulsification time, almost unavoidable with
advanced brunescent cataracts, will place a sig-
nificant burden on the survival of corneal clari-
ty, should the chamber be shallow or the en-
dothelium already compromised. Likewise,
lengthy emulsification might be accompanied
by significant zonular traction with an atten-
dant potential for long-term complications,par-
ticularly if the presurgical condition of the
zonules is compromised, as in some cases with
pseudoexfoliation. Therefore, in light of these
few examples alone, preoperative examination
should be considered as an integral part of
the surgical management of nuclear mature
cataracts.

Capsulorhexis can be challenging should the
red reflex be obscured by the extraordinary
density of the lens nucleus. In this case, it is ad-
visable to consider any or all of the “tricks” for
enhanced visibility of the capsulotomy in cases
with white mature cataracts (see Table 7.1). The
capsulotomy should be generous in size, per-
haps larger than usual in order to avoid damage
to the anterior capsule rim during emulsifica-
tion and to facilitate removal of the nucleus
from the capsule bag should it be necessary for
any reason (ruptured posterior capsule, etc.). I
generally aim for a centred anterior circular
capsulorhexis of 6.0 mm or more with these
cases, whereas in the routine situation I prefer
the capsulotomy to be roughly 5.0–5.5 mm.

Hydrodissection must be carried out with
great caution. In the “garden variety” cataract
case, the epinucleus and cortex can act as a
reservoir for the injected fluid during the hy-
drodissection. However, in the situation of a
mature nuclear cataract, there is little more than
a thin lens capsule and a firm nucleus. As a re-
sult, there is no cushion or “sponge” to absorb
excess fluid as it is injected during hydrodissec-
tion; a bolus of BSS, having no opportunity to be
absorbed, can “blow out” the thin posterior cap-
sule. Alternatively, if the BSS is injected slowly
and in judicious amounts, the fluid can cleave
the nucleus from the cortex and capsule without
incident.
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Nuclear emulsification will take added time,
care, and patience when compared with the rou-
tine situation. When planning the surgical day,
one should recognise that phacoemulsification
of mature cataracts potentially takes longer
than for typical cases. Recognising and plan-
ning for the needed extra time will relieve, to
some extent, the added stress of dealing with
cases of this nature. As mentioned above, mod-
ulation of emulsification energy through recent
technologic advances may spare endothelial
damage.

While there has been a general trend toward
nuclear chopping and away from traditional “di-
vide and conquer” sculpting methods for nu-
clear disassembly, chopping of very dense nu-
clear cataracts can be difficult and potentially
dangerous, given that most chopping instru-
ments are not sharp enough or long enough to
adequately penetrate a very dense nucleus. Fur-
thermore, the added toque needed to chop a
large “rock-hard” nucleus is likely to add unde-
sirable stress on the zonules. Therefore, in cer-
tain cases, I prefer to sculpt and hemi-divide nu-
clear mature cataracts before chopping the
segments (Fig. 7.6). Sculpting is facilitated by
using a tip with an increased cutting angle for
greater efficiency. Also, use of increased emulsi-
fication energy will facilitate the sculpting
process which should be carried out deeply into
the central nucleus. The latter manoeuvre al-
lows the nucleus to be “cracked” for disassem-
bly. Furthermore, when sculpting a firm nucle-
us, only a small amount of tissue should be
removed with each pass in order to avoid zonu-

lar stress.A worthwhile adage suggests that “nu-
clear tissue should be removed rather than
moved” during sculpting. Finally, I generally
add a highly retentive dispersive visco-agent
(Viscoat, Alcon, Forth Worth, TX) or a visco-
adaptive agent (Healon 5, Pfizer) to the chamber
on several occasions during the emulsification
process. This technique yields added protection
to the cornea and capsule during surgery, but
increases the risks for incisional burns.

During nuclear sculpting I partially de-bulk
the centre of the lens and create a central trough
which is used for the initial crack, creating two
hemi-nuclei. Should the nucleus fail to crack, it
is generally necessary to sculpt deeper. Hard
cataracts are notoriously difficult to divide as
the lens is noted to have “leathery” posterior
bridges and adhesions when cracking is at-
tempted. Surgeons attempt a variety of personal
tricks when confronted with a “non-cracking”
nucleus.

Following successful hemi-division of the
nucleus, the two pieces may be sculpted and di-
vided or chopped, varying with conditions,
equipment, and surgeon experience. For very
dense cataracts I prefer to sculpt and divide into
four or more equal size pieces before removing
any of the segments, since it is easier to rotate
the lens as a single unit. Prior to removing the
fragments I add viscoelastic to the chamber.
The segments are brought forward with a spat-
ulated instrument through a paracentesis. I at-
tempt to raise the sharp angulated portion of
the nuclear piece away from the posterior cap-
sule rather than have it sweep against the cap-
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sule and risk capsule rupture. I employ high
vacuum fluidics to facilitate aspiration and I
bring the free nuclear piece into the centre of
the chamber, so that emulsification can be car-
ried out in the deepest portion of the chamber,
giving the greatest possible protection to the
cornea and the posterior capsule. In order to
prevent wound burn during this case type, it is
necessary to work with an incision of adequate
width, allow adequate BSS (chilled) exchange,
clear a path through the visco-agent (with irri-
gation and aspiration) prior to emulsification,
and avoid (prolonged) tip occlusion by using
modulated phacoemulsification energy when
removing the quadrants. As a rule, newer, re-
duced dimension micro-tips are not ideal for
emulsification of cases of this type since the di-
ameter of the tip prolongs removal of the bulky,
dense cataract. Following nuclear emulsifica-
tion, cortex removal and lens implantation
should be routine.

Small incision cataract surgery provides rap-
id and stable optical recovery [4]. Advantages
accrue to the patient, to the surgeon, and to so-
ciety. Fortunately, by adhering to the above
guidelines and suggestions, patients with ma-
ture cataract of both types may, in many cases,

be managed as routine and can expect excellent
return of visual function after surgery.
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8.1
Introduction

Cataract formation is an especially common
complication resulting from uveitis. It is rare in
posterior uveitis, but occurs in up to 50% of pa-
tients with anterior and intermediate uveitis
[21], and in nearly 80% of patients with Fuchs
heterochromic iridocyclitis (FHC). Duration
and intensity of inflammation, and treatment,
e.g. corticosteroids and previous vitrectomy, are
critical determinants for cataract formation.
Compared with the general population, cataract
formation occurs at an earlier age in uveitis pa-
tients [36].

The common prejudices concerning cataract
surgery in uveitis patients are that the surgery
has a poor final outcome, induces severe post-
operative recurrence of uveitis, has a high rate
of ocular hypotony and phthisis and that in-
traocular lens (IOL) implantation is absolutely
contraindicated. Although a number of typical
intra- and postoperative problems must be con-
sidered with regard to patient selection for sur-
gery, for the surgical technique and the pre- and
postoperative care of the patients, the results af-
ter cataract surgery are generally quite good
[16].

8.2
Basics for Cataract Formation in Uveitis

Cataract may appear in various clinical forms.
Posterior synechiae are often seen with focal ar-
eas of anterior capsule necrosis and underlying
lens opacities. Fibrin membranes overlying the
lens are often accompanied by an opacification

The Treatment of Uveitic Cataract

Arnd Heiligenhaus, Carsten Heinz, Matthias Becker

8

|

∑ Preoperative specification of uveitis 
aetiology is mandatory for surgical 
success

∑ Any of the decisions on cataract surgery,
including surgical technique, IOL implan-
tation and perioperative medication,
rely on proper patient selection

∑ Complete quiescence of inflammation
must be obtained before cataract surgery

∑ The most important general principle 
for the surgery is to minimise the surgical
trauma

∑ While IOL implantation is safe in many of
the uveitis patients, it is not recommended
in patients of less than 2 years of age,
or with active uveitis of any aetiology,
aggressive course of inflammation in spite
of high-dose immunosuppression and 
in uncertain uveitis course

∑ The postoperative anti-inflammatory 
treatment must be adjusted according 
to the surgical manoeuvres and the inflam-
matory activity

∑ Although several complications may occur
in the postoperative course, reported func-
tional results are generally encouraging

∑ A major goal in the care of uveitis patients
is the prevention of inflammatory relapses
and of cataract formation

Core Messages



under the anterior capsule. Nevertheless, the
typical form of complicated cataract seen in pa-
tients with uveitis is posterior subcapsular
cataract formation. In rare cases, an anterior
subcapsular opacity can be observed primarily.
Cataract formation at the posterior pole of the
lens can be explained by a missing epithelial
barrier and by the thinnest part of the lens cap-
sule. Inflammatory stimuli or degeneration
might induce proliferation of lens epithelial
cells (LEC). These abnormal cells produce ex-
tracellular basal membrane material and extra-
cellular matrix before they degenerate in com-
bination with surrounding lens fibres [44]. The
typical progression of cataract depends on the
severity of inflammation. In older uveitic pa-
tients, the proliferation potential of LEC is re-
duced and, therefore, it is difficult to distinguish
from senile subcapsular opacity.

8.3
Basics for the Consideration 
of IOL Implantation

The outcome of cataract extraction with IOL
implantation in uveitis patients depends largely
on the biocompatibility of the lens material
used. Uniformly, any implanted material acts as
an artificial surface that may lead to foreign
body reaction. Reactions on the lens surfaces
were taken as a marker for the degree of bio-
compatibility of the implanted lens material.
Uveal biocompatibility refers to the relationship
to the vascular tissue of eye while capsular bio-
compatibility generally refers to the contact
with the remnant lens epithelial cells [3]. Due to
the different parameters investigated for uveal
and capsular biocompatibility one might be ex-
cellent and the other might be poor.

8.3.1
Uveal Biocompatibility

The breakdown of the blood–aqueous barrier
(BAB) is the first striking event during or direct-
ly after surgery. The average time to re-establish
the BAB is 3 months [42]. The increase of cells
and cytokines in the anterior chamber (AC) in-

fluences the degree of uveal and also of capsular
biocompatibility. Activation of the complement
cascade (primarily the alternative pathway) ini-
tiates the inflammatory response to the artifi-
cial material. Fragments of C3 bind to the sur-
face of the implant and C5 is released into the
aqueous [24]. Chemotactic C5 derived peptides
support polymorphonuclear leukocyte (PMN)
influx into the AC. PMNs adhere to the surface-
bound C3 fragments and amplify the adhesion
and aggregation of further cells. Other groups
proposed that IOLs might not alter the comple-
ment levels significantly [30].

Some degree of foreign body reaction occurs
in all eyes after cataract surgery in order to clear
debris from the IOL surface. The first cells not-
ed on the surface are small and spindle-shaped
macrophages. Epithelioid or giant cells, resem-
bling uni- or multinucleated macrophages, are
found at the end of the first week.While most of
these cells usually disappear, few cells can be
found on IOLs years later. An early giant cell re-
action with few cells occurs within the first
month in many patients. The cells clear after
some weeks without any clinical significance.
The late reaction is regarded as a foreign-body
reaction to the IOL. Groups of multi-nucleated
cells appear usually after the first month and are
often located at the pupillary border. Cells most
probably originate from the anterior segment
vessels or from synechiae.

The aqueous humour in uveitis patients after
cataract surgery shows abundance of macro-
phages. While the expressions of the typical
macrophage cytokines IL-1 and IL-12 are low or
absent, respectively, a shift towards a T helper
cell type 1 cytokine expression (IL-2 and IFN-g)
is found. The data suggested that the long-
standing immunosuppressive therapy or the
chronicity of the uveitis suppressed or switched
off macrophages function [33]. It has been spec-
ulated that the alteration of macrophage func-
tions and the modified cytokines in the aqueous
fluid of uveitis patients may delay the clearing
of cells from the AC or may even turn it in the
opposite direction.

Other studies have shown that the surface of
foreign bodies absorbs proteins within seconds
or minutes after AC implantation. These include
fibrinogen, albumin, g-globulin and small
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amounts of fibronectin and coagulation fac-
tors [4]. The consistence of this initial layer 
appears to differ with the IOL material and 
may, therefore, explain why uveal and capsular
biocompatibility depends on the lens material
[27].

8.3.2
Capsular Biocompatibility

The capsular biocompatibility is characterised
by lens epithelial cell (LEC) migration, by ante-
rior capsule opacification (ACO) and posterior
capsule opacification (PCO). These parameters
also depend on the above mentioned mecha-
nism of BAB breakdown and protein absorption
of the IOL. Absorption patterns differ extreme-
ly between the lens materials. Linnola and co-
authors [27] showed that fibronectin is respon-
sible for the IOL attachment to the capsular bag.
This bioactive bond between lens and capsule
may reduce lens epithelial cell migration, being
one reason for a lower PCO rate.Due to a severe-
ly damaged BAB and changed cytokines in
uveitic eyes, LEC may loose their ability to at-
tach to the lens surface [27]. Therefore, the cap-
sular biocompatibility of one IOL material also
depends on the intraocular environment.

Summary for the Clinician

∑ Any IOL material may lead to a foreign
body reaction

∑ Uveal biocompatibility influences 
the degree of cell deposits on the IOLs

∑ Capsular biocompatibility influences the
opacification of the anterior and posterior
capsule

8.4
Patient Selection

Any of the decisions on cataract surgery (e.g.
surgical technique, IOL implantation, perioper-
ative medication) rely on a meticulous evalua-
tion. Patient selection is of the utmost impor-
tance for surgical success. For example, the
surgical techniques and success rates after
cataract surgery differ profoundly between pa-

tients with FHC and juvenile idiopathic arthri-
tis (JIA)-associated uveitis.

The preoperative evaluation is indicated in
order to specify the aetiology of uveitis. The
ophthalmological examination should always
include visual acuity tests, slit-lamp evaluation,
tonometry, and ophthalmoscopy. Additional
tests may be indicated, such as interferometry,
sonography, fluorescence angiography, visual
field assessment or electrophysiological tests. A
comprehensive review of systems, clinical eval-
uations by consulting physicians, laboratory
and radiological investigations must be includ-
ed.

8.4.1
Aetiology of Uveitis

The management of uveitic cataract is princi-
pally dependent on the underlying aetiology of
uveitis, since the diverse types of uveitis differ
extremely in their typical postoperative compli-
cations and courses of visual loss. The recom-
mendations and evidence that are published
must be considered when selecting the surgical
method for the individual patient. For example,
while IOL implantation can be recommended in
patients suffering from FHC, it is generally con-
traindicated in patients with JIA uveitis.

8.4.2
Indications and Contraindications 
in Cataract Surgery

The indications for the treatment of uveitic
cataracts differ profoundly between the pa-
tients:
1. The major cause for surgery is mostly poor

vision. However, the contribution of cataract
to visual deterioration must be distinguished
from other factors, such as vitreitis, cystoid
macular oedema (CME) or amblyopia in
children.

2. The fundus exploration may be impaired due
to the cataract. Cataract extraction may be
indicated to judge the abnormalities that are
critical for the configuration of the treatment
plan, e.g. CME, neovascularisation of retinal
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vessels, CNV, retinal detachment or uveal ef-
fusion.

3. Vitreous or macular surgery may be neces-
sary, but it may not be safely performed be-
cause of dense cataract.

4. In the rare cases of phacoantigenic uveitis, in
which the leakage of lens proteins is the
cause of inflammation, removal of the lens
cures the uveitis.

There is a short list of contraindications against
cataract surgery. The presence of active inflam-
mation in the anterior chamber is an absolute
contraindication against the operation. Young
patient’s age, relatively good vision and the ad-
vantages of accommodation must be consid-
ered.

Summary for the Clinician

∑ Careful patient selection is important 
for surgical success

∑ Preoperative evaluation is mandatory 
in order to specify the aetiology of uveitis

∑ Presence of active inflammation is a 
contraindication to surgery

8.5
Timing of Surgery 
and Preoperative Management

8.5.1
Timing of Surgery

Most authorities agree to the notion that com-
plete quiescence of inflammation, e.g. 10 cells or
less in the slit-lamp high-power field in the an-
terior chamber (1+, according to previously
published classification [7]), must first be ob-
tained before cataract surgery can be planned.
At least 8 weeks of remission of inflammation
before surgery are commonly recommended
[36]. Surgery should be deferred, if inflamma-
tion persists or frequently recurs (Fig. 8.1). The
experience of ocular attacks during the previ-
ous year may indicate the postoperative course,
as has been observed in Behçet’s disease [28],
sarcoidosis and JIA-associated uveitis. In these
cases, appropriate anti-inflammatory medica-
tion must be adjusted first before proceeding

with surgery. Low intraocular pressure (IOP),
cells in the vitreous and thickening of the
choroid may also demonstrate ongoing inflam-
mation.

The issue of amblyopia is further complicat-
ing the timing of surgery in children, as the sur-
gical success may be negotiated by irreversible
amblyopia, if surgery is delayed too long. How-
ever, lens removal with the consequence of loss
of accommodation has great impact in young
children.

8.5.2
Preoperative Anti-inflammatory
Medication

Anti-inflammatory medication is commonly in-
stituted prior to surgical intervention. Usually,
the application of topical corticosteroids, such
as prednisolone acetate 1% or dexamethasone
0.1% five times daily for 1 week in addition to
the individual treatment regiment is generally
sufficient. Transseptal injections of dexametha-
sone 4 mg or triamcinolone acetonide 40 mg
may also be used in patients with a known high
degree of postoperative fibrin formation.

A systemic corticosteroid application is indi-
cated in selected cases with previous or current
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CME, with intermediate or posterior uveitis or
with known attacks of severe inflammation af-
ter previous intraocular surgery. Although the
optimal preoperative dosages are not well de-
fined, prednisone 1 mg/kg body weight given for
3 days or intravenous methyl prednisone injec-
tions on the day before surgery may be effective.

Patients suffering from an endogenous
uveitis with a devastating chronic course with
vision threatening complications should be set
on immunosuppression in advance. Most of the
drugs must be given 1–3 months before they
achieve sufficient anti-inflammatory effects.

The value of topical and/or systemic nons-
teroidal anti-inflammatory drugs (NSAID) for
the preoperative management of inflammation
is not well known. Systemic NSAID cannot be
recommended as they can increase the intraop-
erative bleeding rate.

There is common consent that glaucoma
should be stabilised before surgery. The use of
miotic drugs before surgery is strongly discour-
aged. This is because of their tendency to dis-
rupt the blood–aqueous barrier resulting in an
increased rate of postoperative fibrin formation
and because of the small pupil size that main
makes surgery more difficult and that may in-
crease the bleeding rate.

Since many of the uveitis patients are under
long-term immunosuppressive treatment, peri-
operative prevention of postcataract surgery in-
fections must be considered.Since the rate of re-
activation of toxoplasmosis is increased after
cataract surgery, prophylactic use of antipara-
sitic drugs may be started in selected patients
during surgery [9].

Summary for the Clinician

∑ At least 8 weeks of remission of inflamma-
tion are required before surgery

∑ The experience of ocular attacks during 
the previous course may indicate the post-
operative course of uveitis

∑ Application of topical prednisolone acetate
1 % five times daily for 1 week in addition 
to the individual treatment regiment is 
generally sufficient

∑ Patients with a devastating chronic course
of uveitis and with vision threatening 
complications should be set on immuno-
suppression in advance

∑ Glaucoma must be stabilised before surgery

8.6
Surgery

8.6.1
Intraoperative Medication

In the hour before surgery, phenylephrine-,
tropicamide- and cyclopentolate hydrochloride
are repeatedly instilled onto the eye. The topical
application of non-steroidals, e. g. ketorolac
0.5%, flurbiprofen 0.03% or diclofenac 0.1%,
improves intraoperative pupil dilation.

At the end of surgery, a transseptal injection
of dexamethasone 4 mg is applied. In patients
with uveitis that respond with severe postoper-
ative fibrin formation or frequent development
of CME, methylprednisolone 500–1000 mg may
be injected intravenously.Alternatively, triamci-
nolone 2 mg may be injected into the anterior
chamber.

8.6.2
Approaches to Cataract Surgery

While topical- or retrobulbar anaesthesia is the
preferred technique for many cataract sur-
geons, general anaesthesia may be chosen for
children and for cases with surgically challeng-
ing conditions, such as with marked anterior
synechiae, fibrovascular membranes or with
vitreitis. The application of Hanons’ balloon be-
fore surgery is recommended in children and in
cases with a complicated anatomy.

The most important general principle for the
surgery of uveitic cataract is to minimise the
surgical trauma. A short duration of surgery
leads to less inflammation. It is impossible to
standardise the surgical method in uveitis pa-
tients. While the choice of the optimal surgical
procedure depends largely on the aetiology and
course of uveitis, it is also dependent on the
preference of the surgeon.A recent multi-centre
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study suggested that phacoemulsification with
in the bag IOL implantation should be the pre-
ferred surgical technique for the majority of
uveitis patients [2]. Compared with ECCE and
IOL implantation, patients after phacoemulsifi-
cation and IOL implantation had lower inci-
dences of CME, epiretinal membranes and
synechiae [11, 15]. However, the surgical ap-
proach must be reconsidered in every individ-
ual patient.

Summary for the Clinician

∑ General anaesthesia may be chosen 
for children or in cases with surgically 
challenging conditions

8.7
Extracapsular Cataract Extraction

Careful extracapsular cataract extraction (ECCE)
and complete removal of cortex can be achieved
with iris retraction and capsule inspection. The
initial study on ECCE and IOL implantation in
patients with uveitis reported that visual acuity
was 20/40 or better in 87% of the patients after
a mean of 43 months of follow up [13, 15]. How-
ever, further studies indicated that phacoemul-
sification with continuous curvilinear capsu-
lorhexis (CCC) induced less surgical trauma
and postoperative inflammation than ECCE op-
eration with linear capsulotomy [16, 37, 39].

8.8
Phacoemulsification

For the majority of adults with uveitis and
cataract formation, an anterior scleral or
corneal incision can be recommended [2, 13]. It
has been shown previously that small incisions
induce a lower grade of inflammation than do
longer incisions, and corneal may be better than
scleral incisions. The fact that the high dosages
of corticosteroids given in uveitis patients may
interfere with wound healing further supports
the use of small tunnels. Corneal incisions are
advantageous in patients who may require fil-
trating glaucoma surgery.

The anterior capsulotomy should be ob-
tained with CCC. An intact, well-centred CCC
that is overlapping the optic edge reduces the
development of PCO as compared to the can-
opener technique, and minimises IOL decentra-
tion. Fibrous capsular bands can be excised with
a cutter or fine scissors.

On the other hand, CCC may lead to a fibrot-
ic opacification of the anterior capsule, which
may obscure visualisation of the peripheral fun-
dus. Compared with a 4-mm CCC, the 5.5-mm
opening allows the removal of nearly twice as
many epithelial cells. The number of epithelial
cells and capsular fibrosis can be reduced by as-
piration of the posterior surface of the anterior
capsule [34], which is highly recommended in
children. Capsule contraction syndrome is
more often seen with a small CCC and in pa-
tients with uveitis than in others [1].

In cases with pre-existing fibrosis of the pos-
terior capsule or a high risk of rapid PCO devel-
opment, a central opening of the posterior cap-
sule should be performed with the use of Utrata
forceps, cutter or fine intraocular scissors.

Phacoemulsification is currently the pre-
ferred technique for nucleus removal in most of
the uveitis patients. Compared with senile
cataracts, considerably less uveitis patients have
hard nuclear opacities, as after pars plana vit-
rectomy. The remaining cortex is carefully re-
moved by irrigation/aspiration. It has been
shown that cortical remnants induce a higher
degree of postoperative inflammation, capsule
shrinkage and fibrosis from the residual epithe-
lial cells. Therefore, a complete cortical removal
is highly recommended. Polishing of the poste-
rior capsule may additionally reduce PCO.A pe-
ripheral iridectomy should be performed, when
extensive sphincter manipulations are indis-
pensable.

Summary for the Clinician

∑ Phacoemulsification with in the bag IOL
implantation should be the preferred 
surgical technique for the majority of
uveitis patients

∑ Small incisions induce a lower grade 
of inflammation than longer incisions
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∑ An intact, well-centred CCC that overlaps
the optic edge reduces the development 
of capsule fibrosis

∑ Capsule contraction syndrome is more 
often seen with a small CCC and in patients
with uveitis than in others

8.9
Lensectomy

8.9.1
Pars Plana Approach to Lensectomy –
Anterior Vitrectomy

Eyes with cataracts and minimal posterior seg-
ment involvement often do well with anterior
segment surgery alone. If vitreous opacification
or another vitreoretinal complication exists,
several approaches are possible. Pars plana
lensectomy – vitrectomy – has been historically
the procedure of choice. With recent develop-
ments in microsurgical instruments and tech-
niques in cataract- and vitreoretinal surgery,
other techniques are rarely performed nowa-
days. However, it is still the preferred surgical
approach for treating cataracts in children with
JIA-associated iridocyclitis.

The combination of phacoemulsification
with PPV in uveitis patients appears to be ad-
vantageous, when IOL implantation is desired.
Firstly, it reduces the rate of lens fragment loss
into the vitreous, as compared to pars plana
lensectomy and vitrectomy [12]. Secondly, pa-
tients with Behçet’s disease who underwent
ECCE or phacoemulsification had better visual
outcome and less phthisis than patients who
had PPV combined with lensectomy [46].

Indications for vitrectomy include persist-
ent, dense vitreous inflammation, vitreous
haemorrhage, traction retinal detachment, and
epiretinal membrane formation. CME refracto-
ry to medical therapy may be a relative indica-
tion, especially when other vitreoretinal com-
plications coexist. The visual outcome in
patients who underwent pars plana vitrectomy
with or without lensectomy was in cases excel-
lent [29]. The average improvement in visual
acuity was five Snellen lines. A total of 50% of
eyes attained a final visual acuity of 20/40 or

better. The principal limiting factor in visual
recovery was persistent CME.

8.9.2
Limbal Approach to Lensectomy – 
Anterior Vitrectomy

Intracapsular cataract extraction via a limbal
incision was recommended for patients with
subluxation or dislocation of the lens and for
patients with phacoantigenic uveitis. However,
subluxated or dislocated lenses may preferably
be treated by three-port pars plana lensectomy.
Phacoemulsification with meticulous removal
of all cortical remnants or lensectomy is a safe
surgical method for phacoantigenic uveitis.

Cataract surgery in children with JIA-associ-
ated uveitis may be followed by vigourous in-
flammation and loss of vision. Some evidence
indicated that the intact posterior capsule, ante-
rior hyaloid membrane and vitreous are associ-
ated with an increased probability of cyclitic
membrane formation with subsequent hy-
potony and phthisis. Inflammatory membranes
may be very dense, enveloping the IOL in a “co-
coon”. Iris capture and iris bombé with glauco-
ma can develop. Unexpectedly, these changes
also occur in the absence of clinically obvious
inflammation.

As a consequence, complete removal of the
lens, capsule and anterior vitreous is recom-
mended for treating uveitic cataract in JIA pa-
tients [22]. Usually, a small scleral incision is
used in these children. After an incision in the
capsule, the nucleus is removed by endocapsu-
lar phacoemulsification and the cortex is then
aspirated as completely as possible. Large diam-
eter capsulotomies of the anterior and posterior
lens capsule are made with Utrata forceps or
cutters. Anterior vitrectomy is then performed.
A peripheral iridectomy should be made. No
IOL is implanted in patients with uveitis associ-
ated with JIA [19, 22]. The tunnel incisions in
children should always be secured with sutures.

Kanski [22] reported that visual acuity im-
proved in 77% of the patients after lensectomy-
vitrectomy, and this was superior to the results
seen after ECCE. The main causes of vision of
6/60 or less were glaucoma, amblyopia and
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phthisis. It is not yet clear whether pars plana
lensectomy, phacoemulsification, a combina-
tion of both or a single or two-step approach
should be preferred.

Summary for the Clinician

∑ In JIA-associated uveitis, the intact posteri-
or capsule, anterior hyaloid membrane and
vitreous are associated with an increased
probability of cyclitic membrane formation
with subsequent hypotony and phthisis

∑ Lensectomy with anterior vitrectomy is the
preferred surgical approach for treating
cataracts in children with JIA-associated
iridocyclitis

8.10
IOL Implantation

8.10.1
General Concerns

The best available means of achieving visual re-
habilitation after cataract surgery is IOL im-
plantation. In general, the rate of complications
associated with the implantation of an IOL has
been low to date in the adult population. How-
ever, many patients with uveitis are young and
have severe inflammation, and long-term fol-
low-up clinical trials are still needed. The issue
of whether or not IOL implantation in uveitis
patients can be recommended is discussed con-
troversially.

It has been suggested in the past that implan-
tation of IOL aggravates inflammation and en-
courages the formation of membranes in the
anterior chamber. There is no doubt that con-
cerns regarding the IOL implantation in in-
flamed eyes are justified. However, recent stud-
ies have shown that the results after cataract
surgery and IOL implantation in patients with
certain uveitis types can be very satisfying.
When patients with chronic uveitis were ran-
domly assigned for cataract extraction with or
without IOL implantation, no significant differ-
ences in the final vision and complications were
found between the two groups [47].

8.10.2
Indications and Contraindications

The uveitis conditions in which IOL implanta-
tion may be performed include burned-out
uveitis of any aetiology, intermediate uveitis,
sarcoidosis, FHC, inactive infectious uveitis
(e.g. toxoplasmosis, herpetic uveitis, tuberculo-
sis and borreliosis), and endogenous posterior
uveitis without active iridocyclitis. On the con-
trary, IOL implantation is not recommended in
patients less than 2 years of age, active uveitis of
any aetiology, aggressive course of inflamma-
tion although on high-dose immunosuppres-
sion and in uncertain uveitis courses.

There is a general agreement that IOLs
should not be implanted as a routine in patients
with JIA-associated uveitis. These patients,
however, constitute a heterogeneous popula-
tion. They differ in age, in intensity and dura-
tion of inflammation,response to treatment and
complications. It has been noted previously that
a subgroup of adult JIA patients with burned-
out disease tolerated the implantation of an IOL
very well [40]. Furthermore, it has been sug-
gested more recently that IOL implantation un-
der the meticulous control of inflammation
with immunosuppression may even be a rea-
sonable option in the group of JIA children [25].
However, care must be taken, and IOLs should
only be placed in patients whose inflammation
can be controlled for an extended period of
time before surgery [13].

8.10.3
Placement of the Intraocular Lenses

Generally, in the bag fixation of IOLs should be
anticipated in uveitis patients. When rapid PCO
is expected, the IOL haptics should be fixed in
the bag and optic capture through a primary
posterior CCC may be chosen [48]. A sulcus fix-
ation may be required if the capsule ruptures.
However, the degree of inflammation was
slightly higher when IOL haptics were placed
into the sulcus and not in the bag; the final vi-
sion and complication rate did not differ be-
tween the groups.
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Contact between the IOL haptic and the iris
is inadvisable, as permanent rubbing of the
haptic against the uveal tissue may increase in-
flammation. Therefore, iris-claw IOLs are con-
traindicated in patients with uveitis. Also, an-
gle-supported IOLs should be avoided because
of the risk of uveitis, glaucoma and hyphema
(UGH) syndrome.

The safety of trans-sclerally sutured IOLs in
uveitis is unproven. If secondary IOL implanta-
tion is requested from the patients, implanta-
tion of a large-optic IOL into the ciliary sulcus
may be considered.

8.10.4
IOL Material

Chronic postoperative smouldering inflamma-
tion may also result from the IOL material. The
biocompatibility of the IOLs can be assessed by
the degree of postoperative aqueous cells and
flare,and the cell and pigment deposition on the
lens surface.

Lower laser-flare levels and cellular deposits
on the IOLs were observed with heparin-sur-
face-modified (HSM) poly(methyl methacry-
late) (PMMA) IOLs than with unmodified
PMMA IOLs [8, 26]. More recently, the most fre-
quently used IOL materials have been evaluated
in a prospective study among a group of pa-
tients with uveitis [2]. Compared to other IOL
materials, reduced PCO rates and postoperative
inflammation were seen with acrylic IOLs.
In contrast, silicone IOLs were associated with
increased inflammation and PCO. Less uveitis
relapses occurred after HSM-PMMA lens im-
plantation as compared to unmodified PMMA
IOLs. In agreement with another study, silicone
IOLs led to the highest incidence of relapses [2,
43].

The acrylic material of the AcrySof IOL en-
sures a firm contact between the IOL and poste-
rior capsule due to adhesion to collagen IV,
laminin and fibronectin, and this may prevent
migration of the lens epithelial cells. Also,
acrylic IOLs had the lowest grade of cell de-
posits [2, 20]. PCO was more severe in hy-
drophilic acrylic IOL than in hydrophobic
acrylic IOLs. The greater the inflammation,

however, the less the biocompatibility of acrylic
material [1].

Although it has been previously noted that
uveitis recurred more often in eyes that received
three-piece IOLs with polypropylene haptics
than in eyes that received all-PMMA IOLs, the
relevance for uveitis patients must be proven by
a further study [15].

8.10.5
IOL Design

It has been shown recently that a sharp, square
optic edge of the posterior chamber (PC) IOL is
capable of reducing the lens epithelial cell mi-
gration to the posterior capsule [35]. The sharp-
edge design delayed PCO development in
uveitic eyes [1]. In order to reduce the risk of
IOL distortion and dislocation, IOLs with large
optical zones, e.g. 6 mm or more, should be used
in uveitis patients.

8.10.6
IOL Explantation

Numerous studies have provided clear evidence
that under perioperative control of inflamma-
tion and careful patient selection, elective
cataract extraction and IOL implantation is safe
in uveitis patients. However, even when follow-
ing these requirements and intensifying the
anti-inflammatory medication, some of the pa-
tients do not tolerate IOLs (Fig. 8.2). This may
be the consequence of the surgical trauma with
prolonged breakdown of the blood–aqueous
barrier or the sustained activity of the underly-
ing inflammation. It was rather unexpected that
the deposition of giant cells, fibrin and debris
on the IOLs was commonly noticed in clinically
quiet eyes. Patients with systemic diseases char-
acterised by chronic inflammation (sarcoidosis
and JIA), those with chronic inflammatory con-
ditions and those with intermediate uveitis are
at higher risk for this complication [14].

The IOL removal may be necessitated due to
chronic uveitis unresponsive to inflammatory
treatment, perilenticular membrane formation
or cyclitic membrane formation with progres-
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sive hypotony [14]. Attempts at stabilisation,
therefore, include control of inflammation or
capsulectomy, membranectomy and vitrecto-
my. After IOL removal, in 74% of the patients
the uveitis was controlled and vision improved
[14].

Summary for the Clinician

∑ IOLs may be implanted in burned-out
uveitis, intermediate uveitis, sarcoidosis,
FHC, inactive infectious uveitis and 
endogenous posterior uveitis

∑ IOLs should not be implanted as routine 
in patients with JIA-associated uveitis

∑ In uveitis patients, in the bag fixation 
of IOLs should be anticipated and iris-claw
IOLs are contraindicated

∑ Reduced PCO rates, postoperative inflam-
mation and cell deposits were seen with
acrylic and HSM-PMMA IOLs in uveitis 
patients

∑ The sharp-edge design may delay PCO 
development in uveitic eyes

∑ As a consequence of the surgical trauma
with prolonged breakdown of the
blood–aqueous barrier or the sustained 
activity of the underlying inflammation,
some uveitis patients do not tolerate IOLs

8.11
Combined Vitrectomy

8.11.1
Anterior Vitrectomy

In patients with extensive opacities and mem-
branes in the anterior part of the vitreous, exci-
sion of the posterior central capsule and sub-
sequent vitrectomy via the limbal incision is
indicated.

8.11.2
Pars Plana Vitrectomy (PPV)

The PPV is performed for therapeutic reasons
(e.g. opacity removal) or for diagnostic purpos-
es applying modern molecular biological tests,
such as polymerase chain reaction (PCR).

Vitreous opacities are the main indication
for therapeutic PPV, especially in patients with
intermediate uveitis [17]. Patients with FHC
generally show great benefit from early PPV
[49].

There is no evidence to date that PPV in 
anterior or posterior uveitis without significant,
steroid resistant vitreous inflammation exhibits
any advantage over adequate immunosuppres-
sive therapy. Immunosuppressive treatment
may always be considered for the duration of
months before and after PPV, although there 
is no clear evidence that this regimen reduces
the risk of postoperative complications, e.g.
CME.

It has been controversially discussed whether
or not PPV can improve CME postoperatively.
PPV may potentially reduce CME either by
eliminating the contact of the inflamed vitreous
body with the macula or by allowing better pen-
etration or distribution of corticosteroids. The
presence of vitreous traction to the macula, as
detected by optical coherence tomography
(OCT), is a clear indication for PPV in CME-pa-
tients. Since PPV can also induce a CME in
uveitis patients, it is recommended to perform
PPV only in those patients who do not respond
sufficiently to a therapy with adequate im-
munosuppression and acetazolamide. Visual
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acuity may not improve after surgery, if second-
ary changes to the photoreceptors or an in-
creased size of the foveal avascular zone are
present.

Diagnostic PPV should be performed in
atypical courses of uveitis, if standard immuno-
suppressive therapy does not match with the
expected outcome, and in order to exclude in-
fectious aetiology or malignant masquerade
syndromes. An established collaboration with a
microbiology department to test for infectious
agents in vitreous fluid as well as an immediate
transfer of vitreous cells to a pathology depart-
ment to prevent rapid autolysis of the cells are
prerequisites for diagnostic vitrectomies. Con-
sequently, diagnostic PPV should only be per-
formed in specialised centres.

A two-step approach to cataract extraction
and PPV is suggested when a dense cataract
does not allow the preoperative judgement of
the pathology of the vitreous or fundus, and
when heavy inflammation occurred after in-
traocular surgery in the past. Otherwise, simul-
taneous cataract extraction and PPV is a safe
and effective approach for treating uveitis pa-
tients.

8.12
Typical Intraoperative Complications 
and Their Management

8.12.1
Band Keratopathy

The band keratopathy belongs to the group 
of very common complications from uveitis
(Fig. 8.3). Dense opacities may require EDTA
treatment before cataract surgery.

8.12.2
Synechiae

Anterior synechiae are most often associated
with rubeosis iridis or may be the consequence
of previous surgery. Dissecting the membranes
from the cornea and the iris in the extremely
flattened anterior chamber can be challenging.
Visualisation of the iris or lens is sometimes ob-

scured due to corneal endothelial dysfunction.
Blunt dissection with injecting ophthalmic vis-
coelastic devices (OVD) is preferred, and sharp
dissection with fine scissors should be min-
imised.
Posterior synechiae are present in up to 80% of
uveitis patients (Fig. 8.4). Circumscribed poste-
rior synechiae can easily be lysed with the in-
jected high molecular weight OVD or with a
spatula. Occasionally, the firmly fixed adhesions
must be dissected with fine scissors.

Thin pupillary membranes are also common
in uveitis patients. The lens may be completely
occluded by a severe fibrin formation that may
contract the pupil margins and fixes the iris to
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the entire anterior lens capsule (Fig. 8.5). Typi-
cally, these fibrinous lens membranes cannot be
simply peeled from the anterior surface of the
capsule or from the pupil margin. First of all, an
incision of the centre of the membrane may be
obtained with a 27-gauge needle. After a blunt
dissection from the lens capsule by injecting
OVD between membrane and capsule, the
membrane can be grasped with forceps and dis-
sected with intraocular scissors or a cutter.

8.12.3
Miosis

Miosis is a very common finding in patients
with uveitis. The pupil may be sufficiently dilat-
ed after synechiae are lysed or after the injec-
tion of suprarenin 1:1000 solution. The pupil
margin can be gently dilated with a hook to al-
low perfect visualisation of the nucleus, cortex,
capsule or IOL behind the pupil margin. This
avoids additional disruption of the vessels with-
in the pupil margin and subsequent bleeding or
postoperative fibrin formation. However, scle-
rosis of the dilator muscle, circular membranes
or diffuse adhesion of the posterior iris to the
lens capsule may preclude sufficient dilation of
the pupil. In these instances, a sufficient pupil

size can be obtained with a gentle bimanual
stretching of the iris sphincter with iris hooks.
Some of the fibrovascular membranes can be
gently pulled off the pupil margin. Others need
to be disrupted by two or more incisions. Some-
times, 1- to 1.5-mm radial iridotomies of the
sphincter muscle are required to obtain a sym-
metrically dilated pupil. Rarely, iris retractors
may be inserted through additional limbal inci-
sions.

8.12.4
Hyphema

Hyphema may appear from rubeotic vessels lo-
cated in the chamber angle (e.g. in FHC) or at
the pupil margin, or from the scleral tunnel in-
cision. It also results from accidental iris disrup-
tion during phacoemulsification, from dissect-
ing synechiae or fibrous membranes from the
pupil margin or from the iridotomies. This
complication is managed with the injection of
OVD, increasing the IOD by raising the infusion
bottle, or with the compression of the bleeding
vessel with forceps. Rarely, wet-field cautery is
required.

8.12.5
Vitreous Loss and Membranes

Compared with cataract surgery in elderly pa-
tients, due to synechiae, miosis, capsular fibro-
sis and vitreous opacities, the risk of capsule
rupture and vitreous loss is increased in uveitis
patients. The vitreous strands can be removed
with a cutter via the anterior incisions. When
the posterior capsule tears are small, in the bag
haptic fixation with posterior optic placement
can be recommended. Otherwise, IOL place-
ment in the ciliary sulcus is also reasonable, as it
is rarely complicated by inflammation. Trans-
scleral IOL fixation in patients with uveitis may
be complicated by inflammation and haemor-
rhages.
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Summary for the Clinician

∑ Cataract surgery in uveitis patients may 
be particularly challenging due to band
keratopathy, synechiae, miosis, fibro-
vascular membranes and hyphema

8.13
Typical Postoperative Complications 
and Their Management

8.13.1
Inflammation

It is not possible to completely standardise the
postoperative treatment in uveitis patients, as it
must be adjusted according to the surgical ma-
noeuvres and the inflammatory activity. The re-
currence rate in the early postoperative period
is dependent on the underlying uveitis aetiolo-
gy. Relapses may occur in up to 50% in patients
with anterior uveitis, while they are rare in in-
fectious posterior uveitis [13, 15].

The golden standard is to increase the corti-
costeroid dosage postoperatively compared to
the treatment level that the patients had before
surgery. The dosages must be adapted to the in-
flammation. It is especially important that the
increased dosages must be commonly contin-
ued for 8–12 weeks after surgery [1, 45].

Tapering off the dosages too early is followed
by an increased risk for hypotony, posterior
synechiae, IOL cell deposits or CME.

8.13.1.1
Topical Medication

Many of the patients with anterior uveitis do
not need more than topical corticosteroids.
During the first week, up to hourly applications
may be necessary. The dosage can be tapered off
subsequently, while the degree of cells in the
anterior chamber should always be 1+ or less.
Additional transseptal injections of dexametha-
sone may be useful in patients with a high de-
gree of inflammation, and especially with fibrin
formation. The topical application of non-
steroidals has no proven additive effect when
corticosteroids are used.

8.13.1.2
Systemic Medication

Many of the patients, and in particular those
with intermediate or posterior uveitis, are treat-
ed with corticosteroids before surgery.All of the
patients that required systemic corticosteroids
in the past or that are at high risk of developing
CME should be treated with systemic corticos-
teroids. Oral therapy may be started with
1 mg/kg, which can usually be tapered off with-
in 6 weeks. Additional intravenous pulse treat-
ment with methylprednisolone is helpful in pa-
tients with more severe inflammation.

If systemic immunosuppression has already
been started before surgery, it should be main-
tained during the first 3 postoperative months.
If the maintenance dosage of oral corticos-
teroids that is required for ensuring remission
exceeds the Cushing level, the institution of im-
munosuppression or combined drug regiments
are indicated. However, it must be kept in mind
that it usually takes 2–3 months before a suffi-
cient effect can be achieved with most of the im-
munosuppressive drugs.

8.13.2
Ocular Hypertension and Glaucoma

Open angle glaucoma is very common in uveitis
patients.However, this is much more frequent in
anterior than in posterior uveitis. The mecha-
nisms that are involved in the postoperative rise
in intraocular pressure (IOP) involve swelling of
the trabecular meshwork, inflammatory cells or
red blood cells that are trapped in the mesh-
work, neovascularisation or peripheral anterior
synechiae.

As the elevated IOP in uveitis patients often
returns to the normal level after inflamma-
tion subsides, the anti-inflammatory regiment
should be optimised. The glaucoma medication
is given as single or combination drug treat-
ment as requested. Drugs that can be recom-
mended for the treatment in uveitis patients
include beta-blocking agents, brimonidine, dor-
zolamide, brinzolamide, latanoprost, bimato-
prost or systemic acetazolamide.
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Angle closure glaucoma after cataract sur-
gery in uveitis patients is mostly the result of
circular posterior synechiae with subsequent
iris bombé and pupillary block.YAG laser irido-
tomy is the approach of first choice. Since the
small iridotomies often occlude during ongoing
inflammation, surgical peripheral iridectomy
may be required afterwards.

8.13.3
Ocular Hypotony

Early hypotony is typically noted within the
first postoperative weeks after cataract surgery.
This may be the result from ciliary body detach-
ment with and without uveal effusion, from re-
maining ciliary traction membranes or from the
reduced secretion that is caused by active cycli-
tis. It must be managed promptly to avoid sec-
ondary complications, as CME, serous macular
detachment, choroidal folds and phthisis. First-
ly, wound leakage must be excluded. Since this is
not uncommon in children and young adults,
scleral tunnels may be superior to the corneal
incisions and all incisions must be sutured. Sec-
ondly, topical and oral corticosteroids should be
given at high dosages, or intravenous pulse
methylprednisolone treatment may be given for
3 days. Cycloplegics are applied in all cases.

In some patients, ocular hypotony persists
after quiescence from inflammation has been
achieved. If this is a consequence of ciliary body
destruction from inflammation, the rate of ph-
thisis development is extremely high. However,
ciliary body traction syndrome and detachment
must be distinguished by the use of ultrasound
bio-microscopy. Although persistent hypotony
has been seen more often in eyes with preoper-
ative hypotony [22], this is not an absolute con-
traindication to cataract surgery.

Management includes a course of high
dosages of topical, transseptal or systemic corti-
costeroids, and immunosuppression must be
adjusted individually in patients with persisting
inflammation. The surgical removal of the
membranes is technically very difficult and has
a high complication rate, as postoperative
bleeding, retinal detachment, uveal effusion and
phthisis are very common. However, surgery

may be the only therapeutic tool to prevent loss
of vision. Permanent silicone oil tamponade to
achieve a reattachment of the ciliary body is
occasionally helpful to prevent phthisis or im-
prove vision [32].

8.13.4
Retinal Detachment, Macular Pucker 
and Uveal Effusion

As is true for patients without uveitis, retinal de-
tachment requires immediate surgery. However,
due to an increased rate of PVR in uveitis pa-
tients, increased topical and systemic corticos-
teroids should be given, and this is also true for
uveal effusion. Macular pucker may develop in
patients with persisting active inflammation af-
ter cataract surgery. Early recognition and treat-
ment is important, as CME and irreversible
macular damage may account markedly for a
poor visual outcome [17].

8.13.5
Synechiae

Synechiae between iris and IOL or lens capsule
often occur with persistent or recurrent inflam-
mation. Iris bombé and angle closure glaucoma
may eventually result. In the chronic active
uveitis patients (e.g. JIA-associated uveitis)
pupillary capture of the iris that is pushing the
IOL forward into the anterior chamber can de-
velop (Fig. 8.6). Consequently, prevention of re-
lapses and the use of short acting mydriatics are
imperative.

Newly formed synechiae should immediate-
ly be treated with high dosages of topical and
transseptal corticosteroids, and the injection of
triamcinolone 5 mg into the anterior chamber
may be helpful. Furthermore, the use of lytic
cocktails (atropin, neosynephrine, phenyle-
phrine,cocaine) may be indicated.The injection
of tissue plasminogen activator into the anteri-
or chamber has been suggested within the first
few weeks after occurrence of severe synechiae
formation [18]. However, compared with its ca-
pacity to fibrinolysis, this technique is less effec-
tive to achieve complete synechiolysis.
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8.13.6
Hyphema and Rubeosis

Patients with FHC, herpes iridocyclitis or vas-
culitis have an increased risk of postoperative
hyphema formation. Quiescence of inflamma-
tion must then be obtained with topical corti-
costeroids, and short-lasting mydriatics are giv-
en to avoid additional synechiae formation. The
elevated IOP is treated with glaucoma medica-
tion. Anterior chamber injections of triamci-
nolone 5 mg can achieve regression of rubeosis
and avoid re-bleeding.

Fundus neovascularisation must be ruled
out, since ischemia may be present. The inci-
dence of neovascularisation is increased after
lensectomies. Regression of proliferation may
then be obtained with antiinflammatory 
medication, and interferon-a or -b have been
particularly helpful in this respect. Panretinal
photocoagulation or peripheral retinal cryo-
coagulation may be indicated. If combined with
vitreous haemorrhage, pars plana vitrectomy is
required.

8.13.7
Posterior Capsule Opacification

Central posterior capsule opacification (PCO) is
a consequence of the proliferation of lens ep-
ithelial cells onto the posterior capsule. Periph-
eral PCO is dependent on the quality and thor-

oughness of surgical cortical removal. The inci-
dence of central PCO is lower when IOLs are fix-
ated in the bag, and is higher when one or both
haptics are out of the bag. Despite surgical as-
pects, PCO is more frequent in uveitis, as cap-
sule opacification has been observed in up to
80% of uveitis patients [36, 41]. The high PCO
rate in distinct uveitis types must be considered
in the decision of the appropriate surgical
method. In children or adult patients with
chronically active uveitis, lensectomy may be
more suitable than phacoemulsification. Prima-
ry posterior capsule opening and IOL optic cap-
ture may be reasonable alternatives in selected
patients. Furthermore, PCO rate in uveitis dif-
fered with IOL material, and has been the lowest
with HSM-PMMA and acrylic lenses.

In many uveitis patients, multiple Nd:YAG
laser capsulotomy treatment is necessary. In
chronically active uveitis, the fibrotic mem-
branes may need to be surgically disrupted with
the use of a Sato knife or cutter. However, this
does not necessarily prevent the later formation
of retrolenticular membranes in children with
uveitis.

8.13.8
Deposits of cells on the IOL

While few cells can be found on the surface of
IOLs in the majority of otherwise healthy pa-
tients, the deposition of cells is more frequent in
patients with uveitis. Higher grades of cells im-
pair visual acuity and fundus visualisation.

A recent study [20] in patients with no histo-
ry of uveitis showed that cell deposits are more
frequent on silicone than on PMMA IOLs, and
acrylic IOL had the lowest cell deposits. Lower
incidence of giant cells was found on HSM-
PMMA IOLs than on unmodified PMMA IOLs
[8], and this notion has also been seen in uveitis
patients [2]. The highest degree of cell deposi-
tion was found on silicone IOLs [2].

It is worthy not to implant an IOL in selected
uveitis types that are known for their increased
risk for cell deposition, e.g. patients with chron-
ically persistent or recurrent disease. In order to
prevent or minimise the cell deposition in
uveitis patients, high dosages of topical corti-
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Fig. 8.6. Chronically active iridocyclitis with pupil-
lary capture of the iris pushing the IOL forward into
the anterior chamber



costeroids should be given for 8–12 weeks after
cataract surgery.

Cell deposits can be easily removed from the
IOL surface by YAG laser polishing. A major
drawback of this method is that giant cells fre-
quently adhere to the IOL within a few weeks as
soon as corticosteroids are tapered off [1]. As a
consequence, long-term maintenance of topical
corticosteroids may be required.

8.13.9
Contact Lenses and Amblyopia

In most cases, visual rehabilitation of aphakia
can be obtained very well with rigid gas perme-
able contact lenses. Contact lens fitting and
patching should be initiated early after surgery
to avoid irreversible amblyopia. Poor compli-
ance and intolerance can make visual rehabili-
tation in children with aphakia difficult. Con-
tact lenses do permit continuation of topical
therapy, although this increases the risk of in-
fections. If band keratopathy is present, the use
of unpreserved lubricants or EDTA treatment
may be required.

8.13.10
Cystoid Macular Oedema

Cystoid macular oedema (CME) is a serious
complication after cataract surgery in patients
with uveitis. It has been observed in up to 50%
of cases,and it commonly occurs within the first
postoperative weeks [15, 36]. In previous stud-
ies, CME has been the limiting factor in up to
80% of cases with postoperative vision of 20/40
or less. There is no proof that the incidence of
CME in uveitis patients increases with the im-
plantation of IOLs [2, 6].

There is no consensus on the treatment 
of CME. In general, it is treated with high
dosages of topical corticosteroids or transseptal
steroid injections. Systemic steroids are added
(initial oral dosage: prednisone 1 mg/kg), or the
dosages are increased according to the inflam-
matory activity, the Amsler chart tests and visu-
al acuity. Optical coherence tomography (OCT)
and fluorescein angiography are helpful for

management. Improvement of CME and func-
tional recovery can be induced by intravitreal
triamcinolone [5]. There is no proven effect of
either additional topical or systemic nons-
teroidal drugs.

Although the long-term benefit of acetazo-
lamide in treating CME in uveitis patients is dis-
cussed controversially, it belongs to the primary
tools of the treatment of post-cataract CME [10,
50]. A starting dosage of 500 mg daily is recom-
mended, and the dosage is decreased thereafter
according to the CME course. Pars plana vitrec-
tomy should be considered if medical therapy
proves ineffective.

Summary for the Clinician

∑ Since recurrence of uveitis occurs in up 
to 50 % of cases in the early postoperative
period, the corticosteroid dosage should 
be increased postoperatively compared 
to the preoperative treatment level

∑ Many of the patients with anterior uveitis
do not need more than topical cortico-
steroids. All of the patients that required
systemic corticosteroids in the past or that
are at high risk of developing CME should
be treated with systemic corticosteroids

∑ Early hypotony that is typically noted 
within the first postoperative weeks after
cataract surgery must be managed 
promptly in order to avoid secondary 
vision threatening complications

∑ Postoperative synechiae and pupillary 
capture may be prevented by the use 
of short acting mydriatics

∑ PCO rates can be reduced by thorough 
surgical cortical removal, by in the bag IOL
fixation, and in selected patients by 
primary posterior capsule opening 
and IOL optic capture

∑ Long-term maintenance of topical corticos-
teroids may be required to reduce the IOL
cell deposits

∑ CME commonly occurs within the first
postoperative weeks after cataract surgery
in uveitis patients and must be treated 
aggressively with corticosteroids 
and acetazolamide
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8.14
Visual Outcome After Cataract Surgery 
in Patients with Uveitis

Although several complications may occur in
the postoperative course, reported functional
results are generally encouraging. Comparison
of previous studies is difficult, as different
uveitis types have been investigated [2, 13, 16, 36,
41].

In one previous report, 57% had a visual acu-
ity of 6/12 or better and 90% had improved vi-
sion [36]. Another study showed that 73.3% had
visual acuity of 20/30 or better and 56.6% had
significantly improved vision [41]. In a further
retrospective study, visual acuity improved in
95%, and 87% attained vision of 20/40 or better
[11]. A recently published prospective study has
noted that 88.6% had improved vision and
46.3% had visual acuity of 20/40 or better 1 year
after surgery. It appeared that acrylic and
PMMA lenses provided better vision than sili-
cone lenses [2].

In the majority of studies, the predominant
reasons for limited vision were preoperative
macular pathologies and glaucoma [12, 15, 21, 23,
31]. It is surprising that the postoperative com-
plications, such as CME, synechiae, pupillary
membranes and cell deposits on the IOL were
less commonly responsible for poor final vision.

However, the final outcomes differed
markedly between the diverse uveitis aetiolo-
gies. Visual results were generally the best in
FHC patients. Compared to the patients with
anterior uveitis, those with intermediate or pos-
terior uveitis had poor visual outcome after
cataract surgery [36].

The worst long-term outcome has been
found in children, and especially those with JIA-
associated uveitis. However, lensectomy-vitrec-
tomy followed by contact lens correction of
aphakia appeared to be a safe technique with
good functional results, as up to 75% of the JIA
patients achieved a vision of 20/40 or better
after cataract surgery [12, 22, 38].

Summary for the Clinician

∑ Functional results after cataract surgery in
uveitis patients are generally encouraging

8.15
Final Remarks

It is important to plan cataract surgery on a
case-by-case basis, considering age, complica-
tions, aetiology and ease with which long-term
control of inflammation is achieved. Since most
of the problems after cataract extraction in
uveitis patients are related to underlying in-
flammation, research is necessary to specify the
pathogenesis of this disease in order to enable
us to intervene much more specifically.

Research should also continue regarding the
most suitable IOL material and design in order
to improve uveal and capsular biocompatibility.
When considering the no-space-no-cell theory,
the combination of a material that firmly fixes
the capsule to the IOL, combined with a lens de-
sign that avoids the bypassing of lens epithelial
cells may prevent the development of PCO.

The major goals in the care of patients with
uveitis are the prophylaxis of inflammatory re-
lapses and the prevention of cataract formation.
It is believed that the careful control of inflam-
mation and limited use of corticosteroids may
decrease the incidence of cataracts [12, 23].
Therefore, an increasing number of ophthal-
mologists are treating uveitis more aggressively
and using immunosuppression perioperatively.
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9.1
Introduction

Bilateral congenital cataract is the most com-
mon cause of treatable childhood blindness.
Unilateral congenital cataract is an important
cause of amblyopia and strabismus.

Cataract surgery in children has changed
and improved dramatically in recent decades.
This is mainly a result of modern surgical tech-
niques and improved intraocular lenses. Also,
better knowledge of irreversible deprivation
amblyopia and how to treat this has made an
important contribution [13, 33].

9.1.1
Aetiology

In the developed world, the cause of most cases
of bilateral congenital cataracts is idiopathic.
About one third are hereditary without sys-
temic disease. These are mostly autosomal
dominant but autosomal recessive and X-linked
traits occur. Rare causes of childhood cataracts
are metabolic disorders such as galactosemia
and hypocalcemia. Congenital cataracts can be
combined with systemic abnormalities such as
trisomy 21 and Turner’s syndrome. Mental re-
tardation is common in series of bilateral con-
genital cataract and there is a multitude of in-
herited syndromes with this combination
associated with other abnormalities such as
craniofacial or skeletal deformities, myopathy,
spasticity or other neurological disturbances.

A number of intrauterine infections (toxo-
plasmosis, rubella, cytomegalic inclusion dis-
ease, herpes infection, varicella, and syphilis)
may cause congenital cataracts. Of these, rubel-
la is the most important. The rubella cataract is
usually bilateral but may be unilateral.

Ocular conditions such as aniridia (Fig. 9.1)
and iris coloboma (Fig. 9.2) are often seen to-
gether with cataract.

Unilateral congenital cataract is, as a rule, not
associated with systemic disease, is rarely inher-
ited and the cause is in the majority of cases
idiopathic. About 10% of cases are associated
with lenticonus/lentiglobus and persistent foetal
vasculature. It may also be masked bilateral
cataract because of asymmetric lens involve-
ment.
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∑ It is important to detect cataract within 
the first weeks of life

∑ Life-long control is mandatory if operated
on early, high risk for development of 
glaucoma

∑ Loss of accommodation, important 
to inform before surgery

∑ IOL implantation is safe and generally 
accepted over the age of 1 year

∑ After-cataract is problematic in children
∑ For lamellar cataract, surgery is often 

indicated before school start

Core Messages



Summary for the Clinician

∑ In a clinically healthy child with 
one parent with the disease, and also 
in unilateral cases, an extensive pre-
operative investigation to establish 
a cause for the cataract is not necessary

9.1.2
Morphology

Nuclear cataract is usually present at birth and
is non-progressive [30]. Dense cataracts present
at birth, where early surgery is mandatory, are
in most cases of nuclear type (Fig. 9.3). The
opacification is located to the embryonic and
foetal nuclei between the anterior and posterior
Y sutures and is usually very dense in the centre.
The eyes are almost always smaller than normal

eyes [18]. The cataract is bilateral in about 80%
of cases. In cases with bilateral congenital nu-
clear cataract, inheritance can be demonstrated
in 30%–50%. The inheritance is in most cases
autosomal dominant.

Posterior unilateral cataracts in infants and
children are in most cases associated with 
persistent foetal vasculature (PFV) and the 
affected eye is usually small (Fig. 9.4).The retro-
lental vascular structure in contact with the lens
capsule may give way to blood vessels encircling
the lens causing haemorrhage, particularly dur-
ing surgery (Fig. 9.5). The fibrovascular stalk
may cause tractional retinal detachment. After
early surgery, secondary glaucoma is unfortu-
nately a common complication in these eyes
[26].

Cataract associated with posterior lenti-
conus or posterior lentiglobus usually develops
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Fig. 9.2. Child with coloboma and cataract

Fig. 9.1. Child with aniridia and complete nuclear
cataract

Fig. 9.3. New-born child with nuclear cataract dense
in the centre

Fig. 9.4. Posterior cataract with persistent foetal vas-
culature



after the critical period of visual development. It
is mostly unilateral and occurs sporadically. The
change in the lens develops as a small defect in
the posterior lens capsule, which exhibits a pro-
gressive bowing resulting in a posterior bulging
and disorganisation of the subcapsular lamellae
and opacification. It is important to be aware of
the weakness of the posterior capsule in these
eyes during surgery and, if possible, avoid hy-
drodissection.

Lamellar cataract usually develops after es-
tablishment of fixation (Fig. 9.6). It is usually
progressive and surgery is often performed be-
fore school age, but the cataract can remain sub-
clinical for many years. The cataract involves
the lamellae surrounding the foetal nucleus pe-
ripheral to the Y sutures [30]. Eyes with lamellar
cataracts are usually of normal size with a nor-
mal-sized cornea. It is uniformly bilateral and

has commonly an autosomal dominant pattern
of inheritance.

There are some other morphological types 
of congenital cataracts. Some are due to lenticu-
lar developmental defects present at birth.
These may have only little influence on vision.
Such defects are sutural cataract (Fig. 9.7), and 
anterior polar cataract, which usually do not
progress.

Summary for the Clinician

∑ In the case of nuclear cataract,
early surgery is often needed

∑ For lamellar cataract, surgery is often 
indicated before school start

9.1.3
Amblyopia and Congenital Cataracts

Amblyopia is caused by abnormal structural
and functional evolution of the lateral genicu-
late nucleus and striate cortex due to the abnor-
mal visual stimulation during the sensitive peri-
od of visual development.

Reversibility of amblyopia depends on the
stage of maturity of the visual system at which
abnormal visual experience began, the duration
of deprivation and the age at which therapy was
instituted. The most critical period is probably
between 1 week and 2 months [40]. Disruption
of vision during this period usually causes se-
vere and permanent visual loss and permanent
nystagmus if not managed. If visual deprivation
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Fig. 9.5. Posterior persistent foetal vasculature

Fig. 9.6. Lamellar cataract in a 4-year-old child

Fig. 9.7. Sutural cataract with little influence on 
vision



occurs after the age of 2–3 months, the ambly-
opia is usually reversible. The sensitivity to am-
blyopia gradually decreases until the age of 6 or
7 years when the visual maturation is complete
and the retinocortical pathway and the visual
centres become immune to abnormal visual in-
put [37]. It is thus essential that early treatment
of dense congenital cataract is instituted in or-
der to avoid irreversible amblyopia [9, 16, 31].

Visual loss and the development of ambly-
opia depend on the size and location of the
cataract and particularly on the density. If the
opacities are large enough to obscure the fun-
dus view through an undilated pupil, amblyopia
development can be expected (Fig. 9.8). If reti-
nal details such as the larger vessels can be dis-
tinguished through the central portion of the
cataract, conservative treatment can be consid-
ered (Fig. 9.9). Some infants with partial sub-
clinical congenital cataract develop sufficient
binocular interaction and form vision to allow a

normal maturity of the visual system. Thus, am-
blyopia might not be a problem for some chil-
dren with partial congenital cataract. If surgery
is considered in children with partial cataract it
should, if possible, be postponed until the age at
which the risk of post-operative complications
diminishes. Children with partial cataract treat-
ed conservatively must be followed closely. Oc-
clusion therapy is necessary in unilateral cases
to prevent amblyopia. The clinical evaluation
should entail evaluation of visual behaviour in-
cluding monocular and binocular fixation pat-
terns.

Unilateral congenital cataract, dense from
birth, causes amblyopia with loss of binocular
function and the development of secondary
strabismus. In cases of dense bilateral congeni-
tal cataract, bilateral amblyopia and nystagmus
will occur.

Summary for the Clinician

∑ To prevent irreversible amblyopia in infants
with dense cataract from birth, the cataract
extraction must be performed early

∑ Children with partial cataract must be 
followed closely

9.2
Congenital Dense Cataract

9.2.1
Pre-operative Examination

A careful pre-operative examination of the eyes
is essential, The red reflex should first be as-
sessed by direct ophthalmoscopy with the pupil
undilated. The cataract is often most dense in
the central part of the lens, after dilatation it
seems to be less significant. It is important to
examine both eyes and establish whether the
cataract is bi- or unilateral. Unilateral congeni-
tal cataract presents a challenging problem,
since even a mild cataract will cause irreversible
deep amblyopia in one eye if not treated. In
these children, vision in the affected eye is pre-
vented from developing through active suppres-
sion by the non-affected eye [6]. While the new-
born child is awake it is also important to assess
visual function, if possible, with a clinical pref-
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Fig. 9.8. Dense congenital cataract
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erential looking grating acuity (Teller acuity
card). It is also important to look at the ability to
fix and follow and ask the parents if they have
had any visual interaction with the child.
Children with significant bilateral congenital
cataracts may seem to have delayed develop-
ment as well as obviously impaired visual be-
haviour. In contrast, children with monocular
cataracts often present with strabismus, which
may not develop until irreparable visual loss has
occurred. Since their visual behaviour may be
unaffected, children with monocular cataract
are almost always detected much later than cas-
es with bilateral cataract. Moreover, in most cas-
es with monocular cataract, they have no family
history and are otherwise healthy. The presence
of manifest nystagmus at the age of 2–3 months
or more generally indicates a poor visual prog-
nosis. Complete examinations of infants often
require sedation or general anaesthesia and can
often be performed during the same anaesthe-
sia as the surgery. Both eyes should be examined
with dilated pupils because malformations in
the non-cataractous eye are commonly found
[24]. Anterior segment examination is carried
out with measurements of the corneal diameter
and intraocular pressure (IOP) by Tonopen or
handheld Perkins tonometer. The IOP in the
new-born is much lower than in the adult, often
below 10 mmHg. If the clarity of the media per-
mits so, indirect ophthalmoscopy may reveal
persistent foetal vessels or any other posterior
segment abnormalities that may have an impact
on the visual outcome. Surgery for visually sig-
nificant cataract should be carried out as soon
as possible, preferably within the first weeks of
life. If the cataract is unilateral it is even more
important with early surgery to obtain some
useful visual acuity in the affected eye. A treat-
ment regime based on surgery within 2 months
of life, prompt optical correction of the aphakia
and aggressive occlusion therapy with frequent
follow-up have been successful in several series
[5, 7]. If the cataract is incomplete and not inter-
fering with normal visual development, it is bet-
ter to postpone surgery until the child is older
with less post-operative complications. In these
cases it is mandatory with close follow-ups by a
well-trained paediatric ophthalmologist.

Summary for the Clinician

∑ An undilated pupil and no red reflex 
are indications for immediate surgery

9.2.2
Surgical Technique in Infants

In infants with bilateral cataracts it is advanta-
geous to perform surgery in both eyes at the
same surgical intervention. Most of the children
are new-born, only a few weeks old, and these
small children are extremely sensitive with re-
gard to developing amblyopia. Surgery in one
week on one eye while the other eye remains
with dense cataract can cause irreversible am-
blyopia in the non-operated eye. If both eyes are
operated at the same time sterility must be
maintained during the whole procedure and
changing all instruments and sterile clothing of
the surgeon and nurse are advisable between
the eyes.

Axial length and corneal curvature are es-
sential measurements for contact lens fitting
and IOL power calculation and could advanta-
geously be performed immediately before sur-
gery during the same anaesthesia. Eyes of in-
fants with congenital cataract are shorter and
have a smaller corneal diameter compared to
controls.

Before surgery the pupil is dilated with a
combination of 1.5% phenylephrine and 0.85%
cyclopentolate. Rinsing of the conjunctiva with
chlorhexidine solution 0.05% is performed
5 min before surgery.

The surgical intervention should be per-
formed by a well-trained anterior segment sur-
geon to obtain the most advantageous outcome.
Consequently most of the procedures are done
with the anterior approach starting with a scle-
rocorneal tunnel, which ought to be rather long
to minimise the risk for iris prolapse. High-
viscosity ocular viscosurgical device (OVD) is
used because the anterior chamber is shallow
and a high vitreous pressure is found in these
small eyes. If the pupil is small, which is rather
common in eyes with congenital cataract, flexi-
ble iris retractors can be very helpful and four of
them are placed in the pupil before the continu-
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ous anterior capsulorhexis is performed. There
is no reason to open the pupil with the iris re-
tractors more than necessary, since a damaged
iris will cause more post-operative inflamma-
tion. If the cataract is very dense and grey, stain-
ing of the anterior capsule with dye makes the
anterior capsulorhexis much easier and also
safer to perform [32]. The dye can be adminis-
tered with a blunt syringe under the OVD just
above the anterior capsule and painted on the
capsule with the end of the syringe. In this way
a very small amount of the dye is needed and
just the capsule and not the whole anterior seg-
ment is dyed. If an intraocular lens (IOL) is im-
planted the anterior capsulorhexis ought to be
smaller than the optic, round and placed in the
centre. Since the capsule is elastic and thick in
the new-born it is important to re-grasp contin-
uously when performing the rhexis. In contrast
to the adult eye, one ought to aim for a small
rhexis to achieve a good size. A complete rhexis
without any tears is essential in cases when IOL
implantation is planned.

Hydrodissection ought to be carried out with
caution and sometimes avoided. In some eyes,
often with very dense cataract, a defect in the
posterior capsule, most often formed like an al-
mond, could be found. Hydrodissection in these
cases is of course not recommended because the
high risk of loosing lens material into the vitre-
ous during the procedure. These cases also have
opacification with cells in the anterior part of
the vitreous, looking like a fishtail in the anteri-
or vitreous when moving the eye. The posterior
capsule is thin and fragile in eyes with posterior
lenticonus and hydrodissection ought to be per-
formed carefully.

It is almost always possible to remove the nu-
cleus and cortex with irrigation and aspiration.
However, sometimes in very dense nuclear
cataracts, and with white calcified parts in the
nucleus, ultrasound has to be used. The new
technique AquaLase liquefaction, which uses a
warm-water stream, may prove very useful
when removing these dense cataracts. It is im-
portant to remove all lens material to minimise
post-operative inflammation, which is very pro-
nounced in young patients. To reduce opacifica-
tion of the visual axis removal of most lens ep-
ithelial cells is important; however, it is almost

impossible with the technique used routinely
today. The most important cells concerning af-
ter-cataract are located at the lens equator and
are impossible to see during surgery. When the
capsular bag is empty of all lens material high-
viscosity OVD is injected to fill the capsular bag
and a posterior continuous capsulorhexis is
performed: slightly smaller than the anterior
rhexis. The posterior capsule is thinner than the
anterior and not so elastic. Sometimes fibrotic
parts are found in the posterior capsule which
makes tearing impossible and scissors have to
be used. It is wise to look for persistent foetal
vasculatures, particularly in unilateral cases
with posterior cataract. Persistent hyaloid ar-
tery is adherent to the posterior aspect of the
lens and the optic disc. If present it ought to be
cut with fine scissors; sometimes the vessel con-
tains blood, but cautery is seldom indicated. Us-
ing this method it is possible to implant an IOL
in the capsular bag during primary surgery or
in the ciliary sulcus if a secondary implantation
is scheduled for the future. Capsular fixation is
preferred over ciliary sulcus placement because
such complications such as pupillary capture
and IOL decentration are more common with
ciliary sulcus fixation [29].

Primary IOL implantation in the new-born
eye is still debated [22, 39]. In unilateral cases
the amblyopia is more severe, the occlusion
therapy is very hard and the child has an other-
wise healthy eye. Therefore it is easier to accept
an IOL implantation in theses eyes today, even
though there is no available IOL that really fits
the small new-born eye. The bilateral cases are
often easier concerning contact-lens wear and
treatment of the amblyopia. If an IOL is to be
implanted it ought to be in the bag with com-
plete anterior and posterior capsulorhexes. A
foldable one-piece hydrophobic IOL could be
implanted with an injector through a 2.75-mm
incision also in this age group. With high-vis-
cosity OVD remaining in the anterior chamber
and the IOL implanted in the bag, a dry anterior
vitrectomy could safely be performed through
the pupil and the two capsulorhexes. The OVD
ought to be removed to avoid elevated IOP after
surgery. The pupil is closed with acetylcholine
(Miochol), and it is wise to ensure that no vitre-
ous is present in the anterior part of the eye. The
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sclera is soft and elastic in children and it is
hard to achieve a self-sealing incision in most
cases. Thus the incision should be closed with a
running or horizontal 10–0 nylon suture. Ante-
rior synechia formation to the wound is rather
often seen in the youngest. It is important at the
end of the procedure to look for this and to have
a stable and good anterior chamber. Iridectomy
is not necessary in these eyes; this is true also if
the eye is left aphakic. However, the lens capsule
has to remain in the eye, otherwise it is wise to
perform an iridectomy to avoid intra-ocular
pressure spikes.

Endophthalmitis is one of the most serious
complications after intraocular surgery and
prophylactic antibiotics are recommended. Pe-
rioperatively, at the end of surgery, injection of
1 mg of cefuroxime (Zinacef) in 0.1 ml saline
0.9% into the anterior chamber is an effective
and safe method [27, 28] to avoid infection. In
the new-born eye 0.5 mg of cefuroxime seems to
be sufficient. This regime effectively prevents
gram-positive bacteria species which is by 
far the most common bacteria. Prophylactic
vancomycin in the irrigating solution during
cataract surgery is not routinely recommended
by the authors because of possible increased in-
cidence of cystoid macular oedema [4] and the
risk of emerging resistance to the antibiotic.
The anti-inflammatory treatment should start
early after surgery and a perioperative subcon-
junctival injection of 2 mg of steroids (Be-
tapred) is recommended at the end of the surgi-
cal procedure. We have not used protective
patches for any children after surgery for many
years and have not seen any disadvantages with
this regime. On the contrary, the child starts the
amblyopia treatment immediately and the par-
ents are very pleased when they are able to es-
tablish visual interaction with the child for the
first time soon after surgery.

Summary for the Clinician

∑ Surgery ought to be centralised
∑ No patching after surgery
∑ Prophylactic antibiotic treatment should

take the following forms:
– Rinsing of conjunctiva with 0.05 %

chlorhexidine solution or 5 % 
povidone iodine before surgery

– 0.5–1.0 mg cefuroxime intracameral 
at the end of surgery

9.3
Cataracts in Older Children

9.3.1
Pre-operative Examination

If the cataract was incomplete at birth close fol-
low-up by a paediatric ophthalmologist is ad-
vised.Visual acuity ought to be followed, if pos-
sible, with clinical preferential looking grating
acuity (Teller acuity card). It is also important to
look at the ability to fix and follow and ask the
parents if they have visual interaction with the
child. Examination of strabismus and binocular
functions are also important. In older children
visual acuity could be measured with greater re-
liability. Above the age of 4 years most children
could be examined with letters and monocular-
ly. In children not only the visual acuity has to
be considered but also the development of am-
blyopia. If a child has unilateral cataract or a
more dense cataract in one eye, occlusion thera-
py has to be considered. Most of the children
with congenital cataract have small eyes and hy-
peropic glasses should be prescribed if needed.

Nowadays, surgery in children has almost the
same indications as in grown-ups with one im-
portant exception, if the cataract is too dense,
children below the age of 7 will develop ambly-
opia, which means it is not advisable to post-
pone the surgery.
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In older children, both eyes could be operat-
ed during the same surgical intervention or in
two sessions, while the development of ambly-
opia is not as quick as in the youngest. To wait
1–2 months between the eyes is in most cases ac-
ceptable. The child and the parents have to be
informed before the intervention that accom-
modation is going to be lost after surgery and
spectacles, often bifocal, are needed.

Summary for the Clinician

∑ Amblyopia can be avoided by performing
surgery

∑ After surgery loss of accommodation is
found and glasses are needed

9.3.2
Surgical Technique 

The surgical technique used in children above
the age of 1 year does not differ greatly from the
technique used in the infant eye. The incision
can be sclerocorneal or clear corneal and 12 o’-
clock or temporally if preferred.

IOL implantation within the capsular bag is
important to decrease after-cataract formation
[42] and inflammation. Posterior capsulorhexis
is regularly performed until at least the age of
15 years otherwise after-cataract will develop
within a short time. Anterior dry vitrectomy
ought to be performed at the primary surgery in
pre-school children to avoid early after-cataract
formation [15, 17, 35]. The authors prefer to per-
form the vitrectomy through the limbal inci-
sion, but others advocate a pars plana approach.
With the pars plana approach, separate irriga-
tion is provided anteriorly through a limbal
paracentesis incision.

In children with cataract after trauma both
the anterior and posterior capsule could be
damaged. In cases with relatively immediate
cataract development after a corneal wound the
anterior capsule is often broken. The condition
of the posterior capsule is unknown in most
cases, and it is important to avoid hydrodissec-
tion,or performing it very carefully to avoid los-
ing lens material into the vitreous. In some cas-
es with blunt trauma, no perforation of the
globe and rapid development of dense cataract

one ought to consider a damaged posterior cap-
sule. While the posterior capsule is much thin-
ner and more fragile than the anterior one it
could also break without perforation of the
globe.

In cases with an incomplete anterior capsu-
lorhexis as after trauma, and a broken anterior
or posterior capsule, optic capture could be a
good option to avoid late decentration of the
IOL [10]. The optic is then pushed behind the
posterior capsulorhexis, the haptics remaining
in the bag. The capsulorhexis has to be in the
centre and smaller than the optic, otherwise the
IOL optic will escape from the capture. In these
cases the lens epithelial cells may grow on the
IOL surface forming after-cataract [36]. If per-
forming optic capture in the posterior or anteri-
or rhexis is considered, a three-piece IOL should
be chosen rather than a one-piece design. The
one-piece acrylic IOL cannot be pushed behind
the capsulorhexis since the haptics and optic
have to be in the same plane. Also, most of the
three-piece lenses are posteriorly angulated and
therefore suitable for this technique.

Summary for the Clinician

∑ Anterior and posterior capsulorhexis 
in all children

∑ Anterior dry vitrectomy in younger 
children below the age of 7 years

∑ IOL implantation is safe, including bilater-
ally, in children over the age of 1 year

9.4
IOL Power and Model

These days it is perfectly safe and acceptable to
do a primary implant from the age of 1 year,
even when both eyes are operated on [11, 41].
Primary implants in younger children is still
controversial. In the unilateral cases operated
on early, i.e. at only a few weeks of age, a possi-
ble option is a primary implant. It has been
found that an implant in the capsular bag would
decrease the total amount of proliferating lens
epithelial cells [42]. The formation of after-
cataract is particularly problematic in the
youngest patients.
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At least in the unilateral cases, implantation
of an IOL could be an improvement in the treat-
ment of aphakia, amblyopia, after-cataract and
maybe also secondary glaucoma. In this age
group the deprivation amblyopia is by far the
greatest problem. Aiming for emmetropia at
surgery is therefore most appropriate in this age
group. Sometimes the desired IOL power is not
available because of high hyperopia, in these
cases a supplement of a contact lens for some
time could be an option. The refraction will
change considerably during the subsequent
years and the eye will become highly myopic but
hopefully not highly amblyopic. Corneal refrac-
tive surgery, piggyback implantation or im-
planted contact lenses are all different options
in the future for correction of the myopia.

In bilateral cases the best solution is proba-
bly aiming for emmetropia when the child be-
comes an adult.Depending on the age at surgery
the amount of hyperopia will differ. It is impor-
tant to inform the child and parents before the
surgery that the child will probably need bifocal
glasses for the rest of his or her life.

Accurate axial length and corneal curvature
measurements before surgery are necessary for
IOL power calculation. In small children this
could be performed during the same anaesthe-
sia as the surgery and in older children it could
be performed before the surgery. Eyes with con-
genital cataract are often shorter than normal
eyes and most of the children do need higher
IOL power than the average child of the same
age.

The inflammatory reaction is more pro-
nounced in children and it is very important to
use an IOL with high biocompatibility and ac-
curate clinical documentation.

Capsular bag growth does not continue after
lensectomy, which is important when selecting
lens implants [38].

A foldable acrylic lens with a sharp edge and
an optic diameter of 6 mm is advantageous in
decreasing or delaying after-cataract formation
in the visual axis and minimising the incision
size [12], which is advantageous because a
smaller incision results in less post-operative
inflammation [23]. By using a single-piece
acrylic IOL and the Monarch injector, the inci-
sion size could be minimised to 2.75 mm [34].

This is also a very soft IOL and therefore proba-
bly suitable for the small eyes of the new-born
baby when implanted in the capsular bag [20].
Problems such as breakage of the haptics and
retarded ocular growth have been encountered
with earlier generation IOLs implanted in the
monkey and rabbit eye [19, 21]. The single-piece
AcrySof is not recommended for sulcus fixa-
tion. Unlike the three-piece design, the haptics
are thick and are not posteriorly angulated.
Years after surgery decentration and iris chafing
can occur. An IOL containing a filter removing
the harmful blue light is most probably advan-
tageous for the maculae in these eyes, which will
have implants for many years.

Multifocal IOLs should not be considered in
young children with a growing eye. The axial
length increases during life from a mean of ap-
proximately 16.8 mm at birth to 23.6 mm in the
adult with a very rapid growth during the first
18 months. The mean refractive power of the
cornea decreases from about 51 dioptres at 
birth to 45 dioptres at 6 months of age and to
43.5 dioptres in adults. Consequently, the refrac-
tion will change dramatically during childhood.

Summary for the Clinician

∑ In unilateral cases aim for emmetropia 
at surgery

∑ In bilateral cases aim for emmetropia 
in adulthood

9.4.1
Post-operative Treatment

Post-operatively, the eye of a child will tend to
react with much more inflammation than the
adult eye, particularly in darkly pigmented eyes.
Systemic treatment with glucocorticoids is
most often not indicated, an exception to this
rule being children with uveitis. It is however
important to start the topical treatment with
dexamethasone 0.1% or another potent topical
corticosteroid immediately after surgery. The
drops are tapered over 1 month starting with
four to five times per day in the elderly. In the
new-born the treatment has to be more intense
starting with eight to ten times daily and ta-
pered over 2–3 months. In the youngest eyes and
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in eyes with dark brown irides, mydriatic drops
(tropicamide or cyclopentolate) are adminis-
tered for several weeks after surgery. Following
this treatment regime, synechia formation
could more easily be avoided and retinoscopy
would be easier to perform before glasses are
prescribed.

Immediate correction of the aphakia is
mandatory for the best possible visual outcome.
There are different options and these days most
of the children are implanted with an IOL dur-
ing primary surgery. Some new-borns are im-
planted with an IOL; however, in most cases the
IOL is not strong enough, leaving some uncor-
rected hyperopia in the beginning. In theses
cases a contact lens is the best option, giving the
opportunity to change the strength over time.

If no IOL is implanted contact lenses are best
fitted already in the operating theatre for imme-
diate optical correction, to prevent otherwise ir-
reversible deprivation amblyopia. Several types
of lenses are available. Rigid gas permeable
lenses have a wide range of available strengths
and have a great ability to correct large astig-
matic errors. They are easy to insert and re-
move, but cause more foreign body sensation
than soft lenses. The two major soft lenses are
silicone and soft hydrogel lenses. Both are suit-
able but soft hydrogel lenses are less expensive
which is an important consideration due to fre-
quent lens loss. Loss of lenses and fast eye
growth during infancy necessitate frequent lens
replacements, especially during the first 2 years
of life. Frequent retinoscopy must be performed
to decide the power of the lens. Most authorities
recommend an overcorrection of +2.0 to +3.0 D
until bifocals can be tolerated, which occurs be-
tween the age of 2 and 3 years. The child should
be provided with aphakic spectacles as an op-
tion if contact lenses are unsuitable.

In older children implanted with an IOL,
bifocal glasses are prescribed after retinoscopy
and the remaining hyperopia is corrected. This
is often done at 1 month after surgery at the
latest.

Occlusion therapy is started in unilateral cas-
es as soon as the media is clear and the aphakia
is corrected, and the therapy needs to be aggres-
sive. Virtually all children with unilateral con-
genital cataract develop strabismus. In bilateral

cases occlusion therapy is sometimes useful if
one eye is more amblyopic than the other eye.
The occlusion therapy in cases with bilateral
cataract usually do not need to be as aggressive
as in the unilateral cases.

Close follow-up by a paediatric ophthalmol-
ogist is mandatory until the patient is 7 years of
age, while untreated amblyopia is soon irre-
versible. When surgery is performed during the
first months of life, life-long follow-up is essen-
tial because of the high risk of developing sec-
ondary glaucoma.

Summary for the Clinician

∑ Intense topical treatment with a strong 
topical corticosteroid, e.g. dexamethasone,
particularly in infants below age 2 years,
is recommended

∑ Mydriatic drops in very young patients

9.4.2
Post-operative Complications

9.4.2.1
After-Cataract

Opacification of the visual axis is the most com-
mon complication found after cataract surgery,
particularly in the youngest. Even when a poste-
rior capsulorhexis has been performed, growth
of lens epithelial cells on the vitreous surface or
on the back of the optic can be found some
months after surgery (Fig. 9.10). Performing
posterior capsulorhexis and dry anterior vitrec-
tomy seems to be one way to decrease opacifica-
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tion in the post-operative time [17]. In the very
young patients, implanted during their first
weeks of life, surgical intervention could be nec-
essary several times, while the lens epithelial
cells are growing over and over again on the
back of the optic. An IOL implanted in the bag
will decrease or prevent formation of Soemmer-
ing’s ring and the epithelial cells can easier mi-
grate from the periphery to the centre of the
pupil. If opacification occurs in the pupil
Nd:YAG laser treatment could be tried; howev-
er, this is often inadequate in children since ref-
ormation of the opacification can be found
some months later in these highly reactive eyes.
Surgical intervention is often necessary under
general anaesthesia and has to be performed
promptly to avoid amblyopia. Through a small
limbal incision high-viscosity OVD is injected
into the anterior chamber to keep it stable dur-
ing the procedure. An incision in the pars plana
and a sharp thin knife is inserted behind the iris
and IOL and the membrane is divided.With dry
anterior vitrectomy the lens epithelial cells
growing in the pupil and also the anterior part
of vitreous are removed. At the end of the sur-
gery the pars plana incision is closed with a run-
ning suture and the OVD is removed from the
anterior chamber to avoid a pressure peak post-
operatively.

After the procedure, topical dexamethasone
is needed for some weeks. Problems with the
lens capsule after surgery, such as decentration
(Fig. 9.11) of the anterior or posterior capsu-
lorhexis or shrinkage of the capsular bag with

phimosis (Fig. 9.12) of the capsulorhexis could
make a secondary intervention necessary. Cap-
sule contraction is more often found in eyes im-
planted with a silicone IOL [8].

9.4.2.2
Secondary Glaucoma

Secondary glaucoma is unfortunately a com-
mon complication and by far the most sight-
threatening [2, 25]. The highest incidence is
found when the surgery has been done early,
that is below the age of 2 months, and a much
lower incidence is found when surgery has been
performed over the age of 1 year [25]. Eyes with
small corneal size, nuclear cataract and persist-
ent foetal vasculature are at greatest risk [30].
Implantation of an IOL into the capsular bag
seems to inhibit the development of secondary
glaucoma [3].

In the new-born eye a rise in the intraocular
pressure will cause epithelial oedema of the
cornea, a poor red reflex, photophobia and fast
regression of hyperopia or growing eye. These
children must be examined promptly under
general anaesthesia. Corneal oedema in chil-
dren wearing contact lenses could be due to hy-
poxia, and the contact lens must be removed
immediately. The anaesthesia of choice is keta-
mine hydrochloride since it does not lower the
IOP which most of the other anaesthetics do.
During the evaluation under anaesthesia, IOP,
corneal diameter, and axial length are measured
and examination of the optic disc and retino-
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Fig. 9.11. Decentration of the posterior capsu-
lorhexis

Fig. 9.12. Shrinkage of the capsule with phimosis of
the rhexis



scopy are performed. Acute glaucoma may de-
velop in cases with excessive inflammation
leading to pupillary block and iris bombé.A pe-
ripheral iridectomy and an anterior vitrectomy
are often sufficient to solve the problem. Later
on, a more chronic type of glaucoma could de-
velop probably due to the heavy inflammatory
response after surgery leading to synechia for-
mation in the chamber angle and a slow rise 
in IOP over time [14]. Some of the eyes with 
secondary glaucoma could be controlled with
topical medication but many will need a tra-
beculectomy with mitomycin C. In some cases
also a glaucoma shunt is required for pressure
control.

It is important to remember that when
cataract surgery has been performed during the
first months of life the IOP and optic nerve have
to be controlled life-long [1].

9.4.2.3
Fibrinoid Reaction

Because of the high degree of inflammation in
children, fibrin in the pupil can be found even
when an IOL with high biocompatibility has
been implanted. Frequently administered topi-
cal steroids and mydriatics are helpful in these
cases. In a few cases Nd:YAG laser treatment
could be indicated to clear the visual axis. Poste-
rior synechiae formation in the post-operative
period is common, especially in the new-born
when no IOL has been implanted.

9.4.2.4
Decentration of the Pupil

Incarceration of the iris in the wound is some-
times encountered. To avoid this complication a
rather long tunnel is recommended during
cataract extraction and suture ought to be used
to close the wound. Careful surgery is also help-
ful leaving the iris without trauma and atrophy.
If the visual axis is covered with iris it is impor-
tant to promptly reposition the iris or make a
new central pupil with surgical intervention or
Nd:YAG laser treatment.

Summary for the Clinician

∑ Good red reflex is essential for favourable
development of vision

∑ Rapid growth of the eye should arouse 
suspicion of secondary glaucoma

∑ Life-long follow-up in cases with surgery
within the first months of life because of
secondary glaucoma

9.5
Current Clinical Recommendations

Summarising the previously given information,
the following recommendations can be made:
– Prompt surgery is performed in cases with

dense congenital cataract – if nystagmus has
developed, the amblyopia is irreversible

– Post-operative complications such as high
rate of after-cataract and secondary glauco-
ma are matters of concern in the new-born
and life-long follow-up is essential in these
cases

– Occlusion therapy ought to be initiated if
amblyopia is present in one eye

– IOL implantation could safely be performed
above the age of one year

– Anterior dry vitrectomy ought to be per-
formed in pre-school children to avoid after-
cataract
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10.1
Introduction

Post-cataract surgery infection presents as 
endophthalmitis – an eyeball-threatening situa-
tion. Johann Sebastian Bach and Georg Fried-
rich Händel both went blind following cataract
surgery performed by John Taylor in 1750 and
1758, respectively [40]. Bach’s eyes developed
severe iridocyclitis [51] – probably an infection,
as antisepsis had been unknown at that time.
Over the subsequent 15 weeks he was acutely ill
and died with a high fever and cerebral compli-
cations [Schlagfluss (“apoplexy”) as his son Carl
Philipp Emanuel reported in his necrology].
This may perhaps be interpreted as a brain ab-
scess via the cavernous sinus.

10.1.1
Incidence

The incidence of post-cataract endophthalmitis
is about 0.1% in industrial countries (Table
10.1).However,a study in Thailand reports a rate
of 9.4% and demonstrates the value of hygienic
measures.

There were only small differences of endoph-
thalmitis rates when temporal clear cornea inci-
sion (CCI) were compared to superior corneal-
scleral incision (CSI) in retrospective surveys:
in Germany CCI 0.1% versus 0.07% CSI [89],
and in Canada CCI 0.129% versus CSI 0.05%
[27]. However, in a prospective randomised
multi-centre study (11,595 eyes), the endoph-
thalmitis risk was reduced five-fold in superior
CSI (p=0.037) compared to temporal CCI [81].
This correlates with another recent study with a
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three-fold higher risk associated with CCI than
with CSI [28]. As many surgeons have now
switched to posterior limbal tunnel incisions,
which heal faster than CCI, the incidence has to
be again evaluated for modern surgical techniques.

10.1.2
Sources of Contamination

In principle, there are four sources of intraocu-
lar contamination: (1) operating theatre includ-
ing ventilation system, (2) medical personnel,
(3) operating instruments, and (4) the patient
him-/herself.

The latter source seems to be the most signif-
icant. Bacterial species dominate the resident
flora of the outer eye [63]. Positive preoperative
conjunctival smears range from 51% up to 76%
(Table 10.2) [14, 16, 19, 35].

10.2
Prevention of Post-operative
Endophthalmitis

10.2.1
Preoperative Prophylaxis

10.2.1.1
Topical Antibiotic Prophylaxis

Preoperative topical application of antibiotics
appears rational to reduce the number of germs
in the cul-de-sac [7, 14, 54, 67, 47]. A 3-day pro-
phylaxis combined with a short-term applica-
tion (1 h) is more effective than a short-term
prophylaxis alone [93] in reducing conjunctival
contamination. A 3-day preoperative adminis-
tration of Neosporin followed by povidone-io-
dine 5% immediately before surgery was more
effective for this purpose than the 3-day and
preoperative application of povidone-iodine
alone [7]. However, a reduction in intraocular
contamination cannot be achieved [24, 43].

In a recent study on rabbit eyes it could be
demonstrated that topical moxifloxacin hy-
drochloride 0.5% four times daily can prevent
endophthalmitis in this model [61].

10.2.1.2
Antisepsis

To conform with general surgical principles,
antisepsis is used to reduce the likelihood of
wound infection by reducing bacterial counts in
the wound area.
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Table 10.1. Incidence (%) of post-cataract endoph-
thalmitis in industrial countries

Percentage Country Year Reference

0.22 USA 1991 [72]
0.072 USA 1991 [58]
0.3 France 1992 [86]
0.148 Germany 1999 [89]
0.1 Netherlands 2000 [94]
0.1 Sweden 2002 [76]
0.198 Australia 2003 [79]

0.1 Norway 2003 [88]

Table 10.2. Microbial findings from preoperative conjunctival smears

Positive smear Part (%) of germ in the bacterial spectrum Reference
(%)

51 CNS (40), S. aureus (4),Corynebacterium spp. (3),E. coli, enterococci,
S. faecalis, a-haemolytic Streptococci (each 1) [14]

62 CNS (62), S. aureus (14), gram-negative bacteria (9) [16]

75 CNS (66), S. aureus (9), anaerobes (11) [19]

76 CNS (90), P. acnes (62),Corynebacterium spp. (18), Peptostreptococcus (3) [35]



For skin antisepsis, a 10% povidone-iodine
solution is widely used. In the periorbital region
with its many sebaceous glands the antiseptic
should be administered about 10 min before
surgery to act sufficiently [31].

For antisepsis of the conjunctiva povidone-
iodine may also be used.As little as 1% of the so-
lution reduces conjunctival contamination [17,
18], as well as the 9% solution [50].

In a study involving 8,083 patients a signifi-
cant difference (p<0,03) could be observed be-
tween the incidence of endophthalmitis with an
antisepsis (2 of 3.489 or 0.06%) using 5% povi-
done-iodine and the control group (11 of 4,594 or
0.24%) using silver protein solution (Argyrol)
[91]. The efficacy of povidone-iodine 5% in re-
ducing conjunctival contamination is compara-
ble to a 3-day course of topical antibiotics [6, 54].

10.2.2
Intraoperative Prophylaxis

According to surveys carried out in various
countries antibiotics in the irrigation solution
during phacoemulsification are used in varying
percentages by the responding eye surgeons
(Table 10.3).

In several publications and letters to the edi-
tor it has been suggested that the addition of an-
tibiotics to the irrigation solution should have a
protective effect, but this has not been con-
firmed yet by any prospective study, nor has it
reduced the incidence of endophthalmitis. In
addition, these suggestions have been based on
retrospective data or on studies of antibiotic use
without control groups [45, 46, 77].

Anterior chamber contamination following
cataract surgery varies considerably (Table
10.4). No endophthalmitis occurred in these se-
ries except in two of Leong et al.’s cases 5 days
postoperatively [64]. It should be noted that in
his study no germs had been found in the ante-
rior chamber at the end of surgery. In two stud-
ies a reduction of the contamination rate from
12/100 to 5/100 could be observed, when van-
comycin was added to the irrigation solution
[71] and from 22/110 to 3/110 with vancomycin/
gentamicin [15]. In contrast, two other corre-
sponding studies revealed no difference (8/190

control, 9/182 vancomycin [39] and 1/346 con-
trol, 2/353 gentamicin, p=0.57 [80]).

In any case, the effect of various antibiotics
begins only after 3–4 h and full activity occurs
after about 24 h [21, 48, 60, 59]. In this context it
should be kept in mind that the aqueous hu-
mour flow rate is 2.75±0.63ml/min (mean ±
standard deviation) [20] and the anterior cham-
ber is completely exchanged within 1–2 h. In an
animal study for antibiotic prophylaxis in pars
plana vitrectomy efficacy could only be estab-
lished for low but not for moderate numbers of
bacteria [65].

In addition, the risk of overdose (aminogly-
coside retinal toxicity) should be considered.
Moreover, resistance against antibiotics has
been increased, especially against the reserve
antibiotic vancomycin. Scientific organisations
and authors, therefore, do not advise prophylac-
tic antibiotics in the irrigating solutions, partic-
ularly since no benefit has yet been proven [2,
23, 70].
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Table 10.4. Anterior chamber contamination (per-
centage and number of eyes) at the end of cataract
surgery

Percentage Number of eyes References

43.0 13 of 30 [32]

26.0 29 of 110 [90]

13.7 98 of 700 [75]

6.0 12 of 200 [52]

4.9 5 of 103 [87]

0.3 1 of 346 [80]

0 0 of 98 [64]

Table 10.3. Number of eye surgeons (in percent),
who add antibiotic to the irrigating solution during
cataract surgery

Country Number (%) References

Australia 8.0 [78]

England 8.5 [33]Dinakaran 
and Crome 2002

New Zealand 16.0 [37]

USA 35.0 [69]

Germany About 60.0 [89]



10.2.3
Postoperative Prophylaxis

The antimicrobial effect of antisepsis is superi-
or to that mediated by an antibiotic for the first
24 h [8, 9]. Postoperatively, the application of
1.25% povidone-iodine leads to a significant re-
duction in conjunctival contamination [55]. On
the other hand, there are no studies confirming
any benefit of post-operative antibiotics, espe-
cially after 24 h, although most surgeons use an
antibiotic ointment or solution at the end of the
procedure [66] and for several days post-opera-
tively.

10.3
Treatment of Post-cataract
Endophthalmitis

10.3.1
Diagnostic Measures

Prior to therapy, information should be gained
relating to which germs are responsible for the
infection. Material from the vitreous cavity
should be sampled by the vitreous cutter before
opening the infusion in the case of pars plana
vitrectomy or as a puncture. Samples from the
anterior chamber or the vitrectomy cassette are
less successful [10, 74]. Within several minutes
microscopy of the obtained specimen can give
the required information: gram-positive or
gram-negative germs or fungal infection.

In addition, results of microbiologic cultures
are obtained after about 24 h and appropriate
anti-infectives can be administered.

10.3.2
Anti-infective Therapy

10.3.2.1
Systemic Administration

According to the randomised multi-centre
Endophthalmitis Vitrectomy Study (EVS),
systemic antibiotics do not appear to have any
effect on the course and outcome of endo-

phthalmitis after cataract operations [38].
However, the study design using intravenous
ceftazidime and intravenous amikacin for
5–10 days was not suitable to answer this ques-
tion [36, 92]. In 38% of the infective eyes 
gram-positive cocci were cultivated, in which
ceftazidime is only slightly active, whereas van-
comycin would have been significantly more ef-
fective. Until a suitable study becomes available,
this author and others recommend intravenous
antibiotic use [1, 36, 92].

If the causative organisms are not (yet)
known, vancomycin can be used as a maximum
therapy to cover gram-positive bacteria and
also largely for methicillin-resistant staphylo-
cocci (MRSA), and ceftazidime to cover the
gram-negative spectrum [12, 25]. These sub-
stances should be administered immediately
after earning diagnostic samples and without
waiting for the microbiologic results. Alterna-
tively, imipenem in also suitable against gram-
positive and ciprofloxacin against gram-nega-
tive species [4, 12, 13].

In endophthalmitis caused by Propionibac-
terium acnes, vancomycin, imipenem or clin-
damycin are effective [3, 95]. However, surgery
often results [30], combined with intraocular
antibiotic administration [5, 26] as the germs
are typically located within the synechised cap-
sular bag and hardly come in contact with the
antibiotic.

If fungal infection is suspected, voriconazole
or fluconazole (in case of Candida albicans in-
fection) should be administered before consid-
ering amphotericin B [11, 44, 53, 82]. The latter
drug has considerably more and severe side
effects than the other antifungals.

Summary for the Clinician

∑ Maximal therapy may be the administra-
tion of intravitreal and systemic antibiotics
and prednisolone combined with pars
plana vitrectomy

∑ Intravenous drug therapy in acute end-
ophthalmitis with unknown pathogens:
vancomycin 1 g twice daily; ceftazidime 2 g
three times daily; prednisolone 200 mg
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10.3.2.2
Intravitreal Administration

Using this route, the highest drug concentration
can be achieved precisely at the target site. How-
ever, this concentration lasts only for a limited
period, especially if pars plana vitrectomy has
been performed. Injection alone may be suc-
cessful [83], but is usually combined with vitrec-
tomy. Vancomycin 1 mg/0.1 ml is suitable for
gram-positive bacteria [38, 68] and is above the
MIC90 of Staphylococcus epidermidis for >48 h
[49]. Even vancomycin 0.2 mg/0.1 ml remains at
a therapeutic level for 3–4 days [42]. Aminogly-
cosides are no longer recommended due to their
retinal toxicity [41, 56] and should be replaced
by ceftazidime 2 mg/0.1 ml to cover the gram-
negative spectrum [22, 41, 56].

In fungal endophthalmitis 5–7.5mg/0.1 ml
amphotericin B is used [11, 84, 85]. Vancomycin
is suitable in Propionibacterium acnes infection
[5, 26]. The doses are summarised in Table 10.5.

10.3.2.3
Topical Administration

Antibiotic eye drops and ointment are only ad-
ditionally indicated if the anterior segment of
the eye is involved.

10.3.3
Anti-inflammatory Therapy

Corticosteroids should be administered to halt
the self-destructive response of the host by
leukocytes and toxic effects of cytokines [57] –
in addition to antibiotic therapy, of course.

Moreover, the effect of antigens released by 
bacterial disintegration after antibiotic therapy
should be hampered. Intravitreal dexametha-
sone (0.4 mg/0.1 ml) at the end of pars plana 
vitrectomy leads to rapid decrease of intraocu-
lar inflammation [29]. Oral administration
(1 mg/kg body weight) 1 day after intravitreal
antibiotic therapy has not shown any negative
effect in the course of the infection [38] even
when administered in mycotic endophthalmitis
[57]. Parallel to intravenous antibiotics 200 mg
prednisolone is often given systemically. How-
ever, no randomised studies are available on
this subject.

10.3.4
Surgery

According to the prospective EVS [38], patients
with acute onset of the infection after cataract
surgery with an initial vision of hand move-
ments or better should be treated by vitreous
biopsy and intravitreal antibiotics. Immediate
pars plana vitrectomy is only recommended in
eyes with light perception. However, there has
been some criticism of the EVS study design
[25].

In addition, follow-up of the EVS patients re-
vealed differences between diabetics and non-
diabetics. Diabetics with a visual acuity of hand
motion or better had a better visual outcome by
vitrectomy (57%) than after biopsy (40%). Be-
cause of the low number of diabetic partici-
pants in the study, these results were not signif-
icant [34]. Due to the lack of more adequate
studies, many ophthalmologists in tertiary cen-
tres perform early vitrectomy if necessary, espe-
cially since this type of surgery has become a
routine procedure.

In the event of late onset of endophthalmitis
following cataract surgery (about 2 weeks up to
several months) the symptoms are milder and
often recurrent after seemingly successful med-
ical treatment. Propionibacterium acnes has
been identified as the typical pathogen for this
form of infection.As P. acnes is often enclosed in
the synechised capsular bag, antibiotics may
not affect the pathogen in concentrations high
enough to be bactericidal. Consequently, sur-
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Table 10.5. Intravitreal injection (Amikacin: cave
macula infarcation)

Substance Dosage/0.1 ml

Vancomycin 1.0 mg

Ceftazidime 2.25 mg

(Amikacin) (0.4 mg)

Amphotericin B 0.75mg

Dexamethasone 0.4 mg



gery with posterior capsulectomy, vitrectomy or
even intraocular lens and capsular sac explanta-
tion may be necessary.As a further advantage of
surgery material for culturing can be obtained
[73]. Therefore, pars plana vitrectomy may be
advisable.

Summary for the Clinician

∑ Conjunctival antisepsis with povidone-
iodine 5 % has been proven to significantly
reduce the incidence of endophthalmitis

∑ Skin antisepsis with 10 % povidone-iodine
solution, allow 10 min to act

∑ Conjunctiva antisepsis (twice) with at least
1.25 % povidone-iodine solution (up to
10 %) for 1 min. No substance should enter
the anterior chamber

10.4
Conclusion

Endophthalmitis is still the most disastrous
complication of cataract surgery since the other
– explosive bleeding – has declined with the use
of small incisions. Prevention with antiseptics
(povidone-iodine) has reduced the incidence to
0.1%. Maximal treatment of acute endoph-
thalmitis with appropriate systemic and intrav-
itreal antibiotics, corticosteroids and pars plana
vitrectomy may improve the prognosis.
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11.1
Introduction

The subspecialty of refractive surgery is respon-
sible for many of the innovations in the field of
ophthalmology. Acceptance of these advance-
ments has come from the incorporation of sci-
ence and technology to increase the safety,accu-
racy, and predictability of altering the refractive
error of the human eye. These developments of-
fer new tools for the ophthalmologist to im-
prove and enhance vision for our current pa-
tients as well as the patients of the future. Eye
surgeons are able to correct ametropia by using
different surgical techniques in a variety of
anatomical locations. This chapter will discuss
future trends in refractive surgery that will
shape the decisions for refractive surgeons of
tomorrow.

The refractive state of the eye is dependent
chiefly on three main variables: the cornea, the
lens, and the axial length. The refractive power

of the eye can be modified by changing the cur-
vature of the principle refractive surfaces (the
cornea and lens), altering the index of refrac-
tion of different media (cornea, anterior cham-
ber, lens, vitreous) or adjusting the axial length
of the eye (sclera).

11.2
Cornea

Historically, the cornea has been the primary
interest of the refractive surgeon because of its
anatomical accessibility. Corneal refractive sur-
gery, with its multitude of procedures and
acronyms, can be simplified into four main
mechanisms: (1) corneal tissue removal, (2) ad-
dition of tissue volume,(3) compression,and (4)
relaxation.

11.2.1
Corneal Tissue Removal

Subtraction techniques use one of a variety of
procedures to induce corneal remodelling. Ker-
atomileusis, the removal of a variable amount of
corneal stroma,was first proposed by Barraquer
[1] in the 1940s and later modified by others.Au-
tomated keratomes improved the predictability
of keratomileusis, and led to a more popular
variation on the technique. Automated lamellar
keratoplasty (ALK) became another option for
the treatment of myopia and hyperopia in the
1970s and 1980s.

The next advancement in corneal tissue re-
moval would be ushered in by the development
of light amplification by stimulated emission of
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radiation (LASER) technology. By the early
1980s, the precision of the 193-nm excimer laser
was seen as a useful tool to reshape the corneal
stroma. It has since become the basis for current
corneal refractive surgery. The excimer laser
has been a major innovation in ophthalmology
because of its precise ability to remove tissue
with negligible damage to surrounding struc-
tures.

Burrato [6] and Pallikaris [33] are credited
with combining lamellar surgical techniques
developed by Barraquer [1–3], and excimer laser
technology in a procedure they termed laser as-
sisted stromal in situ keratomileusis (LASIK).
This technique allows for precise sculpting and
subtraction of corneal stroma under a protec-
tive corneal flap, facilitating broad range correc-
tion of hyperopia, myopia and astigmatism
while avoiding many of the disadvantages of its
forebearer, PRK. LASIK has replaced previous
forms of corneal subtraction surgery to become
one of the most frequently performed oph-
thalmic procedures world-wide. The popularity
of the LASIK procedure serves as the spring-
board for even further refinements in refractive
surgical technology.

One of the exciting advancements to the cur-
rent LASIK procedure is wavefront technology.
Wavefront technology measures higher order
wavefront aberrations of the cornea missed by
conventional corneal topography maps. The
wavefront aberrometer focuses a measurement
beam onto the patient’s retina and reflects a
wavefront back through the patient’s eye. As the
wavefront exits, it is distorted by the optics of
the eye. Zernike polynomials, mathematical
equations formerly developed to understand
the optics of space telescopes, convert the wave-
front measurements to a waveprint which de-
scribes lower order aberrations such as sphere
and astigmatism, and higher order aberrations
such as spherical aberration, coma and trefoil.
The laser is configured to the waveprint to com-
pute a customised corneal ablation to refine re-
fractive treatments.

The commercial applications of wavefront
technology in the United States include the
VISX CustomVue (VISX, Santa Clara, CA), Al-
con LADARVision CustomCornea(Alcon, Or-
lando, FL), and Bausch and Lomb Zyoptics

(Bausch & Lomb, Rochester, NY). FDA trials of
these systems have shown excellent results with
low to moderate myopes [34]. With this new
technology, possible applications of wavefront
include myopic and hyperopic enhancements,
refractive surgery for hyperopia and mixed
astigmatism, presbyopia, and reductions of
higher order aberrations and irregular astigma-
tism. Future advances will develop more mathe-
matical models for the optical distortions of the
eye.

Laser technology has also advanced with
new gas lasers, solid-state lasers, and intrastro-
mal lasers currently under investigation or
awaiting approval for use.Alteration of laser ab-
lation patterns to the cornea will be the first
wave of modifications, including the shift from
wide beam early generation lasers to faster,
more efficient scanning slit, scanning spot, and
flying spot lasers. Treatment zones may expand
from the current 6- to 7-mm diameter to en-
compass the entire cornea as well incorporate
multi-zone treatments for higher refractive er-
rors and presbyopia. Human clinical trials are
underway for patients desiring correction of
presbyopia with multifocal laser ablations [8].

The simultaneous correction of astigmatism
will become more precise with new laser treat-
ment profiles to adjust the amount of corneal
tissue subtraction in various regions of the
cornea. Tracking pupillary and iris registration
systems may help reduce ablation decentrations
and saccadic intrusion artefact. While the cur-
rent systems are helpful for tracking linear 
motion in the X, Y and Z axes, newer iris regis-
tration methods will use automatic iris registra-
tion to track cyclotorsion and the rotational
movement of the eye around the Z-axis. Iris lo-
cation is registered from the diagnostic wave-
front unit to the laser. This allows the iris to be
in the same position when the laser is treating
as it was when the diagnostic unit captured the
wavefront information.

New technology is being developed to link
tracking systems to instantaneous topographi-
cal analysis to provide real-time topographical-
ly assisted ablations. This has numerous appli-
cations in the treatment of irregular corneal
astigmatism.Development of new laser imaging
systems may provide more accurate corneal
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pachymetry than ultrasound instruments and
allow for the intraoperative measurements of
LASIK flap thickness. The newer systems will
possibly use triangulation between a laser and a
high-resolution digital camera to create a three-
dimensional map of the entire corneal surface,
instead of single point measurement as in cur-
rent ultrasound pachymetry.

Another major area of refinement in LASIK
involves changes in microkeratome technology.
The possibility of intrastromal ablations, elimi-
nating the need for raising a lamellar flap, is an
area of increasing interest. Investigations are
also underway for safer, more precise, atraumat-
ic methods of gaining access to the corneal stro-
ma. Super high-velocity water jet technology is
being investigated as a plausible alternative to
conventional blade systems including the Hy-
drojet (Medjet, Edison, NJ) [19]. This technolo-
gy has shown initial promise in creating pris-
tine, atraumatic lamellar flaps, but requires
human trials [19]. The Nd:YLF picosecond and
193-nm excimer lasers are also being investigat-
ed for use in creating precision lamellar flaps,
and expanded work in this area is well under-
way [23]. Femtosecond laser technology has ex-
cited many scientists because of its precise high
energy, low heat generating qualities [35]. One
current laser, the INTRALASE FS Laser (In-
tralase, Irvine, CA), uses femtosecond laser
technology of 2- to 3-mm spot size to precisely
cut tissue by photodisruption. A suction ring
holds the eye and the laser disrupts the corneal
tissue at the predetermined depth forming plas-
ma bubbles of water and carbon dioxide. These
microscopic cavitation bubbles of carbon diox-
ide and water vapour define the resection plane.
The proposed advantages of this laser are the
use of lower suction, the greater stability of the
flap, uniform flap thickness, and immediate
repetition of the flap if loss of suction happens
during flap creation. The major disadvantages
to this procedure include the increased length
of time that the suction ring has to be on the eye
because the device takes longer to make a flap
than a conventional microkeratome. The flap is
more difficult to separate and lift compared to
conventional flaps causing some surgeons to re-
quire a dull probe to separate the flap from the
stromal bed. Given the learning curve involved

in using the INTRALASE and the expense of the
laser unit, the system is still developing its ap-
peal to refractive surgeons,yet has great promise.

To avoid the construction of lamellar stromal
flaps completely,Atlanta-CIBA Vision Corp. will
begin marketing its Centurion SES EpiEdge
epikeratome for the Epi-LASIK refractive pro-
cedure [19]. The EpiEdge epikeratome is a blunt
separator that produces an epithelial sheet,
cleaving the epithelium from Bowman’s layer,
thus eliminating the need for alcohol-based
separation, which is toxic to epithelial cells and
slows healing. This technology may be useful to
improve patient healing and comfort during
LASIK.

A biological gel with ablation properties
identical to corneal stroma is currently under
investigation for use as an adjuvant agent in
corneal surface and lamellar surgery. BioMask
(Maverick Technologies, Clearwater, FL), is a
mouldable, heat-cured synthetic bovine colla-
gen that is applied to the corneal surface prior
to ablation [29]. It is initially heated, and then
moulded into shape under a contact lens of pre-
determined base curve. The material has abla-
tion characteristics identical to corneal tissue,
which allows irregular corneal surface anom-
alies to be filled in to a uniform curvature prior
to ablation. Initial applications may be in pho-
totherapeutic treatment of corneal scars and
dystrophies [41]. Future applications may in-
clude the treatment of other types of irregular
astigmatism.

The innovation of existing ideas with evolv-
ing technology will continue to change the way
we approach corneal tissue removal.

Summary for the Clinician

∑ Wavefront technology and understanding
of higher order aberrations may lead 
to better LASIK results

∑ Advances in LASIK such as iris-tracking
systems, instantaneous corneal topography,
and improvements in the microkeratome
and laser technology continue to improve
the efficacy and safety of this successful
procedure

∑ Biological gels may aid in the treatment of
irregular astigmatism and corneal surface
anomalies
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11.2.2
Corneal Volume Addition

Historically, corneal tissue addition procedures
have enjoyed only limited use in a very specific
sub-population of patients. The most frequent-
ly performed procedure, epikeratophakia, in-
volved the addition of a lenticule of donor
corneal tissue added to the host surface after
denuding the host epithelium. The donor lentic-
ule was sculpted by a variety of automated tech-
niques to create a corneal lens (hence, the term,
“keratophakia”) which could be used to treat ei-
ther hyperopia or myopia in its extreme form
[42]. The current and future trends in corneal
volume augmentation will centre on synthetic
material addition to the corneal surface and
stroma, both in the central visual axis and in the
periphery.

One of the methods, intrastromal corneal
rings, alters corneal shape and refractive error
through stromal volume augmentation [7, 14,
36]. This method is based on the principle that
arcing corneal collagen lamellae can be flat-
tened centrally by adding tissue volume periph-
erally. Implantation of peripheral synthetic ring
segments will induce central flattening and in-
creased radius of corneal curvature proportion-
al to the thickness of material implanted.

One design, INTACS (Addition Technology,
Fremont, CA), involves two arcing 150° seg-
ments of approximately 8 mm diameter, rang-
ing in thickness from 0.25 mm to 0.45 mm
(Fig. 11.1). These are implanted in the corneal
stromal periphery under topical anaesthesia, at
approximately 50% depth. This is accomplished
by the creation of a lamellar channel in the pe-
ripheral cornea by a stromal separator. This
separator is centred on the visual axis under
suction, and used to bluntly separated the
corneal collagen lamellae. The ring segments
are then individually threaded into position. IN-
TACS are currently a viable surgical option for
treatment of low to moderate myopia.

This technology has several applicable ad-
vantages: it avoids the central visual axis, it is
titratable, and it is removable [14, 36]. Ring seg-
ments can be removed and replaced with slight-
ly larger or smaller segments to fine tune refrac-

tive outcomes, or be removed altogether. While
the clinical safety and efficacy data of INTACS
inserts appear comparable to older reports 
of PRK and LASIK, refractive surgeons and 
patients have not readily embraced this technol-
ogy.Possible reasons are that the refractive indi-
cations are more limited (low degree of essen-
tially spherical myopia), the learning curve
required to perform this procedure and the ex-
pense of this procedure compared to LASIK or
PRK. However, surgeons are looking for appli-
cations of this technology for keratoconus and
post-LASIK ectasia patients [5].

Research is ongoing to add synthetic materi-
al to the cornea to modify the refractive out-
come of its central visual axis. Intracorneal 
lenses have been investigated as a means of cor-
recting myopia, hyperopia and presbyopia [4,
22, 26, 30]. This can be accomplished by im-
planting an intracorneal lens of like curvature
but varying refractive index, thereby changing
the effective dioptric power of the cornea.
Conversely, implantation of a lens material 
with similar refractive index, but varying curva-
ture will modify overall corneal curvature and
corneal power.

The PermaVision intracorneal lens,
(Anamed, Lake Forest, CA) is made of an opti-
cally clear, microporous hydrogel (Nutrapore)
that mimics the corneal stroma in its water con-
tent (78%), refractive index (1.376), light trans-
mission properties, and permeability character-
istics [20]. The material is inert and has been
shown in animal studies and early clinical expe-
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rience to be highly biocompatible. A flap is cre-
ated in the cornea, the PermaVision lens is cen-
tred over the pupil, and the flap is replaced. Ear-
ly human studies in the United States on
intracorneal lenses for the correction of hyper-
opia are underway [20]. Many future applica-
tions are hopeful for this procedure, though
questions remain regarding the vision quality
achieved, as well as issues with corneal haze and
corneal decompensation.

Summary for the Clinician

∑ INTACS technology has applications 
for keratoconus and post-LASIK ectasia 
patients

∑ Implantable corneal contact lenses 
are under research to treat myopia,
hyperopia and presbyopia

11.2.3
Corneal Relaxation

Incisional corneal relaxation procedures have
been employed to treat myopia, hyperopia and
astigmatism dating as far back as the late 1800s.
While radial and hexagonal keratotomy have
largely been replaced with more precise and ef-
ficient methods of altering corneal curvature,
astigmatic keratotomy and limbal relaxing inci-
sions continue to be options for neutralising
corneal toricity. They can be employed at the
time of cataract surgery, or after corneal trans-
plantation and other astigmatism inducing pro-
cedures. Future incisional methods may be re-
placed by pharmacological and biochemical
modalities.

11.2.4
Corneal Compression

A variety of peripheral corneal compression
techniques have been employed to enhance the
central corneal curvature. Much of the current
and future technology in corneal compression
techniques evolve around controlled adminis-
tration of energy to the corneal periphery to
achieve precise central steepening. Several
modalities have been explored to accomplish

this goal, including the use of electromagnetic
and thermal energy.Although early results were
somewhat disappointing, mainly because of
surrounding tissue damage and unpredictable
outcomes, more recent outcomes using laser-
less radiofrequency based thermal energy have
been encouraging.

Conductive keratoplasty (CK) uses a low-en-
ergy, high radiofrequency current which is ap-
plied directly to the peripheral corneal stroma
through a Keratoplast tip [31]. This procedure
causes a homogenous elevation of temperature
which shrinks the collagen in the treated area.
Each treatment spot produces a cylindrical
footprint that extends to approximately 80% of
the depth of the mid-peripheral cornea. After a
number of treatment spots, the peripheral
cornea will flatten and the central cornea will
steepen (Fig. 11.2). CK has been used to correct
low to moderate hyperopia. Early results show
good uncorrected visual acuity, predictability
and stability [31]. This procedure eliminates the
removal of corneal tissue and the use of a cut-
ting procedure to the cornea. Further studies
will be needed to evaluate long-term stability of
results, induction of higher order aberrations,
and safety for patients with corneal ectasia.

Laser thermokeratoplasty (LTK) describes
the controlled application of laser-generated
thermal energy to the corneal stroma [13]. LTK
incorporates a solid-state holmium:yttrium-
aluminum-garnet (Ho:YAG) laser that can be
used to create controlled thermal coagulation of
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corneal stroma with negligible damage to sur-
rounding tissue. The laser is applied in pulsed
bursts lasting a couple of seconds and results in
focal heating of stromal collagen to approxi-
mately 50°C to achieve central corneal steepen-
ing. This procedure has fallen out of favour be-
cause of the inconsistent stability and high
regression rate of treatments.

Overall, CK holds much promise for the fu-
ture especially because the technology is repro-
ducible, comparatively inexpensive and easy for
the surgeon to master. Newer technology and
applications are under research.

Summary for the Clinician

∑ Conductive keratoplasty remains the 
most promising of corneal compression
techniques because of its safety and 
surgical ease

11.3
Ciliary Body

Ciliary body research focuses on finding a cure
for presbyopia. Alleviating presbyopia remains
an important goal for refractive surgery. Com-
puter models and theories on accommodation
and lens diaphragm dynamics are leading to
new understanding of accommodation and
ways to go about rejuvenating its performance.

Two surgical ciliary body techniques are be-
ing investigated to reduce presbyopia. One,
termed anterior ciliary sclerotomy (ACS), in-
volves creating a series of radial incisions over
the ciliary body. This allows circumferential
volume expansion of the sclera, increasing the
ciliary body to lens distance and rejuvenating
accommodation. A second procedure, termed
scleral expansion, accomplishes the same goal
by implantation of a silastic band near the lim-
bus, which expands potential ciliary body vol-
ume. Both procedures are in early development;
however, the most promising advancements in
presbyopia are in lens implant technology.

Summary for the Clinician

∑ Ciliary body surgical techniques to reduce
presbyopia remain experimental. Further
research is needed to find ways to restore
accommodative amplitude

11.4
Lens

The arrival of technological advances in lens
surgery and replacement has caused this to be
one the most exciting areas of refractive sur-
gery. Small incision phacoemulsification and
foldable/injectable IOLs have allowed modern
cataract surgery to evolve into a refractive sur-
gical procedure. As incisions and lenses are be-
coming smaller and smaller, refractive surgeons
are also offered a wide array of lenses with
multiple capabilities including multifocal lens-
es, accommodating lenses, toric lenses and
implantable contact lenses.

Recent advances in refractive lens technolo-
gy have come in the form of multifocal lens
implants, which attempt to provide a function-
al/compensatory answer to presbyopia while
the search for true restoration of accommoda-
tion continues.

The Array multifocal lens (Advanced Med-
ical Optics, Irvine, CA) which was FDA ap-
proved in 1997 uses a “zonal progressive” design
that incorporates five blended aspheric zones of
power on the anterior surface of the lens. The
lens has had success in clinical trials [40] and is
discussed elsewhere in this book. These multi-
focal lenses offer a pseudo-accommodation ef-
fect dependent on the patients’ ability to find
the appropriate focal point.

Newer technology uses the actual move-
ments of ciliary muscle [11, 12]. Cumming et al.
have shown by ultrasound that a posterior cap-
sular intraocular lens will shift by an average of
0.7 mm in the human eye [11]. Based on this re-
search, hinge plate haptics lenses were devel-
oped which would move forward with accom-
modative effort due to the perceived increase in
vitreous pressure on the optic. The CrystaLens
accommodative IOL (Eyeonics,Aliso Viejo, CA),
a silicone lens for surgical implantation into the
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capsular bag, is designed to allow the optic to
vault forward on contraction of the ciliary mus-
cle. The lens is a three-piece haptic design made
from high index silicone material containing a
UV filter (Fig. 11.3). Results of clinical trials of
the CrystaLens have demonstrated excellent
safety and improved efficacy over multifocal
and conventional intraocular lenses with regard
to uncorrected distance, intermediate and near
vision [12, 16]. The use of this lens in the US 
is important because it is currently the only 
accommodating intraocular lens with FDA ap-
proval.

Hanna and colleagues also have developed
the 1CU (HumanOptics AG, Erlangen, Ger-
many) posterior chamber accommodative in-
traocular lens. The 1CU is a hydrophobic, acrylic
lens with a 5.5-mm optic attached to four hinged
haptics which allow anterior movement of the
optic during accommodation. Early studies
show good efficacy and safety with comparable
results to the CrystaLens [24, 28, 32].

In addition, toric IOLs have also become
available for use in correcting astigmatism with
cataract removal. While some ophthalmologists
will use limbal relaxing incisions and astigmat-
ic keratotomy for low levels of astigmatism
(<2.00 D) during cataract surgery, these inci-
sions tend to be more unpredictable at higher
levels of astigmatism. The FDA approval in 1998
of the STAAR Toric IOL (STAAR Surgical)
opened the doors for correction of higher 
levels of astigmatism to compliment or replace
corneal astigmatic incisions. The STAAR Toric
IOL is a plate haptic lens design that is current-
ly only available for cylinders of either +2.50 D
or +3.50 D.The +2.00 toric lens corrects approx-
imately 1.50 D of keratometric astigmatism,
while the +3.50 toric lens corrects approximate-
ly 2.25 D. The “TF” model lens has an overall
length of 10.8 mm. The longer 11.2-mm “TL”
model was later released for spherical powers of
<23.5 D. The haptics of the longer lens also have
a matte finish to make them less slippery. Re-
sults have been promising in correcting astig-
matism [37]. However, the major pitfall to these
lenses is the close post-operative monitoring for
detection of early rotation and misalignment of
the lens axis [37].

In contrast to the STAAR Toric IOL,
HumanOptics AG (Erlangen, Germany), has
worked during the past few years to develop a
three-piece, foldable toric IOL. The MicroSil
Toric IOL has lens powers ranging between
–3.00 and 31.00 D and cylindrical powers 
ranging from 2.00 to 12.00 D. This MS 6116 TU 
type lens is a posterior chamber lens which fea-
tures stable PMMA haptics in a z-design, as well
as a 6-mm optic made of silicone. The IOL’s
overall diameter is 11.6 mm. Implanting the Mi-
croSil Toric lens is somewhat more difficult
than inserting a conventional PCIOL because 
of the shape of its haptics. Early studies show
promising results in Europe, but once again,
stability of the lens in the capsule is of concern
[18].

While many new lenses are being develop-
ed to correct for high astigmatism, viable solu-
tions are being offered to correct for high levels
of myopia and hyperopia. Clear lens extrac-
tion or refractive lens exchange, an extension 
of cataract surgery for purely refractive goals,
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is becoming a frequent option for those patients
in the extreme levels of myopia and hyperopia.

Summary for the Clinician

∑ Multifocal intraocular lens offer a pseudo-
accommodation effect for patients

∑ Accommodative intraocular lens implants
such as the CrystaLens and the 1CU use the
ciliary body to offer accommodation

∑ Toric lenses are available to correct cataract
patients with high levels of astigmatism

11.5
Crystalline Lens Replacement

Since the first implantation of an artificial in-
traocular lens in 1949, ophthalmologists have
envisioned the day when the cataractous human
lens would be replaced by a pliable, accom-
modative lens inside an intact capsular bag [27].
For many years, researchers have investigated
this concept through the development of liquid
or flexible polymer materials that could be in-
jected into the empty capsular bag. Pfizer Cor-
poration is developing a polymer that surgeons
can inject through a 1-mm capsulorhexis to re-
fill the capsular bag, and there are a number of
other companies with similar technologies on
the horizon. The SmartLens (Medennium,
Irvine, CA) is an innovative technology that
uses a thermodynamic, hydrophobic acrylic
material that is packaged as a 30-mm long,
2-mm wide cylinder rod at room temperature
that expands at body temperature to a biconvex,
9.5-mm diameter, 2- to 4-mm thick lens. The
transformation from the rod to a biconvex, flex-
ible lens takes about 30 s. The hydrophobic
acrylic has a high tackiness that will adhere
closely to the capsule to minimise lens epithelial
cell migration and reduce mechanical stability
and decentration concerns.

Current trends in cataract surgery are to im-
prove cataract removal through generating less
heat, improving safety and precision, and in-
creasing efficiency. Conventional phacoemulsi-
fication employs ultrasonic vibration to emulsi-
fy the cataract. Ophthalmologists around the
world have successfully adapted to this tech-
nique. Alternatives include the Dodick Laser

Photolysis system (A.R.C. Laser, Salt Lake City,
UT), which uses a Nd:YAG laser discharging
against a titanium target to produce vibrations
causing phacolysis of the lens nucleus. Another
company, Paradigm Medical, produces the Pho-
ton pulsed Nd:YAG laser-driven system, which
directly ablates the  lens. Outside the United
States, at least two companies, both from Ger-
many – Asclepion-Meditec (with its PhacoLase)
and WaveLight (with its Adagio System) – have
successfully brought erbium:YAG laser-driven
phaco systems to the European market. A num-
ber of other companies are investigating low-
energy approaches to cataract removal, includ-
ing the SonicWave system from STAAR
Surgical, which uses non-thermal sonic energy
rather than ultrasonic energy to break up the
cataract. Finally, Alcon has licensed a technolo-
gy called phacogelation or liquefaction, which
involves the use of heated saline solution to
weaken the chemical bonds of the cataract in
preparation for its removal.

With the innovations in crystalline lens re-
placement, the preservation of an intact capsu-
lar bag and protection the corneal epithelium
remains of utmost importance. Current cataract
surgery is highly dependent on individual sur-
geon skill. Future cataract surgery technology
strives to improve safe and efficient human
cataract removal within an intact capsule for
every ophthalmologist. “Catarex” (currently 
licensed to Bausch and Lomb for Atlantic Tech-
nology Ventures, New York, NY) involves mak-
ing a small <1-mm incision in the anterior cap-
sule and inserting a high velocity irrigation port
into the lens. The irrigation creates a vortex that
emulsifies the cataract and removes it through
the same irrigation port to leave behind a fully
intact capsular bag. This promising technology
remains under investigation [39].

Ametropia following lens replacement has
been a challenge for ophthalmologists and will
inevitably occur as new refractive techniques al-
ter and complicate lens calculations. The Light
Adjustable Lens (Calhoun Vision, Pasadena,
CA) offers a non-invasive alternative to adjust-
ment of refractive errors post-implantation 
following cataract surgery [38]. The LAL is com-
posed of cross-linked silicone polymer matrix,
a guest macromer, and a photoinitiator. The
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LAL polymerises after application of appropri-
ate wavelength of light onto the selected regions
of the implanted lens causing changes in the
curvature of the lens and a corresponding 
increase or decrease in lens power. The process
may be repeated until the desired correction is
obtained. The surgeon may then irradiate the
entire lens causing it to “lock in” the power of
the lens. FDA trials are ongoing for this lens
[38].

Future genetic and biological research may
offer a non-surgical cure for cataracts. Pharma-
cologic advances to prevent cataracts are being
heavily investigated. In the future, for those re-
quiring cataract surgery, lens implants may re-
duce presbyopia, decrease the exposure of
harmful UV rays to the retina, as well as min-
imise higher order aberrations of glare and ha-
los. Lens extraction and replacement will no
longer simply be a way to treat cataracts, but a
tool to create visual capabilities above and be-
yond what currently exists.

Summary for the Clinician

∑ Research to improve the safety and efficacy
of cataract surgery focus on preserving 
the capsular bag, protecting the cornea and
improving the lens implant technology

∑ The LAL offers a non-invasive technique to
change lens power in post-cataract surgery
patients

∑ Pharmacologic methods to prevent 
and cure cataracts remain under intense 
research

11.6
Phakic Intraocular Refractive Lenses

The concept of inserting a lens to correct refrac-
tive error in a phakic eye dates back several
decades. However, many early prototype im-
plant designs were abandoned due to secondary
corneal decompensation, glaucoma, and in-
flammation.

Phakic refractive lens technology was revis-
ited again in the late 1980s by Worst of the
Netherlands and Fechner of Germany, who pro-
posed that modifications of existing anterior
chamber lens designs could be used to avoid

corneal oedema and inflammatory problems
associated with previous designs [15, 25]. This
was achieved by vaulting the lens design and us-
ing the mid-peripheral iris for lens attachment.
Baikoff of France then developed another varia-
tion on anterior chamber lens design [21]. Con-
sequently, in 1990, a group of Russian ophthal-
mologists began investigating the concept of a
foldable silicone phakic refractive lens that
could be fixated in the ciliary sulcus of the pos-
terior chamber [17]. Since then, many phakic in-
traocular lens designs have emerged. Today, the
designs can be classified by the way they are fix-
ated in the eye: (1) anterior chamber angle, (2)
iris and (3) posterior chamber.

There are two major anterior chamber angle
fixated lenses in production that have published
outcomes – the NuVita MA20 and the ZSAL-4.A
type of iris-fixated phakic IOL, the Artisan lens
(Ophtec, Boca Raton, FL), is a one piece poly-
methylmethacrylate (PMMA) lens which has
iris claws on either side of the optic; the overall
length of the implant varies from 7.2 to 8.5 mm,
the size of the optic. The haptics are fixed to the
mid-periphery of the iris through the mecha-
nism of the claws on either side of the lens. Fu-
ture designs are working toward a foldable lens.
The Implantable Contact Lens (ICL) is a poste-
rior chamber lens developed by Staar Surgical.
With the aid of a widely dilated pupil and sim-
ple specialised instruments, each footplate of
the plate haptic is tucked into the posterior
chamber. Another posterior chamber fixated
lens is the Phakic Refractive Lens (PRL), manu-
factured by Medennium, and distributed by
CIBA Vision. According to its makers, the lens’
distinction is that it is designed to float on the
crystalline lens – there are no feet to its plate
haptics.

In all phakic IOLs, the anterior chamber size
is crucial for inclusion or exclusion of patients.
Cataract formation, corneal endothelial dam-
age, and glaucoma remain major complications
of the surgery. Long-term concerns regarding
the implanted phakic IOLs include the increase
in size of the natural crystalline with increasing
age and cataract formation leading to a decrease
in the depth of the anterior chamber and crowd-
ing of the posterior chamber, further exaggerat-
ing pathologic processes. While the results of
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phakic IOLs are highly predictable, long-term
data are limited.

Current indications for their implantation
include extreme refractive errors of both hyper-
opia and myopia. These lenses have the advan-
tage of correcting extreme refractive errors
without loss of accommodation by leaving the
natural lens undisturbed. They also avoid any
alteration in corneal curvature and asphericity.

Investigation will continue in this particular
area of refractive technology and may centre on
improved lens designs incorporating accom-
modative and telescopic capabilities.

Summary for the Clinician

∑ Phakic intraocular lens implants offer 
a new refractive solution for high myopes
and hyperopes

∑ Phakic IOL designs are differentiated by
their placement in anterior chamber angle,
attached to the iris or in the posterior
chamber

∑ Cataract formation, corneal endothelial
damage and glaucoma are the main 
concerns for phakic IOLs

11.7
Conclusion

Refractive surgery remains one of the most ex-
citing aspects of ophthalmology because of the
technology and innovations in the field. Future
advancements in biotechnology, genetic engi-
neering and neural networks will dramatically
further the field of refractive surgery. With the
advent of gene mapping, the genes responsible
for high myopia, hyperopia and astigmatism
may be identified and possible recombinant
DNA technology may be able to treat these
problems. Gene replacement therapy may solve
degenerative eye diseases such as presbyopia
and cataracts. Researchers also hope to use im-
plantable chips for retinal diseases which may
use this new technology to create in a sense
“bionic”eyes and artificial vision.Continued re-
search, experience and testing will bring many
solutions and tools for refractive surgeons of
the future to provide quality vision to patients.
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12.1
History

The history of LASIK dates back to 1950 when
Jose I.Barraquer was the first to describe adding
or removing corneal tissue as an option to
changing the refractive status of the eye. He
called this procedure keratomileusis [3]. Initial-
ly, Barraquer performed a free-hand dissection

of the cornea to create a lamellar cut. Later, he
developed the mechanical keratome with a suc-
tion ring, which has in principle been used un-
til today. Barraquer removed a corneal disc with
a thickness of about 350mm which was deep-
frozen and lathed like a contact lens to achieve
the desired refractive change. The disc was fi-
nally sutured back onto the cornea [4]. Because
of the bulky machinery required, the steep
learning curve and the high incidence of com-
plications, keratomileusis never gained wide-
spread acceptance. Later on, Luis Ruiz, a student
of Barraquer, developed the technique of “ker-
atomileusis in situ”. Initially, a corneal disc was
removed, and a second cut with a smaller diam-
eter was performed to remove some central
corneal tissue, thereby creating flattening of the
cornea once the disc was replaced. Later on, this
technique was refined by the use of a hinged
flap instead of the disc. The diameter and the
thickness of the second cut were varied accord-
ing to an elaborate nomogram to correct differ-
ent amounts of myopia. This technique, termed
“automated lamellar keratoplasty” (ALK),
gained considerable popularity especially in the
US prior to the approval of excimer lasers by the
FDA. The advantages of ALK were the ease of
surgery, a fast visual rehabilitation, and limited
regression. Disadvantages included lack of pre-
cision and a high incidence of irregular astig-
matism [26]. While the use of a lamellar cut
must be attributed to Barraquer, the combina-
tion of a hinged corneal flap with an excimer
laser ablation was introduced by Ioannis Pal-
likaris in 1989. He also coined the term “laser in
situ keratomileusis” (LASIK), which became ac-
cepted world wide [15]. Back in 1990, Pallikaris’
publication attracted little attention. Only when
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∑ LASIK provides excellent predictability,
stability, visual acuity and quality of vision
in low to moderate myopia and hyperopia,
but is not recommended for routine use 
in extreme myopia and high hyperopia

∑ LASIK has a low incidence of long-term 
side effects but transient dry-eye syndrome
typically occurs, and night vision is some-
what reduced in high corrections

∑ Retreatments are a normal part of LASIK
and occur in about 10% of cases

∑ Microkeratome-related flap complications
are extremely rare today

∑ The interface after LASIK presents a new
space that allows accumulation of cells 
or fluid, creating new diagnostic entities
such as diffuse lamellar keratitis (DLK)

∑ Severe complications such as corneal 
ectasia are extremely rare and usually 
related to preoperatively undiagnosed
corneal pathology

∑ Customised LASIK using wavefront 
technology induces fewer aberrations 
and is an evolving technology holding 
considerable promise

Core Messages



Luis Ruiz and others started to combine ALK
with excimer laser ablation, called “ALK-Ex-
cimer”, the procedure to be called LASIK today
became popular and attracted the attention of
more and more surgeons from all over the
world. I still vividly recall listening to the first
presentation on “ALK-Excimer” by Luis Ruiz at
the annual meeting of the European Society of
Cataract and Refractive Surgery (ESCRS) in
Innsbruck, Austria, in September 1993. I called
him the next day and flew to Bogota to learn this
procedure. In those early days, we all performed
LASIK for excessive levels of myopia. We felt
that, because of the lack of scarring, which was
the main issue in PRK at that time, LASIK could
be used even in these extreme myopes [12]. We
know better today, and more details are given in
the section on quality of vision. In the early
days, the “Automatic Corneal Shaper” (ACS)
(Fig. 12.1), the keratome designed by Luis Ruiz
based on the old Barraquer microkeratome, was
the instrument of choice. Today, a large variety
of microkeratomes is available, and their safety
and precision have improved greatly since their
first appearance.

As LASIK still uses the same principle as the
original keratomileusis technique, it seems jus-
tified to assume that long-term complications
should be similar. One of the biggest concerns
in this regards is the delayed occurrence of
corneal ectasia, which has been observed after
LASIK in some cases [22].Although the number

of eyes which underwent keratomileusis is
small, a high incidence of ectasia was not ob-
served. It seems likely, therefore, that keratecta-
sia will not develop in a large number of eyes af-
ter LASIK but rather be limited to a few cases,
most of which are previously undiagnosed
forme fruste of keratoconus [22].

Summary for the Clinician

∑ LASIK has evolved from keratomileusis,
introduced by Barraquer, and therefore 
enjoys a track record of more than 40 years

∑ Long-term complications such as keratecta-
sia seem rare and are usually caused by 
preoperatively undiagnosed corneal pathol-
ogy

12.2
Patient Selection, Technique and Results

12.2.1
Patient Selection

LASIK is a safe and predictable procedure, but it
is not indicated for everybody. Based on the
published results described above and on the
considerations regarding quality of vision (see
Sect. 12.4), it can be stated as a general rule that
precision and quality of vision are highest in
low refractive errors. Excellent results are
achieved in low to moderate myopia (up to
about –5 D), followed by low hyperopia (up to
+3 D), but results are not as good in high myopia
(–5 to –10 D) and poor in extreme myopia (over
–10 D) and high hyperopia (over +4 D). Obvi-
ously, these numbers are not absolute but in-
clude some simplification. Besides the amount
of correction, other variables such as corneal
thickness, diameter of the pupil at various light
levels, and the visual demands of the respective
patient are extremely important. There has
been much controversy regarding the role of
pupil size in affecting post-operative quality of
vision [19]. Some surgeons will exclude patients
whose scotopic pupil size exceeds the diameter
of the intended ablation. Others, however, feel
that, with ablation zones of 6 mm and larger and
well-centred ablations, there may be no rela-
tionship between pupil size and the incidence of

190 Chapter 12 LASIK – Laser In Situ Keratomileusis

Fig. 12.1. The Automated Corneal Shaper (ACS).
This microkeratome accompanied the success story
of LASIK and is still in clinical use by some surgeons
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Fig. 12.2. Orbscan topographic map of an eye with keratoconus

Fig. 12.3. Orbscan topographic map of an eye with early pellucid marginal degeneration



severe halos and other unwanted visual effects.
Besides the refractive error,other conditions are
also critical. To perform LASIK, the cornea
should be normal. It is especially important to
rule out any progressive corneal disease such as
keratoconus or even forme fruste of kerato-
conus. Figure 12.2 shows a typical keratoconus,
while Fig. 12.3 shows a patient with an early
stage of pellucid marginal degeneration. As
LASIK weakens the cornea, any pre-existing
weakness might be enhanced, resulting in
corneal ectasia after LASIK [22]. Besides
corneal disease, severe dry-eye syndrome,
cataract and advanced glaucoma are con-
traindications for LASIK. Diabetes seems ac-
ceptable, but any stage of diabetic retinopathy
presents a contraindication. There should also
be no macular degeneration. It is beyond the
scope of this chapter to describe the limitations
of LASIK in exhaustive detail; however, one 
useful reference for patients is the patient edu-
cation website established by the American 
Society of Cataract and Refractive Surgery:
www.eyesurgeryeducation.com/Candidate.html.

12.2.2
Technique

LASIK has become a highly standardised proce-
dure which provides excellent and predictable
results. It is usually performed as a bilateral
simultaneous procedure under topical anaes-
thesia. Many surgeons also prefer to use some
sedation to relax the patient. State of the art is
the use of an automated mechanical microker-
atome to create a corneal flap with a thickness
of between 120–160mm and a diameter of
8–9.5 mm. The hinge is either placed superiorly
or nasally. Once the flap is cut and elevated, ex-
cimer laser ablation of the stromal bed is per-
formed. Today’s laser systems mostly use some
kind of scanning beam or flying spot technolo-
gy and an active eye tracking to compensate for
eye movements. Ablation complications such as
central islands, irregular ablations and decen-
trations are rarely observed today. After the ab-
lation, the corneal flap is replaced. It reattaches
without the need for sutures. Post-operatively, a
combination of antibiotics and steroids is ad-

ministered for up to 1 week. In addition, lubri-
cating eye drops are used for up to several
months, depending on the severity of the post-
surgical dry-eye syndrome (see Sect. 12.3).

12.2.3
Results

Looking at the results of LASIK surgery, I will
initially report the results of our group of LASIK
centres in Germany to demonstrate how LASIK
performs outside a clinical study environment.
In addition, a few of the most recent clinical
studies published will be presented. We evaluat-
ed a total of 8,725 non-selected consecutive eyes
operated at the FreeVis LASIK Centres in
Mannheim, Fuerth, Munich and Hamburg, Ger-
many, in 2001. In all, 7,794 eyes were myopic,
while 931 were hyperopic.
Mean preoperative myopia was –4.83±2.39 D
(range, –0.5 to –11.0 D). At 1–3 months after
LASIK, mean refractive error was –0.04±0.49 D
(range, –4 to +2 D). At total of 61% were within
±0.25 D, 84% within ±0.5 D, 95% within ±1 D,
and 99% within ±2 D of target refraction. Pre-
operatively, spectacle-corrected visual acuity
was 20/15 or better in 16%, 20/20 or better in
72%, 20/25 or better in 94% and 20/40 or better
in 99%. At 1–3 months after LASIK, uncorrected
visual acuity was 20/15 or better in 8%, 20/20 or
better in 48%, 20/25 or better in 76% and 20/40
or better in 95%. In all, 3% of eyes lost two lines
of spectacle-corrected visual acuity.

Results were slightly less accurate in hyper-
opic LASIK. Mean preoperative hyperopia was
1.12±1.6 D (range, 0–3.75 D). At 1–3 months after
LASIK, 50% were within ±0.25 D, 69% within
±0.5 D, 91% within ±1 D and 99% within ±2 D.
Preoperatively, spectacle-corrected visual acu-
ity was 20/15 or better in 7%, 20/20 or better in
48%, 20/25 or better in 85% and 20/40 or better
in 98%. At 1–3 months after hyperopic LASIK,
uncorrected visual acuity was 20/15 or better in
1%, 20/20 or better in 20%, 20/25 or better in
53% and 20/40 or better 87%. A total of 8% lost
two lines of spectacle-corrected visual acuity.

Overall, 91.2% of patients were extremely
happy, an additional 8.6% were satisfied, and
0.2% were not satisfied with their result.
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Looking at LASIK results in the literature,
there is a vast number of publications on LASIK,
but it is very difficult to find one that reports
long-term results on a significant number of pa-
tients. Most of those available are no longer up
to date, as outdated equipment was used. I will
therefore just report two publications. One is by
a Canadian group who used a modern flying
spot laser (Technolas 217z, Bausch & Lomb,
Rochester, NY) on 236 eyes with –0.5 to –7 D of
myopia [2]. After 6 months, uncorrected visual
acuity was 20/20 or better in 81.9% and 20/40 or
better in 94.6%. In all, 73% were within ±0.5 D
of target refraction,and 91.2% were within ±1 D.
None lost two or more lines of spectacle-cor-
rected visual acuity.

The second publication is by McDonald and
coworkers who reported the results of LASIK
with the LADARVision excimer laser, another
modern flying spot laser, in 177 eyes with my-
opia of up to –11 D [13]. At 6 months, uncorrect-
ed visual acuity was 20/20 or better in 60.5%,
20/25 or better in 80.3%, and 20/40 or better in
93.9%. Refraction was within ±0.5 D in 75.2%
and within ±1 D in 94.9%. A loss of two lines of
spectacle-corrected visual acuity occurred in
0.6%.

The incidence of retreatments after LASIK
varies depending on the level of preoperative
myopia, whether or not astigmatism was pres-
ent, and with age. Overall, an incidence of 10.5%
was reported in a representative study which
analysed the results of 2485 eyes [9]. A retreat-
ment can therefore not be termed a “complica-
tion”, but rather a normal part of the procedure.
It is caused by a number of factors, the most im-
portant one being epithelial healing which
tends to counter the shape change induced by
the excimer ablation. As retreatments are fre-
quent, and something “normal”, patients must
be informed accordingly. In addition, surgeons
must factor a possible, or likely, retreatment into
their calculations when they perform LASIK.
This means that the initial LASIK procedure
should never be planned to approach the limits
of tissue ablation in the respective cornea.There
should always be some allowance for a possible
retreatment.

Summary for the Clinician

∑ LASIK is predictable and efficient in 
myopia and hyperopia. Predictability 
is highest in low to moderate myopia and
somewhat lower in high myopia and hyper-
opia. LASIK should not be used in extreme
myopia and high hyperopia

∑ Retreatments are a normal part of LASIK
and are required in about 10 % of cases

12.3
Complications

Dry-eye syndrome is the most important side
effect of LASIK. It is caused by the severing of
the corneal nerves, which leads to tear film ir-
regularities and also has a neuroparalytical
component. Symptoms are dryness and fluctu-
ating vision. Treatment consists of lubricating
eye drops or gels and patient counselling.
Other options include punctum plugs, per-
manent punctual occlusion or, lately, the use of
cyclosporine eye drops. Symptoms persist for
up to several months, rarely years, but ultimate-
ly disappear in almost all cases. It is, however,
important to inform patients preoperatively
about the post-LASIK dry-eye syndrome.

12.3.1
Microkeratome-Related Flap Complications

These complications occur during the micro-
keratome cut and represent the largest group of
flap complications. There is clearly a historical
trend that shows improvement of the rate of
complications in modern microkeratomes. In a
study by Stulting et al. [30], the rate of complica-
tions in 1,062 consecutive eyes operated with the
Automated Corneal Shaper by 14 surgeons be-
tween May 1995 and December 1996 was report-
ed. A total of 27 eyes (2.5%) had flap complica-
tions during primary surgery, 17 of which could
not be ablated at the time of primary surgery. In
a study by Gimbel et al. [7] on the first 1000 con-
secutive cases operated between April 1995 and
February 1997 using the Automated Corneal
Shaper by one surgeon, 19 (1.9%) microker-
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atome-related complications were observed.
The incidence of microkeratome-related com-
plications showed a clear learning curve, with
4.5% during the first 100 cases and 0.5% be-
tween case 800 and 1000 [7].

In a more recent study of 3826 eyes operated
between November 1996 and August 1998,
microkeratome-related flap complications oc-
curred in 27 eyes (0.68%) [28]. In 16 eyes, abla-
tion was not possible, and another microker-
atome cut was performed after 3 months. Two of
the 16 eyes (12.5%) had a microkeratome-relat-
ed flap complication again, but none of the 16
eyes lost two or more lines of visual acuity. This
suggests that making another microkeratome
cut after 3 months is generally safe [28]. How-
ever, it does not mean that a re-cut should be
used in all enhancements. Re-cutting should
rather be limited to cases with microkeratome-
related flap complications, as presented by
Rubinfeld, who reported on several cases with
significant visual loss caused by irregular astig-
matism due to tissue loss after a re-cut [24].

Pallikaris et al. [16] reported microkeratome-
related flap complications in 14.37% (48 of 334
consecutive eyes) operated between September
1997 and November 1998 by one surgeon using
the Flapmaker, a disposable microkeratome.
Their study is interesting because the authors
performed laser ablation in 37 of these eyes
despite the flap complication. The ablation re-
sulted in central corneal scars, haze, irregular
astigmatism and loss of one line of spectacle-
corrected visual acuity in many of the eyes. The
author feels that, based on these data, it is
strongly recommended not to perform laser ab-
lation at the time a microkeratome-related flap
complication occurs. Rather, it should be stan-
dard practice to replace the abnormal flap and
retreat the eye between 2 and 6 months later by
re-cutting it using a thicker flap, if possible, but
never a thinner one.

One of the largest and most recent studies re-
ports the incidence of microkeratome-related
flap complications in 84,711 eyes operated by
640 surgeons in 28 national open-access laser
facilities between November 1998 and May 2000
[11] using both the Automated Corneal Shaper
and the Hansatome. Microkeratome-related flap
complications occurred in 256 eyes (0.302%).

There were 84 (0.099%) partial flaps, 74
(0.087%) thin or irregular flaps, 59 (0.074%)
buttonholes, 29 (0.034%) failures to achieve in-
traocular pressure and ten (0.012%) free flaps.
In a subset of data between December 1999 and
May 2000, the authors were also able to com-
pare the Automated Corneal Shaper and the
Hansatome. They found a high incidence of
6.38% (21 of 329 eyes) for the Automated
Corneal Shaper and a very low incidence of
0.16% (46 of 28,201 eyes) for the Hansatome
[11]. The authors state that the low rate of micro-
keratome-related complications reflects a sig-
nificant improvement in microkeratome tech-
nology.

12.3.2
Other Flap Complications

These include post-operative flap slippage and
folds. Flap slippage and folds were reported by
Waring et al. [30] using the Automated Corneal
Shaper in 13 of 1062 eyes (1.2%). The study by
Gimbel et al. [7] reported 18 (1.8%) slipped or
folded flaps using the same microkeratome. In a
more recent study, Recep et al. [23] reported flap
slippage in 21 (1.42%) of 1481 eyes operated be-
tween January 1997 and May 1998 using a Moria
microkeratome. Flap slippage was detected at
1 h in 15 eyes, at 1 day in two eyes, and at 1 week
in three eyes. One eye had a slipped flap both at
1 day and at 1 week. Fine flap striae, so-called
microstriae, usually have little or no affect on
vision and therefore require no treatment.
Large flap folds, or macrostriae, cause loss of
vision and require treatment. Figure 12.4 shows
macrostriae 1 day after LASIK. In the first few
days after surgery, they can usually be managed
by refloating and stretching the flap. Macrostri-
ae that are present beyond the first week or two
may not respond to simply refloating and
stretching, but good results can achieved by su-
turing the flap [10], or with phototherapeutic
keratectomy.
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12.3.3
Interface Complications

There are a variety of complications that can
occur at the interface. The most frequent one is
diffuse lamellar keratitis (DLK). Epithelial in-
growth, infection and abscess, and fluid accu-
mulation are other complications which are
located at the interface.

12.3.3.1
Diffuse Lamellar Keratitis

Diffuse lamellar keratitis is a non-specific re-
sponse to an insult to the cornea. In rabbits, it
was shown that as little as 50 endotoxin units
cause grade 2 of diffuse lamellar keratitis [18].
Clinically, diffuse lamellar keratitis presents as a
diffuse or multifocal infiltrate defined to the in-
terface, usually 1–6 days after LASIK. It is a diag-
nostic entity that can be observed after LASIK
only as it requires the space within the anterior
stroma created by the keratotomy. Within this
space, granulocytes and other inflammatory

cells accumulate [5]. Treatment consists of po-
tent topical steroids hourly and daily exams. It is
important to intervene early in the post-opera-
tive course. In stage 3 (diffuse lamellar infiltrate
with snowball-like cell condensate) or deterio-
ration of stage 2 (diffuse mono-layered lamellar
infiltrate), re-intervention and irrigation of the
interface should be performed immediately. In
contrast, should stromal melting or even scar-
ring already be present, it seems advisable not to
lift the flap and irrigate as the course cannot be
improved [17], and scarring might even be more
pronounced due to tissue loss during re-inter-
vention.

Diffuse lamellar keratitis occurs more fre-
quently if epithelial defects are present [25]. It is
usually confined to the interface area underly-
ing the epithelial defect. It is extremely impor-
tant to diagnose it and to use steroids despite
the epithelial defects as corneal melting and
scarring may develop otherwise. Diffuse lamel-
lar keratitis may also develop without any direct
flap manipulation. Harrison and Periman [8]
presented a case report of a patient who had a
recurrent corneal erosion 3 months after LASIK
and developed diffuse lamellar keratitis.Anoth-
er case of late-onset diffuse lamellar keratitis
was reported by Probst and Foley [21]. These
cases indicate that diffuse lamellar keratitis has
several causes. Most frequently, it seems to be
induced by some toxins or allergenic agents in-
troduced during surgery. It can also be caused
by trauma to the cornea, e.g. epithelial erosions,
even months after LASIK. In these cases the in-
terface seems to provide an empty space where
the inflammatory cells can accumulate [8].

12.3.3.2
Epithelial Ingrowth

Epithelial ingrowth requiring surgical removal
was reported to occur in 35 (0.92%) of 3786 eyes
by Wang and Maloney [29]. In 42 of the 43 eyes,
the ingrowth was continuous with the surface
epithelium, suggesting a post-operative inva-
sion rather than intraoperative implantation of
epithelial cells. A total of 14 of the 43 eyes had a
post-operative epithelial defect and six of the 43
eyes had loose epithelium intraoperatively, sug-
gesting a higher incidence of epithelial in-

12.3 Complications 195

Fig. 12.4. Macrostriae 1 day after LASIK



growth in the presence of an abnormal epitheli-
um. The authors also found a higher incidence
of epithelial ingrowth after re-treatments [eight
(1.7%) of 480 eyes] [29].

12.3.3.3
Microbial Keratitis

Microbial keratitis is fortunately a rare (1 in
5000 to 10,000 cases) but vision-threatening
complication. A review by Alio et al. [1] presents
an excellent overview of most of the cases re-
ported, the appropriate therapy and their clini-
cal outcome.

Mycobacterium species recently emerged as
a leading pathogen in microbial infections after
LASIK [27]. These infections are characterised
by a late onset (mean 20 days, range 11 days to
6 weeks) and a prolonged clinical course despite
treatment, frequently requiring amputation of
the flap [27] or even penetrating keratoplasty.

12.3.3.4
Interface Fluid

The occurrence of interface fluid presents a new
diagnostic entity which can be observed only
after LASIK. As the collagen fibrils do not ap-
pear to heal, the lamellar cut creates a space
within the anterior stroma, which can be filled
by fluid or other matter. There are some case re-
ports describing interface fluid accumulation
[6, 20]. It is caused by steroid-induced glaucoma
leading to corneal oedema, and fluid accumula-
tion in the interface. Applanation tonometry on
the flap will show low or normal readings, the
glaucoma may not be diagnosed and eventually
cause optic atrophy [14]. It is important that 
the rare condition of interface fluid becomes
known to all ophthalmologists. It usually fol-
lows, or is associated with diffuse lamellar ker-
atitis. The keratitis is treated with steroids,
which in turn leads to glaucoma in steroid re-
sponders, and the interface fluid accumulates. It
is important to diagnose this condition by per-
forming tonometry off the flap or at the limbus,
and to initiate proper treatment. Steroids, which
are needed to control the diffuse lamellar ker-
atitis, should be tapered off as soon as possible,
and anti-glaucoma medication must be added.

Summary for the Clinician

∑ Post-LASIK dry-eye syndrome is a typical
side effect within the first post-operative
year and prospective patients should be 
informed accordingly

∑ Microkeratome-related flap complications
are extremely rare but some microker-
atomes, usually disposable ones, exhibit a
far above average rate of complications

∑ The interface after LASIK presents a new
space that allows accumulation of cells 
or fluid, creating new diagnostic entities
such as diffuse lamellar keratitis (DLK)

∑ DLK must be aggressively treated to avoid
permanent scarring

∑ Fluid in the interface suggests steroid-
induced glaucoma

∑ Epithelial ingrowth is rare and caused 
predominantly by invasion, suggesting that
flap quality and apposition are important

12.4
Quality of Vision

All refractive surgical procedures will change
the optics of the eye. Part of this change, name-
ly the change in overall refractive power, is the
actual purpose of the procedure and therefore
welcomed. Another part leads to undesired side
effects and should therefore be minimised.
When I started to perform LASIK in 1993, the
few who performed this procedure corrected re-
fractive errors up to –30 D in some patients. The
more we learned about LASIK in the years to
follow, the more we became aware of the impor-
tance of a new aspect of refractive surgery: the
quality of vision we provided to our patients.
Our patients and we were excited about an un-
corrected vision of 20/25 after we performed a
correction of –20 D. However, as time went by,
more and more of these patients told us how ex-
cited they were,but while they reported good vi-
sion in bright light, their next words were
“...well, as soon as I am in a room everything
gets blurry and foggy. Can you do anything
about this?” In the beginning we might not have
listened carefully enough, but with increasing
experience most of us heard this story over and
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over again, and we started to look for possible
ways to do better. Our interest focused not only
on visual acuity and refraction anymore, but we
began to investigate the quality of vision after
refractive surgery in great detail.

Here we will look at corneal refractive surgi-
cal procedures only, which leaves the change of
corneal refraction and the diameter of the pupil
to be considered. The change of corneal refrac-
tion is defined by the diameter of the part of the
cornea that was corrected and by the amount of
correction (and, to a lesser extent, by the diam-
eter and the steepness of the transition zone, if
any was used).

Retinal images can be calculated using 
“ray tracing”. We used the Technomed C-scan
corneal topography system which is no longer
commercially available. This system offered a
software module called “ray tracing analysis”.
Simplified, this software will, for a given topo-
graphic map, trace rays of light through the re-

spective cornea and pupil and calculate the im-
age on the retina. The effect of the lens will not
be included. Any retinal compensation mecha-
nisms (e.g. Stilles-Crawford Effect) will not be
considered either. Figure 12.5 shows the simulat-
ed retinal images at several pupil sizes and giv-
en amounts of correction. Simplified, these two-
dimensional graphs can be directly compared
with what the patient sees: Two well-defined
small blue spots indicate excellent quality of vi-
sion, while large halos indicate very poor quali-
ty of vision. The halos visible in Fig. 12.5 are
similar to the halos a patient will experience
around lights at the given pupil size. This, how-
ever, does not take into consideration the psy-
chophysical mechanisms of compensation we
use unconsciously to compensate for the halos.
Fortunately, our brain, much like an image-pro-
cessing computer, filters the unwanted informa-
tion (the “halo”), and the halo is not perceived
subjectively. This process explains why many of
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Fig. 12.5. Point images in normal eyes and in eyes after LASIK for myopia at different pupil sizes (images cal-
culated using ray tracing)



our highly myopic patients who underwent
LASIK years ago function reasonably well and
do not complain about halos. On the other
hand, even if the halos are not perceived, the
sheer amount of scattered light will reduce con-
trast sensitivity and quality of vision in these
patients.

In order to compare different myopic correc-
tions, Fig. 12.5 shows a normal eye, an eye which
received LASIK for –3 D with a 6-mm planned
optical zone, an eye that received LASIK for –5 D
with a 6-mm planned optical zone and an eye
which had had LASIK for –11 D with a 5-mm
planned optical zone. Figure 12.5 demonstrates
clearly that the quality of vision decreases with
increasing pupil size for a given amount of cor-
rection. Comparing a –3 D correction to a nor-
mal eye, we see that results are almost identical,
and that a faint halo is visible even at large pupil
sizes only. This demonstrates a high quality of
vision after LASIK in low myopia. Using a 6-mm
or larger planned optical zone size, we will
therefore provide excellent quality of vision to
patients with low myopia.

Results are very different in high myopia.
Looking at a –11 D correction with a 5-mm
planned optical zone, a significant loss of visual
quality becomes obvious even at small pupil
sizes. The halos are large and confluent, which
will correlate to a clinically significant loss of vi-
sual quality. These findings correlate again with
our clinical observation, that small optical
zones and/or high amounts of correction lead to
subjective visual impairment in a certain num-
ber of patients. However, a recent clinical study
was unable to confirm this correlation [19].

In the correction of myopia we must there-
fore not only consider the predictability of our
treatment but also the quality of vision that can
be achieved. We must inform our patients ac-
cordingly. We must tell them that quality of vi-
sion is likely to be poor in corrections of more
than about –10 D, and we should discourage
them to undergo LASIK as other procedures,
providing better quality of vision, such as pha-
kic IOLs are available in this range of correc-
tions. We must also tell them that some loss of
visual quality will occur in corrections of about
–5 to –10 D, perhaps more so in patients with
large pupils. On the other hand, above results

are very encouraging in low myopia. We can in-
form our patients that LASIK, in the absence of
complications, will not alter their quality of vi-
sion significantly. Quality of vision after LASIK
is discussed in greater detail in Chap. 19.

Summary for the Clinician

∑ Quality of vision is an important issue 
after refractive surgery

∑ LASIK will not negatively affect quality 
of vision in low to moderate myopia 
or hyperopia

∑ LASIK will reduce quality of vision 
somewhat in higher myopia (more than
–5 D) and high hyperopia (more than +3 D),
and patients should be informed about 
the reduced quality of vision

∑ The amount of correction that can be 
performed at the cornea is limited,
and extreme myopes as well as high hyper-
opes will have a poor quality of vision 
after LASIK and should therefore not 
be treated

12.5
Customized Ablations

Customized, or wavefront-guided ablations are
likely the standard of the future (see also
Chap. 14). The technology is available and
demonstrates safety and efficacy at least com-
parable to “standard” LASIK. I had the opportu-
nity to work with the Zyoptix system of Bausch
& Lomb, Rochester, NY, from the early days
when the system was developed. The Zyoptix
system consists of three components: the 
Zywave aberrometer, the Orbscan IIz corneal
tomography system and the Technolas 217z ex-
cimer laser. Aberrometer and Orbscan data are
linked to the excimer laser via the Zylink soft-
ware which allows calculation of the treatment
which is stored in a file. Before treatment, the
file is uploaded into the laser. The treatment it-
self is just like a standard LASIK procedure. The
following section will not focus on the Zyoptix
system but describe wavefront-guided treat-
ments from a more general perspective.
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12.5.1
Wavefront Measurements

Most aberrometers available today are so-called
Hartmann-Shack systems. They measure the
overall aberrations of the eye, which include
sphere and cylinder, coma, spherical aberration,
trefoil and others. Based on these data, the sys-
tem calculates a refraction which allows a com-
parison to the manifest refraction and autore-
fractor data. In a sense, the aberrometer is an
advanced autorefractor. It provides accurate re-
fractive data of the optical system of the eye
over the whole area of the pupil. The aberrome-
ter-measured refraction represents the mean of
the best-fit sphere and cylinder values of the to-
tal aberrations measured for a given pupil size.
In other words, it gives us an idea what the
sphere and the cylinder of the eye measured are.
As the aberrometer can only measure the part of
the optical system exposed by the pupil, it is
mandatory to perform measurements with a di-
lated pupil. Dilation can be achieved either by
performing the exam in a dark room, or by the
use of mydriatic agents. The minimum pupil
size for a meaningful measurement is 5.5 mm. A
smaller pupil will lead to too small an optical
zone, and standard LASIK should be used in
these cases rather than wavefront-guided
LASIK. Another issue to be addressed is the
quality of the tear film. As with any optical
measurement on the eye, the quality of the re-
sult depends heavily on the quality of the opti-
cal system. This requires a perfect tear film and
an undisturbed eye. Aberrometry must there-
fore never be performed after a complete eye
exam which included applanation tonometry. It
is also helpful to administer preservative-free
tears in patients with dry-eye syndrome prior to
the exam.

12.5.2
Wavefront-Guided Treatments

After measurement, a treatment file is calculat-
ed and reviewed by the surgeon. The surgeon
must compare the manifest refraction of the eye
and the refraction calculated by the aberrome-

ter. In the case of large discrepancies, it is usual-
ly recommended to perform a standard abla-
tion. The treatment file is uploaded into the
laser and the treatment is performed just like a
standard treatment.

12.5.3
What Are the Benefits 
of Customised LASIK?

Besides a more general benefit that a “custom-
tailored” treatment is performed, we must
analyse the clinical data to identify other bene-
fits. First and most important is the question
whether visual acuity is improved over the pre-
operative level or not. This so-called eagle vi-
sion has caused a lot of public interest. The sad
news is that today’s data do not support the
claim of “eagle vision”. We should therefore not
claim that “eagle vision” can be achieved. This
will rather backfire on us and lead to unhappy
patients because of profound misunderstand-
ings and unrealistic expectations.

If supervision cannot be achieved: is cus-
tomised LASIK better? I strongly believe it is.We
must, however, not look at visual acuity alone.
As we all know, visual acuity is not the appropri-
ate technique to measure visual function. It
rather measures just about 1% of the perform-
ance of the visual system. In order to test the full
capacity of the visual system, we need contrast
sensitivity tests at several pupil sizes or ambient
light levels. These tests are currently done by all
manufacturers, comparing customised and
standard LASIK. Initial results show a better
contrast acuity after customised LASIK at low
ambient light levels (that is, with large pupils)
than after standard LASIK. The reason for this is
that customised LASIK does not induce spheri-
cal aberration, whereas standard LASIK in-
duced significant amounts of spherical aberra-
tion. As of today, the advantage of customised
LASIK is therefore not “eagle vision”, but “owl
vision”, a better vision in dim light, a higher
quality of vision and less halos than that
achieved with standard LASIK.
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Summary for the Clinician

∑ Customised LASIK using wavefront-guided
ablations induces fewer optical aberrations
and therefore provides a better quality of
vision than standard LASIK

∑ Customised LASIK does not improve 
visual acuity to supernormal levels 
(no “eagle vision”)

∑ Customised LASIK is an evolving technique
which holds considerable promise
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13.1
Introduction

Laser subepithelial keratomileusis (LASEK) is a
newly developed, modified PRK technique that
is based on the detachment of an epithelial flap
after the application of dilute alcohol solution,
and subsequent repositioning of the flap follow-
ing laser ablation. The repositioned flap is
thought to act as a natural mechanical barrier
that diminished post-operative pain and de-
creases haze formation [27]. LASEK theoretical-
ly offers the advantages of avoiding the flap
complications of LASIK and, also, addresses the
drawbacks of discomfort and delayed recovery
associated with conventional PRK.

Laser in situ keratomileusis (LASIK) contin-
ues to be the dominant procedure in refractive
surgery [15]. It offers more comfort in the early
post-operative period, faster visual rehabilita-
tion and minimal haze by maintaining the cen-
tral corneal epithelium. However, there are
increasing reports of LASIK complications, par-
ticularly related to flap creation [24, 40, 43].
These include free caps, incomplete pass of the
microkeratome, flap wrinkles, epithelial in-
growth, flap melting, diffuse lamellar keratitis,
keratectasia and an increase in high-order aber-
rations [22–24, 33, 40, 43]. Furthermore, LASIK
is difficult to perform safely in certain situa-
tions, such as very steep or flat corneas, deep-set
eyes, anterior scleral buckles and previous glau-
coma filtering surgery [4].

Photorefractive keratectomy (PRK) remains
an excellent option for mild to moderate correc-
tions, particularly for cases associated with thin
corneas, recurrent corneal erosions, or a predis-
position to trauma [3]. PRK does not structural-
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∑ Photorefractive keratectomy (PRK) 
has been used widely because of its 
predictability and safety in treating 
low to moderate myopia

∑ Laser subepithelial keratomileusis (LASEK),
a modification of PRK, involves the creation
of an epithelial flap that is repositioned 
after laser ablation of Bowman’s membrane
and the anterior stroma.The epithelial
sheet can be generated mechanically 
or using alcohol

∑ The viability and integrity of the epithelial
flap during the LASEK procedure is crucial
for achieving adhesion after flap reposi-
tioning and minimising the wound healing
process

∑ Meticulous titration of the dose and 
exposure time of dilute alcohol solution,
and reproducible LASEK technique will 
be helpful to preserve the viability 
of the epithelial flap

∑ Although potential theoretical advantages
of LASEK over PRK are decreased post-
operative discomfort, faster visual rehabili-
tation and less haze, several studies have
failed to confirm these potential advan-
tages

∑ LASEK may be a viable alternative for 
patients with low myopia, thin corneas 
and life styles that predispose them 
to flap trauma

Core Messages



ly weaken the cornea. Significant post-operative
pain, slower visual recovery and haze might
happen and be deterrents to the patients.

LASEK has become a viable alternative to
PRK and LASIK in selected patients with thin
corneas and patients with lifestyles or profes-
sions that predispose them to flap trauma, in-
cluding athletes or military personnel, for ex-
ample [7]. Early studies suggest that refractive
and visual results of LASEK are comparable to
those of PRK and LASIK. Lower level of haze
formation,relatively fast visual recovery,unifor-
mity of corneal topography and better contrast
sensitivity were reported in patients after
LASEK surgery [12, 27, 32, 35–37].

13.2
Surgical Technique of LASEK and PRK

By salvaging the central epithelium, LASEK is in
essence a hybrid of PRK and LASIK [13]. In the
LASEK procedure, the epithelial is partially re-
moved from Bowman’s layer after the applica-
tion of dilute alcohol, connected at the hinge
area. Laser ablation is applied directly to Bow-
man’s layer as with traditional PRK. The epithe-
lial flap is repositioned in its original position
over the laser ablated stromal surface.

The procedure of LASEK was first performed
at the Massachusetts Eye and Ear Infirmary by
one of the authors (DTA). The original surgical
technique involves preplaced epithelial marked
for accurate realignment, a Carones alcohol dis-
penser to weaken the epithelial sheet by expo-
sure to 18% alcohol for 25 s, a jeweller’s forceps
to locate the dissection, a Merocel sponge to
peel the epithelial sheet and a 30-gauge Rycroft
irrigation cannula to reposition the flap [7].
Camellin and Cimberle described a similar
technique that uses a Janach trephine (Janach,
Italy) to perform a pre-incision of corneal ep-
ithelium, an alcohol solution cone to reserve
20% alcohol for 30 s, and the short side of an ep-
ithelial micro-hoe to detach and fold the epithe-
lium [9]. Epithelial sheet viability and adhesion
are the basis for achieving the potential advan-
tages of LASEK [7]. Hence, various techniques
are developed in an attempt to preserve epithe-
lial flap viability.

13.2.1
Personal Experience (Azar’s Technique)

After anaesthesia and application of a lid specu-
lum, the cornea is marked with overlapping 
3.0-mm circles around the corneal periphery
(Fig. 13.1). An alcohol dispenser consisting of a
customised 7- or 9-mm semi-sharp marker, at-
tached to a hollow metal handle, with a reser-
voir for the 18% alcohol (Fig. 13.2), allows irriga-
tion/aspiration of the alcohol after applying
firm pressure on the central cornea (ASICO,
Westmont, IL) (Fig. 13.3) [7, 11].After 25–30 s, the
solution is absorbed using the suction port
(Fig. 13.4) and a dry cellulose sponge (Fig. 13.5).
One arm of the Azar LASEK Scissors (ASICO;
right and left, Fig. 13.6) is inserted under the
epithelium and traced around the delineated
margin of the epithelium, leaving 2–3 clock
hours of intact margin. The loosened epitheli-
um is peeled as a single sheet using a Merocel
sponge, leaving a flap with the hinge still at-
tached (Fig. 13.7). After laser ablation, an anteri-
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Fig. 13.1 a, b. Marking the paracentral corneal por-
tion (a) with an overlapping floral pattern (b)
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or-chamber cannula was used to hydrate the
stroma and epithelial flap with balanced salt so-
lution. The epithelial flap was replaced on the
stroma under intermittent irrigation. Care was
taken to realign the epithelial flap using the pre-
vious marks and to avoid epithelial defects. The
flap then was allowed to dry for 5 min.
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Fig. 13.2. Azar-Carones LASEK
I/A trephine (ASICO AE-2918)

Fig. 13.3. Alcohol circulation Fig. 13.4. Alcohol absorption

Fig. 13.5. Epithelial flap edge revelation

Fig. 13.6 a, b. Flap elevation by the jeweller’s forceps
(a) or the Azar LASEK Scissor (b) (ASICO AE-5489,
AE-5499)
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13.2.2
Camellin’s Technique

The pre-cut incision is performed with a special
micro-trephine (Janach, Italy). The depth of mi-
cro-trephine is designed to be 70 mm, 80 mm in
8-mm trephines and 90 mm in 9-mm trephine.A
blunt portion of the blade at the 12-o’clock posi-
tion protects the area of the hinge. An alcohol
solution cone (Janach, Italy), which is about
0.5mm or 1mm larger than the trephine, will be
placed on the eye after trephination. Two to
three drops of alcoholic solution will be in-
stilled inside the well and left for 25 to 30 s. The
pre-cut incision is then dried and thoroughly
washed with water. The pre-cut margin is lifted
with a hockey spatula to detach the epithelium,
and the epithelial flap is gently detached, gath-
ered and folded up at the 12 o’clock position [9,
10, 27].

As the pre-incision is not always perfect, an
epithelial micro-hoe is used to complete it. The
hoe is pressed firmly downward and pulled
about 1 mm toward the pupil centre. Alterna-
tively, the epithelium is detached with the short
side of a hockey spatula, making tiny move-
ments almost perpendicular to the margin. The
flap is generated and completed along the entire
area of trephination up to the hinge.

13.2.3
Vinciguerra’s Techinique 
(Butterfly Technique)

To maintain the viability of epithelial cells, Dr.
Vinciguerra proposed a modification of the
LASEK technique that preserves the connection
between the corneal flap and limbus [42].

The butterfly technique requires the use of
the Vinciguerra PRK/LASEK spatula (ASICO,
Westmont, IL) to impart a thin abrasion to 
the paracentral corneal epithelium, from 8 to
11 o’clock in order to spare the optic zone. After
positioning the LASEK OZ chamber that is con-
nected to the LASEK pump, apply 20% alcohol
for several seconds. The length of time depends
on the firmness of the epithelial adhesion noted
during the initial abrasion, with a firmer adhe-
sion requiring a slightly longer time. With the
Vinciguerra-Carones LASEK spatula, cautiously
dissect the epithelium from Bowman’s mem-
brane up to the limbus. It is mandatory to keep
the cornea well hydrated in order to preserve
the obtained loosening effect otherwise the sec-
ond half of the flap will be dehydrated following
completion of dissection of the first half of the
flap.

13.2.4
Gel Assisted LASEK

Dr. McDonald used viscous gel (hydroxypropyl
cellulose 0.3%) to aid in the separation of the
epithelial sheet. The syringe filled with the gel
was connected to the cannula. After epithelial
trephination, a 2.25 round knife scored down to
Bowman’s layer for a distance of 1–2 mm. Ten
drops of sodium chloride 5% were adminis-
tered in order to slightly stiffen the cells and
were then removed. By sawing back and forth,
the epithelial sheet could be lifted. Gel was in-
jected under the epithelium before the cut was
made in the middle by scissors. The flap was
pushed away after application of gel.
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Summary for the Clinician

∑ LASEK using dilute alcohol is a simple,
inexpensive and reproducible technique

∑ The integrity of the epithelial flap and
hinge should be preserved during the
LASEK procedure

13.3
Clinical Results of LASEK vs PRK

Azar et al. reported the clinical results of treat-
ing 101 myopic patients (131 eyes) with the
LASEK procedure [18]. The patients were en-
rolled between 1996 and 2002. The epithelial de-
fect was complete in 98.8% of eyes by 1 week.
Subjective mild pain was reported in 65% of pa-
tients. All but one eye had uncorrected visual
acuity (UCVA) of 20/40 or better at 6 months.At
1 year, UCVA was 20/40 or better in 94% of eyes.
The overall rate of haze formation was 33.1%.
No patients had his corneal haze recorded as
greater than “mild”. The epithelial flap can be
consistently created, peeled and returned using
the technique previously described (see Sect.
13.2.1).

After treating 249 patients, Camellin report-
ed that intraoperative flap management was
easy in 60% of cases, average in 28%, and diffi-
cult in 12% [10]. No pain was experienced by
44% of cases in the first 24 h after surgery, and
80% of the post-operative best spectacle cor-
rected visual acuity (BSCVA) was achieved by
90% of patients 10 days post-operatively.

The series of patients treated with LASEK
show promising results [5, 7, 12, 18, 26, 27, 31, 32,
34–37]. Scerrati compared the results in two
groups of 15 patients treated with LASIK or
LASEK. In post-operative corneal topography,
BSCVA, and contrast sensitivity, the results of
LASEK were superior to those of LASIK [35].
Lohmann et al. and Rouweyha et al. reported 
the results of treating eyes with high myopia 
(21 eyes and 32 eyes, respectively) for up to
6 months follow-up [31, 34]. Lohmann et al. pre-
sented results whereby all patients were within
±1.0 D of emmetropia. On slit lamp biomi-
croscopy, all corneas were transparent and no
haze was noted at the post-operative points.

Rouweyha et al. also reported UCVA of 20/40 or
better in 33 of eyes at day 1; 71% at 2 weeks; and
100% at 3 months.

Lee et al. and Litwak et al. conducted studies
comparing LASEK performed in one eye and
PRK in the other eye [27, 30]. Lee et al. found that
the epithelial defect was healed by the fourth
day in eyes that underwent PRK and by the fifth
day in eyes that underwent LASEK [27]. The
mean epithelial healing time was 3.18±0.50 days
and 3.64±0.63 days, respectively, while the 
difference was not statistically significant
(p=0.10). Similarly, Litwak et al. reported that
the epithelial defect was completely healed by
the fourth day in the PRK and LASEK eyes [30].
The mean epithelial healing time was 3.3±0.5
days and 3.6±0.5 days, respectively (p=0.07).

The subjective pain scores recorded by Lee et
al. at 7 days was significantly higher in the PRK
eye than the LASEK eye (2.36±0.67 versus
1.63±0.81, p=0.047) [27]. At 1 week, UCVA was
20/25 or better in ten eyes that underwent PRK
(37%) and 16 eyes that underwent LASEK
(59%). At 3 months, it was 20/25 or better in 15
eyes that underwent PRK (56%) and 17 eyes that
underwent LASEK (63%). A total of 17 patients
(63%; p>0.05) preferred the LASEK procedure
because of faster visual rehabilitation (three
eyes),painless recovery (ten eyes),and better vi-
sual acuity (four eyes). At 1 month, the mean
haze score was 0.86±0.45 in eyes that under-
went PRK and 0.46±0.24 eyes that underwent
LASEK; this was statistically significant
(p=0.02). At 3 months, the difference was not
statistically significant (p=0.22).

In the series by Litwak et al., 18 patients
(72%) reported more ocular discomfort in the
LASEK eye compared to six patients (24%) who
complained more about the PRK eye at 1 day
[30]. At 3 days, the difference was higher: 80%
complained about the LASEK eye and 4% com-
plained about the PRK eye. At 1 week, the UCVA
was 20/25 or better in 12 PRK eyes and 12 LASEK
eyes (48%). At 1 month the UCVA was 20/25 or
better in 19 PRK eyes (76%) and 20 LASEK eyes
(80%). No eye had lost one or more lines of best
spectacle corrected visual acuity (BSCVA) at the
1-month follow-up examination. At 1 day, pa-
tients reported better vision in four LASEK eyes
(16%) and 20 PRK eyes (80%). At day 3 patients
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reported better vision in one LASEK eye (4%)
and 24 PRK eyes (96%). There was no develop-
ment of post-operative corneal haze at 1 month
in PRK and LASEK groups.

The comparative studies of LASEK versus
PRK showed discrepancies regarding immedi-
ate ocular discomfort, subjective UCVA in these
two studies. The difference may be inherent in
the study population (race and age of the en-
rolled patient), concentration and duration of
dilute alcohol solutions, techniques of epithelial
flap elevation and reposition.

Summary for the Clinician

∑ LASEK is as safe and effective as PRK 
and LASIK

∑ It is not clear whether LASEK is associated
with substantially less pain and haze 
or faster visual rehabilitation than PRK

13.4
Electron Microscopy

13.4.1
Preparation of Specimens 
for Electron Microscopy

The epithelial sheet specimens were obtained
from patients undergoing PRK. The epithelial
sheets were fixed in half-strength Karnovsky
fixative (2% paraformaldehyde and 2.5% glu-
taraldehyde) in 0.2 M sodium cacodylate buffer
(pH 7.4) overnight and post-fixed in 1% osmi-
um tetroxide in 0.2 M sodium cacodylate for
1.5 h. After dehydration in graded alcohol, the
eyes were embedded in epoxy resin (Epon-
Araldite). Thick sections (1mm) were stained
with toluidine blue, and a suitable area contain-
ing basal layers was chosen. The blocks were
trimmed accordingly, thin sectioned (80–90 Å),
stained with 2% uranyl acetate Reynold’s lead
nitrate, and examined with a transmission elec-
tron microscope (model 410; Philips, Eind-
hoven, The Netherlands).

13.4.2
Electron Microscopic Analysis 
of Epithelial Sheets Removed 
Using 20 % Alcohol

Normal corneal epithelia are non-keratinizing,
stratified, squamous epithelia five to seven
layers thick. Desmosomes are present along all
cell membranes abutting other cell membranes.
The cells of the basal layer are columnar, and
hemidesmosomes are present along their basal
plasma membrane adjacent to the basement
membrane. Beneath the epithelium is a unil-
amellar basement membrane that overlies a
thick collagen stroma through which anchoring
fibres extend from the lamina densa [6, 38].

Azar et al. and Chen et al. studied the elec-
tron micrograph of freed epithelial sheets,
which were obtained from 20% alcohol expo-
sure for 20 s [7, 11]. The freed epithelial sheet dis-
played normal stratification. The basal epithe-
lial surface of isolated epithelial sheets showed
blebbing of the basal cell membrane and au-
tophagic vacuoles within the cytoplasm of the
epithelial basal cells of the freed sheet in two of
the four specimens. They also observed variable
basement membrane complex configurations
beneath the epithelial basal cells: unilamellar
basement membrane with focal disruptions
(Fig. 13.8a), irregular and discontinuous 
basement membrane with intact hemidesmo-
some (Fig. 13.8b), disruptions of basal cell
membranes with absent basement membrane
(Fig. 13.8c) and duplicated basement membrane
containing dense bundles of anchoring fibrils
(Fig. 13.8d). The basement membrane layer
showed discontinuous and irregular extracellu-
lar matrix fragments. The adherence of the
basement membrane to the basal layer of the
epithelium is vital because it is believed that the
basement membrane provides the stability and
support that keeps the epithelium intact even
with manipulation, thereby preserving the in-
tegrity and viability of the entire epithelium.
The presence of desmosomes provides anchor-
ing mechanisms for the epithelium to adhere to
the ablated stroma. In addition, Gabler et al. also
demonstrated that the plane of separation after
ethanol exposure in human cadaver eyes was
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between the lamina densa and the Bowman’s
layer [20]. By immunofluorescence studies, the
cleavage plane of alcohol induced corneal flap
was located between the lamina lucida and lam-
ina densa of the basement membrane [16].

Summary for the Clinician

∑ The electron microscopic and histopatho-
logical evaluation indicates that the point of
separation during the LASEK procedure
was likely to be within the basement mem-
brane or between the basement membrane
and the Bowman’s layer

∑ The variation of epithelial-basement 
membrane configuration after dilute
ethanol exposure may be due to variability

between individuals in relation to the 
adherence of the epithelium to the base-
ment membrane or to the variability 
of the effect of alcohol on adhesion 
of epithelial cells

13.5
Corneal Wound Healing 
After the Refractive Process

While laser refractive surgery offers the prom-
ise to correct visual refractive error, biologic
variability in the wound healing response is
thought to be the major factor limiting the pre-
dictability of the outcome of refractive surgery.
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Fig. 13.8 a–d. Transmission electron micrographs
of freed epithelial sheets after 20% alcohol applica-
tion for 25 s (Specimen I, a; II, b; III, c; and IV, d).Vari-
able separation of the basement membrane zone was
seen. a Specimen I showing a localised area of irregu-
lar basement membrane zone (arrow) and basal cell
membrane disruption (arrowheads) (original magni-
fication ¥17,750). b Discontinuous basement mem-
brane zone beneath the basal epithelial cells (arrows),
evident at higher magnification, was associated with
a decreased number of electron-dense hemidesmo-
somes (arrowheads) (original magnification ¥30,000).

c The basal cell membranes and the basement mem-
brane (arrows) were disrupted in Specimen III. Auto-
graphic vacuole formation (arrowheads) was exten-
sive in the cytoplasm (original magnification ¥1650).
d Specimen IV: The freed epithelial sheet retained a
duplicated basement membrane zone. Pockets of
cross-banded anchoring fibrils were arranged in a
network between the layers of basal lamina (arrows).
Electron-dense hemidesmosomes (arrowheads) were
present along the basal cell membrane (original 
magnification ¥17,750). Bar=1mm. (Reproduced from
[11])
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The corneal wound healing cascade is complex
and involves epithelial mitosis and migration,
keratocyte necrosis and apoptosis, myofibrob-
last transformation, extracellular matrix depo-
sition and remodelling and inflammatory cell
infiltration [17, 21 ,25, 29, 44].

13.5.1
Epithelial Wound Healing

During PRK, the central epithelium is complete-
ly removed, while in LASEK, the injury to the
epithelium is limited to an incision or abrasion
through the mid-peripheral epithelium. The ep-
ithelial cells immediately adjacent to the dam-
aged areas flatten, shed their microvilli and de-
velop pseudopodial extensions. The epithelial
cell starts sliding and migration along the tissue
until the epithelial defect is covered [19]. During
the process, the epithelium also plays an active
role in corneal stromal wound healing. The ep-
ithelium can produce both stimulatory and in-
hibitory cytokines related to plasminogen acti-
vation that can affect the release of collagenase
and other proteases, as well as inhibitors of col-
lagenase [28]. The epithelial–mesenchymal in-
teraction will maintain a balance between a
synthesis of new collagen and proteoglycans
with normal assembly and the degradation of
the extracellular matrix to allow the restoration
of normal structure.

13.5.2
Stromal Wound Healing

As soon as the epithelial barrier is broken by the
incision during PRK and LASEK, the stroma be-
gins to imbibe fluid and becomes oedematous
adjacent to the wound. After the injury of the
corneal epithelium, an underlying keratocyte
loss occurs within 1 h. This phenomenon was
first recognised by Dohlman et al. [14]. Kerato-
cyte apoptosis, subsequent replenishment with
activated keratocytes, is an initiator of the
wound healing process that occurs following
PRK and LASEK. Animal studies demonstrated
that superficial keratocytes undergo pro-
grammed cell death mediated by cytokines

released from the injured epithelium, such as
interleukin (IL)-1a, Fas/Fas ligand, bone
morphogenic protein (BMP) 2, BMP 4 and tu-
mour necrosis factor (TNF)-a [8, 45, 46]. Fur-
thermore, tear fluid also contains a wide range
of peptide growth factors and is secreted in in-
creased amount after laser ablation of the stro-
ma [47].Following PRK,an increased amount of
transforming growth factor (TGF)-1 in tear flu-
id was observed, thus leading to keratocyte pro-
liferation, migration, myofibroblast transfor-
mation and synthesis of stromal extracellular
matrix components such as fibronectin and col-
lagen [28, 41].

13.6
Epithelial Cell Viability

Corneal epithelial integrity is essential to main-
taining balanced epithelial–mesenchymal inter-
actions, which play an active role in the chemo-
kinetics of corneal wound healing, keratocyte
apoptosis, myofibroblast transformation and
corneal neovascularization [11]. It is hypothe-
sised that the viability of epithelial flap decreas-
es changes in stromal keratocytes and reduces
the production of extracellular matrix and col-
lagen. This may result in less post-operative
haze formation with LASEK than PRK [4].

The viability of the ethanol-treated epithelial
sheet was further studied in tissue culture for
cell migration and attachment [11]. One of the
three specimens showed outgrowth and attach-
ment of epithelial cells from the epithelial sheet
at days 1–15 (Fig. 13.9). These findings were rein-
forced by the electron microscopic evaluations
of the epithelial tissue specimen in vivo.

Concentrations of ethanol ranging from 10%
to 30% are widely used to remove the corneal
epithelium before PRK [2]. Stein et al. reported
that using dilute alcohol (25%) in 91 cases of
PRK was a safe, effective and predictive method
of removing the epithelium [39]. Abad et al.
found that chemical de-epithelialization with
dilute ethanol (18%) appears to be safe and ef-
fective and might promote faster rehabilitation
[1]. Gabler et al. used 0.1% trypan blue to test
the viability of the epithelial flap of human ca-
daver eyes after alcohol treatment. They ob-
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Fig. 13.9 a, b. Inverted phase contrast photographs
of the tissue culture from one of the three freed ep-
ithelial sheets generated after 20% ethanol treatment
for 25 s. a Epithelial outgrowth was observed at day 1

extending from the original sheet border (arrow-
heads) to the 1-day outer border (arrows). b The cell
attachment and epithelial outgrowth were persistent
until day 15. Bar=50mm. (Reproduced from [11])

a b

Fig. 13.10 a–g. Fluorescein viability stain with cal-
cein-AM/ethidium homodimer of the cells after 10%
(a), 20% (b), 24% (c), 25% (d), 26% (e), and 40% (f)
EtOH-H2O treatment for 20 s. Metabolically active
cells convert non-fluorescent calcein-AM into green
fluorescent polyanionic calcein and exclude ethidium
homodimer (a). Damaged cell membranes allow per-
meation of ethidium homodimer and its binding to

nucleic acids resulting in red fluorescence (f).
Bar=50mm. g Cellular survival after different concen-
trations of alcohol treatment for 20 s. The percentage
of viable cells (with exclusive green fluorescence) was
calculated by counting cells per ten fields at ¥400
magnification. (Reproduced from [11].) Figure 13.10 g
see next page
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served that the epithelial cells were vital for up
to 45 s of 20% ethanol exposure [20].

Chen et al. detected a dose- and time-de-
pendent effect of dilute alcohol on cultured
corneal epithelial cells [11]. The 25% concentra-
tion of dilute alcohol was the inflection point of
epithelial survival (Fig. 13.10). A significant in-
crease in cellular death occurred after 35 s of
20% alcohol exposure (Fig. 13.11). Also, 40 s of
exposure further increased apoptosis after 8 h
of incubation (Fig. 13.12). These findings are
consistent with the clinical observations of var-
ied epithelial attachment to the stromal bed af-
ter LASEK surgery.

Summary for the Clinician

∑ The effect of dilute alcohol on corneal 
epithelial cell viability is dose- and time-
dependent

∑ Application of the optimal dose and 
duration of dilute ethanol will facilitate 
epithelial flap generation, achieve maximal
epithelial survival and subsequent 
adhesion of the repositioned epithelial 
flap to the stromal bed
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Fig. 13.10 g. Cellular survival after different con-
centrations of alcohol treatment for 20 s. The percent-
age of viable cells (with exclusive green fluorescence)

was calculated by counting cells per ten fields at ¥400
magnification. (Reproduced from [11])
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Fig. 13.11 a–g. Fluorescein viability stain with cal-
cein-AM/ethidium homodimer of cells exposed to
20% EtOH-H2O for 20 s (a), 25 s (b), 30 s (c), 35 s (d),
40 s (e), or 45 s (f). Calcein-positive green fluores-
cence indicates metabolically active cells, and ethidi-
um homodimer-positive red fluorescence indicates
damage to the cell membrane and binding to nucleic

acids. Bar=50mm. g Cellular survival with different
exposure times. The percentage of viable cells was
calculated from the number of green, red, and bicol-
ored cells counter per ten fields at ¥400 magnifica-
tion. The control group was treated with 100% KSFM
(0% ethanol). (Reproduced from [11])

a b c

d e f

g



214 Chapter 13 LASEK vs PRK

Fig. 13.12 a–j. TUNEL labelling of cultured corneal
epithelial cells exposed to 20% EtOH-H2O for 20 s
(a–c) and 40 s (d–f) and to EtOH-KSFM for 40 s (g–i).
The TUNEL positivity was evaluated after 8 h (a,d,g),
12 h (b, e, h) and 24 h (c, f, i) of incubation. Maximal
TUNEL positivity after 20 s of EtOH-H2O exposure
was detected at 24 h of incubation (c, 58.05±33.10) and
after 40 s of EtOH-H2O exposure at 8 h of incubation

(d, 94.12±1.21%). Substantially lower TUNEL positiv-
ity was seen after 8, 12, and 24 h of incubation with
EtOH-KSFM for 40 s (g, 0.65± 0.02%; h, 7.11±1.49%; i,
4.52±1.05%). j TUNEL positivity after 8, 12,and 24 h of
incubation of 20% EtOH-H2O for 20 and 40 s and 2%
EtOH-KSFM for 20 and 40 s compared to controls.
Control groups were treated with 100% KSFM for
20 s. (Reproduced from [11])
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14.1
Introduction

Myopia affects approximately 25% of adults in
the United States [24, 43], while 15%–40% of the
normal population have significant astigma-
tism [3, 14]. These conditions can usually be cor-
rected with eyeglasses and contact lenses; how-
ever, many patients pursue refractive surgery to
decrease their dependence upon these devices.
Although refractive surgery has its roots in ra-
dial (RK) and astigmatic keratotomy, the advent
of excimer laser surgery has led to a tremen-
dous decrease in their use as the primary meth-
ods for the surgical correction of refractive er-
ror [9]. As technological advances continue in

photorefractive keratectomy (PRK), LASER in
situ keratomileusis (LASIK), phakic/pseudo-
phakic intraocular lens (IOL) design and crys-
talline lens removal, the question arises: “Is
there a future role for refractive keratotomy in
modern refractive surgery?” In an effort to ad-
dress this question, this chapter will review the
history [5, 26] and principles behind refractive
keratotomy, as well as its evolution through
multiple clinical trials, subsequent complica-
tions and current applications.

14.2
History of Refractive Keratotomy

The use of keratotomy to correct refractive error
originated in the mid-nineteenth century when
Snellen [42] suggested that a corneal incision
placed perpendicular to the steep corneal merid-
ian might induce flattening along that meridian.
The first procedure was not performed until
16 years later when, in 1885, Schiötz used a pene-
trating limbal incision to decrease astigmatism
following cataract surgery [41].Lucciola reported
the first cases of non-penetrating corneal inci-
sions in 1886, where he also attempted to reduce
astigmatism by flattening the steep corneal
meridian in ten patients [28]. The earliest, sys-
tematic studies were performed by Jan Lans,
when he studied the effect of corneal incisions on
the refractive status of rabbits [20]. He defined
the basic principles of refractive keratotomy and
was the first to identify coupling.

The next major advances came from Japan in
the mid-twentieth century with the work of Tsu-
tomu Sato [37, 38]. Sato placed incisions through
the corneal endothelium to reduce myopia after
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∑ Corneal incisions increase the radius 
of curvature perpendicular to the incision.
Radial incisions flatten the central cornea,
while arcuate incisions flatten the corneal
meridian on which they are centred

∑ The effect of radial and arcuate keratotomy
increases with age, as well as length and
number of incisions

∑ Post-operative hyperopic shift and 
diurnal fluctuation are seen in some 
patients following radial keratotomy

∑ The largest role for refractive keratotomy
lies in the management of astigmatism

∑ Peripheral corneal relaxing incisions can 
reduce astigmatism alone, combined 
with cataract surgery, or following PRK,
LASIK and penetrating keratoplasty,
but are limited in their treatment range
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observing corneal flattening in keratoconus pa-
tients following rupture of Descemet’s mem-
brane. He employed posterior, radial corneal in-
cisions for low levels of myopia (2 D) and
combined them with anterior, radial incisions
to treat higher levels. Though initially success-
ful, his posterior incisions eventually resulted in
corneal decompensation, which appeared ap-
proximately 20 years after the surgery.

Fyodorov, Durnev, Yenaliev and other physi-
cians in the Soviet Union were the next major
group to advance the techniques of incisional
refractive surgery with their work in the 1970s
[5]. Expanding on the foundation built by Sato,
they refined his technique by creating nomo-
grams that incorporated multiple surgical vari-
ables to produce more predictable results. Their
initial attempts to introduce RK to the United
States in the early 1970s were unsuccessful.
However, after observing their success in the
USSR, Bores performed the first RK procedures
in the US in 1978.

Though the procedure was initially quite con-
troversial, interest grew and the National Eye In-
stitute (NEI) was motivated to step in and fund
the Prospective Evaluation of Radial Keratotomy
(PERK) Study [49]. The PERK Study began in
1980 as a 5-year, multi-centre, self-controlled
clinical trial to evaluate the safety and efficacy of
radial keratotomy in the treatment of physiolog-
ic myopia. Though limited by its narrow range of
surgical variables, the PERK Study’s high rate of
retention and well-controlled data collection
provided valuable information on the natural
history of incisional refractive surgery.

The 1980s and early 1990s found many inves-
tigators refining different aspects of the proce-
dure. Salz [36], Jester [15], Lindstrom [22], Duf-
fey [10] and others developed human cadaver
eye models to study the effects of incisional
zone diameter, length, depth and pattern on the
reduction of myopia and astigmatism. Deitz [7]
first incorporated the patient’s age into the list
of variables that determined the surgical inci-
sion pattern. Lindstrom [1, 21] continued to in-
vestigate the correction of astigmatism with
arcuate, transverse, and trapezoidal incisions.
Casebeer [5], in addition to using age as a vari-
able in his nomograms, expanded the range of
optical zones, incorporated astigmatic correc-

tion, embraced the concept of surgical enhance-
ment, and developed a bidirectional blade to
safely incorporate the benefits of Russian and
American techniques. These advances helped to
increase the accuracy, safety and predictability
of refractive keratotomy, but as experience
grew, several problems inherent in the surgical
procedure became apparent.

By the mid-1990s, the complications of hyper-
opic drift, diurnal variation, glare, and variabili-
ty of response were well known. At this same
time, excimer laser refractive surgery emerged
from the earlier technique of automated lamellar
keratoplasty. Though initially much more ex-
pensive,PRK and LASIK saw rapid technological
advances and soon their advantages became
readily apparent. By the late 1990s, they had re-
placed refractive keratotomy as the dominant
technique for the surgical correction of refrac-
tive error. Though currently in limited use, inci-
sional corneal surgery remains a useful tool in
the surgeon’s repertoire of refractive procedures.

14.3
Principles of Refractive Keratotomy

Corneal incisions behave as if tissue was added,
increasing the radius of curvature perpendicu-
lar to the incision. Radial incisions increase the
corneal circumference in the mid-periphery
and, since the cornea is otherwise fixed at the
limbus, cause a compensatory flattening of the
central cornea (Fig. 14.1a,b). Since this central
flattening decreases the corneal refractive pow-
er, the technique has been used to reduce my-
opia.The relative reduction in corneal power in-
creases with the length, depth and number of
incisions (Fig. 14.2a,b). Radial cuts that extend
more toward the anterior cornea produce a
smaller central clear zone (also called the opti-
cal zone), but have a greater flattening effect. In-
creasing the number of incisions causes a pro-
portional decrease in the corneal refractive
power, although this relationship is not linear.

Arcuate and transverse incisions (Fig. 14.3) in-
crease the radius of curvature along the meridian
perpendicular to their location, resulting in flat-
tening of the meridian and a reduction in its re-
fractive power.In addition to flattening along the

218 Chapter 14 Refractive Keratotomy: Does It Have a Future Role in Refractive Surgery?



14.3 Principles of Refractive Keratotomy 219

principle meridian,the cornea steepens along the
meridian 90° away (Fig. 14.1c,d). This concept
has been called coupling and was described by
Thornton in his restatement of Gauss’s law of
elastic domes. Thornton’s “law of modified living
elastic domes” states that the change in the per-
pendicular meridian is proportional to the
change in the primary meridian reduced by the
increase in circumference [44].Such behaviour is
analogous to a cross cylinder change in the
corneal refractive power and is usually described
as the ratio of flattening in the primary meridian
to steepening in the orthogonal meridian.A cou-
pling ratio of 1:1 produces equal and opposite
changes along the perpendicular meridians and
thus has no effect on the spherical equivalent.

Fig. 14.1 a–d. Effect of corneal
incisions with respect to orien-
tation. a Radial incisions behave
as if tissue was added to the
cornea. b Radial incisions in-
crease the circumference of the
mid-peripheral cornea (black
arrows) and cause flattening of
the central cornea (white 
arrow). c Arcuate or transverse
incisions increase the radius of
curvature along their principle
meridian. d Flattening along 
the meridian of the arcuate 
incisions (black arrows) is 
coupled to steepening along 
the meridian 90° away (white
arrows)

a b

c d

Fig. 14.2 a, b. Radial keratotomy. a Eight-incision
RK with a single transverse incision crossing the 12:30
cut. Note that the 1:30 incision contains several 
epithelial cysts which appear as white dots along the
line of the cut. b Four-incision RC with slightly decen-
tered optical zone

Fig. 14.3. Transverse keratotomy incision crossing a
radial keratotomy cut

a

b



The flattening effect of arcuate and trans-
verse keratotomy (AK and TK) increases with
incision number, length and depth. Arcuate in-
cisions have a slightly greater effect than trans-
verse incisions because their actual length is
about 10% greater along the curve [4]. In addi-
tion, anterior incisions will also have more ef-
fect than peripheral incisions for a given arc
length. The coupling ratio can be highly vari-
able, but generally increases with the distance
from the limbus (i.e. more anterior incisions
produce more flattening relative to steepening).
The coupling effect is reduced in the presence of
radial incisions, which limit the transmission of
coupling forces through the corneal tissue.

Summary for the Clinician

∑ Corneal incisions increase the radius of
curvature perpendicular to the incision

∑ Coupling is the ratio of flattening in 
the primary meridian to steepening 
in the orthogonal meridian

14.4
Techniques of Refractive Keratotomy [5]

Current techniques of refractive keratotomy
utilise precision diamond blades to achieve pre-
dictable and reproducible incision profiles. Dia-
mond blades may be of fixed or adjustable length
and generally have a protective guide that slides
along the corneal surface with little resistance.
Adjustable knives have built-in micrometers that
determine the length of blade exposed beyond
the protective foot plates. Initially calibrated with
pre-set coin-shaped gauge blocks, blades were
later adjusted under specially designed micro-
scopes for increased accuracy. Corneal markers
are used to delineate the location and length of
the radial, arcuate and transverse incisions. They
are centred on the visual axis or pupil,depending
on the chosen technique. The horizontal or verti-
cal axis of the cornea is marked with the patient
sitting up to account for the ocular torsion that
may occur when the patient lies down. This helps
to minimise error in the placement of AK and TK
incisions.

Historically, radial keratotomy has evolved
through three basic styles. The first was the
“Russian” technique where incisions began at

the limbus and were directed toward the central
cornea in a centripetal manner. The Russian
blade (Fig. 14.4a) cuts with its vertical edge, cre-
ating a uniformly deep incision with a nearly
perpendicular profile at its anterior termination.
Though it produces good results, the Russian
style carries the risk of inadvertent extension
into the visual axis. The “American” or centrifu-
gal technique uses a slanted blade (Fig. 14.4b)
and cuts from the edge of the central optical
zone toward the limbus.While it carries less risk
of cutting through the visual axis, the American
style tends to compress the central corneal tis-
sue, producing non-uniform incision profiles
that are rounded near the central cornea. The
“double-pass” technique was later developed to
combine the advantages of the Russian and
American styles. The double-pass blade
(Fig. 14.4c) has a fully cutting slanted edge and
an opposite vertical edge that is only sharp near
the tip. The first half of the double-pass cut is of
the American style in a centrifugal direction.Af-
ter reaching the limbus, the blade is directed
back toward the corneal centre (Russian style)
within the same incision. The sharp vertical tip
refines the incision profile,while the dull vertical
portion protects against extension into the visu-
al axis. Blade depth is usually set to 100% of the
ultrasonic pachymetry measurement at the edge
of the optical zone for all three techniques.

Blades used for AK or TK (Fig. 14.4d) often
have a rectangular shape and are trifaceted,
with sharpened edges on the end and each side.
The flat blade profile creates a “rudder-like”
effect, which facilitates the arcuate movement of
the knife. When the blade is introduced into the
cornea, this flat profile creates significant tissue
compression causing the incision depth to be
less than the blade setting. For this reason, blade
depth is often set to levels greater than the ultra-
sonic pachymetry measurements taken at the
incision location.

Summary for the Clinician

∑ Russian style or centrifugal incisions pro-
duce a more uniform profile, while Ameri-
can style or centripetal incisions are safer

∑ The cornea should be marked with the 
patient sitting up to minimise the error in
astigmatic keratotomy secondary to ocular
rotation
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Fig. 14.4 a–d. Refractive keratotomy blade styles. a Russian, vertical cutting edge. b American, slanted cutting
edge. c Dual pass, slanted, full cutting and partial, vertical cutting edge. d Arcuate blade with rectangular profile

a b c d

Table 14.1. Data from the 5-year follow-up of the PERK Study

Patients (n) Eyes Follow-up Patient age
Total @ 5-Year follow-up (%) Total @ 5-Year follow-up (%) Years (mean ±SD) Years (mean ±SD)

435 413 (95%) 793 757 (95%) 5.2±0.6 33±7.3 
(range 3–6.3) (range 21–58)

Table 14.2. Summary of the results for the PERK Study at the 5-year follow-up evaluation

Pre-operative SE range (diopters) Lower Middle Higher Total
(–2.00 (–3.25 (–4.50 (–2.00 
to –3.12) to –4.37) to –8.00) to –8.00)

Number of patients @ 5 years 124 140 149 413

Number of eyes @ 5 years 234 271 252 757

UCVA (% eyes) ≥20/20 75% 63% 43% 60%

≥20/40 95% 89% 79% 88%

≥20/160 99% 98% 94% 97%

SE (dioptres, mean ±SD) +0.34±1.08 +0.06±1.30 –0.55±1.75

D SE (dioptres, mean ±SD) +2.92±1.10 +3.84±1.35 +5.11±1.79 +3.98±1.69

SE (% eyes) –1.00 to +1.00 75% 67% 49% 64%

>+1.00 18% 20% 14% 17%

<-1.00 7% 13% 37% 19%

Bilateral RK Number of patients 98 115 119 332

No correction Worn 85 (87%) 70 (61%) 60 (50%) 215 (65%)

BCVA (number Lost ≥2 lines 25 (3%) – – –

of eyes) Lost 1 line 106 (14%) – – –

No change 348 (46%) – – –

Gained 1 line 241 (32%) – – –

Gained ≥2 lines 32 (4%) – – –



222 Chapter 14 Refractive Keratotomy: Does It Have a Future Role in Refractive Surgery?

Ta
b

le
1

4
.3

.
R

es
ul

ts
 o

ff
iv

e 
cl

in
ic

al
 s

tu
di

es
 in

 r
ad

ia
l k

er
at

ot
om

y.
T

he
 s

tu
di

es
 d

iff
er

 in
 te

ch
ni

qu
e,

bl
ad

e 
st

yl
e,

in
ci

si
on

 p
at

te
rn

,a
nd

 a
st

ig
m

at
is

m
 c

or
re

ct
io

n,
bu

t i
llu

s-
tr

at
e 

th
e 

ra
ng

e 
of

re
su

lts
 fo

un
d 

in
 th

e 
lit

er
at

ur
e.

In
 g

en
er

al
,l

ow
er

 le
ve

ls
 o

fp
re

op
er

at
iv

e 
m

yo
pi

a 
ha

d 
be

tt
er

 r
ef

ra
ct

iv
e 

an
d 

vi
su

al
 o

ut
co

m
es

St
ud

ie
s

[5
0]

[2
]

[3
9]

[7
]

[5
4]

Pa
ti

en
ts

 (n
)

42
7

10
1

10
7

45
8

12
8

Ey
es

 (n
)

79
3

15
6

19
8

97
2

24
1

Pe
rc

en
ta

ge
 o

fe
ye

s 
re

po
rt

ed
87

67
79

68
78

A
ge

 (y
ea

rs
)

M
ea

n 
±

SD
33

±
7.

3
N

R
33

±
9.

6
34

.2
39

R
an

ge
21

–5
8

N
R

19
–7

5
18

–6
2

22
–6

2
Fo

llo
w

-u
p 

(y
ea

rs
)

M
ea

n 
±

SD
10

.1
±

1.
0

5.
2

4.
85

1.
2

3.
0

R
an

ge
4.

9–
11

.8
4.

7–
6.

4
3.

0–
6.

3
0.

75
–1

.2
5

2.
5–

3.
7

Su
rg

ic
al

 d
at

a
Pr

ot
oc

ol
PE

R
K

Fy
od

or
ov

Fy
od

or
ov

K
an

sa
s 

C
it

y
C

as
eb

ee
r

D
at

es
19

82
–8

8
19

80
–8

1
19

80
–8

1
19

82
–8

5
19

90
–9

2
In

ci
si

on
s

Pr
im

ar
y 

(n
)

8
8 

or
 1

6
8 

or
 1

6
8

4–
8

M
ax

im
um

 (n
)

16
16

16
10

–1
6

16
St

yl
e

A
m

er
ic

an
R

us
si

an
R

us
si

an
A

m
er

ic
an

R
us

si
an

Bl
ad

e 
st

yl
e

D
ia

m
on

d
M

et
al

M
et

al
M

et
al

D
ia

m
on

d
C

le
ar

 z
on

e 
di

am
et

er
 (m

m
)

3.
0–

4.
5

3.
0–

5.
0

3.
0–

5.
0

2.
7–

6.
0

2.
5–

5.
0

A
ge

 in
 n

om
og

ra
m

N
o

N
o

N
o

Ye
s

Ye
s

A
st

ig
m

at
is

m
 c

or
re

ct
io

n
N

o
Ye

s
Ye

s
N

o
Ye

s
Bi

la
te

ra
l (

%
)

78
54

85
N

R
88

En
ha

nc
em

en
t (

%
)

12
58

N
R

0.
6

37

Pr
e-

op
er

at
iv

e 
m

yo
pi

a
C

R
 S

E 
(D

)
M

ea
n 

±
SD

–3
.4

7±
N

R
–5

.0
0±

2.
90

 
–4

.4
0±

1.
90

–4
.4

0±
1.

90
–4

.0
7±

1.
89

 
R

an
ge

–2
.0

0 
to

 –
8.

00
–1

6.
00

 to
 –

1.
50

–1
0.

38
 to

 –
1.

50
–1

1.
88

 to
 –

0.
62

+
0.

25
 to

 –
9.

62
Tr

ea
tm

en
t g

ro
up

s 
(D

)
Lo

w
er

–2
.0

0 
to

 –
3.

12
–1

.5
0 

to
 –

16
.0

0
–1

.5
0 

to
 –

2.
88

–0
.6

2 
to

 –
3.

00
+

0.
25

 to
 –

3.
12

M
id

dl
e

–3
.2

5 
to

 –
4.

38
–3

.0
0 

to
 –

5.
88

–3
.1

2 
to

 –
6.

00
–3

.2
5 

to
 –

4.
38

H
ig

he
r

–4
.5

0 
to

 –
8.

00
–6

.0
0 

to
 –

10
.3

8
–6

.0
0 

to
 –

10
.2

5
–4

.5
0 

to
 –

9.
62

Po
st

-o
pe

ra
ti

ve
 r

es
ul

ts
C

R
 S

E
M

ea
n 

±
SD

+
0.

51
±

1.
64

+
0.

30
±

2.
12

–0
.5

0±
2.

00
 

+
0.

09
±

1.
20

+
0.

45
±

0.
76

R
an

ge
–4

.8
8 

to
 +

6.
25

–9
.5

0 
to

 +
6.

75
–7

.6
2 

to
 +

5.
00

–5
.6

2 
to

 +
9.

00
–1

.0
0 

to
 +

4.
13

C
E 

SE
 (%

)
–0

.5
0 

to
 +

0.
50

D
38

N
R

N
R

N
R

66
–1

.0
0 

to
 +

1.
00

D
60

53
56

76
84

>
+

1.
00

 D
23

33
15

12
N

R
<

–1
.0

0
D

17
14

29
12

N
R



14.5
Major Clinical Trials 
in Refractive Keratotomy

The PERK Study [50] was the first large clinical
investigation into the safety and efficacy of inci-
sional refractive surgery. The nine-centre, self-
controlled study was funded by the NEI in 1980
and enrolled 435 patients with physiologic my-
opia ranging from –2.00 to –8.00 dioptres (D).
Astigmatic correction was not attempted and
re-operations were discouraged during the first
year after the procedure. The study adhered to a
strict surgical technique of eight-incision radial
keratotomy. Patients were divided into three
groups by their baseline cycloplegic refractive
error: “lower” with –2.00 to –3.12 D, “middle”
with –3.25 to –4.37 D, and “higher” with –4.50 to
–8.00 D of myopia. The central optical or clear
zone was the only surgical variable adjusted for
each patient group and was 4.0 mm for the low-
er group, 3.5 mm for the middle group, and 3.0
for the higher group. A diamond knife was used
to create the RK incisions, which were centred
on the line of sight. Blade depth was set to 100%
of the thinnest of four ultrasonic pachymetry
measurements made at the edge of the central
clear zone at 3, 6, 9, and 12 o’clock. The blade set-
ting was verified with a calibration block and
incisions were centrifugal or American in style.
Topical anaesthesia was used and post-opera-
tive medications consisted of a topical antibiot-
ic and cycloplegic, but no steroids. Surgery on
the second eye was delayed for at least 1 year and
re-operations consisted of eight more RK inci-
sions placed between the original eight cuts.

The 5-year results for the PERK Study [51] are
summarised in Tables 14.1 and 14.2. The study
achieved high retention rates, with 95% of eyes
available for follow-up during the 5-year post-
operative period. Uncorrected visual acuities
(UCVA) of 20/40 or greater were achieved in
88% of eyes.A total of 64% had spherical equiv-
alent (SE) cycloplegic refractions within 1 D of
emmetropia. In general, results improved as the
level of preoperative myopia decreased. In all,
76% of patients elected to have surgery on their
second eye and 65% of these patients wore no
spectacle or contact lens correction at 5 years.
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The procedure proved to be safe with only 3%
(25 patients) losing two lines or more in best-
corrected visual acuity (BCVA). Of these pa-
tients, 18 still had BCVAs of at least 20/20 and 24
were correctable to 20/40 or better. The remain-
ing patient developed a cataract and lost seven
lines of BCVA.

The PERK Study provided a reliable database
for the outcomes of a single, well-defined tech-
nique of radial keratotomy. It also established a
standard for the future evaluation of newer re-
fractive surgical procedures and techniques.
Several fundamental principles came to light
early in the PERK Study, the most significant of
which was the effect of age on the refractive re-
sponse to surgery. Although not factored into
the study’s surgical plan, age was the only pa-
tient variable that predictably affected the out-
come of RK. The results from PERK and other
studies showed that older patients received
0.70–1.00 D of greater effect per decade of life
for a given optical zone and incision number.
Eyes with 5 D of myopia or less achieved better
UCVA and lower residual refractive error. The
ideal post-operative refraction was found to be
–0.50 to –1.00 D. This residual myopia allowed
good UCVA, delayed the onset of symptomatic
presbyopia, offset hyperopic drift and main-
tained the refractive state to which the patient
was accustomed. Though praised for its
methodology,quality of data acquisition and re-
tention rate, the study had several weaknesses,
such as lack of age consideration, limited optical
zone selection, lack of astigmatism correction,
use of the American incision style and discour-
agement of enhancements.

The technique of RK continued to evolve
during and after the PERK Study, as the proce-
dure became more popular. In the mid-to-late
1980s, the range of myopic correction was re-
duced (typically –1.50 to –6.00 D) and age be-
came a major component in surgical planning.
Diamond blade depth was set under a micro-
scope, as incisions became deeper (90%–95%)
and were centred on the undilated pupil. The
Russian technique increased in popularity, after
it was found to produce incisions of more uni-
form depth and profile. Fewer cuts were used 
in the initial correction of low-to-moderate 

myopia, with under-correction as the target and
future enhancement anticipated.

Several studies ran concurrently with the
PERK Study or followed in the literature,
though none equalled its scale and control.
Some incorporated the concepts learned from
the PERK protocol and included astigmatism
correction via radial, arcuate or transverse ker-
atotomy. The results of five studies [2, 7, 39, 52,
54] with large enrolments and/or long follow-up
are shown in Table 14.3. Although they differ in
RK technique, surgical instrument choice, and
treatment range, some important points can be
seen with their comparison. All of these studies
reduced myopia, as illustrated by the difference
in the mean pre- and post-operative spherical
equivalents (SE). However, the standard devia-
tion for the post-operative mean SE was wide,
indicating that it was often difficult to reach em-
metropia on an individual basis.The proportion
of patients within 1 D of emmetropia ranged
from 53% to 84%, while 62%–96% obtained
uncorrected visual acuities of 20/40 or better
(20/20 vision was achieved in seven to 55%). In
general, patients with lower levels of preopera-
tive myopia achieved better uncorrected visual
acuities with less residual refractive error.

Using the Casebeer technique, the Werblin
study [54] achieved the best results. The Case-
beer technique employed many of the princi-
ples learned through the evolution of RK. Age
and refractive error were used to determine the
size of the optical zone and number of incisions.
Fewer incisions were made during the initial
procedure, with a target of mild myopia. Arcu-
ate incisions were used for the correction of
astigmatism. Surgical enhancement was em-
braced as a means of titrating incision length
and number to achieve higher rates of em-
metropia. Diamond blades were calibrated un-
der a microscope and the Russian (and later,
double-pass) incision style resulted in pre-
dictable depths with smoother profiles.

Summary for the Clinician

∑ Older patients received 0.70–1.00 D 
of greater effect per decade of life for 
a given optical zone and incision number
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14.6
Complications of Refractive Keratotomy

Although multiple studies have demonstrated
the safety and efficacy of RK, long-term follow-
up has revealed several complications inherent
to the procedure. The most significant of these
result from the biomechanical changes induced
in the cornea. They include hyperopic drift and
diurnal fluctuation in visual acuity.

14.6.1
Hyperopic Drift

A gradual shift toward hyperopia occurs in
20%–50% of eyes following RK. The 10-year re-
sults from the PERK Study showed that 43% of
eyes underwent a spontaneous hyperopic shift
by ≥1.00 D between the 6-month and 10-year
post-operative evaluations. Deitz [8] and Ar-
rowsmith [2] found similar shifts in 54% and
22% of their patients, respectively. The PERK
study’s mean post-operative refractive error 
increased from –0.36±1.09 D at 6 months to
+0.51±1.64 D after 10 years, reflecting a mean
change of +0.87 D. The rate of hyperopic drift
decreased after 2 years from 0.21±0.02 D/year to
0.06±0.004 D/year (Fig. 14.5). This lower aver-
age rate of change agreed with the rate found by
Deitz between follow-up examinations at 3.7
and 8.5 years.

Though the hyperopic shift progressed slow-
ly, the PERK data showed no evidence of a
plateau and Deitz documented continued pro-
gression as far as 12 years after surgery. The
maximum refractive change in the PERK study
at 10 years was +6.37 D, while the Deitz study
had a peak change of +3.75 D from the 1-year to
the 8.5-year evaluation. PERK patients with
higher levels of myopia who received longer in-
cisions (smaller central clear zone) displayed
larger post-operative shifts in refractive error.
No correlation was found with other variables,
such as age and intraocular pressure. Werblin
[53] found higher rates of late hyperopic shift
(1–3 years after surgery) in patients with higher
levels of preoperative myopia (>6.0 D). While
his patients with lower preoperative myopia

tended toward a plateau in their rate of refrac-
tive change, the higher myopes demonstrated
no such levelling. For patients under-corrected
following their initial surgery, some hyperopic
drift may be advantageous, as it brings them
closer to emmetropia. However, patients with
little post-operative refractive error or early
presbyopia may experience increasing difficulty
and dissatisfaction as they progress beyond em-
metropia into hyperopia.

14.6.2
Diurnal Fluctuation

Diurnal fluctuation in visual acuity, cycloplegic
refraction, keratometry and corneal topography
has been well documented following RK. Pub-
lished rates have ranged from 2% to 60% [40].
In a subset of patients available for examination
11 years after surgery in the PERK Study [31], the
mean change in the SE of the CR was found to
be –0.31±0.58 D from morning to evening. The
diurnal shift was myopic in 97% of eyes, with a
magnitude greater than 0.50 D in 51% and a
peak change of –1.62 D. The refractive cylinder
increased by more than 0.50 D in 31% of

14.6 Complications of Refractive Keratotomy 225

Fig. 14.5. Change in the mean spherical equivalent
of the cycloplegic refraction over time for the PERK
Study [52] from 6 months to 10 years and for the Deitz
Study [8] from 3 months to 8.5 years. Both studies
show a progressive shift toward hyperopia that does
not plateau. The rate of the hyperopic shift
(0.06 D/year) is similar in both studies after approxi-
mately 4 years



patients. Central corneal steepening of 0.50–
1.94 D, as measured by keratometry, was seen in
35%. A total of 13% experienced a 2–7 Snellen
line decrease in their uncorrected visual acuity.
In the patients with bilateral RK, these changes
were found to be highly symmetrical. It should
be noted that this set of patients was somewhat
biased.

Corneal topography was examined in anoth-
er set of PERK patients 10 years after RK [16].
This group showed a mean increase in myopia
of 0.36±0.58 D from the morning to the evening.
The average corneal power calculated from the
topographic data increased by 0.52±0.45 D, re-
flecting a steepening in the corneal shape. These
changes correlated with the change in manifest
SE, as well as the best spectacle-corrected visual
acuity. It should be noted that the patient popu-
lations included in the above studies were bi-
ased toward those with a functional complaint.
Depending on their baseline refractive error,
patients may note worsening or improvement in
their uncorrected vision. For example, hyper-
opes may note better distance vision as they
shift toward emmetropia, while patients with
residual myopia may describe worsening acuity
as the day progresses. Early presbyopes may
complain of reading difficulty in the morning,
which resolves in the afternoon or evening. This
fluctuation is often frustrating to patients and
can be difficult to manage if they rely on specta-
cle correction.

14.6.3
Other Complications

Other complications seen with RK include loss
of contrast sensitivity (CS) and glare. Some
studies have shown significant decreases in con-
trast sensitivity [30, 46], especially in the early
post-operative period, while others have shown
no significant change. Ginsburg published CS
results for a subset of PERK patients approxi-
mately 1 year after surgery. Under photopic con-
ditions, they found no clinically meaningful loss
of CS in operated versus unoperated eyes of the
same patient. However, they did show a statisti-
cally significant decrease in CS for higher spa-
tial frequencies (12 and 18 cycles per degree),

though the measurements were still within the
normal range. Eyes with RK tended toward low-
er CS when the pupil size equalled or exceeded
the size of the central clear zone, but this was
not statistically significant. Patients with small-
er clear zones had more subjective complaints
and also trended toward a decrease in CS.

Patients who complained of glare on psycho-
metric testing showed significant losses in CS at
middle and higher spatial frequencies. How-
ever, no correlation was found between the psy-
chometric glare index and the CS function.
Glare complaints did not correlate with the lev-
el of preoperative myopia and were attributed to
a loss in visual quality from the RK. It should be
noted that this testing was performed under
photopic conditions. Many post-RK patients
note symptoms of glare under conditions of
dim illumination, such as night driving. Con-
trast sensitivity may decrease under these con-
ditions as the pupil dilates beyond the clear
zone and the RK incisions play a greater role in
scattering light.

The introduction of excimer laser refractive
surgery in the mid-1990s led to a precipitous de-
cline in the use of RK as the primary means of
surgically correcting myopia. However, Dami-
ano and associates [6] used RK to treat residual
myopia following LASIK in patients whose
corneal pachymetry was too thin to permit
laser-based enhancement. Their series of 60
eyes in 41 patients had a mean reduction in
spherical equivalent from –8.09 D to –0.43 D,
following both procedures. A total of 41%
achieved an UCVA ≥20/20, while 94% were
greater than or equal to 20/40. No eye lost more
than two lines in BCVA. In this study, RK im-
proved the refractive results in a patient popula-
tion that could not be managed with LASIK
alone.

The efficacy of both PRK and LASIK is supe-
rior to that of RK, with improved visual out-
comes, higher predictability and increased pa-
tient satisfaction. Unfortunately, even with their
excellent safety profiles, these procedures are
not risk-free. Well-documented complications
of LASIK include infection, diffuse lamellar ker-
atitis,poorly cut flaps, flap striae,post-operative
ectasia and the need for corneal transplanta-
tion. In addition, PRK may induce subepithelial
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haze and both procedures are subject to under-
and overcorrection, as well as mild myopic re-
gression with time.

In certain applications, refractive keratoto-
my can provide a low-cost and low-risk alterna-
tive to excimer laser surgery for the manage-
ment of refractive error. Perhaps the most
common use of incisional corneal surgery today
lies in the reduction of astigmatism.

Summary for the Clinician

∑ A gradual shift toward hyperopia occurs 
in 20 %–50 % of eyes following radial 
keratotomy

∑ A morning-to-evening shift toward 
myopia, with associated corneal steepening,
is seen in a subset of RK patients

14.7
Refractive Keratotomy 
for the Management of Astigmatism

Although regular astigmatism can be corrected
with spectacles or contact lenses, even with op-
timal correction, patients may continue to expe-
rience asthenopia, meridional magnification,
off-axis blur and visual field restriction [4, 44].
Irregular astigmatism can be improved with
rigid gas permeable contact lenses; however,
many patients are contact lens-intolerant or
lack the manual dexterity required for their use.
For these reasons, surgical methods are often
sought for the reduction of astigmatism.

The ideal candidate for the surgical manage-
ment of astigmatism was characterised by Lind-
strom and coauthors [27]. They described a pa-
tient with astigmatism in excess of 2.0 D, whose
fellow eye has less than 1.5 D of astigmatism,
astigmatism at a different meridian or a similar
level and meridian of astigmatism, but is also
scheduled for cataract surgery. If the fellow eye
is similar in astigmatic power and location, sur-
gical correction may be unnecessary. The sur-
geon’s primary goal should be to preserve the
preoperative corneal asphericity, reduce small
amounts of preoperative astigmatism or reduce
large amounts of astigmatism without shifting
the meridian [18].

Since PRK and LASIK can treat myopic, hy-
peropic, and mixed astigmatism, they are typi-
cally the procedures of choice for healthy eyes,
without contraindication, that fall within 
their treatment ranges. However, in eyes with
cataracts, corneal transplants, or other issues
that could reduce the efficacy and safety of laser
treatment, refractive keratotomy can be an ef-
fective and low-cost option for surgically reduc-
ing astigmatism. Procedures that fall under the
umbrella of astigmatic refractive keratotomy
include adjusting the cataract incision place-
ment, opposite clear corneal incisions (CCI), ar-
cuate keratotomy (AK), transverse keratotomy
(TK) and limbal or peripheral corneal relaxing
incisions (LRI/PCRIs).

14.7.1
Cataract Incision Placement

Clear corneal incisions (CCIs) made during
cataract surgery have been known to induce
astigmatism by flattening the meridian on
which the incision is centred. The amount of
this surgically induced astigmatism (SIA) varies
with incision length and placement. Pfleger [32]
examined 103 consecutive eyes following tem-
poral CCI cataract surgery with incision sizes of
3.2 mm (Group A), 4.0 mm (Group B), and
5.2 mm (Group C). The mean SIA at 1 year fol-
lowing surgery was found to be 0.09 D, 0.26 D
and 0.54 D in Groups A through C, respectively.
A shift in the meridian of astigmatism greater
than 30° was seen in 14% of Group A patients,
24% of Group B, and 27% of Group C. Kohnen
and colleagues [19] also compared the SIA cre-
ated by temporal, two-step CCIs of varying size.
They studied 60 eyes of 60 patients with inci-
sion sizes of 3.5 mm (Group A, self-sealing),
4.0 mm (Group B, self-sealing), and 5.0 mm
(Group C, single radial suture). At 6 months af-
ter surgery, the mean SIA was found to be
0.37±0.14 D in Group A, 0.56±0.34 D in Group B,
and 0.70±0.50 D in Group C.

Masket [29] compared 45 eyes following pha-
coemulsification cataract extraction performed
through a 3.0×2.5-mm temporal CCI, with-
out enlargement. Vector analysis of corneal to-
pography and simulated keratotomy showed
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approximately 0.5 D of SIA, with less than 0.25 D
observed in the surgical meridian. Corneal 
topography was stable by 2 weeks following 
surgery. Vass and Menapace [47] measured
0.28–0.53 D of temporal flattening in 20 patients
with 3.0 mm temporal CCIs. When compared
with normal controls, the cataract surgery pa-
tients showed no associated nasal flattening or
vertical steepening. He and colleagues [13]
found no significant change in astigmatism at
3 months following cataract surgery through a
2.8-mm CCI.

Based on these and other studies, approxi-
mately 0.0–0.5 D of SIA can be expected from
temporal CCIs less than or equal to 3.2 mm. If
available, corneal topography is recommended
as part of the standard pre-cataract surgery
evaluation. If the topographic and keratometric
astigmatism are against-the-rule (ATR), consid-
er centring the temporal CCI along the steep
meridian. In right eyes, this can easily be accom-
plished for steep meridians falling between 150
and 30°. Left eyes are more difficult, with a com-
fortable range of 0–30°.

Summary for the Clinician

∑ Temporal clear corneal incisions less than
3.2 mm produce 0.0–0.50 D of flattening
along the meridian of the wound

14.7.2
Opposite Clear Corneal Incisions

Given the flattening effect of CCIs described
above, Lever and Dahan [25] proposed that a
similar incision placed opposite to the temporal
CCI might enhance the flattening effect along
the steep meridian. Opposite CCIs were placed
in 33 eyes of 26 patients with pre-existing astig-
matism greater than 1.75 D (mean 2.81±0.74 D,
range 2.00–5.00 D). The steepest meridian was
identified and two straight stab incisions were
made parallel to the iris plane with a diamond
keratome. In patients with ATR astigmatism, the
incisions were placed at 3:00 and 9:00. The tem-
poral incision was used for cataract surgery,
while the nasal incision was not used. CCIs were
located at 6:00 and 12:00 in patients who had
with-the-rule (WTR) astigmatism. Cataract

surgery was performed through the superior
wound and the inferior wound was left alone.
Oblique astigmatism was treated in a similar
manner, with the surgeon choosing the most
comfortable location. Incision length varied
from 2.8 to 3.5 mm, depending on the level of
pre-operative astigmatism (no nomogram was
provided). The mean post-operative astigma-
tism was reduced to 0.75±0.60 D (range plano
to +1.75 D) at a mean follow-up of 5.4 months
(range 1–12 months). Vector analysis showed a
mean astigmatism correction of 2.25 D. The 
opposite CCI wounds were well sealed on post-
operative day 1 and no complications were
noted, although the follow-up was limited.

The procedure effectively reduces astigma-
tism; however, it carries additional risk associ-
ated with the extra penetrating corneal wound.
Careful early postoperative management is es-
sential. Given the age-dependent results of re-
fractive keratotomy, one might expect similar
behaviour with this technique, but this was not
addressed. Although CCIs can reduce astigma-
tism, their range is limited. Partial thickness, ar-
cuate or transverse corneal incisions provide a
means for correcting higher levels of astigma-
tism.

14.7.3
Arcuate and Transverse Keratotomy

Arcuate and transverse relaxing incisions have
been used to treat astigmatism since the earliest
days of refractive surgery. Multiple studies have
documented the effect of various optical zones
and incision lengths on astigmatism reduction
and coupling ratio.

The ARC-T Study [33, 34] was a multi-centre,
prospective evaluation of single-stage AK for
the management of 1–6 D of naturally occurring
astigmatism. A total of 160 eyes of 95 patients
received standardised AK at a 7-mm optical
zone according to a modification of the Lind-
strom surgical nomogram [26] (Table 14.4).
After 1 month, RK for myopia and second stage
AK for residual astigmatism was performed on
eyes that needed further correction. The mean
refractive cylinder decreased from 2.82 to 
0.50 D at 1 month. Of the eyes, 61% had at least
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1.0 D of residual astigmatism, while 17% had at
least 2.00 D. Eyes that underwent a second sur-
gery averaged 1.60 D of astigmatic reduction for
the additional procedure and 2.90 D total.

The coupling ratio, defined as the ratio of
flattening in the incised meridian to steepening
in the opposite meridian, was 0.95±0.10 for the
refractive change and 0.84±0.05 for the kerato-
metric change at 1 month following single-stage
AK [11]. Of the patients, 18% lost one line of best
spectacle-corrected visual acuity and only 1%
(two eyes) lost two lines. Under-correction and
over-correction were common. The number of
incisions, incision length, age and gender were
the factors that predicted increased astigmatic
response.

To decrease the risk of overcorrection,
Buzard [4] employed a nomogram using short-
er and shallower arcuate incisions (Table 14.5).
In all, 46 eyes of 29 patients received two arcu-
ate incisions at an optical zone of 7.0 mm with

lengths of 45, 60, or 90°. Blade depth was set to
80% of the pachymetry measurement at the 
incision location. Of the eyes 50% received en-
hancement for under-correction by deepening
and lengthening the incisions. The mean pre-
operative refractive astigmatism of 3.41±1.44 D
(range 1.25–7.75 D) was reduced to 1.30±1.00 D
(range 0.00–5.50 D) at 6 months following sur-
gery. The mean changes in keratometric astig-
matism for the 45-, 60-, and 90-degree incisions
were 1.66±0.64 D, 2.69±1.24 D, and 2.83±1.04 D,
respectively. Two patients (4%) were overcor-
rected with axis shifts of 51 and 105°.All patients
had a reduction in their astigmatism; however,
the large standard deviations illustrate the vari-
able response that can be seen with AK, even
with conservative nomograms and planned
enhancements.

Arcuate incisions have been combined with
cataract surgery to reduce pre-existing astigma-
tism. Titiyal and colleagues [45] prospectively
evaluated the effect of paired, intraoperative AK
incisions placed at a 7-mm optical zone during
phacoemulsification cataract surgery through a
3.5-mm CCI at the steep meridian. A total of 17
eyes of 14 patients received AK incisions com-
bined with cataract surgery, while 17 eyes of 14
other patients formed a control group receiving
cataract surgery alone. The AK group showed a
mean reduction in astigmatism of 1.26±0.54 D
as compared to the control group, which
showed a decrease of 0.48±0.60 D. The coupling
ratio was 1.10±0.43 in the AK group versus
0.82±0.38 in the controls. Thus, AK combined
with cataract surgery proved more effective
than cataract surgery alone in reducing pre-
existing astigmatism.

Arcuate corneal incisions have also been
used following penetrating keratoplasty (PKP)
[35]. They are typically placed anterior to the
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Table 14.4. ARC-T modification [33] of the Lind-
strom nomogram for arcuate keratotomy with a 
7.0-mm optical zone. Blade depth is set to 50mm
greater than the ultrasonic pachymetry measured
1.5 mm temporal to the visual axis

Incision Predicted refractive 
cylinder change (D)

Number Length

1 45 0.02 × age (years) + 0.40

2 30 0.02 × age (years) + 0.40

1 60 0.03 × age (years) + 0.60

1 90 0.04 × age (years) + 0.80

2 45 0.04 × age (years) + 0.80

2 60 0.06 × age (years) + 1.20

2 90 0.08 × age (years) + 1.60

Table 14.5. Buzard nomogram for arcuate keratotomy with a 7.0-mm optical zone. Blade depth is set to 80%
of the ultrasonic pachymetry measured at the incision location

Length 20 25 30 35 40 45 50 55 60 65 70 75 80

45 1.70 1.85 2.00 2.15 2.30 2.45 2.60 2.75 2.90 3.05 3.20 3.35 3.50

60 2.78 2.78 3.00 3.23 3.45 3.68 3.90 4.13 4.35 4.58 4.80 5.03 5.25

90 3.70 3.70 4.00 4.30 4.60 4.90 5.20 5.50 5.80 6.10 6.40 6.70 7.00



graft–host junction at optical zones of 5–7 mm,
and can range in length from 45° to 90°. Pub-
lished nomograms (for example, Table 14.4) for
AK incisions should be applied conservatively,
as corneal forces can behave unpredictably
when influenced by the annular scar of the
graft–host junction. While the astigmatic re-
sponse to AK incisions is variable in normal
eyes, it can be highly unpredictable in eyes with
corneal transplants. Corneal topography can be
helpful in directing incision placement and rel-
ative length. Incisions should be centred on the
visual axis, even if the graft is decentred. Optical
zones less than 5 mm should be avoided because
the incisions may induce irregular astigmatism.
In cases of high post-PKP astigmatism, the ef-
fect of AK incisions can be augmented by com-
pression sutures placed 90° away from the steep
meridian.

Finally, AK has been used as an adjunct 
procedure for the management of residual
astigmatism following PRK and LASIK. Kapa-
dia analysed the effect of paired AK incisions
performed before PRK in 37 eyes with astigma-
tism 1.50 D and after PRK in 86 eyes with
+0.75 D. In the AK-before-PRK group, mean
astigmatism decreased from 2.40±0.6 D (range
1.00–4.00 D) to 0.60±0.60 D (range 0.0–2.25 D)
following the incisional surgery. The AK-
after-PRK group showed a reduction from
1.50±0.60 D to 0.40±0.40 D, with a vector
change in the axis of 65±68°. AK enhancement
was performed in 16% of eyes that had AK be-
fore PRK and in 21% of eyes that had AK after
PRK. Coupling was less predictable at high lev-
els of astigmatism. In either case, stability of the
first procedure should be documented before
performing the second procedure.

Though AK can effectively reduce astigma-
tism, several disadvantages have limited its use.
Response to the procedure can be unpredictable
and over-correction may result in a shift of the
astigmatic axis, which can be poorly tolerated.
As the optical zone decreases, incisions placed
closer to the visual axis may induce glare and/or
irregular astigmatism. These factors have led to
the placement of arcuate incisions in the pe-
ripheral cornea, thereby decreasing the risk of
complications.

Summary for the Clinician

∑ Arcuate keratotomy effectively reduces
astigmatism alone, combined with cataract
surgery, or following penetrating kerato-
plasty

∑ Arcuate keratotomy may be unpredictable,
with creation of irregular astigmatism,
a shift in the astigmatic axis, and induction
of glare

14.7.4
Peripheral Corneal Relaxing Incisions

Limbal relaxing incisions (LRIs) form a subset
of AK where incisions are made in the peripher-
al cornea. Some advocate the term “peripheral
corneal relaxing incisions” (PCRIs), since they
are placed slightly anterior to the corneal lim-
bus. Because they have several advantages when
compared to AK and TK, Gills and other authors
have championed the use of PCRIs to correct
astigmatism during cataract surgery. These ad-
vantages include preservation of the optical
quality of the cornea, decreased risk of glare in-
duction, reduced postoperative discomfort, a
more consistent 1:1 coupling ratio, less potential
for overcorrection, a lower risk of axis shift and
a decreased likelihood of irregular astigmatism.

Wang, Misra and Koch [48] retrospectively
analysed the efficacy of PCRIs placed at the end
of cataract surgery in 115 eyes of 94 patients.
Blade depth was fixed at 600mm and incisions
were centred on the steep corneal meridian, just
anterior to the limbal vessels. Patients with 
pre-existing, keratometric WTR astigmatism of
0.75 D or ATR astigmatism 1.0 D were included
in the study. The Koch nomogram used age and
preoperative keratometric astigmatism to titrate
the PCRI length and number.When paired inci-
sions were placed along the horizontal meridi-
an, the CCI was incorporated into the PCRI.
Limbal landmarks were noted and the cornea
was marked with the patient sitting upright to
permit accurate, intra-operative location of the
steep meridian. Eyes receiving PCRIs were com-
pared to a control group undergoing CCI pha-
coemulsification cataract surgery alone. Astig-
matism changes were computed along the
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meridian of the PCRI(s) (with-the-wound,
WTW) and the meridian 90° away (against-the-
wound, ATW) using the Holladay-Cravy-Koch
formula.

The control group showed an overall mean
reduction in astigmatism relative to the CCI of
–0.17±0.48 D (–0.31±0.39 D for right eyes and
–0.07±0.65 D for left eyes). The mean age of
patients receiving PCRIs was 69±12 years. At
4 months following surgery, patients with pre-
operative WTR astigmatism and a single 6.0-
mm PCRI showed a reduction in WTW-ATW
astigmatism of –0.55±0.67 D. Paired 6.0-mm
incisions induced a larger mean astigmatic re-
duction of –1.18±0.91 D in the WTR group. Eyes
with preoperative ATR astigmatism had mean
WTW-ATW changes of –2.18±0.91 D, –2.02
±0.60 D, and –2.72±0.61 D for single 4.5-mm,
single 6.0-mm, and paired 6.0-mm PCRIs, re-
spectively. All astigmatic changes were statisti-
cally significant when compared to the changes
in the control group. WTW-ATW values de-
creased with increasing age and with increasing
magnitude of preoperative WTR astigmatism.
No such correlation was found in the group with
preoperative ATR astigmatism. The overall per-
centage of eyes with keratometric astigmatism
£1.0 D increased from 33% to 75%. Incisions
along the horizontal meridian had a greater ef-
fect than those along the vertical. Overcorrec-
tion occurred in all treatment groups, but in-
creased with the length and number of PCRIs.

In this study, PCRIs effectively reduced astig-
matism when combined with cataract surgery.
Although they had an acceptable safety profile,
the mean treatment benefit was limited to less
than 1.2 D in patients who had WTR astigma-
tism and less than 2.75 D in patients who were
ATR. The results of the study were used to mod-
ify their PCRI nomogram, which is shown in
Table 14.6.

Toric intraocular lenses provide an alterna-
tive method for reducing astigmatism in
cataract surgery. However, there is only one
FDA-approved model available and the range of
astigmatism correction is very limited. Gills [12]
combined LRIs with toric IOL implantation to
reduce higher levels of preoperative astigma-
tism. Thirteen eyes of 10 patients with astigma-
tism >2.50 D (mean 5.54 D, range 2.62–7.75 D)
received a Staar toric IOL in combination with a
single LRI,paired LRIs or an LRI combined with
a corneal relaxing incision. All patients had
post-operative refractive cylinder £0.75D. The
mean induced keratometric cylinder was
–2.34±0.56 D, while the mean induced refractive
cylinder was –3.61±0.48 D. Post-operative un-
corrected and best-corrected visual acuities
were ≥20/40 in 69% and 92% of patients, re-
spectively. BCVA improved by four or more
Snellen lines in 38%. While outcomes of the
study were good, the mean follow-up was limit-
ed to 4 months.
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Table 14.6. Koch nomogram for 600-mm deep peripheral corneal relaxing incisions placed at the end of tem-
poral CCI phacoemulsification cataract surgery

Preoperative astigmatism (D) Age (years) PCRIs (n) Length

WTR 0.75–1.00 <65 2 45°

≥65 1 45°

1.01–1.50 <65 2 60°

≥65 2 45°

>1.50 <65 2 80°

≥65 2 60°

ATR/Obl 1.00–1.25 – 1 35°

1.26–2.00 – 1 45°

>2.00 – 2 45°

WTR,“with-the-rule” astigmatism; ATR/Obl,“against-the-rule” or oblique astigmatism.



Koch and Sanan [17] used PCRIs to treat
residual astigmatism following PRK in four eyes
and LASIK in two eyes. Two patients received
single relaxing incisions with a reduction in the
refractive cylinder from 1.40–0.50 D at 1 month.
Topographic astigmatism decreased from 1.30–
1.10 D over this same interval. In the four pa-
tients that received paired incisions, refractive
astigmatism was reduced from 1.40 to 0.50 D
and the topographic astigmatism from 1.60 to
0.70 D at 1 month. Mean UCVA improved to
20/20 from the preoperative level of 20/40.
Although this was a small series with limited
follow-up, it showed that post-PRK and post-
LASIK astigmatism can be effectively managed
with PCRIs. Relatively low levels of correction
were achieved, however no patients were over-
corrected.

Relaxing incisions can also be used to treat
post-keratoplasty astigmatism [35]. They are
typically placed in, or just anterior to the
graft–host junction, with a target depth of
70%–80%. As with AK, incision lengths range
from 45° to 90°.The response can be highly vari-
able, with published astigmatic reductions
ranging from 0 to 15 D. Intraoperative qualita-
tive keratometry can help guide incision length
and location, but may not be predictive of the fi-
nal results. As mentioned above, compression
sutures along the flat meridian can enhance the
PCRI effect. Selective suture removal is usually
delayed for 4–8 weeks. Reductions in astigma-
tism of 2.8–14.9 D have been reported with var-
ious combinations of relaxing incisions, com-
pression sutures and enhancement procedures.

Summary for the Clinician

∑ Peripheral corneal relaxing incisions effec-
tively reduce astigmatism when combined
with cataract surgery. Larger reductions
were seen in patients with ATR astigmatism
than in those who had WTR astigmatism

∑ PCRIs can be combined with toric intraocu-
lar lens implantation to reduce higher levels
of astigmatism

∑ PCRIs can reduce astigmatism following
PRK, LASIK and penetrating keratoplasty,
but are limited in their treatment range

14.8
Conclusion

Refractive keratotomy laid the foundation for
modern refractive surgery and was the domi-
nant procedure for the correction of myopia
and myopic astigmatism during the 1980s and
early 1990s. The mid-1990s saw the introduction
of excimer laser refractive surgery, with its im-
proved efficacy, safety and predictability. The
use of RK and AK decreased steadily through
the end of the decade and now represents less
than 1% of refractive procedures performed by
members of the American Society of Cataract
and Refractive Surgery [23].

The current role for refractive keratotomy
lies primarily in the management of astigma-
tism. Though usually combined with cataract
surgery, arcuate corneal incisions may be used
alone or in conjunction with penetrating ker-
atoplasty, PRK and LASIK to reduce astigma-
tism. PCRIs have been shown to be effective and
carry less risk of glare induction, overcorrec-
tion, axis shift and creation of irregular astig-
matism.As advances continue in the areas of in-
traocular lens design, crystalline lens removal
and excimer laser refractive surgery, we are like-
ly to see further decline in the use of refractive
keratotomy. However, at this time, refractive
keratotomy remains a low-cost and low-risk
alternative for the management of astigmatism.
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15.1
Introduction

The latter part of the 20th century has been a
revolutionary age for refractive surgery. There
has been an explosive growth in the number of
technologies that have developed for refractive
surgery. Most of the focus has been placed on
the corneal component of the optical system,
such as with the current wavefront technolo-
gies. Although the corneal refractive surgeries
have been effective for low to moderate degrees
of myopia and hyperopia, their efficacy and pre-
dictability has been more limited for higher de-

grees of refractive error. Recently there has been
a revival in interest on the lenticular component
of the optical system – leading to advances in
phakic intraocular lenses, refractive lens ex-
change and accommodative and multifocal in-
traocular lenses. The lenticular refractive pro-
cedures have provided an effective alternative
solution for the correction of higher degrees of
ametropia and for eyes that are otherwise un-
suitable for keratorefractive procedures.

15.1.1
Limitations of Keratorefractive Procedures

Conductive keratoplasty has been limited to low
degrees of hyperopia. Likewise, Intacs is con-
fined to the correction of low degrees of myopia
without astigmatism. The excimer laser proce-
dures such as photorefractive keratectomy (PRK),
laser subepithelial keratomileusis (LASEK) and
laser in situ keratomileusis (LASIK) are more
versatile with regards to the range of refractive
errors that they are able correct. However, even
LASIK, which is the most versatile, has less pre-
dictable results and optical quality at the higher
ranges of ametropia as a result of larger alter-
ations in corneal biomechanics and wound
healing. Larger degrees of tissue ablation in
turn may lead to the induction of increasing
amounts of higher order aberrations [41]. The
emergence of wavefront guided ablation, how-
ever, promises to reduce higher order aberra-
tions when compared to traditional excimer
laser ablation. Yet, the corneal thickness impos-
es a significant limit on the degree of ametropia
that may be corrected as deep ablations may in-
crease the risk of induced corneal ectasia [45,
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48]. In addition, with PRK or LASEK, higher de-
grees of correction can lead to increased risk of
subepithelial haze and regression [6, 17, 40].

15.1.2
Role of Lenticular Refractive Procedures

Because lenticular refractive procedures need
not contend with the variables of corneal
wound healing and altered corneal geometry,
refractive outcomes are more predictable and
stable when compared to LASIK at higher de-
grees of correction. In fact, barring surgical re-
lated issues such as incisional astigmatism and
IOL centration, the wavefront remains largely
unchanged in phakic IOLs compared to corneal
refractive procedures [27]. As with cataract sur-
gery, the predictability in refractive outcome
depends in large part on the selection of the IOL
power. An additional advantage of lenticular re-
fractive surgeries is that removal or exchange of
the IOL is possible.

Several types of lenticular refractive proce-
dures are currently being performed today:
phakic IOL implantation, refractive lens ex-
change (RLE) and cataract extraction with a
monofocal, multifocal or accommodative IOL.
Accommodative IOLs currently represent a rel-
atively new technology but may prove to be a
promising refractive device in the future. While
RLE has provided a viable solution for the high-
ly ametropic patient in the presbyopic age
group, phakic IOL implantation provides a dis-
tinct advantage for the younger age group in
that this technique preserves accommodation.
Implantation of phakic IOLs is a versatile proce-
dure in its ability to correct myopia and hyper-
opia. Furthermore toric IOLs are currently be-
ing developed for the concurrent correction of
astigmatism. However, phakic IOLs currently
lack the accuracy of excimer laser procedures at
the lower degrees of ametropia. Because pa-
tients who have undergone phakic IOL implan-
tation may have residual spherical and cylindri-
cal error, they may undergo additional LASIK
enhancement procedures to achieve better un-
corrected visual acuity (UCVA) [60]. The step-
wise approach of phakic IOL implantation fol-
lowed by an excimer laser enhancement to

correct the residual refractive error has been
termed “bioptics” by Zaldivar [60].

15.2
Evolution and Classification of Phakic IOLs

The concept of using an anterior chamber lens
implant in a phakic eye to correct high myopia
was originally explored by Strampelli in the
1950s [54] and later by Barraquer in 1959 [13].
However, the phakic anterior chamber lenses of
this generation suffered from unacceptably high
complication rates related to endothelial cell
loss, iridocyclitis and hyphema. Consequently,
implantation of phakic anterior chamber was
abandoned but later revived in the 1980s. Dur-
ing this decade, three competing designs arose:
Fechner and Worst et al. proposed use of an iris
fixated lens [21], Baikoff et al. used an angle-
supported lens modified from the Kelman mul-
tiflex lens [11] and Fydorov designed a phakic
posterior chamber intraocular lens [24]. Cur-
rently, phakic IOLs are classified according to
the way in which they are fixated: (1) anterior
chamber angle fixated, (2) anterior chamber iris
fixated and (3) posterior chamber. Each of these
designs has inherent advantages as well as
unique potential complications.

15.2.1
Anterior Chamber Angle-Fixated Lenses

The main advantage of the anterior chamber
angle-fixated lens is the ease of insertion and
the familiarity that most ophthalmologists have
with insertion of anterior chamber intraocular
lenses (ACIOL). Current designs incorporate a
foldable or non-foldable IOL that requires an
incision between 3.0 and 6 mm, depending on
the size of the IOL.

15.2.1.1
Design Considerations

The unique complications of phakic IOLs are
primarily mechanical in nature and result from
the anatomic relationships between the IOL and
its neighbouring ocular structures.With the an-
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terior chamber lenses, the main complications
arise from: (1) Contact with the endothelium re-
sulting in endothelial cell loss and corneal oede-
ma; (2) contact with the iris leading to pigment
dispersion and chronic uveitis; (3) pupillary
block leading to acute angle closure glaucoma;
(4) deformation of the irido-corneo-scleral an-
gle structures by the haptics, resulting in pupil
ovalisation, peripheral anterior synechiae, glau-
coma and occasionally (5) contact with the nat-
ural crystalline lens leading to cataract forma-
tion. In addition, IOL decentration, tilt, pupil
ovalisation, and the smaller IOL optic required
by anterior chamber lenses can all contribute to
the symptoms of glare and halos for which these
IOLs are notorious (Table 15.1).

In order to minimise contact between the
IOL and the ocular structures, the following de-
sign parameters must be considered: (1) vault-
ing angle of the IOL, (2) diameter of the optic,
(3) thickness and profile of the optic, both cen-
trally and peripherally and (4) geometry of the
haptics, including the number of haptic contact
points and distribution of compressive forces in
the irido-corneo-scleral angle. Clearly, the ante-
rior chamber depth, white-to-white distance,
pupil size, corneal pachymetry, and specular
microscopy must be measured prior to surgery.
Excessive vaulting of the IOL results in endothe-
lial contact while inadequate vaulting leads to
pigmentary dispersion and/or acute pupillary
block glaucoma. A peripheral iridectomy or 
iridotomy is therefore recommended for all
phakic IOLs. The profile of the optic must be 
designed to minimise contact with the endothe-
lium and iris, which can be achieved by decreas-
ing either or both the thickness and diameter of
the optic. However, altering the geometry of the
IOL will affect the optics: thickness influences

the dioptric power of the IOL, and a smaller op-
tic diameter can lead to glare and halos. Finally
the geometry of the haptics must be designed to
provide an even distribution of forces while
minimising excessive contact with angle struc-
tures. An even distribution of haptic forces is
necessary in order to provide correct centration
while preventing IOL rotation and pupil ovali-
sation.

15.2.1.2
Non-foldable Anterior Chamber Angle
Fixated Lenses

Baikoff ’s original ZB implant (Domilens, Lyons,
France), which was a modification of the Kel-
man Multiflex lens, incorporated a biconcave
negative-powered angle-fixated lens (Fig. 15.1).
This design suffered from unacceptably high
rates of endothelial cell loss, with reported rates
of 16%–19% at 1 year and 20%–28% at 2 years
[12, 39, 43, 42]. The lens employed a 4.5-mm op-
tic angulated at 25º and consisted of four haptic
contact points. This geometry resulted in exces-
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Table 15.1. Complications arising from phakic IOL contact with ocular structures

Contact with: Complication:

Endothelium Endothelial loss, corneal oedema

Iris Pigment dispersion, chronic uveitis

Pupil Pupillary block, angle closure glaucoma

Irido-corneo-scleral angle Pupil ovalisation, peripheral anterior synechiae

Crystalline lens Cataract formation

Fig. 15.1. First generation ZB anterior chamber angle
fixated implant. (Reprinted with permission from [10])



sive contact between the optic edge and the en-
dothelium when patients rubbed their eyes [43].
Subsequently, Baikoff minimised endothelial
contact in his second generation design, the
ZB5 M lens, by decreasing the angulation to 20º
and by reducing the optical edge thickness at
the expense of reduced effective optical diame-
ter. The ZB5 M significantly reduced the rate of
endothelial cell loss and provided reasonable
optical quality [2, 12, 43]. Thus the lens enjoyed
reasonable longevity between 1990 and 1997. Sev-
eral studies reported reduction of endothelial cell
loss to ranges of 4.5%–5.5% at 1 year and 5.6%–
6.8% at 2 years [2, 12]. The main complications
of this lens were related to the haptic design and
the reduced optical zone: pupil ovalisation in
22.6% and night time halos in 27.8% [2, 12].

The successor to the ZB5 M is the NuVita
MA20 (Bausch & Lomb Surgical/Chiron Vision,
Irvine, CA), which is currently available in Eu-
rope but not yet approved for use in the United
States (Fig. 15.2). Modifications to the z-shaped
haptic profile and redistribution of compressive
forces have reduced the incidence of iris ovalisa-
tion [12]. In addition the geometry of the optic
was altered to an anterior convex/posterior con-
cave profile. This profile minimises endothelial
contact while increasing the effective optical
zone (4.5 mm) within the same overall optic di-
ameter (5.0 mm). According to the manufactur-
er, the increased effective optical zone and use
of an antireflective process applied to the optic
edges, termed Peripheral Design Technology,
combine to reduce the incidence of glare and
halos [9].

Various other manufacturers have produced
angle-fixated IOLs that are modifications of
Baikoff ’s original designs: the ZSAL 4 (Morcher,
Stuttgart, Germany) and the Phakic 6 (Oph-
thalmic Innovations International, Ontario,
CA). The ZSAL 4 was developed by Pérez-San-
tonja et al. and became commercially available
in Europe in 1995. The design is similar to the
NuVita but implements a larger 5.0 effective op-
tical zone within a 5.5 mm plano-concave optic
at an angulation of 19º. Though this design pro-
vided reasonable optical quality and reduced
the incidence of night time halos, it did not re-
duce the incidence of complications related to
haptic design: pupil ovalisation, IOL rotation
and chronic low-grade uveitis. However, the rate
of endothelial cell loss was lower: 3.50% at 12
months and 4.18% at 24 months [43]. The
ZSAL 4 is supplied in powers ranging from –6 to
–20 D in increments of 1.00 D, and is available in
lens lengths of 12.5 or 13.0 mm.
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Fig. 15.2. NuVita anterior chamber angle fixated
implant. (Reprinted with permission from [10])

Fig. 15.3. Vivarte foldable anterior chamber angle
fixated implant. (Reprinted with permission from
[10])



The Phakic 6 implant shares similarities to
the ZSAL 4 but features a larger 6-mm optic in
efforts to reduce the incidence of halos. Howev-
er, the larger optic poses the increased risk of
endothelial contact. Long term studies are not
yet available. Furthermore, the implant is avail-
able with heparin-surface modification, which
aims to reduce the formation of synechiae. The
Phakic 6 is available in myopic ranges of –2 to
–25 D and hyperopic ranges of +2 to +10 D. The
lens lengths range from 12.0 to 14.0 mm [47].

15.2.1.3
Foldable Anterior Chamber Angle 
Fixated Lenses

Innovative designs and novel materials have led
to the development of foldable angle-fixated
lenses that can be inserted through small inci-
sions. The Vivarte (manufactured by Ioltech,
La Rochelle, France and distributed by Ciba 
Vision) is a single piece IOL composed of hy-

drophilic acrylic (Fig. 15.3). A unique manufac-
turing process allows for the selective polymeri-
sation of each IOL component and thereby pro-
duces a soft optic and footplate while creating a
rigid haptic. Thus, the soft optic allows the IOL
to be folded while the rigid haptic provides sup-
port within the angle at three contact points.
The optic diameter is 5.5 mm and is available in
lengths of 12.0, 12.5, 13.0 and 13.5 mm. The pow-
er ranges from –7 to –25 D in 0.5 D increments.

Using a different approach to the design of a
“foldable” angle-fixated lens, the Kelman Duet
employs a two piece IOL wherein the compo-
nents are sequentially inserted through a small
incision and assembled in the anterior chamber
(Fig. 15.4a,b). At present, the PMMA haptic is
manufactured in lengths of 12.0, 12.5, 13.0 and
13.5 mm, and the silicone optic is produced at a
diameter of 5.5 mm. Power of the lens ranges
from –8 to –20 D [57]. The device is currently
undergoing clinical trials in Europe and is not
yet approved for use in the United States.
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Fig. 15.4. a Unassembled Kelman Duet anterior chamber angle fixated implant (courtesy of Tekia Inc.) b Kel-
man Duet implant assembled (courtesy of Tekia Inc.)
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15.2.2
Anterior Chamber Iris-Fixated Lenses

In order to move the IOL further away from the
endothelium and to avoid damage to angle
structures, Worst proposed an alternative de-
sign for the anterior chamber intraocular lens
in 1977 termed the “iris claw” lens. In this de-
sign, the lens is fixated anterior to the iris plane
by two diametrically opposing haptic claws that
incarcerate a portion of mid-peripheral iris
(Fig. 15.5a,b). This process has been termed “en-
clavation”. Originally used to correct aphakia
following cataract surgery, Worst later modified
the iris claw lens into a negative powered bicon-
cave design to correct myopia in phakic patients
in 1986. In 1991, the lens adopted a convex-con-
cave profile with a larger optical zone of 5.0 mm
and a total length of 8.5 mm [37]. Since then, this
model has been employed and was renamed the
Artisan myopia lens in 1998 by the manufactur-
er (Ophtec, Groningen, The Netherlands) with-
out a change in the design. An additional model
with a 6.0-mm optical zone was added for pa-
tients with larger pupils. Advanced Medical Op-
tics (AMO, Santa Ana, CA) is planning to market
the lens in the United States upon approval un-
der the name Verisyse.

In order to allow for unimpeded constriction
and dilation of the pupil, the lens is fixated at
the immobile midperipheral iris. Because en-
clavation is the most challenging part of the
procedure, centration of the lens over the pupil
can sometimes be difficult [35]. However, the
lens may be fixated at any angle – horizontally,
vertically, or obliquely – depending on surgeon
preference.

Currently, the Artisan is a non-foldable
PMMA lens capable of ultraviolet filtration and
has different models available for the correction
of myopia and hyperopia. Foldable designs are
currently under investigation. In addition, a
toric design has recently become available for
the concurrent correction of astigmatism. The
two models for myopia have differing optic di-
ameters but the same overall length of 8.5 mm.
Model 206 has a 5.0-mm optic with power rang-
ing from –3 to –23.5 D in 0.5 D increments. Mod-
el 204 has a larger 6.0 mm optic and is conse-

quently limited to a smaller range of powers be-
cause of its proximity to the endothelium: –3 to
–15.5 D in 0.5 D increments. According to the
manufacturer, the distance from the optic edge
to the endothelium ranges from 1.5 to 2.0 mm
depending on the dioptric power and the ante-
rior chamber depth, as well as the diameter of
the optic. For the correction of hyperopia, the
model 203 incorporates a 5-mm optic with an
overall length of 8.5 mm and is available in diop-
tric powers ranging from +1 to +12 D in 0.5 D in-
crements.

Ophtec has introduced two different toric
models. In model A, the torus axis is oriented
parallel to the axis of the claw whereas in mod-
el B the torus axis is perpendicular. Most sur-
geons prefer horizontal insertion of the IOL and
would therefore use model A for with-the-rule
astigmatism and model B for against-the-rule
astigmatism. The toric IOL is available in my-
opic powers ranging from –3 to –23.5 D in 0.5 D
increments, hyperopic powers of +2 to +12 D in
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Fig. 15.5. a Artisan lens (courtesy of Ophtec BV).
b Artisan lens properly positioned in a myopic eye
(courtesy of Ophtec BV)
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0.5 D increments, and cylindrical correction
from 1.0 to 7.0 D. It is comprised of a spherical
anterior surface and a spherocylindrical poste-
rior surface. Because the lens requires an inci-
sion of approximately 5.5 mm, the amount of in-
duced astigmatism created by the incision and
sutures must be taken into account when choos-
ing the appropriate lens.

The Artisan lenses for myopia and hyperopia
are currently in phase III of the FDA clinical tri-
als in the United States, and the results have
been encouraging. In Europe, the Artisan lens
has already obtained the CE mark for myopia
and hyperopia after having undergone a large
multicentre trial. The toric and foldable lens
designs are still in the investigational stages in
Europe.

15.2.3
Posterior Chamber Lenses

While the most daunting risk in anterior cham-
ber lenses is endothelial damage, the major con-
cern in posterior chamber lenses is iatrogenic
cataract formation. Thus, optimising the clear-
ance of the IOL between the crystalline lens and
the iris has been the primary focus in their de-
sign. Contact with the crystalline lens would
provoke iatrogenic cataract formation, while
contact with the iris may result in iris chafing
and attendant chronic uveitis. Furthermore, an
anteriorly positioned IOL may result in pupil-
lary block and resultant angle closure glauco-
ma. Thus, a preoperative peripheral iridotomy
is recommended. Two approaches have evolved
in maintaining the optimal IOL position be-
tween the iris and lens: (1) sulcus fixation with
appropriate vaulting and, more recently, (2) har-

nessing the aqueous flux dynamics to float the
hydrophobic IOL away from the crystalline lens
in such a way that any type of fixation is avoid-
ed. Staar Surgical AG (Nidau, Switzerland) man-
ufactures the Implantable Contact Lens (ICL),
which employs the sulcus fixated design. By
contrast, Medennium Inc. (Irvine, CA) incor-
porates the floatation approach in their Phakic
Refractive Lens (PRL).

15.2.3.1
Sulcus-Fixated Posterior Chamber Lenses

As with anterior chamber angle fixated lenses,
the concept of vaulting is critical in determining
the success of a posterior chamber sulcus fixat-
ed lens. In turn, the vaulting angle is influenced
by the length of the IOL and the sulcus-to-sul-
cus distance. Choosing an IOL that is too short
relative to the sulcus-to-sulcus distance will
result in inadequate vaulting and resultant
cataract formation [22]. Furthermore, a short
IOL may result in decentration. By contrast,
a long IOL length will lead to excessive vaul-
ting, which in turn can lead to pigmentary dis-
persion or acute pupillary block glaucoma.
Thus correct sizing of the IOL is critical in pre-
operative planning. The ideal vaulting is
thought to be 500mm over the crystalline lens
(Fig. 15.6). Currently, no accurate method exists
to measure the sulcus-to-sulcus distance, and
therefore it is extrapolated from white-to-white
measurements.

The ICL evolved from Fyodorov’s original
design, which was first used to correct high my-
opia in 1986. In order to avoid the endothelial
contact that was associated with anterior cham-
ber lenses, Fyodorov pioneered the design of
the first posterior chamber phakic intraocular
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Fig. 15.6. Ultrasound biomi-
croscopy of the PRL positioned
in the posterior chamber. Note
that the PRL is not fixated in the
ciliary sulcus but rather floats
above the crystalline lens.
(Reprinted with permission
from [53])



lens. Staar Surgical made further modifications
to the design, and the first implantations were
accomplished in 1993 [8, 58]. After several re-
finements, Staar Surgical now offers the current
model of the ICL: the ICH V4 (Fig. 15.7). The ICL
is a single piece plate-haptic foldable lens that
may be inserted through an incision of less than
3 mm. The lens is composed of a proprietary
material termed Collamer (Staar Surgical AG,
Nidau, Switzerland), a hydrophilic collagen
polymer (34% water and <0.1% collagen), that
appears to be highly biocompatible and allows
the crystalline lens to maintain a normal metab-
olism. Both myopic and hyperopic models are
available. Toric models are currently undergo-
ing clinical trials and will correct up to 6 D of
astigmatism. The myopic lens is concave-con-
cave in design and is available in powers rang-
ing from –3 to –20 D. The hyperopic model is
convex-concave and is available in powers from
+1.50 to +20.00 D. Depending on the power 
of the lens, the optical zone varies between 4.5
and 5.5 mm. While the thickness is only 50mm
at the optical zone, the thickness increases to

100mm at the footplates and up to 500–600mm
at the haptic zone.Although the width is fixed at
7.0 mm, the lengths range from 11.0 to 13.0 mm
in 0.5-mm increments. Choice of lengths is crit-
ical in determining the appropriate position
and vaulting above the crystalline lens.

Short term results of the ICL have been en-
couraging and quality of vision has been excel-
lent. Clinical trials are still evaluating the long

term results and safety. The ICL gained the Eu-
ropean CE mark of approval in 1997. In the Unit-
ed States, the ICL began FDA trials in 1997 and
the spherical models have been recommended
for approval by the FDA Ophthalmic Devices
Advisory Panel and are awaiting final approval
[52]. Toric models are in the early phases of the
FDA trials.

15.2.3.2
Non-fixated Posterior Chamber Lenses

The posterior chamber lens manufactured by
Medennium Inc., named the Phakic Refractive
Lens (PRL), requires no fixation (Figs. 15.8, 15.9).
This lens floats on the crystalline lens by nature
of its hydrophobic material in conjunction with
the aqueous flux dynamics. This lens is com-
posed of a highly purified, optically clear sili-
cone. Because of its lack of fixation, stability of
centration and rotation are concerns. For these
reasons, this particular design may not be suit-
able for a toric lens. According to the manufac-
turer, centration is achieved by the self-center-
ing design of the optic body.

The PRL is a one-piece foldable plate haptic
lens that may be inserted through a 3.2-mm in-
cision. Because it does not require sulcus fixa-
tion, sizing is not as critical with the PRL as it is
with the lenses that require fixation and vault-
ing. Thus the manufacturer offers one length of
11.3 mm for the myopic model and one length of
10.6 mm for the hyperopic model. A 10.8 mm
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Fig. 15.8. Phakic refractive lens. (Reprinted with
permission from [56])

Fig. 15.7. STAAR implantable contact lens.
(Reprinted with permission from [59])



myopic model was previously offered but was
discontinued because of decentration issues
[28]. In both the hyperopic and myopic models,
the width of the lens is 6.0 mm. Thickness varies
according to the dioptric power, with a maxi-
mum thickness of 0.6 mm. The myopic model is
offered in powers ranging from –3 D to –20 D in
half diopter increments, which allows for cor-
rection of myopia up to –23.0 D. For the hyper-
opic model, power ranges from +3 D to +15 D in
half diopter steps and corrects a maximum of
+11 D. Whereas the diameter of the optical zone
for the myopic model varies between 4.5 and
5.0 mm depending on the power, the diameter
for the hyperopic model is fixed at 4.5 mm.

The PRL has gained the CE mark of appro-
val in the European Union and is currently un-
dergoing Phase III FDA trials in the United
States.

Summary for the clinician:

Important considerations when choosing 
a phakic IOL:
∑ Vaulting angle of the IOL
∑ Diameter of the optic
∑ Thickness and profile of the optic,

both centrally and peripherally

∑ Geometry of the haptics, including 
the number of haptic contact points 
and distribution of compressive forces 
in the irido-corneo-scleral angle 
for angle fixated implants

15.3
Evaluation of the Phakic IOL Patient

Because implantation of a phakic IOL is an elec-
tive procedure for the correction of ametropia,
patient selection and education is imperative.
The surgeon must have a clear understanding of
the surgical options available, as well as the con-
traindications and indications of each. A thor-
ough discussion of the risks, benefits and alter-
natives must then be undertaken in order to
allow the patient to make an informed decision.
Realistic patient expectations are essential to a
successful outcome.

15.3.1
General Patient Factors

In general, patients less than age 18 should not
have any refractive surgery, as their refractive
error has not stabilised. Refractive stability may
occur at an older age for patients with higher
levels of myopia. Patients with unrealistic ex-
pectations of “perfect vision” after surgery
should also be identified. These patients will
generally be unhappy with the outcome.

15.3.2
Refraction

Phakic IOLs are suitable for myopia in the range
of –8 D to –22 D and hyperopia in the range of
+3 D to +10 D. The Artisan toric iris-fixated lens
is able to correct from 1 to 7 D of astigmatism,
while the toric Staar ICL may correct up to 6 D
of astigmatism. Lower refractive errors are
better suited for corneal refractive procedures,
unless the patients’ corneas are unsuitable with
regards to thickness or topography. For best re-
sults, the refractive error should be stable prior
to the surgery. Both cycloplegic and non-cyclo-
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Fig. 15.9. Slit lamp photograph of the PRL properly
positioned. (Reprinted with permission from [53])



plegic refractions should be performed to de-
termine the contribution of accommodation.

15.3.3
Anatomic Factors

In anterior chamber lenses, the depth required
to avoid endothelial contact depends in part on
the power of the IOL, but in general requires at
least 3.2 mm as measured from the epithelium
[26]. Posterior chamber phakic IOLs also re-
quire a sufficient anterior chamber depth of at
least 3.2 mm in order to allow for atraumatic in-
sertion and manipulation of the IOL. The ante-
rior chamber depth may be determined via 
A-scan ultrasound or by the Orbscan II. A large
pupil may result in postoperative glare and
haloes, and yet many patients still find this
acceptable.

15.3.4
Pre-existing Ocular Pathology

Implantation of phakic IOLs should be per-
formed on healthy eyes without pre-existing
ocular pathology. Thus a thorough slit lamp ex-
amination should be performed. Of particular
concern,patients with pre-existing cataract may
fare better with natural lens replacement or
cataract surgery. Phakic IOLs, particularly ante-
rior chamber lenses, may be associated with en-
dothelial cell loss. Eyes with iris abnormalities,
such as iridocorneal endothelial syndrome, may
not have adequate angle support for anterior
chamber lenses [26]. A history of anterior
uveitis is also a relative contraindication, as in-
traocular surgery may reactivate quiescent dis-
ease. Any history of peripheral retinal patholo-
gy warrants a thorough dilated fundus exam
and preoperative prophylactic laser treatment
may be helpful [23]. Ancillary tests should in-
clude specular microscopy and pachymetry.
Furthermore, corneal topography should be
obtained to identify keratoconus.

15.3.5
IOL Sizing for Fixated Lenses

Correct sizing of the IOL is critical in determin-
ing the proper vaulting angles for the anterior
chamber angle-fixated and posterior chamber
sulcus-fixated lenses. For the anterior chamber
lenses, the white-to-white (W-to-W) measure-
ment is used to estimate the diameter of the iri-
docorneal angle and the appropriate lens size is
subsequently chosen. As for the ICL posterior
chamber lens, the ciliary sulcus distance is ex-
trapolated from the white-to-white measure-
ments. For myopic patients, 0.5 mm is added to
the W-to-W length. With hyperopic correction,
the ICL length is the same as the W-to-W. By
contrast, sizing of the IOL is less of an issue for
the iris-fixated Artisan Lens and the Phakic Re-
fractive Lens, both of which do not require
vaulting or angle fixation.

15.3.6
IOL Calculations

The calculation of power in phakic IOLs is dif-
ferent from that in cataract surgery. For phakic
IOLs, the lens manufacturers typically provide
nomograms with which to determine the ap-
propriate power. These nomograms are based
upon standard vertex conversion formulas.
With cataract surgery, a refracting element –
namely the crystalline lens – is removed, and
thus the preoperative refraction does not direct-
ly affect IOL calculations. By contrast, no re-
fracting element is removed in phakic IOL im-
plantation. Hence, the power of the phakic IOL
is simply determined from the patient’s refrac-
tion and adjusted according to vertex conver-
sion formulas. Consequently, axial length is not
a variable in phakic IOL calculations. For ante-
rior chamber phakic lenses, the calculation of
power is based upon the Van der Heijde nomo-
gram. For the ICL posterior chamber lens, soft-
ware supplied by the manufacturer will com-
pute the IOL power at the ciliary sulcus plane.
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15.3.7
Peripheral Iridectomy or Iridotomy

Because of the potential to cause pupillary
block and resultant angle closure, all phakic
IOLs require preoperative peripheral irido-
tomies or intraoperative iridectomies. Surgical
iridectomy carries the risk of traumatic cataract
or zonular dialysis in the phakic patient. The
manufacturers recommend that two irido-
tomies be placed superiorly 90º apart in the
event that part of the IOL occludes one of the
iridotomies.

Summary for the Clinician

Considerations in the evaluation 
and planning:
∑ Assessment of the anterior chamber depth

is critical for both anterior and posterior
chamber lenses

∑ IOL sizing is critical for angle or sulcus 
fixated lenses and may be estimated from
white-to-white measurements

∑ Nomograms for IOL power are determined
from the patient’s refraction and adjusted
for vertex distance

∑ Peripheral iridotomies are required 
for all types of phakic IOLs

15.4
Surgical Technique

Depending upon the surgeon’s familiarity with
the technique, general, retrobulbar, peribulbar
or topical anaesthesia may be used. The anteri-
or chamber lenses require preoperative miosis,
while the posterior chamber lenses require pre-
operative dilation. A viscoelastic is injected
through a paracentesis port prior to the inser-
tion of the lens in order to form the anterior
chamber and to protect the endothelium and
lens during manipulation of the IOL.

15.4.1
Anterior Chamber Angle Fixated

The size and location of the incision depends
upon whether the lens is foldable or non-fold-
able. The meridian of the incision is chosen so
as to minimise astigmatism. In repositioning
these lenses, care must be taken to minimise
pupil ovalisation.

15.4.1.1
Non-foldable Angle Fixated Lenses

With non-foldable lenses, the incision may be
created via a corneal or corneoscleral approach
and the size of the incision ranges from 5.5 to
6.0 mm depending upon the size of the IOL op-
tic. Though a glide may facilitate insertion of
the IOL into the angle, the glide itself may pose
a potential hazard to the crystalline lens. The
lens is inserted into the anterior chamber with
forceps and repositioned with a Sinskey hook.
The corneoscleral incision is then sutured and
the viscoelastic is removed.

15.4.1.2
Foldable Angle Fixated Lenses

The two types of “foldable”lenses,both of which
have tripod haptics, require vastly different
techniques. The Vivarte lens may be folded and
inserted with forceps through a 3.2-mm inci-
sion. Because of its smaller size, the self-sealing
incision may be created in clear cornea or via a
corneoscleral approach. The knee of the tripod
haptic is inserted first and the trailing haptic is
positioned with a Sinskey hook. The lens is then
repositioned with hooks via two paracentesis
ports situated perpendicular to the main
wound.

The Kelman Duet lens is not actually foldable
but consists of two separate components – the
optic and the haptic – that are sequentially in-
serted through a small incision and assembled
in the anterior chamber. Two 1-mm clear
corneal incisions are created at 3 and 9 o’clock
and facilitate manipulation of the components.
The haptic is first inserted with forceps through
one of the incisions and repositioned in the an-
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gle. The optic is then injected into the anterior
chamber. Two diametrically opposed tabs on
the optic are then fastened to corresponding
“snaps” on the haptic.

15.4.2
Anterior Chamber Iris Fixated

Two opposing paracentesis ports are created on
either side of the main incision and serve as en-
try sites for enclavation of the iris to the lens.
The angle of these incisions is therefore direct-
ed downward towards the mid-peripheral iris
rather than parallel to the iris as in cataract sur-
gery. The main incision may be corneal or cor-
neoscleral and varies between 5 and 6.5 mm de-
pending on the size of the lens chosen. Using
long-angled forceps, the lens is then inserted
into the anterior chamber, taking care to avoid
the natural lens. With a Sinskey hook, the im-
plant is then rotated into the horizontal position
for superior incisions or the vertical position for
horizontal incisions. While stabilising the lens
with the Artisan implantation forceps (Ophtec),
a specifically designed enclavation needle (Op-
eraid) is then inserted through one paracentesis
site and used to draw a portion of mid-periph-
eral iris into one claw of the lens. A similar
process is performed for the opposing claw
while taking care to centre the optic over the
iris. If centration is poor or the pupil ovalisation
is excessive, the iris may be released with the en-
clavation needle and the lens may be reposi-
tioned. The main incision is then closed with
sutures. Unlike the angle or sulcus fixated lens-
es, the iris-fixated lens may be centred over the
pupil even if the pupil is not centred in relation
to the limbus [26].

15.4.3
Posterior Chamber Angle Fixated

Proper loading of the lens into the injection car-
tridge is a critical step in the implantation of the
ICL. Because the ICL is manufactured with a
predetermined vault, correct orientation within
the cartridge is necessary and may be verified
by positioning markers on the lens. Two oppos-

ing paracentesis ports are created on either side
of the main incision and allow for manipulation
of the ICL. The ICL is injected through a clear
cornea incision, which is approximately
3.0–3.2 mm. Once inside the anterior chamber,
each footplate of the plate haptic is gently
tucked under the pupil using specially designed
spatulas that are inserted through the paracen-
tesis ports. Care must be taken not to touch the
surface of the crystalline lens. When proper po-
sitioning is verified, the pupil is pharmacologi-
cally constricted with miotics.

15.4.4
Posterior Chamber Phakic Refractive Lens

Although the design of the PRL differs from that
of the ICL, the implantation procedure is practi-
cally identical. Two opposing paracentesis ports
are created on either side of a 3.2-mm clear
cornea incision. The lens may be inserted with
either specially designed forceps or with an in-
jector. Like the ICL, the four corners of the plate
haptic style lens are then gently tucked under-
neath the pupil with specially designed spatu-
las. Unlike the ICL, the PRL does not require fix-
ation within the ciliary sulcus.

15.5
Post-operative Course and Enhancements

The visual recovery with phakic IOL implanta-
tion is rapid. Intraocular inflammation is mini-
mal compared to cataract extraction with pha-
coemulsification because no ultrasound energy
is transmitted to the ocular structures. Unlike
the excimer laser procedures, there is no regres-
sion effect with phakic IOLs because corneal
healing is not required. Patients with phakic
IOL implantation may desire a subsequent ex-
cimer laser enhancement procedure for residual
spherical or astigmatic refractive error.
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15.6
Results

There are several ways to evaluate the effective-
ness and quality of vision following refractive
surgery. The most common method is to evalu-
ate the percentage of patients achieving 20/40
and 20/20 and the percentage that fall within
0.50 D and 1.00 D of emmetropia. Another
method is to compare the mean preoperative
spherical equivalent to the mean postoperative
spherical equivalent. In addition, the efficacy in-
dex is defined as the ratio of the post-operative
UCVA to the pre-operative BCVA. Larger ratios
are the desired outcome. Loss of BCVA is a
measure of safety and may be reflected in the
safety index, which is the ratio of post-operative
BCVA to pre-operative BCVA. More recently, the
emergence of aberrometers now allows for the
evaluation of the wavefront and quality of vi-
sion.

The results of the major clinical studies are
summarised in the following tables. Table 15.2
summarises the myopic results for the ICL, PRL,
Artisan, NuVita, and the ZSAL-4. Likewise,
Table 15.3 summarises the hyperopic results.

15.6.1
Myopic Results

Few long-term studies exist for phakic IOLs and
a direct comparison of each different type is dif-
ficult because of rapid changes in the lens de-
signs. Furthermore, the range of refractive er-
rors corrected varies from study to study, with
some studies enrolling the more extreme refrac-
tive errors. This context must be considered
when evaluating the outcomes. In general, the
results have been encouraging with regards to
refractive outcomes, efficacy, and safety. As a
whole, the latest generation of phakic IOLs ap-
pears to be quite safe with regards to loss of
BCVA. On average, 5% of eyes lost one line of vi-
sual acuity, while <1% of eyes lost two or more
lines of vision. About one-third of patients
gained two or more lines of vision.

The Artisan lens has remained unchanged
since 1991 and thus has the largest series of pa-
tients available for evaluation. As demonstrated
by Table 15.2, both the Artisan lens and the ICL
lens have demonstrated remarkable results,
with 20%–30% achieving an UCVA of 20/20 or
better and 70%–80% achieving an UCVA of
20/40 of better.

Recently, Vukich compared data of 559
LASIK eyes with 210 ICL eyes for the treatment
of myopia in the range of 8–12 D [46, 56]. At
1 year, the LASIK eyes achieved 20/20 UCVA in
36% and 20/20 BCVA in 82% compared to 52%
and 90% of the ICL eyes, respectively. Pre-
dictability was within 0.5 D at 1 year in 57% of
LASIK eyes and 69% of the ICL eyes. Further-
more, the LASIK eyes showed an average regres-
sion from –0.06 D at 1 week to –0.51 D at 1 year
while the ICL group had no regression. Wave-
front analysis of ten eyes in each group at least
6 months post-operatively revealed coma of
0.46mm and spherical aberration of 0.39mm in
the LASIK eyes compared to 0.22 and 0.13mm,
respectively, for ICL eyes.

15.6.2
Hyperopic Results

As demonstrated by Table 15.3, correction of
high hyperopia with phakic IOLs appears to be
a relatively safe procedure with regards to loss
of BCVA. An average of 7% of eyes lost one line
of BCVA, and 1.8% lost two or more lines of
BCVA. An average of 17% gained two or more
lines of BCVA. All the reported safety indices
were greater than one. Moreover the hyperopic
phakic IOLs demonstrated very good pre-
dictability, with 70% of eyes falling within 0.5 D
of the targeted refraction and 93% of eyes
falling 1 D. In addition, the phakic IOLs pro-
duced relatively good results with respect to
UCVA.
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15.6.3
Toric Results

One study describing the surgical outcomes of a
toric phakic IOL was recently published [19]. A
total of 48 myopic eyes with a mean preopera-
tive spherical equivalent of –8.90 ±4.52 and 22
hyperopic eyes with a mean preoperative spher-
ical equivalent of +3.25 ±1.98 D were implanted
with the Artisan toric IOL. There was a signifi-
cant reduction in spherical and cylindrical er-
rors after surgery. The average magnitude of the
refractive astigmatism was reduced from 3.7 D
pre-operatively to 0.7 D post-operatively. Pre-
dictability was excellent: all eyes were within
1.00 D of the targeted refraction and 72.9% were
within 0.5 D.

15.7
Complications

The complications that are unique to each type
of phakic IOL have been detailed in a previous
section. While the major concern in anterior
chamber lenses is endothelial cell loss, the criti-
cal concern in posterior chamber lenses is
cataract formation. Table 15.4 summarises the
complications for each type of lens as reported
by the major studies. In general, the complica-
tion rates have shown continued improvement
with each successive generation of lenses.

Endothelial cell loss rates have been accept-
ably low with the latest generation of anterior
chamber lenses. It is important to distinguish
endothelial cell loss from the initial surgical in-

sult versus the gradual decline that results from
intermittent IOL contact and chronic low grade
inflammation. Most studies have concluded that
the majority of endothelial cell loss has oc-
curred at the time of surgery with only minimal
loss thereafter. The studies with the longest fol-
low-up of each of the lenses show a 12% loss at
4 years with the ICL [18], a 13% loss at 4 years
with the Artisan [37], and a 9% loss at 7 years
with the ZSAL-4 [2].

The risk of cataract formation is greatest in
the posterior chamber lenses. Because of im-
provements in vaulting, the latest generation of
ICLs have been shown to have a reduced rate of
cataract formation [50]. The Artisan lens also
carries a risk of anterior subcapsular cataracts
as well as anterior nuclear vacuoles associated
with the trauma of insertion.

Pupil ovalisation is primarily a risk of anteri-
or chamber phakic IOLs, with reported rates be-
tween 16% and 40%. They are generally pro-
gressive in nature and may be due to chronic
irritation of the phakic IOL footplates in the
anterior chamber angle. A small percentage of
eyes have ovalisation that is non-progressive in
nature and related to improper insertion.

Because anterior chamber lenses require
smaller optic sizes that minimise the risk of
endothelial contact, they are associated with 
the risk of glare and halos. In order to mini-
mise these symptoms, the ZSAL-4 and NuVita 
lenses have optic edge modifications. The 5-mm 
model of the Artisan lens has a higher risk 
of symptoms, but Ophtec has offered a larger 
6-mm optic to reduce glare and halos. However,
this model is only available in powers up to
15.5 D.

15.7 Complications 251
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15.8
Conclusions

The results of phakic IOL technology thus far
have been encouraging. Although they may not
achieve the same level of accuracy as excimer
lasers at the lower ranges of ametropia, phakic
IOLs are able to provide more predictable re-
sults at the higher ranges. Furthermore, the re-
fractive outcomes of phakic IOLs offer more
long term stability as compared to corneal re-
fractive procedures, which must contend with
the variability of corneal healing. In fact, phakic
IOLs offer superior quality of vision with fewer
induced higher order aberrations because they
lack the variability of tissue healing. Conse-
quently, there has been some speculation as to
whether the future of “custom” refractive sur-
gery lies with lenticular refractive surgery ver-
sus corneal refractive surgery. With custom
cornea treatments, precision technology is be-
ing used to ablate an imprecise surface, namely
the cornea. On the other hand, the smooth and
precise refracting surface of phakic IOLs, as
demonstrated by scanning electron microscopy
studies [29], lack the micro-aberrations of ab-
lated cornea and hence induce fewer aberra-
tions. Furthermore, phakic IOLs may soon be
designed to incorporate wavefront correction.
Clearly, both technologies – the phakic IOLs
and excimer laser technology – each have their
own shortcomings as well as their own unique
strengths. Thus at present, they will continue to
exist in a symbiotic relationship that will allow
us to further advance the results of refractive
technology.
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16.1
Introduction

Currently there are two general approaches to
correct a refractive error: refractive corneal sur-
gery and intraocular refractive surgery. In ei-
ther case, the main goal of refractive surgery is
to achieve the smallest residual refractive error
preserving quality of vision with the same visu-
al capacity. Surgical manipulation of the crys-
talline lens is one of our frequent refractive sur-
geries.

The correction of high myopia and high hy-
peropia is still a controversial topic. Refractive
surgical procedures are usually performed at
the cornea. Correction of myopia is relatively
easier, but the correction of hyperopia by means
of corneal surgery is used by few refractive sur-
geons due to its technical and conceptual com-

plexity (it is clearly easier to flatten than to
steepen the cornea), its lower predictability and
more frequent unsatisfactory results [10, 11].
The correction of low to moderate myopia or
hyperopia at the corneal plane provides accept-
able quality of vision, but high corrections
cause significant optical aberrations and poor
quality of vision especially under dim light con-
ditions [19, 25, 30, 42], such that intraocular re-
fractive surgery becomes a valid alternative to
correct cases of high ametropia.

Refractive lens extraction (RLE) is an in-
traocular refractive surgery consisting of the
extraction of the natural lens and its substitu-
tion by an posterior chamber intraocular lens
(IOL) of proper dioptric (D) power (Fig 16.1 and
16.2). When it is not associated with a cataract,
others call it “clear or semi-clear lens extrac-
tion” or “refractive lensectomy” or “refractive
lens exchange”. This is a very ancient surgical
technique; Fukala [13] first reported RLE in
1778. He is considered the pioneer of the refrac-
tive lensectomy concept. Later on, the increas-
ing risk of retinal detachment (RD) with this
procedure was reported, due to it this surgical
technique was left of side and was finally aban-
doned.

Nowadays, RLE is a surgical technique that
has been revived and is under constant investi-
gation [38]. Theoretically, RLE is a surgical pro-
cedure with the same risks and complications as
cataract extraction surgery. According to
Werblin [47], in experienced hands, the inci-
dence of permanent visual loss from an intra-
operative or postoperative complication of IOL
surgery is between 0.5% and 1.0%. In this re-
gard, the procedures and materials have evolved
promptly during the last 30 years, changing the
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point of view of the ophthalmologists and the
expectations of both, the professionals and the
patients.

RLE might be considered today a surgical
option for the correction of high myopia and,
high hyperopia, in patients in presbyopic age.
This procedure can provide rapid and pre-
dictable visual rehabilitation and refractive sta-
bility; moreover, the implant can be removed
and replaced, usually easily and safely, in the
rare case of “refractive surprise”. In other cases,
corneal refractive surgery may be used to adjust
the final refraction. Furthermore, the visual
quality and  optical rehabilitation is superior
than with other surgical modalities, especially
with corneal techniques which are limited by
both corneal thickness and corneal curvature.
We limit our corneal intervention to expected

post-operative corneal curvatures between 39.0
and 48.0 D in order to prevent optical aberra-
tions, glare and other visual phenomena after
the procedure.

Nevertheless controversy persists over
whether RLE should be considered as “routine
refractive surgery” since some questions about
the risk : benefit ratio with this technique re-
main unanswered. Today, thanks to the pha-
coemulsification surgical technique, small inci-
sion surgery, viscoelastics materials, and
foldable IOLs, the safety of the procedure and
guarantee of the refractive results we have are
better. We think that RLE is the best surgical
technique for the correction of high myopia and
high hyperopia, especially in patients older than
45 years since the majority of them, if not all,
have some degree of degenerative changes in
the natural lens. Under this conditions, corneal
surgery induced aberrations might easily in-
crease the total aberrations of the eye. As such,
in order to optimise the results and provide re-
fractive stability with visual quality, extracting
an incipient cataract, in our opinion, is the first
surgical option in this group of patients.

16.2
Myopia

16.2.1
Visual Results

Refractive lens exchange has been suggested for
the treatment of high axial myopia. Lens re-
moval could compensate the myopic refractive
error. RLE fulfils satisfactorily the two main
objectives of everything refractive surgery: pre-
dictability and safety. RLE for myopia, through
phacoemulsification, gives very good results.
All authors reported improvement in 100% of
the cases in UCVA and increase in BCVA in
some cases (see Table 16.1).

Theoretically it would appear that there is  a
higher risk of Snellen VA loss with intraocular
refractive surgery than with corneal refractive
surgery. Nevertheless, we must remember that
some studies showed a loss of BCVA with LASIK
surgery up to 12% of cases with high myopia
(–7.00 D to –29.00 D) [16, 25]. Meanwhile, with
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Fig. 16.1. Monofocal IOL “in the bag” implantation
in a high myope. Note the oblique folds at the posteri-
or capsule

Fig. 16.2. Multifocal (refractive) IOL “in the bag”
implantation in the other eye of the same patient as in
Fig. 16.1 (non-dominant eye)



RLE the incidence of this complication,seems to
be lower: between 0 and 4%. Colin and col-
leagues [4,5,6] reported 4% of patients (2/49)
with a loss of BCVA of more than 2 lines, one af-
ter macular complication and one after retinal
detachment (RD), at 7-years follow-up, and for
this reason, it is not possible to clearly establish
the relationship between the loss of BCVA and
the surgical procedure.

The improvement in BCVA reported in the
literature and also observed by us in daily prac-
tice is remarkable. The mean postoperative
BCVA improved by an average of 1 line and oth-
er surgeons as Lee and Lee (27) report that 75%
of patients gained tow or more Snellen lines of
BCVA. However, Colin and colleagues [4, 5, 6]
reported that this visual benefit is not constant
in the time, they found that the improvement of
BCVA from 0.57 pre-operatively to 0.61 post-op-
eratively at 1 year, is identical to preoperative
BCVA at 4-years, possibly due to the worsening
of previously existing macular lesions. An ex-
planation of this phenomenon remains to be
found.

The results in predictability are variable.
Chastang and colleagues (3) reported that in
87,9% of cases, the postoperative refraction was
within ±2.00 D of emmetropia. In most recent
report, Gabric and colleagues (14) reported
87,5% of cases within ±1,0 D and 95,8%, within
±2.0 D of emmetropia. On the other hand,
Pucci (36) and Chastang (3) reported cases with
3.0 D and 3,5 D of biometric error, respectively.

Accuracy in the post-operative refraction de-
pend on precise pre-operatory biometry The
most frequent cause of imprecision in the IOL
power calculation is due to an error in the axial
length measurement; therefore, is necessary to
realize an echographic exam in A and B modes,
because this patients have frequently, posterior
segment staphylomas.We use the SRK-T formu-
la, which allows us to realize a IOL power calcu-
lation with sufficient precision. The post-opera-
tive target refraction is emmetropia or “mono-
vision”.

In our  case series  published  recently [17], of
42 eyes with high myopia (mean of –15.8 D) that
underwent phacoemulsification of clear or
semi-clear lens; we found, 52.7% of the eyes had
a manifest refraction within ±1.00 D and 94.1%

within ±2.00 D (–1.05 D on average) at 4 years
after surgery. An improvement of BCVA of at
least 1 line of Snellen visual acuity was seen in
72.5% of the eyes, while no eyes presented loss
of BCVA. Obviously, predictability would be
better if we included in the final results, eyes
treated with corneal surgery for refractive
residual error.

16.2.2
Complications

The most common significant complication in
high myopic eyes is retinal detachment (RD).
Perkins [34] has estimated the risk of RD in
non-operated eyes with myopia ≥–10.0 D in
0.68% per year.Apparently, there is a linear cor-
relation between the degree of myopia and the
incidence of RD [15, 35, 48].

Likewise, in those eyes with high myopia
which underwent RLE, the major risk for per-
manent visual loss is also secondary to RD. The
main risk factors include: peripheral retinal de-
generation, intra-operative posterior capsular
rupture, absence of posterior chamber IOL, and
Nd:YAG laser application after surgery [43, 31,
9].

Javitt [23] estimated an RD rate of 7.5% and
assumes that 25% of RD are unsuccessfully reat-
tached and that these cases have a 100% rate of
severe visual loss. His conclusion is that 3.3%
can expect severe visual loss due to RD follow-
ing RLE. I think that Javitt overestimates the
risk for visual loss due to RD, because Javitt’s
study is based on the rates of the case series pre-
sented by Barraquer (7.3%), Coonan (3.5%) and
Lindstrom (9.6%) (1, 7, 28). Barraquer and col-
leagues, for example, included cases that under-
went different surgical techniques: lens aspira-
tion (59.4%), intracapsular extraction (3.0%)
and manual extracapsular extraction (37.6%)
with incisions larger than 140º. Only nine of the
165  (15%) cases received an IOL and the retina
was reattached in 75% of cases. Obviously, these
techniques are not comparable with the modern
phacoemulsification and RD repair techniques.

The risk of severe visual loss due to RD in
high myopic eyes that underwent RLE by pha-
coemulsification seems to be significantly low-
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er. Gris, Güell and colleagues (18) reported one
RD (2,2%) that occurred 4 weeks after surgery
in an eye with a posterior capsular tear. Like-
wise, Pucci and colleagues (36) in their study of
25 eyes with myopia higher than –12.0 D found
4,0% (one case) of postoperative RD. In other
current clinical studies with follow-up of 4 years
or less, tended to have excellent results: zero in-
cidence of RD. In these reports, the incidence of
RD may relate to degree of preoperative myopia,
surgical technique and duration of follow-up.

In our last study [17], the incidence of retinal
detachment was 0% in 44 eyes with a mean pre-
operative spherical equivalent (SE) of –15.8 D.
No eye required pre-operative peripheral reti-
nal photocoagulation. Colin and colleagues
[4,5,6] demonstrating an increased incidence
with time, found an RD incidence of 8.1% over a
follow-up of 7 years, versus 2.0% over a follow-
up of 4 years. In patients whit Lattice degenera-
tion retinal tear or hole, was performed argon
laser before RLE.

Currently, it is not clear whether prophylaxis
by means of laser onto the retina can reduce the
RD incidence; in fact, many authors have re-
ported that the prophylactic treatment not al-
ways avoids RD after RLE but might increase it.
Ripandelli and colleagues [37] reported a study
of 41 patients with high myopia (–14.00 to
–29.00 D) who underwent surgery for RD after
RLE; 26 of them received prophylactic laser
retinopexy onto 360° of the retina, while RD
occurred along the previous circumferential
photocoagulation border in four patients. Only
nine patients achieved BCVA ≥20/60 after
retinopexy post-RLE. Although the authors did
not report the RD incidence after RLE, they ad-
vised on the potential complications (27 of 41
eyes developed some degree of vitreo-retinal
proliferation) able to produce visual loss, in
spite of the prophylactic laser treatment. We
only perform laser prophylaxis in those lesions
where the vitreoretinal surgeon thinks there is a
high risk of RD.

Visual acuity worsens after surgery due to
the progression of posterior capsular opacifica-
tion (PCO), Nd:YAG laser application becomes a
mandatory procedure in these eyes. Nd:YAG
laser capsulotomy has been associated with an
additional risk factor for RD (31), especially in

cases with high myopia, increasing the risk of
permanent visual loss in patients with previous
vitreo-retinal lesions. Both, RLE and Nd:YAG
laser capsulotomy increase the incidence of
posterior vitreous detachment (PVD). Javitt
[23] have considered that the risk of RD in high
myopia multiplies 3.9 times after laser YAG cap-
sulotomy. For this reason it is usually recom-
mended only in cases with a decrease of more
than one line in BCVA and after a minimum of
6 months following surgery.

The reported PCO in the literature varies be-
tween 5.6% up to 61.2%. [2, 3, 14, 17, 27, 45, 46).
We have confirmed clinically significant PCO in
56.8% of the eyes, all of which required YAG
laser capsulotomy [17]. Colin and colleagues
[4–6] found an obvious increase of PCO with
time, reporting a 36.4% incidence during the
first 4-years versus 61.2% over 7-years of follow-
up. Mean time for capsulotomy was 48.4 months
after RLE. There were no reports of RD or other
complications following laser YAG capsulotomy.
It should be noted that the PCO variation could
be mainly related to the design and type of ma-
terial of the IOLs, as well as to the epithelial cells
cleaning technique used during surgery, though
PCO is not yet preventable.

Other important complication after RLE are
the vitreo-retinal changes. More than the half of
high myopic patients has a vitreal alteration pre-
vious to the surgery.Colin and colleagues (4,5,6)
in their series reported 57,7% of pre-operatory
vitro-retinal alterations, they found an incidence
of post-operative PVD of 16,3% in overall at 7-
years. Ripandelli and colleagues (37) suggested
that RLE might play a major role in RD by pre-
cipitating vitreous changes that other wise
would have occurred more slowly over time.

Macular complications are less frequent, but
this complications might produce permanent
visual loss. Colin and colleagues (6) reported
one case of choroidal sub-foveal neovascular-
ization, who decrease BCVA from 20/50 to
20/200 after this complication. We believe that
by employing a careful surgical technique and
preserving intraocular pressure (IOP) during
the surgery, macular complications should be
rare. On the other hand, a control group without
RLE by myopia is required to an accurate evalu-
ation of the incidence of macular complications
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attributable to RLE surgery. Other less frequent
complications following RLE reported in the lit-
erature include: raised IOP [17], cystic macular
oedema (CME) [2, 14],and intra-operative vitre-
ous loss [41]. (see Table 16.1)

In conclusion, patients with high myopia
present several  ocular abnormalities that pro-
gressively increase over time [15, 48] and the
surgical options for refractive correction avail-
able to them might have some undesirable sec-
ondary effects. Any corneal surgery in high my-
opia induces visual aberrations and, combined
with progressive lens opacification, significant-
ly reduces the optical quality of the eye. This is
one of the main reasons to select RLE as a re-
fractive surgical procedure to correct high my-
opia in middle-age patients.

This does not mean that the procedure could
then become broadly recommended. It should
be performed in selected cases and following a
complete examination to detect vitreo-retinal
abnormalities. We offer RLE as the first option
for patients older than 45 years or with presby-
opic symptomatology, and with myopia greater
than -6.0D that are out of the proper range for
correction with other available refractive proce-
dure. Finally, we consider a long and continuous
follow-up of the outcomes of RLE for high my-
opia an absolute necessity before it can be prac-
tised routinely.

16.3
Hyperopia

Our ability to correct myopia has always been
greater than our ability to correct hyperopia. In
recent decades, several surgical techniques have
been proposed for hyperopia correction with
mildly encouraging results, although some of
them are not currently used. RLE for hyperopia
is an intraocular refractive procedure proposed
initially by Osher in 1994 [32, 33]. With almost
10 years of experience, RLE with IOL implanta-
tion seems to be a safe and effective refractive
technique, especially in patients around the
presbyopic age.
Hyperopic individuals are totally dependent on
optical correction, for both, near and distance
vision, especially in presbyopic age, in contrast

to myopic individuals which have, at least, some
degree of near vision. According to Siganos and
colleagues (40), hyperopes belonging to the age
group of 35-years older will soon be needing
presbyopic correction, adding more diopters to
the already existing plus correction, translated,
in turn, into more spherical and chromatic
aberrations, more constricted visual field and
further decrease in the image quality. These pa-
tients require a safe solution for their visual de-
pendence and we believe that RLE is a satisfac-
tory procedure for this intention.

16.3.1
Visual Results

Optional or elective surgery, as in most cases of
refractive surgery, needs a safety level higher
than the one related with surgery performed on
the basis of medical indications. In an earlier
prospective study, Siganos and colleagues (39)
showed that RLE with subsequent implantation
oh high power IOL in high hyperopia provided
accuracy, high predictability, safety and rapid
visual stability in a series of 10 eyes whit 18
months follow-up.

Likewise, Siganos and Pallikaris (40), in 17
normally sighted eyes, with spherical equivalent
(SE) of +9.61 D (+6.75 D to +13.75 D) reported
that postoperative SE was of +0.19 D and the
mean UCVA improved from count fingers (CF) to
0.84 at three-years. In posterior report the same
authors (41) reported similar results in 35 eyes
whit hyperopia of +7.0 D to +14.0 D, they found a
mean UCVA of 0.8 (0.5 to 1.0) after surgery. No
eyes lost any lines of BCVA. Stability of refraction
was noted from the second month after RLE.

A safe refractive procedure might at least
maintain pre-operative BCVA. Theoretically, hy-
peropic eyes should loose BCVA after RLE, and
in fact, some studies have confirmed this idea.
Kolahdouz-Isfahani and colleagues [26], in a
case series of 18 eyes, reported 11.1% deteriora-
tion of at least one line of Snellen BCVA. Similar
findings were revealed by Fink and colleagues
[12] when they reported a loss of one line of
Snellen vision in 11.5% of the eyes with mean SE
of +2.28 D (+1.25 to +4.0 D), and 29.00% in eyes
with mean SE of +6.32 D (+4.75 to +10.25 D).
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Nevertheless, Fink and colleagues(12) found
that 80.7% and 70.9% of eyes, had no change or
gained a line in BCV in 26 eyes with low hyper-
opia (up to +4.0 D) and in 24 patients with  high-
est hyperopia (up to +10.25), respectively. These
results could be due to the extraction of a highly
positive natural lens with magnifying effect that
causes spherical aberrations and retinal defo-
cusing in an eye with high hyperopia and some
degree of opacification lens, although the cause
of these outcomes is not completely understood.

The final refraction is possibly more impor-
tant in hyperopic that in myopic individuals.
Any error is very badly tolerated by this kind of
patient. Apparently, the most important single
limiting factor for the success of RLE in hyper-
opia is the inaccuracy of the formulas used for
the IOL power calculation. Different formulas
have been used (SRK-II, SRK-T, Hoffer-Q y Hol-
laday-II), and there is still a debate regarding
which is the most adequate formula. The Holla-
day-II formula takes into account different vari-
ables such as anterior chamber depth, axial
length, lens thickness, white-to-white distance,
pre-operative manifest refraction and age. All
these variables enable a calculation of the accu-
rate IOL position following surgery. This aspect
is very important in short eyes because a dis-
placement of 1 mm produces an error of ±1.0 D
for each 10.0D of IOL power.

Fink and colleagues [12] reported good pre-
dictability in low hyperopic eyes, (mean SE of
+2.28 D); 88,5% of the cases were within ±1.0 D of
the intended refraction using the Holladay II for-
mula,comparable with other low hyperopia stud-
ies; Lyle and Jean (29),recorded 75% of eyes with-
in ±1.0 D of intented refraction, using various
formulas. Furthermore, Fink (12) found that with
higher refractive errors, predictability was less
accurate, only 58.3% of eyes within ±1.0 D of em-
metropia.Koladouz-Isfahani and colleagues [26],
in their study with 18 eyes with SE of +6.17 D
(+4.25 to +9.25 D) reported a mean IOL calcula-
tion error of +0.81 D. Only 39% of the eyes
achieved a post-operative manifest refraction
within ±1.0 D. Biometric calculation was per-
formed using the Hoffer-Q formula in 16 eyes,
and Holladay-II, in two nanophthalmic eyes.

However,Siganos and colleagues [41] achieved
good predictability with a previous generation

formula: They reported 100% and 83% within
±1.0 D of emmetropia using the SRK-II and SRK-
T formula, respectively, in hyperopic eyes of +7.0
to +14.0 D. In contrast, Hoffer [20] found an error
greater than 2.0 D, in 11% of cases using the SRK-
II formula in short eyes. There is still much unre-
solved debate about which is the best formula to
use for short eyes. It would appear that a lot de-
pends on the accuracy of the biometrist and on
the experience or preference of the surgeon in the
selection of the formula to be used.

In any case, it is possible to adjust the final
manifest refraction by means of a corneal re-
fractive procedure (Fig. 16.3).With regard to this
point, in our experience, is easier to correct a
myopic residual refraction in the corneal plane
because is more predictable than a hyperopic
residual refraction.

In agreement with Fink and colleagues (12),
the incidence of secondary enhancement proce-
dures depends not just on the degree of accura-
cy of the initial surgery, but also on the subjec-
tive satisfaction of the patient. Each additional
refractive procedure carries additional risk,
both specific to the procedure and also to the
potential interaction with optical sequel from
the primary surgery. The surgical technique
chosen depends on the preferences of the sur-
geon, on the available technology and the mag-
nitude of change required. In the majority of
cases, the surgeon is able to improve the situa-
tion with a small refinement, but the pre-
dictability of this second procedure might be re-
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Fig. 16.3. LASIK for the final enhancement after
clear lens extraction and IOL implantation for high
hyperopia



duced compared with the same procedure on a
virgin eye.

We preferred to try the mono-vision in hyper-
opic patients initially, leaving a final residual my-
opia of –0.50 D to –1.0 D or a myopic astigmatism
in the non-dominant eye, deliberately; to facili-
tate nearby vision without glasses.The ideal solu-
tion to perfect predictability in the future seems
to be new polymers (Calhoun Vision Project)
that enable the refractive power to be adjusted
once the IOL is implanted in the eye. (Fig 16.4)

In many cases, hyperopic eyes require IOL
powers higher than 30 D, making IOL insertion

difficult in relatively small eyes due to the cen-
tral thickness of the optical part of the IOL. Fur-
thermore, the high spherical aberrations in
IOLs of more than 35.00 D limit fabrication and
suggest that in very high hyperopic eyes, piggy-
back IOL implantation might be recommended.
Holladay and colleagues [21] recommend the
use of two biconvex IOLs with proper alignment
of the optical centre into the capsular bag,
nonetheless this is difficult to achieve in hyper-
opic small eyes and it is more an optical than a
biological concept; therefore, one IOL place-
ment into the bag and other onto the sulcus can
be a proper and more adequate surgical ap-
proach, and is in fact, the technique recom-
mended by most surgeons and practiced by us.
(Fig.16.5)

According to Holladay and colleagues [21] a
double lens implantation provides better opti-
cal quality because it induces less spherical
aberration. Nonetheless, studies have reported
several related complications such as the forma-
tion of Elsching pearls between the IOLs, induc-
ing an increase in hyperopia as a consequence of
IOL separation. On the other hand, the new IOL
designs and the larger optical zones used have
improved the optical quality and, therefore, pig-
gy-back implantation is not so commonly used
today.
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Fig. 16.4. Main principle of the adjustable IOL project from Calhoun Vision. Note the capability of refractive
refinement once the IOL is already in the eye

Fig. 16.5. “Piggy back” “in the bag” implantation.
The anterior IOL is a multifocal implant (diffractive)



16.3.2
Complications

RLE has the same related complications as
cataract extraction in hyperopic eyes, including
PCO, intra-operative posterior capsular rupture
or vitreous loss, RD, choroidal haemorrhage,
glaucoma, CME, and endophthalmitis. However,
RD has not been as well associated with hyper-
opia as myopia.

Following RLE, a frequent and expected
complication is PCO, and the necessary ND:YAG
laser capsulotomy (in the same way as intra-op-
erative posterior capsular rupture) predisposes
to PVD and, as a result, possibly facilitates CME
and RD (9, 43). Siganos and colleagues [41] re-
ported a PCO frequency of 54% of cases (19/35
eyes) that were uneventfully treated with
Nd:YAG laser capsulotomy. Theoretically, the
wider IOL adhesion to the posterior capsule in
hyperopic eyes would have an inhibitory effect
in the formation of Elsching pearls. On the oth-
er hand, this surgery is performed in younger
eyes with a more compact vitreous, and PVD
would be less frequent than in patients with my-
opia. Therefore, we believe that PCO is a compli-
cation that can be successfully treated and with-
out the expected vitreo-retinal complications in
hyperopic eyes as in myopic eyes.

In our surgical experience, up to 10% of the
hyperopic eyes are nanophthalmic with axial
lengths of less than 21 mm. The possibilities of
the following intraocular surgery complications
are increased in these eyes: choroidal haemor-
rhage and RD during surgery and malignant
glaucoma following surgery. For this reason it is
still highly recommended to perform a periph-
eral iridotomy in eyes with an axial length of
<21 mm and corneal diameter <11.0 mm, to di-
minish the malignant glaucoma risk in the post-
operative period.

Of the posterior segment complications,
CME can lead to transient or permanent loss of
BCVA, Fink and colleagues [12] reported a case
of symptomatic CME with complete recovery,
reducing the BCVA first to 20/25 but improving
following treatment to 20/15. It must be pointed
out that corneal refractive surgery in hyperopia,
is not exempt of retinal complications (10, 11).

There have been cases of bilateral macular
haemorrhage and injury to the optical nerve fi-
bres reported, probably secondary to an in-
crease in IOP during the suction and corneal
flap procedure, commonly more difficult is
these small and deep eyes.

In conclusion, even though there is some re-
sistance from a number of refractive surgeons
to perform an intraocular procedure in a
“healthy” eye, RLE is a good alternative for the
correction of moderate or high hyperopia, espe-
cially in presbyopic eyes where natural accom-
modative power of the lens tends todecrease at
a younger age than in the  general population.
We prefer to use intraocular refractive surgery
for hyperopic correction s higher than +3.0 D; if
the patients are in the presbyopic age, our pre-
ferred procedure  is RLE, including patients
with lower hyperopia; if not, phakic IOL im-
plantation is our procedure of choice.

16.3.3
Multifocal IOLs

Although presbyopia correction with multifocal
and accommodative IOLs at the time of crys-
talline lens surgery is just starting, several types
of this IOL are have been investigated in recent
years [8].The collateral effects of the multifocal
IOL include: undesirable optical phenomena
and loss of contrast sensitivity, for this reason it
must be properly defined and evaluated preop-
eratively. On the other hand, the accommoda-
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Fig. 16.6. Crystalens (AT.45) “accommodative” style
pseudophakic IOL



tive range of these IOLs, is still in debate. Our
clinical experience with the use of this type of
IOL is limited. Currently, the visual effects of
this type of IOL regarding visual function and
patient satisfaction are being studied. (Fig. 16.6)

16.4
Surgical Technique: Phaco-rolling

There are almost as many surgical technique as
there are surgeons. We will discuss some of our
own techniques in greater depth. We regularly
use the surgical technique named phaco-rolling
(presented at the ASCRS in 2001 and pending
publication at the JCRS): After hydrodissection,
the phaco-tip is introduced in the periphery of
the lens and with high aspiration pressure and
low to medium ultrasound power, the lens “ro-
tates” into the phaco-tip. The position of the
lens is controlled during aspiration with an ad-
ditional instrument through a lateral paracente-
sis. (Fig. 16.7)

We generally use a foldable acrylic IOL and
prefer introducing it with an injector system,
thus avoiding a large corneal incision. With our
standard corneal incision of 2.75 mm, the in-
duced astigmatism is near to zero. For the 

calculation of the IOL power, we used the SRK-
II formula and Holladay-II formula in high hy-
peropia. The target refraction is emmetropia
with an attempted residual refractive defect of
–0.50 D to –1.0 D in the non-dominant eye. The
Nd:YAG laser capsulotomy for PCO is generally
indicated after a minimum time of 6-months
from the surgery.We like to do a large one, close
to the edge of the IOL (almost 5 mm diameter).
With this surgical technique we have been very
successful in our surgery of RLE and we have
not had serious intra or post-operative compli-
cations.

Summary for the Clinician

∑ Refractive lens exchange is a well estab-
lished technique in myopic patients and is
an increasingly used option for the correc-
tion of moderate or high hyperopia in the
presbyope age group.

∑ Quality of vision, surgical simplicity and
easy adjustability with many forms of
corneal refractive surgery are its main 
advantages.

∑ A long-term study on safety and its com-
parison with an appropriately designed
control group is still needed.
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Fig. 16.7. Phaco –rolling Technique: Note the rotatory movement of the nucleus an epinucleus “against” the
phaco-tip. High vacuum and low aspiration pressure (Venturi) are used with low ultrasonic power.
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17.1
Principle of Wavefront Technology

17.1.1
Basics of Wavefront Aberration

Wavefront technology was original developed
for two non-medical applications: (1) to en-
hance telescopic images by minimising the
wavefront distortions that occur as light from a
distant star travels through the earth’s turbulent
atmosphere, and (2) to track incoming war-
heads as part of a missile defence program. The
human eye is not a perfect optical system, and a
flat planar wave of light deviates when it travels

through the eye. In 1962, Smirnov [25], an early
pioneer in the characterisation of the eye’s high-
er-order aberrations, suggested that it would be
possible with customised lenses to compensate
for aberrations in individual eyes. Recently,
more rapid and accurate instruments for meas-
uring the ocular aberrations have emerged, and
wavefront-guided corneal surgery has become a
reality.

Deviations of the actual wavefront from an
ideal wavefront define aberration. Higher-order
aberrations are the aberrations that cannot be
corrected by simple spherocylindrical systems,
such as spectacles, contact lens or traditional re-
fractive surgery.

The Concept of Wavefront-Guided Corneal Surgery

Li Wang, Douglas D. Koch
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∑ Wavefront-guided corneal surgery has 
become a reality. Although visual perform-
ance is limited by optical, cone anatomical
and neural factors, correction of optical
aberrations increases retinal image 
resolution and contrast

∑ Wavefront aberrations measured using 
various techniques are mathematically 
reconstructed, typically using Zernike 
polynomials, and then displayed in 
a number of formats, including aberration
maps and various indices

∑ Accuracy and repeatability of current 
wavefront systems for measuring refractive
errors is generally excellent. However,
clinically large variations in higher-order
aberration measurements can occur,
and further work is needed to improve 
reproducibility

∑ Several platforms are undergoing clinical
trials to investigate the effectiveness of the
wavefront-guided ablation. Currently, three
laser systems have been approved by the
FDA for wavefront-guided LASIK in the US:
Alcon CustomCornea, VISX CustomVue sys-
tem, and Bausch & Lomb Zyoptix system

∑ Reported outcomes of wavefront-guided
ablation are excellent. In contrast to 
standard ablation, mean contrast sensitivity
levels and patient satisfaction scores are 
improved; mean increases in higher-order
aberrations are much smaller than the aber-
rations induced by standard LASIK or PRK

∑ Although limitations of wavefront-guided
corneal surgery exist, on average wave-
front-guided correction provides improved 
quality of vision both objectively 
and subjectively

Core Messages



17.1.2
Visual Benefit 
of Higher-Order Aberration Correction

17.1.2.1
Factors Limiting Visual Performance

The finest details we can see are limited by opti-
cal, cone anatomical and neural factors.

Optical Limitation

A standard measure of optical quality in the op-
tical industry is optical transfer function (OTF),
which has two components: modulation (con-
trast) transfer function (MTF) and phase trans-
fer function (PTF). In a perfect optical system,
increasing aperture size (pupil in the eye) in-
creases the diffraction-limited (no blur) MTF,
and there are no phase shifts from object to im-
age. However, in an optically aberrated system,
optical performance decreases with increasing
pupil diameter, reducing MTF and producing
phase reversals of images [1].

The human eye is an imperfect optical sys-
tem. Studies based on large populations have re-
vealed that the wavefront aberrations vary
widely among subjects and increase slightly
with ageing [22, 29]. In 532 eyes measured with a
Hartmann-Shack sensor (WaveScan,VISX, Inc.,
Santa Clara, CA) across a 6-mm pupil, the mean
root-mean-square (RMS) value of total higher-
order aberrations from 3rd–6th order was
0.305±0.095 (SD)mm. For individual terms, the
highest mean absolute values were for 4th-order
SA and the 3rd-order coma and trefoil terms.
With the exception of the 4th order spherical
aberration term, the absolute values, standard
deviations and ranges were highest for the 3rd
order terms and tended to progressively de-
crease up to the 6th order [29].

Cone Mosaic Limitation

The ability of the cone photoreceptors to sample
the retinal image is the fundamental retinal
limitation to visual performance. Cones in the
foveola are approximately 2mm in diameter. To
differentiate a letter, for example “E”, the com-

ponents of the letter “E” must be distributed
over an adequate number of receptors to allow
each to be detected. Independent of the quality
of the optics, the coarseness of the foveolar pho-
toreceptor mosaic limits letter acuity to be-
tween 20/8 and 20/10 [33].

Neural Limitation

By producing interference fringes on the retina
to eliminate the influence of diffraction and
most aberrations in the eye, Williams et al.
demonstrated that the neural contrast sensitivi-
ty function monotonically decreases with in-
creasing higher spatial frequencies, indicating
that the post-receptoral visual system also blurs
the neural image, just as the optics blur the reti-
nal image [32].

17.1.2.2
Visual Benefit 
of Optical Aberration Correction

Theoretically, any deviation from a perfect
plane wavefront will lead to a corresponding de-
fect in the resulting image. Interventions that
reduce the optical aberrations of the eye will in-
crease retinal image resolution and contrast,
which in turn should allow one to see the world
with finer detail and higher contrast. This bene-
fit has been demonstrated by laboratory study
using adaptive optics [9].

In 109 normal subjects and four keratoconic
patients, Guirao et al. [6] evaluated the visual
benefit theoretically by calculating the ratio of
the modulation transfer function (MTF) in
white light when the monochromatic higher-or-
der aberrations are corrected to the MTF corre-
sponding to the best correction of defocus and
astigmatism. The average visual benefit for nor-
mal eyes at 16 c/deg was approximately 2.5 times
for a 5.7-mm pupil but was negligible for small
pupils (1.25 for a 3-mm pupil). The benefit var-
ied greatly among eyes, with some normal eyes
showing almost no benefit and others a benefit
higher than four times at 16 c/deg across a 
5.7-mm pupil. The benefit for the keratoconic
eyes was much larger.
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Summary for the Clinician

∑ Visual performance is limited by optical,
cone anatomical and neural factors

∑ Optical aberration correction increases
retinal image resolution and contrast

∑ The visual benefit of optical aberration 
correction varies among eyes; the benefit
for the keratoconic eyes or highly aberrated
eyes is much larger

17.1.3
Principles
of Measuring Wavefront Aberration

Several principles have been used to measure
the wavefront aberrations of the eye and will be
discussed below. Currently available wavefront
aberrometers and their laser system linkage sta-
tus are shown in Table 17.1.

17.1.3.1
Hartmann-Shack Wavefront Sensor

The most widely used method is the Hartmann-
Shack sensor. Wavefront analysers utilising this
principle include: WaveScan (VISX Inc. Santa
Clara, CA), Zywave Aberrometer (Bausch &
Lomb, Claremont, CA), Complete Ophthalmic
Analysis System (COAS) (WaveFront Sciences,
Albuquerque, NM), and LADARWave aberrom-
eter (Alcon Laboratories, Fort Worth, TX). A
small spot of laser light is projected onto the
retina and then reflected back through the
pupil. The reflected light exiting from the eye is
imaged by a micro-lenslet array,and the array of
spot images is captured by a video sensor. The
location of each spot gathered from the video
sensor is compared to the theoretical ideal loca-
tions, and the wavefront aberrations are com-
puted (Fig. 17.1) [27].
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Table 17.1. Summary of currently available wavefront systems

Name Principle Company Linked laser system

WaveScan Hartmann-Shack VISX Inc. VISX Star S4 
(Santa Clara, CA) excimer laser

Zywave Hartmann-Shack Bausch & Lomb Bausch & Lomb 
(Claremont, CA) Technolas 217 

excimer laser

COAS G-200 COASTM-HD Hartmann-Shack WaveFront Sciences Asclepion-Meditec Inc.
(Albuquerque, NM) MEL-70 laser

CustomCornea Hartmann-Shack Alcon Laboratories Inc. LADARVision 4000
(Fort Worth, TX) excimer laser

WaveLight Analyzer Tscherning WaveLight Laser ALLEGRETTO WAVE
Technologie AG, Excimer Laser
Erlangen, Germany

OPD-Scan dynamic retinoscopy Nidek Co., Ltd., Nidek EC-5000 
Gamagori, Japan excimer laser

Tracey VFA Retinal ray-tracing Tracey Technologies,
(Houston, TX) Pending

Spatially resolved Psychophysical Unknown Unknown
refractometer ray-tracing approach



17.1.3.2
Tscherning Sensor

The WaveLight Analyzer is based on the
Tscherning sensor, in which a grid or equidis-
tant spot pattern of lights is projected onto the
retina through the pupil. The image of the grid
or spot pattern formed on the retina is pho-
tographed by means of a closed-circuit-device
(CCD) camera using the principle of indirect
ophthalmoscopy. Each real spot position taken
from the retinal image is compared to its corre-
sponding ideal spot position. From the resulting
deviations, the wavefront aberrations are math-
ematically reconstructed [15].

17.1.3.3
Dynamic Skiascopy 

The optical path difference scanning system
(OPD-Scan) uses the principle of dynamic ski-
ascopy by measuring the time it takes a given
ray to traverse the entire optical system (time-
based aberrometry). The retina is scanned with
an infrared light (880 nm) slit beam in 0.4 s, and
the reflected light is captured by an array of ro-
tating photodetectors over a 360° area. The pho-
todetectors are excited at different times by the
reflecting slit light, and the time differences be-
tween the centre of the cornea and each of the
photodetectors are measured. This difference is
proportional to the refractive power. Wavefront
aberrations and auto-refraction data for the 2.5-
mm, 3.0-mm and 5.0-mm zones are generated
[10].

17.1.3.4
Retina Ray-Tracing Technology

The Tracey visual function analyser (Tracey
VFA) uses a single-beam scanner based on reti-
na laser ray-tracing technology. In an interval of
less than 50 ms, the Tracey VFA sends a series of
tiny parallel light beams sequentially through
the entrance pupil of the eye. Semiconductor
photodetectors measure where each light ray
strikes the retina and provide raw data that
measures the (x-y) error distance from the ide-
al conjugate focal point (Fig. 17.2) [14]. From
these data the wavefront aberrations can be
mathematically reconstructed.

17.1.3.5
Psychophysical Ray-Tracing Approach

The spatially resolved refractometer (SRR) uses
a psychophysical ray-tracing approach, which is
similar to the principle used in Scheiner’s disc.
With Scheiner’s disc, if light is allowed into the
pupil from two small apertures, one at the top of
the pupil and the other one in the centre of the
pupil, the emmetropic subject would see only
one spot; the myopic or hyperopic subject, how-
ever, would see two points. The amount and the
direction of the displacement of the retinal lo-
cation from the ideal is a measure of the ray de-
viation for that point in the pupil. The ray devi-
ation, in turn, is proportional to the slope of the
wavefront aberration function for that pupil lo-
cation.

In the SRR system, the holes on a wheel are
scanned across the pupil in 1-mm steps. The
subject is asked to align a spot (viewed in ran-
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Fig. 17.1. Principle of Hart-
mann-Shack sensor. A point of
light (typically infrared) is 
reflected off of the retina and
is refracted as it exits the eye.
The light is focused by lenslets
onto a CCD array, and the 
deviation of the beams is used
to calculate the shape of the
wavefront



dom order, one at a time through each pupil lo-
cation) to a cross (always viewed through the
centre of the pupil). The angle required to null
the aberrations at each pupil position repre-
sents the slope of the wavefront at that location.
The slope measurements are then fitted to re-
construct the wavefront errors and calculate the
Zernike polynomials [31].

Summary for the Clinician

Several principles of measuring wavefront
aberration are available:
∑ Hartmann-Shack wavefront sensor
∑ Tscherning sensor
∑ Dynamic skiascopy
∑ Retina ray-tracing technology
∑ Psychophysical ray-tracing approach

17.1.4
Quantifying Wavefront Aberrations

Currently, wavefront aberrations measured us-
ing various techniques are mathematically re-
constructed, typically using Zernike polynomi-
als, and then displayed in a number of formats,
including aberration maps at the pupil plane,
the retinal images in the image plane and vari-
ous metrics (indices) at the pupil and image
planes [3].
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Fig. 17.2. Principle of the Tracey visual function
analyser. The device sends a series of tiny parallel
light beams sequentially through the entrance pupil
of the eye. It measures the position of each ray as it ex-

its the eye and therefore calculates where each light
ray strikes the retina. The distance between this site
and the ideal conjugate focal point is determined, and
from this the wavefront aberrations are calculated



17.1.4.1
Wavefront Aberration Fitting

Zernike polynomials, named after the Dutch
physicist Frits Zernike (1888–1966) [34], have
been in use since 1934 to mathematically de-
scribe the aberrations in an optical system. The
compelling feature of this analysis is that the
wavefront can be broken into independent com-
ponents that represent specific aberrations,
such as spherical aberration, coma and trefoil
(Fig. 17.3). The set of Zernike polynomials can
be easily modified so that each polynomial is
mathematically independent of the others. This
has several advantages: (1) statistical analysis
can be performed for each Zernike term inde-
pendently; (2) the total variance in a wavefront
can be calculated as the sum of the variances in
the individual components; (3) relative magni-
tudes of Zernike coefficients in a normalised

Zernike expansion can be easily compared; and
(4) by simply scanning the values of the coeffi-
cients, one can quickly identify the term or
terms having the greatest impact on the total
RMS wavefront error of the eye [28].

Despite these advantages of Zernike polyno-
mials, it has been shown that they limit the data
resolution in eyes with high amounts of irregu-
lar astigmatism [26]. Fourier analysis can de-
compose the image into spatial frequency com-
ponents and may provide a more accurate
wavefront reconstruction, especially in more
highly aberrated eyes.

17.1.4.2
Aberration and Retinal Image Maps

Wavefront analysers present wavefront aberra-
tions in colour-coded maps similar to topogra-
phy maps.
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Fig. 17.3. Zernike polynomial terms up to 6th order



Hartmann-Shack Image

Some devices display the Hartmann-Shack im-
ages (Fig. 17.4), which is useful for evaluating the
quality of the raw data. The presence of blurred
spots may indicate disrupted tear film or a high-
ly aberrated area, such as in keratonic eye.

Total Aberration 
and Higher-Order Aberration Maps

All wavefront devices display two-dimensional
colour maps for the total aberration and higher-
order aberrations (3rd order and higher), which
facilitate qualitative assessment of the aberra-
tions (Fig. 17.5 , upper left and lower left).

Point Spread Function

The point spread function (PSF) is a graphical
representation of the image when a small dot of
light or a point is projected on the retina. If the
eye is a perfect optical system, the image of this
point will be the same as the original. Other-
wise, the image will be somewhat blurred or dis-
torted (Fig. 17.5 , upper right). Moreover, the PSF
should qualitatively reflect the patient’s percep-
tion when viewing a point source of light. Clini-
cally, this can often be seen to occur, but the PSF
does not always reflect the patient’s perception,
especially in more highly aberrated eyes, due to
the above mentioned (see Sect. 17.1.4.1) limita-
tions of Zernike polynomials.

17.1.4.3
Wavefront Aberration Metrics

Although colour-coded two-dimensional wave-
front aberration maps are useful, indices for
quantitative analysis are necessary.

Root-Mean-Square (RMS) Values

The RMS values represent the variation in
height of the wavefront aberration from the 
reference plane. Lower RMS values indicate a
flatter wavefront and higher optical quality.
However, in the human eye, Applegate et al.
demonstrated that, for low levels of aberration,
the overall RMS wavefront error is not a good
predictor of quality of vision [2]. For a total
wavefront error RMS of 0.25mm (6.0 mm
pupil), the investigators found that the visual
acuity varied significantly depending on which
aberrations were present and their relative con-
tribution.Zernike terms that were two radial or-
ders apart and had the same sign and angular
frequency tended to combine to increase visual
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Fig. 17.4. Above, high quality Hartman Shack image.
Below, image with poor quality of the lenslet images



acuity, whereas modes within the same radial
order tended to combine to decrease acuity.

Point-Spread Function (PSF) Metrics

A high-quality PSF is characterised by high con-
trast and compact form. One popular metric
that quantitatively describes the PSF is the
Strehl ratio, defined as the maximum intensity
in the PSF divided by the maximum intensity
for an optically perfect PSF limited only by dif-
fraction at the pupil. Other metrics include
“light-in-the-bucket”, “equivalent width”, and
“half-width-at-half-height” [3].

Optical Transfer Function (OTF) Metrics

The OTF is the combination of “modulation
transfer function” (MTF) and “phase transfer
function” (PTF), which represent the amount of
contrast attenuation and the amount of phase
shift as a function of the grating’s spatial fre-
quency. A high-quality OTF is indicated by high
MTF values and low PTF values. Metrics include
the cut-off frequency and the volume under the
MTF or PTF.

These metrics quantify the optical quality of
the eye only. Visual quality of the eye also de-
pends on the function of photoreceptors and
the neural processing. Researchers are focusing
on the development of better metrics that accu-
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Fig. 17.5. Overall display provided by the WaveScan.
Upper left, acuity map in microns with the total aber-
ration RMS value displayed. Lower left, wavefront
higher order aberration map with higher-order aber-

ration RMS value presented. Upper right, point-
spread function map. Lower right, normalised polar
Zernike coefficients table



rately and precisely quantify visual perform-
ance based on wavefront measurements of the
optical quality.

Summary for the Clinician

∑ Methods of reconstructing wavefront aber-
rations:
– Zernike polynomials: numerical 

advantages, but limit the data resolution
in highly aberrated eyes

– Fourier analysis: may provide more 
accurate wavefront data

∑ Presentation of wavefront aberrations:
– Hartmann-Shack image
– Colour-coded maps: total aberration 

and higher-order aberration maps
– Point spread function
– Numerical indices: root-mean-square

(RMS) values, point-spread function
(PSF) metrics and optical transfer 
function (OTF) metrics

17.2
Accuracy and Repeatability of Wavefront
Aberrometers

Several peer-reviewed articles have investigated
the accuracy and repeatability of the wavefront
aberrometers (Tables 17.2 and 17.3). In general,
using manifest refraction as the standard,

lower-order aberrations (refractive errors)
measured by these aberrometers are reliable
and reproducible, although discrepancy over
1 D does occasionally occur. For the repeatabili-
ty of higher-order aberration measurements,
the instruments have small but clinically impor-
tant variability. Sources of variance include in-
strument factors and, perhaps more important-
ly, micro-fluctuations of the eye (e.g. changes in
tear film and accommodation). Detailed data
for some aberrometers are shown in Tables 17.2
and 17.3 and will be discussed briefly below.

17.2.1
WaveScan

In a previous study, we evaluated the accuracy
and repeatability of the WaveScan system for
measuring refractive errors in 28 virgin eyes
and 41 eyes that had undergone corneal re-
fractive surgery [30]. The mean differences,
standard deviation and ranges in spherical
equivalent (SE), sphere and cylinder between
manifest refraction (MR) and WaveScan 
(MR-WaveScan) were –0.26±0.41 D (range –1.20
to 1.05 D), –0.12±0.51 D (range –1.30 to 1.40 D),
and –0.28±0.34 D (range –1.30 to 0.45 D), re-
spectively; the repeatability (standard devia-
tion, SD) for SE, sphere and cylinder were 0.13 D,
0.14 D and 0.08 D, respectively.
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Table 17.2. Accuracy of wavefront aberrometers (manifest refraction – wavefront refraction) (D)

Wavefront Study Number of eyes Spherical Sphere Cylinder
aberro- equivalent
meter Mean±SD Mean±SD Mean±SD

(range) (range) (range)

WaveScan Wang et al. 2003 69 (28 virgin –0.26±0.41 –0.12±0.51 –0.28±0.34
[30] eyes and 41 (–1.20 to 1.05) (–1.30 to 1.40) (–1.30 to 0.45)

post-surgery eyes)

Zywave Hament et al. 2002 20 virgin eyes –0.55±0.48 –0.50±0.49 –0.27±0.49
[7] (NR) (NR) (NR)

COAS Cheng et al. 2003 6 model eyes NR (–0.25 to +0.25) (–0.10 to +0.10)
[4]

Tracey VFA Wang et al. 2003 48 (22 virgin eyes –0.21 ± 0.58 –0.01±0.63 –0.40±0.35
[30] and 26 post- (–1.02 to 1.66) (–0.80 to 2.23) (–1.15 to 0.25)

surgery eyes)

NR, not reported.



In a recent study, we investigated the repeata-
bility of wavefront measurements with the
WaveScan system in 24 virgin eyes (unpub-
lished data). Three measurements were taken at
each of the time points (8 am, 12 noon and 4 pm)
by the same examiner. The values of SD were
0.17 D and 0.09 D for sphere and cylinder, re-
spectively; the SD for total higher-order RMS
was 0.028mm.

17.2.2
Zywave

In a study of 20 virgin eyes, the mean differ-
ences between MR and Zywave refraction with a
3.5-mm pupil (MR-Zywave) were –0.55±0.48 D
for SE, –0.50±0.49 D for sphere, and –0.27
±0.49 D for cylinder; the repeatability (SD) for
SE, sphere and cylinder were 0.13 D, 0.15 D and
0.15 D, respectively [7].

To study the reproducibility of measuring to-
tal higher-order RMS values (3rd–5th order),
Mirshahi et al. used both test model eyes and hu-
man subjects and repositioned the Zywave be-
fore each repeated measurement. The SDs were
0.017mm and 0.097mm for the test model eye
and human subjects, respectively; the coeffi-
cients of variation (ratio of SD to mean in per-
centage) were 13.3% and 13.4%, respectively [13].

17.2.3
COAS

In measuring 40 eyes of 20 myopic subjects, tak-
ing MR as the standard, the COAS had mean
power vector errors of 0.3–0.4 D [24]. Using six
model eyes, Cheng and colleagues [4] evaluated
the accuracy and repeatability of the COAS 
system. When comparing the COAS-measured
defocus and astigmatism with the refraction er-

280 Chapter 17 The Concept of Wavefront-Guided Corneal Surgery

Table 17.3. Repeatability (standard deviation) of wavefront aberrometers for lower-order and higher-order
aberration measurements

Wave- Study Number of eyes Lower-order Total 
front (repeated aberrations (D) higher- 
aberro- measurements) order
meter SE Sphere Cylinder RMS (mm)

WaveScan Wang et al. 2003 [30] 35 Virgin and 0.13 0.14 0.08 NR
post-surgery eyes (3)

Unpublished data 24 Virgin eyes (9) NR 0.17 0.09 0.028 
(3rd–6th)

Zywave Hament et al. 2002 [7] 20 Virgin eyes (3) 0.13 0.15 0.15 NR

Mirshahi et al. 2003 [13] 2 Test models (6) NR 0.04 0.05 0.017 
(3rd–5th)

40 Virgin eyes (6) NR 0.15 0.16 0.097 
(3rd–5th)

COAS Cheng et al. 2003 [4] 1 Model eye (5) NR NR NR 0.0024
(3rd–4th)

Cheng et al. 2004 [5] 4 Eyes (5) NR NR NR 0.018
(3rd–4th)

Tscherning Mrochen et al. 2000 [15] 300 Virgin eyes (5) NR 0.08 0.08 0.02
(3rd–8th)

Tracey VFA Wang et al. 2003 [30] 48 Virgin and 0.15 0.18 0.16 NR
post-surgery eyes (3)

Pallikaris et al. 2000 [19] 7 Pseudophakic eyes NR NR 0.14 NR
(30)

NR, not reported.



rors introduced into the model eye, the instru-
ment was accurate to within 0.25 D over a range
of –6.50 to +3.00 D, and the accuracy declined
with further increases in refractive error. The
amplitude of measured astigmatism was accu-
rate to within ±0.10 D over the range –3.00 to
+3.00 D, and estimates of astigmatic axis were
accurate to within ±2°.

Cheng et al. [4] also investigated the accura-
cy of spherical aberration and coma by compar-
ing ray-tracing predictions with measured val-
ues. The average absolute error was 0.007mm
for both 4th order spherical aberration and 3rd
order coma. Without realignment between each
measurement of the model eye, the SD of high-
er-order RMS (3rd and 4th order) was 0.001mm,
which was 0.45% of the mean higher-order
RMS. When the operator realigned the instru-
ment between measurements, the SD increased
to 0.0024mm (1.2% of the mean), indicating
that the instrument has very little fluctuation
and that the major source of measurement vari-
ance appears to be alignment noise. In four nor-
mal eyes, the SD of higher-order RMS (3rd and
4th order) with five repeated measurements
taken within 1 h was 0.018mm [5].

17.2.4
Tscherning Aberrometer

In a study of more than 300 eyes with large
range of refractive errors, five measurements of
each eye were measured across a 7-mm pupil
with the Tscherning aberrometer; the absolute
reproducibility for the sphere and cylinder was
reported to be ±0.08 D [15]. The reproducibility
for the total RMS and higher-order RMS values
was 0.04mm and 0.02mm, respectively.

17.2.5
Tracey VFA

In 22 virgin eyes and 26 eyes that had undergone
corneal refractive surgery, the mean differences
in SE, sphere and cylinder between MR and
Tracey (MR-Tracey) were –0.21±0.58 D (range
–1.02 to 1.66 D), –0.01±0.63 D (range –0.80 to
2.23 D), and –0.40±0.35 D (range –1.15 to 0.25 D),

respectively; the repeatability (SD) for SE,sphere
and cylinder were 0.15 D, 0.18 D and 0.16 D, re-
spectively [30]. Using an early prototype of the
Tracey device, Pallikaris and colleagues [19]
evaluated the reproducibility by performing 30
consecutive measurements in each of seven
pseudophakic eyes; the SD for measurement of
cylinder was found to be 0.14 D.

Summary for the Clinician

∑ Accuracy is good, although discrepancy
over 1 D occurs with reported differences
between MR and wavefront refraction 
as high as 1.66 D

∑ Repeatability for lower-order aberration
measurements is excellent; however,
clinically large variations in higher-order
aberration measurements can occur,
and further work is needed to improve 
reproducibility

17.3
Clinical Outcome 
of Wavefront-Guided Corneal Surgery

Theoretical and experimental demonstrations
of the visual benefit of correction of higher-or-
der aberrations have stimulated the emergence
of wavefront-guided corneal surgery, which is
designed to correct the traditional sphere and
cylindrical error of the eye and reduce the eye’s
higher-order aberrations (Fig. 17.6). However,
we are unaware of any peer-reviewed studies
that have directly compared the outcomes of
wavefront-guided LASIK/PRK with the stan-
dard LASIK/PRK.

17.3.1
Methods

The wavefront aberration data measured using
wavefront analyser are linked to the laser sys-
tem. The laser system then determines what ad-
justments must be made to the subject’s corneal
surface in order to produce a crisply focused
image on the patient’s retina, and wavefront-
guided ablation is then delivered onto the
cornea through LASIK or PRK.
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Currently, several platforms are undergoing
clinical trials to investigate the effectiveness of
the wavefront-guided ablation for correcting a
range of refractive errors. At the time of writing
this article, three laser systems have been ap-
proved by the FDA for wavefront-guided LASIK
in the USA: (1) LADARVision 4000 excimer
laser for treatment of myopia up to –7.00 D with
less than –0.50 D of astigmatism; (2) VISX Cus-
tomVue system for correction of myopia up to
–6 D with up to 3.0 D of astigmatism; and (3)
Bausch & Lomb Zyoptix system for treatment of
myopia with sphere up to –7.00 D, cylinder up to
–3.00 D, and spherical equivalent up to –7.5 D.
Several more are available internationally.

There are some important variations in ap-
proaches among the three systems. With the

VISX WaveScan, measurements are obtained
without pupil dilation, whereas dilated pupils
are used for the Alcon and Bausch & Lomb sys-
tems. In the Bausch & Lomb Zyoptix system, the
Zylink software combines the Zywave aberrom-
eter data and the data from the Orbscan corneal
topography to determine ablation parameters.
In the VISX system, one option is to ablate a Pre-
Vue lens, using the wavefront aberration ob-
tained pre-operatively. The PreVue lens is then
fitted in a trial frame so that the patient can pre-
view his or her potential vision. This provides
an estimate of the potential outcome and is par-
ticularly helpful when treating more highly
aberrated eyes.
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Fig. 17.6. Sample wavefront map for an eye follow-
ing CustomVue LASIK. The total wavefront aberra-
tions decreased from 2.40mm pre-operatively (upper
left) to 0.59mm post-operatively (upper right). The to-

tal higher-order aberrations also decreased from
0.37mm pre-operatively (lower left) to 0.19mm post-
operatively (lower right)



17.3.2
Summary of Results

17.3.2.1
Refractive Outcome

Myopic LASIK

The FDA clinical trial data from Alcon, VISX
and Bausch & Lomb demonstrated excellent 
visual results for wavefront-guided LASIK in
correcting myopia and myopic astigmatism
(Table 17.4). Overall, 74.8%–100% of eyes were
within ±0.50 D, and 95.7%–100% were within
±1.0 D of attempted correction; 34%–74% of
eyes had UCVA of 20/16 and 91.5%–100% had
UCVA of 20/20. Loss of one line of BSCVA oc-
curred in 0%–8.6% of eyes.

Myopic PRK

Using the Asclepion wavefront-supported cus-
tomised ablation (WASCA) workstation, wave-
front-guided myopic PRK produced excellent
refractive outcomes [16]. With 6 months follow-
up, 98.5% of eyes were within ±0.50 D, and
100% were within ±1.0 D of attempted correc-
tion; 80.7% of eyes had UCVA of 20/20. Loss of
one line of BSCVA occurred in 0.7% of eyes.

Hyperopic PRK

Nagy et al. [17] first reported the results of WAS-
CA in hyperopic PRK in 40 eyes with the Ascle-
pion-Meditec MEL 70 flying-spot excimer laser.
At 6 months post-operatively, 85% of eyes were
within ±0.50 D, and 100% were within ±1.0 D of
target refraction; 70% of eyes had UCVA of
20/20, and 12.5% (five of 40 eyes) lost two
Snellen lines of BSCVA.

17.3.2.2
Contrast Sensitivity

In addition to improved BSCVA and UCVA,
wavefront-guided corneal surgery also im-
proves the low-contrast acuity, which is a pa-
rameter most sensitive to optical quality of the
eye.

In the VISX FDA clinical trial, at 6 months,
contract sensitivity at bright light without glare
significantly increased than pre-operative con-
tract sensitivity. In the Alcon CustomCornea
FDA clinical trial, under mesopic conditions,
15.2% of eyes experienced an increase of >2 lev-
els (>0.3 Log) on CSV-1000 at two or more spa-
tial frequencies at 6-month follow-up, while
5.8% of eyes experienced a decrease of >2 levels
at two or more spatial frequencies.

17.3.2.3
Patient Satisfaction

In the VISX FDA clinical trial,patient satisfaction
with their vision at night improved significantly
after wavefront-guided LASIK.At 6 months post-
operatively, 44% of the respondents said they
were “very satisfied” with their vision at night,
compared with 12% pre-operatively; 35% report-
ed they were “very satisfied” with their vision at
night with glare, in contrast with 8% pre-opera-
tively. The incidence of glare and halos around
lights was also decreased after surgery.

17.3.2.4
Higher-Order Aberrations

Unfortunately, the creation of a LASIK flap
alone produces changes in the higher-order
aberrations of the eye. In two separate studies
[20, 23], authors have demonstrated a range of
induced aberrations, and these were not consis-
tent for flaps produced with any given micro-
keratome. In 15 eyes, Pallikaris and colleagues
[20] found a higher-order RMS increase of
0.096mm for a 6-mm pupil with a nasally
hinged corneal flap (Flapmaker microker-
atome, Refractive Technologies, Cleveland, OH);
3rd order horizontal coma (Z3

–1) and 4th order
spherical aberration (Z4

0) also increased signif-
icantly. In 17 eyes, Porter et al. [23] reported an
increase in higher-order RMS (0.128mm, 6-mm
pupil) after the flap creation with a superior
hinge (Hansatome microkeratome); 3rd order
trefoil (Z3

3) had small but significant negative
shift when compared with the control eyes. The
magnitude of these changes tended to be small,
but they certainly could impact the quality of
the post-operative vision.
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Fortunately, the aberrations induced by
making a LASIK flap typically are much smaller
than the aberrations produced in the eye by per-
forming standard LASIK or PRK. Therefore, al-
though they may in many instances reduce the
efficacy of wavefront-correction, they by no
means negate the positive impact of this ap-
proach on quality of vision.

Studies are needed to better understand the
role of epithelial wound healing following PRK
and LASEK in the creation of corneal aberra-
tions. We are unaware of any reports that have
directly compared wavefront-guided LASIK
versus PRK.

Summary for the Clinician

∑ Several platforms are undergoing clinical
trials, and three laser systems have been 
approved by the FDA (LADARVision 4000
excimer laser, VISX CustomVue system,
and Bausch & Lomb Zyoptix system)

∑ Refractive and contrast sensitivity 
outcomes are promising

∑ Increased higher-order aberrations are
much smaller than the aberrations induced
by standard LASIK or PRK

17.4
Limitations of Wavefront-Guided Corneal
Surgery

There are several limitations with the wave-
front-guided corneal surgery:
– We are currently only measuring and treat-

ing monochromatic aberrations. However,
we are living in a polychromatic world. Chro-
matic aberration reduces the visual benefit
when only monochromatic aberrations are
corrected. In addition, there is some evi-
dence that chromatic aberration would be
unacceptably high if monochromatic aberra-
tions were fully corrected [12].

– Some degree of optical aberrations in the hu-
man visual system might be beneficial for vi-
sion and therefore should probably not been
corrected. There is much yet to be learned
about which aberrations and combinations
of aberrations provide optimal visual quali-
ty. For example, complete elimination of all

aberrations might result in decreased depth
of focus, which could be disturbing for pa-
tients who are presbyopic.More subtle symp-
toms of this nature might also occur in pre-
presbyopic patients. It is conceivable that we
will learn that other aberrations in fact pro-
vide enhanced visual performance in certain
settings. Extensive further study is required
to better understand these issues.

– Aberrations also change with age and ac-
commodation [8, 11, 18, 29]. Therefore, cor-
rection of aberrations is in part temporary
due to the ongoing changes that occur in
both the cornea and especially the crystalline
lens.

– Finally, the effect of flap creation and wound
healing on the wavefront aberrations is not
controllable.

Despite these limitations, data are convincing in
demonstrating that wavefront-guided correc-
tion provides better quality of vision both ob-
jectively and subjectively. The current level of
technology tends to minimise the induction of
aberrations rather than reducing aberrations;
this benefit alone represents a major advance in
corneal refractive surgery.

Summary for the Clinician

∑ Limitations of wavefront-guided corneal
surgery include treatment of only mono-
chromatic aberrations, changes in ocular
aberrations with ageing, and unpredictable
changes induced by the flap and wound
healing

∑ Despite these limitations, on average 
wavefront-guided correction provides 
better quality of vision both objectively 
and subjectively

17.5
Future of Wavefront-Guided Corneal
Surgery

For current technology, aberrometers objective-
ly measure the eye’s aberrations, and patients’
subjective preferences are not included in this
assessment. In the near future, it is hoped that
adaptive optics will permit patients to experi-
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ence the type of correction that might be
achieved and to adjust it in order to optimise
the visual outcome to best address their individ-
ual needs.

For some patients, it may be more beneficial
to provide more complete correction of aberra-
tions for the eye in an accommodated state. One
example might be monovision, in which one eye
is corrected for distance and the other for near.
Wavefront customisation to maximise near vi-
sion may become available and would potential-
ly benefit these patients.

A major goal in wavefront-guided corneal
ablation is to improve accuracy and repro-
ducibility of key steps of the procedure, includ-
ing data acquisition, corneal ablation, and as-
pects of wound healing. Refinements in
aberrometers are needed to improve repro-
ducibility, and work is required to better under-
stand factors that result in fluctuations in aber-
rometry measurements. Improved algorithms
are needed to overcome the limitations of
Zernike polynomials in reconstructing the
wavefront from the raw data. A better under-
standing of excimer laser–corneal interaction
will improve reproducibility of the corneal abla-
tion. Finally, work is needed to better under-
stand flap mechanics and the role of corneal
wound healing in modifying aberrations post-
operatively. With these combinations of factors,
corrections of greater predictability and accura-
cy will ensue.

Perhaps the greatest hurdle is the tendency
of the eye to change over time. New technology
and procedures are required to provide a mech-
anism for adjusting the wavefront correction as
the eye ages and its aberrations change. The
holy grail of wavefront-guided correction is an
approach that permits ongoing refinement of
patients’ vision throughout their lifetime.
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18.1
Introduction

In 1979 I.E. Loewenfeld [7] stated:
– “Pupils are never entirely at rest but undergo

continuous oscillations”.
– “A single ’snapshot’ estimate of the pupil size

cannot, therefore, be accepted as a reliable
predictor of true mean size.”

– “Instead, the pupil should be monitored con-
tinuously for a suitable period to enable a
confident measurement”.

Many observers have concluded that simple
anisocoria and pupil unrest does exist and
varies in individuals depending on illumination
and accommodation. Other factors that influ-
ence the size of our pupils include; state of
adaptation, iris colour/pigmentation, the level
of alertness or correspondingly levels of fatigue,
medications, diurnal rhythms, alcohol, caffeine
etc. [6, 8, 11, 13]. Wide variations in anisocoria
also depends on factors such as the observer
and the use of non-objective pupillometry.

18.2
Pupillometry and Refractive Surgery

Why measure pupil diameters? An analogy with
the early days of biometry for pseudophakia is
appropriate. Many practitioners averred that
use of a 20-D IOL would suit most eyes, but
there were many unhappy patients because of
induced ametropia and anisometropia. So with
pupillometry. Why do we need it? Ignoring
pupillometry may not bother the majority but
there will be a very unhappy minority of pa-
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∑ The eye is an imperfect optical instrument;
the quality of vision it yields is limited 
by diffraction when the pupil is small and
by aberrations when the pupil is large

∑ The cornea has an aspheric design to limit
spherical aberration in particular as the
pupil enlarges

∑ Corneal laser refractive surgery by its 
nature alters the asphericity of the cornea
reversing the natural order.The whole
cornea is not altered, just the central 
zone through which the most important
rays of light pass to be focussed onto 
the fovea

∑ If the pupil is large and the effective optical
zone of the cornea is small, then the poten-
tial for aberrant rays to reduce the quality
of vision exists

∑ Similarly if treatments are decentred 
or the cornea is irregular then image 
quality will suffer

∑ The principal of any surgical intervention is
to gather pre-operative data so that treat-
ment planning can be as exact as possible.
For corneal refractive surgery it is necessary
to gather a great deal of data such as 
refraction, keratometry, pachymetry 
and topography

∑ Many surgeons believe that accurate pupil
data is also required for correct treatment
planning

∑ This chapter is concerned with the theoreti-
cal and practical issues posed by corneal
laser surgery in the face of a large pupil.The
methodology of accurate and precise
pupillometry is described.

Core Messages



tients who are very easily identified. The follow-
ing example illustrates the issue of a large pupil
and an effective optical zone that caused signif-
icant visual symptoms. Patient KH had a pre-
operative refraction of –7.0 DS in each eye. His
keratometry was 42.5 D. Treatment using the
Nidek laser platform utilised an ablation zone of
6.5 mm with a transition zone extending to
7.5 mm. Post-operative accurate pupillometry
using the procyon pupillometer revealed a peak
scotopic pupil of 7.96 mm (mean 7.92 mm) and a
low mesopic diameter of 6.61 mm (mean
6.26 mm).Values similar for each eye. Following
surgery the patient complained bitterly of night
vision disturbances in particular (halos and
starburst effects from each eye) and image
ghosting in general.

As can be seen in Fig. 18.1, the left eye topog-
raphy indicates that in spite of a wide ablation
diameter the effective optical zone is no more
than 3–4 mm. The gradient of the oblate central

cornea profile through 6 mm is over 10 D which,
even allowing for the mitigating prospect of the
Stiles-Crawford effect, surely explains why an
eye with a scotopic pupil of nearly 8 mm is
symptomatic.

In the Tracey technologies aberrometry
summary given in Fig. 18.2 poor point spread
function is illustrated, an objective expression
of the patient’s complaints.

18.2.1
The Pupil and the Cornea

Measurement of the diameter of the human
pupil of each eye is an important parameter in
the planning of laser refractive surgery. As the
excimer laser is used to change corneal curva-
ture over an area of the cornea (the optical
zone) it is obvious that this optical zone should
be large enough to include all rays entering the
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Fig. 18.1. Left eye topography indicates that in spite
of a wide ablation diameter the effective optical zone

is no more than 3–4 mm. The gradient of the oblate
central cornea profile through 6 mm is over 10 D



eye that will eventually pass through the pupil.
In the past pupil measurement involved visual
comparison of the pupil to a calibrated card or
ruler. More recently video-pupillometry sys-
tems image the pupil using CCD video cameras.

Infrared video-pupillometry is the most effi-
cient modality for pupil measurement and in-
volves viewing the pupil through the cornea and
so actually measures the diameter of the virtual
image of the pupil produced by the dioptric
power of the cornea. The reported pupil diame-
ter is therefore slightly larger than the physical
diameter of the pupil. Because of this corneal
magnification, some practitioners use a correc-
tion factor to adjust the measured pupil diame-
ter to correspond to its actual physical diameter.
Most clinicians believe that for paraxial rays, the
diameter of the bundle of rays entering the
cornea is equal to the diameter of the magnified
image of the pupil. This means that the diame-
ter of the corneal effective optical zone treated
should be considered relative to the diameter of

the magnified pupil. If the latter exceeds the for-
mer, then theoretically there is a greater risk of
producing post-operative halos and glare, al-
though further studies are required to better de-
fine this issue. Use of a correction factor is not
appropriate as, on a balance of probabilities, this
will result in an underestimation of the required
optical zone size [9, 12].

In their paper “Is selection of a minimum ab-
lation zone size for refractive surgery based on
dark-adapted pupil diameter substantiated by
geometric optical analysis?” Freedman et al. [4]
utilise an optical model of the anterior segment
to calculate the effective corneal optical zone,
i.e. the diameter of the area of cornea that re-
fracts all incident light rays arising from objects
along the line of sight though the entrance
pupil. They found that, for a given entrance
pupil size, the effective optical zone was signifi-
cantly influenced by keratometry values but
slightly influenced by the distance from the
cornea to the actual or physical pupil. They con-
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Fig. 18.2. Tracey aberrometry of left eye seen in Fig. 18.1



cluded that for objects in the line of sight, the ef-
fective optical zone was smaller than the en-
trance pupil in all cases. However, for rays from
objects in the periphery, the effective optical
zone expanded rapidly as the angle of oblique
incidence increased.

Summary for the Clinician

∑ Off axis objects may form images away
from the fovea which will result in
parafoveal halos and flare

∑ Therefore, the functional/effective optical
zone ideally should be larger than the
largest pupil (peak scotopic pupil, although
this may not be achievable without remov-
ing excessive amounts of corneal tissue)

∑ The area over which correction is achieved
is invariably smaller than the planned 
ablation zone due to many constant factors
including:
– Initial keratometry
– Laser ablation algorithm
– Tissue healing responses
– Corneal biomechanical response 

to ablation
– Magnitude of correction

18.3
Planning Corneal Refractive Surgery

“Pupils are dynamic and often asymmetric a
factor found to increase with reduced illumina-
tion” [7]. Ophthalmologists performing refrac-
tive surgery require extensive data from their
patients to enable an informed decision regard-
ing the correct modality of treatment. Pupil
data have been largely ignored in the quantita-
tive sense, with most surgeons relying on quali-
tative assessment or ignoring the role of the
pupil in refractive surgical calculations. In our
increasingly litigious society, an awareness of
the need to fully document the pre-operative
physical and dynamic aspects of eyes is logical..
Bilateral simultaneous dynamic infra-red pupil-
lometry provides both data and a record of the
examination under varied lighting conditions.

By measuring the pupils’ responses to differ-
ent levels of illuminance, the surgeon is able to
plan treatment, knowing that wider ablations

are deeper ablations, whichever laser platform
is utilised. Titration of the ablation diameter
against the central corneal thickness, especially
in myopia treatments, will verify whether or not
the safety parameters that are generally agreed
will be transgressed. If they are, then either sur-
face ablation or an alternative refractive proce-
dure will be required. The ablation profile is im-
portant; prolate being more natural than oblate
is less likely to be associated with visual distur-
bances, as will the degree and gradient of
change imposed.

Another example of LASIK surgery planned
without reference to pupillometry is shown in
Fig. 18.3. The planned ablation of 5.5 mm (to
avoid too deep an ablation in a cornea with a
central thickness <500 nm) measures 3.3 mm on
topographic analysis. A quantitative judgement
would have precluded this unfortunate inter-
vention, for the patient has severe symptoms in
mesopic and scotopic conditions of illumi-
nance. Figure 18.4ab illustrates the issue by ray
tracing. LASIK practitioners who would argue
that pupil size is not important in refractive sur-
gery, neglect the ease with which pupillometry
is accomplished with modern instrumentation.
Better to plan surgical intervention with all the
facts than leave an element of chance in the out-
come. Better to know than to guess! Better to
avoid errors of omission before committing er-
rors of commission.

Some investigators (Schallhorn [10], Brint
(AAO 2003)[2] and Pop [8]) concluded that
there is no relationship between pupil size and
post-LASIK symptoms, especially night vision
disturbances. Their conclusions are based on
inadequate pupillometry, for unless pupils are
measured correctly, (bilateral dynamic digital
infra-red pupillometry under controlled condi-
tions of illuminance) then no such conclusion
should be reached. It is true that some patients
with large pupils and demonstrably smaller ef-
fective ablated optical zones, are symptom free,
whilst others will have unacceptable symptoms,
which confirms the issue is complex. The equa-
tion is simple: if the effective optical zone on the
cornea (especially if it is oblate and embraces a
dioptric range of more than 2–3 D; or is irregu-
lar) is smaller than the entrance pupil, then a
blur circle of defocused light may cause unwant-
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ed imagery (see Fig. 18.1). There seems to be no
doubt that cerebral image processing may filter
out unwanted effects in some patients whereas
others are ultra-sensitive to minor aberrations.

Time also does seem to be a healer as Pop re-
ported in the dramatic reduction of symptoms
over a 12-month period [8].A similar phenome-
non occurs regularly amongst contact lens
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Fig. 18.3. Corneal topographic map following
LASIK performed to correct –7 D. A 5.5-mm ablation
using a NIDEK laser was utilised in order to protect a
“thin” cornea, planning nevertheless a residual
corneal stromal thickness of only 200 mm. The conse-
quential functional optical zone (base of corneal re-

fractive profile map) is no more than 2–3 mm. As the
eye had a scotopic pupil of 6.8 mm it is easy to com-
prehend why the patient suffered visual disturbances,
especially at night. The main focussed image is sur-
rounded by a halo of defocused light

Fig. 18.4 a,b. Why is pupil 
size important? a Pupil size is
unsatisfactory when the pupil 
is larger than the ablated zone.
Aberrations and halos are
caused by transition zone and
untreated cornea. b Pupil size 
is ideal when the pupil is 
smaller than the functional 
optical zone

a b



wearers who happen to have large pupils. Such
data of course should always be recorded prior
to corneal laser surgery. As it is not possible to
identify an individual patient’s sensitivities in
this regard, it behoves the refractive surgeon to
understand the issue and undertake preventa-
tive measures as far is possible. The aim of
corneal laser surgery is to adjust the shape of
the cornea and hence its refractive power to be
compatible with the other elements of the eye’s
focusing system, namely the length of the eye
globe. As the whole cornea cannot be treated
and as the central zone of the cornea is most rel-
evant, attention has to be paid to the diameter of
the treated area and, more importantly, the na-
ture of the effective optical zone within that
treated area, to ensure as far as is possible that
unfocussed light rays do not degrade the retinal
image. The problem magnifies as the correction
increases.

The dictum “understand before you treat” is
particularly relevant to corneal refractive sur-
gery because failures cannot be hidden. Pupil-
lometry is therefore desirable as a component of
refractive surgery pre-operative data collection.
Most refractive surgeons are aware of patients
with glare disability and large pupils post-oper-
atively; they will also recall patients with large
pupils but no night vision disturbances, as well
as those with small pupils and multiple glare
complaints. The indefinite correlation of pupil
size to night vision disturbances may be due to
the difficulties of definition, as well as many
other variables in the equation.

Summary for the Clinician

∑ Pupils are measured to identify disparities
between:
– Corneal ablated zone
– Corneal effective “optical” zone (EOZ)
– Entrance pupil diameter
– Theoretically a disparity between the

EOZ and the entrance pupil could cause
unfocussed rays to create a halo of
blurred imagery

18.4
Pupils and Night Vision

Refractive surgery embraces interventions in or
on the cornea and replacement or supplementa-
tion of the crystalline lens. Whichever modality
is used, the refracting element must cover the
entrance pupil or defocused light rays will im-
pinge on the fovea and induce visual confusion.
The criticality of the effect of pupil size on night
vision and visual acuity is discussed in the work
of Holladay et al. [5] and Boxer Wachler et al. [1].
The subjective manifestations of a disparity be-
tween the effective optical zone on the cornea
(or the diameter of the optic of an intra-ocular
lens – phakic or pseudo-phakic) are ghost im-
ages, blurred vision, and especially glare and
haloes at low illumination levels. Unfortunately,
there is no standard test for night vision func-
tional disturbances which includes methods for
measuring glare disability and contrast sensi-
tivity. The lack of standardisation, and therefore
scientific validity, confuses consistent correla-
tion with symptoms. The aspheric design of the
cornea serves to limit spherical aberration
which is nevertheless pupil-dependent. It fol-
lows from this perspective alone that refractive
surgeons must be cautious when treating pa-
tients with large pupils. It behoves the surgeon
to understand through dynamic pupillometry
both the dimension of the pupils as well as the
briskness of their response to the light stimulus
for this too will be a factor in the prospect of
dim light, i.e. night visual disturbances.

Summary for the Clinician

∑ Large pupils enhance:
– Spherical aberration
– Other aberrations

∑ If a normal aspheric cornea is present 
this may:
– Render the cornea oblate
– Add a steep gradient

∑ If a small effective optical zone is created
then:
–Visual problems may multiply
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18.5
Pupillary Unrest, Anisocoria 
and Measurement

Every refractive surgical procedure should take
cognisance of the pupil in each eye, its peak di-
ameter in dim light conditions and anisocoria,
which is usual. Pupils are constantly in motion
(known as pupillary unrest or Hippus). This
means that single measurements cannot be reli-
able. Furthermore, because pupils are invariably
unequal, measuring one pupil is not sufficient
to determine the peak size of each pupil. Con-
trolled levels of illuminance plus multiple meas-
urements are required in order to establish the
peak scotopic pupil on the basis of which the
planned ablation zone for LASIK should be cal-
culated. [9]. The aim is to create an effective op-
tical zone of the cornea at least equal to the peak
scotopic pupil in order to reduce or eliminate
that potential component of post-corneal laser
surgery, namely unwanted image degradation.

Anisocoria is usual though its degree varies
in every individual and is not easily observed.
Use of gauges, rulers and monocular measuring
devices, especially without total control of illu-
minance, is not compatible with accurate meas-
urement and therefore not compatible with the
sophisticated and precise process of corneal
laser surgery, where microns rather than mil-
limetres are important! A dynamic binocular,
the digital infrared pupillometer provides accu-
rate data which is saved as documents which
complement other aspects of the patient record.
The images of the pupil are acquired by means
of infrared imaging, followed by computerised
determination of the pupil size through multi-
ple images utilising customised software. The
print out of the data in graphic and/or tabulated
format is then instantly available for efficient
pre-operative assessment, planning of treat-
ment and archiving.

Subjective measurement of pupil diameters
under varied lighting conditions is inaccurate.
In their comparisons of inter-observer grading
of anisocoria, Ettinger and co-authors [3] report
high variability. Simple devices such as rulers
and comparison charts can give approximate
data, but are unreliable because of the inherent

difficulty of measuring a moving object, espe-
cially without controlled illuminance.

The need for reliable data has driven the de-
velopment of electronic pupillometers during
the past 50 years. Now computerised infrared
video pupillometers are accepted as industry
benchmarks by ophthalmologists and scientists
whose research involves the pupil. Single meas-
urements using a graduated scale are not re-
peatable or reliable because pupils are highly
motile and subject to considerable unrest. Use
of corneal topographers and or aberrometers
are monocular and reduce pupil diameters due
to their intrinsic illumination systems.

Summary for the Clinician

Pupil reactions
∑ Never at rest
∑ Anisocoria is usual
∑ Subject to light and accommodation 

reflexes
∑ Dark adaptation
∑ Affected by:

– Age
– Iris pigmentation
– Fatigue
– Medications
– Diurnal rhythm
– Caffeine
– Alcohol

Pupillometry at its most refined level includes:
∑ Bilateral simultaneous study
∑ Multiple measurements
∑ Controlled illuminance
∑ Infrared detection
∑ Relaxed accommodation (distant target)
∑ Computerised record and data presentation
∑ Permanent record of the data collected
∑ Avoiding gauges and monocular devices
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18.6
How Should Pupils Be Measured?

The dynamic and asymmetric nature of pupil
activity demands a dynamic, bilateral simulta-
neous system for measurement, and one in
which the levels of illuminance to which the
eyes are exposed are strictly controlled and doc-
umented.Accommodation must be relaxed with
the subject viewing a distant target. Multiple
images of the moving pupil then require a rapid
computerised measure of the pupil diameter of
each rapid sequence image to then be translated
into a clinically useful table or graph from
which the clinical decisions will be made.

18.6.1
Data Acquisition and Processing System

With the Procyon Pupillometer (Figs. 18.5–18.7)
at each level of illumination, ten images are ac-
quired by the system at five images per second,
providing a measurement period of 2 s. The op-
tical system is fixed magnification. Circles are
automatically fitted to image data derived from
the pupil–iris borders, allowing many occlu-
sions (corneal reflections, eyelashes, eyelid par-
tial closures) to be ignored. The diameters of
the fitted circles are stored as the results. The
operator receives feedback concerning the qual-
ity of the resulting data (check focus, goodness

of fit, and rejection of blinks). The two eyes are
imaged at the same time, with a spatial resolu-
tion of 0.03 mm per pixel. Random errors intro-
duced by the pupillometer are typically 1 pixel
(±0.03 mm) from image to image, which is an
order of magnitude less than the variation seen
in the measurements themselves. The software
re-analyses the same image with identical re-
sults. Figure 18.5 shows a typical image from a
sequence with circles fitted (dotted lines around
the pupil border). Figure 18.6 shows an output
example of a typical measurement sequence in
which pupillary unrest and anisocoria are pres-
ent. The mean and standard error of each 2-s
measurement set are also presented for each eye
at each light level in graphic or tabular format.

18.6.2
Illumination

The fixation targets presented to the two eyes
are identical white opal disks subtending an an-
gle of 8º in the central visual field. The virtual
image of a black dot in the middle of each disk
is positioned at a distance of at least 10 m using
a convex lens. The non-illuminated part of the
visual field is well occluded with rubber eye-
cups. The accepted thresholds for the CIE (In-
ternational Commission on Illumination) curve
for vision are as follows: scotopic, illuminance
levels below 0.05 lux; photopic, illuminance lev-
els above 50 lux (National Physical Laboratory,
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Fig. 18.5. Bilateral pupillometry 
utilising the Procyon bilateral simulta-
neous infra-red digital pupillometer.
Patient’s eyes fixed onto rubber cups to
exclude external light



London, UK). Table 18.1 gives some examples of
illuminance in real life.

The study by Rosen et al. [9] (Tables 18.2 and
18.3) revealed an appreciable degree of pupillary
motility during measurement at all illumination
levels. The motion was greatest under low
mesopic illumination. In addition, the two
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Fig. 18.6. Bilateral simultaneous images of the
pupils. One image out of a sequence of ten taken in
2 s. Note firstly, anisocoria and secondly, dotted circles

which conform to pupil size for computerised calcu-
lation of pupil diameters of each image set

Table 18.1. Illuminance in real life

Scotopic illuminance = <0.05 lux
Dark night
No moon
Highway

Low mesopic illuminance = 0.05 lux
Dark night oncoming car
Dim lit room

High mesopic illuminance = 49 lux
Night driving road illuminated (in town)

Table 18.2. Pupillary unrest is significant and large
at all levels of illumination in more than 50% of pa-
tients

Scotopic (0 lux)
Median = 0.13 mm, maximum = 1.01 mm

Mesopic (1 lux)
Median = 0.34 mm, maximum = 1.57 mm

Table 18.3. Anisocoria is also significant and large
in some patients at all levels of illumination in more
than 50% of patients

Scotopic (0 lux)
Median = 0.29 mm, maximum = 1.47 mm

Mesopic (1 lux)
Median = 0.34 mm, maximum = 1.99 mm



pupils were rarely identical. The results suggest
there was a dynamic range of pupillary motion,
characterised by maximum-amplitude unrest
under high and low mesopic illuminations.
There was significant unrest (maximum
1.01 mm) under scotopic conditions, although
pupil size was closer to the saturation level.

The degree of absolute anisocoria varied
among individuals. It was as high as 1.99 mm,
with median values of 0.16 mm (high mesopic),
0.32 mm (low mesopic) and 0.28 mm (scotopic).

18.7
Pupillometry Studies

Pupil data is non-parametric and skewed. In any
measurement system there are two types of er-
ror at play: Systematic errors (accuracy, bias,
calibration) and random errors (precision and
repeatability).

18.7.1
Precision

Since the pupil is always moving single meas-
urements amount to little more than guess-
work. This was alluded to by Winn [12] and
demonstrated by Rosen et al. [9], while Kohnen
et al. [6] demonstrated that single measure-
ments using simple hand-held instruments are
highly variable. The inter-operator repeatability
was substantially better with the Procyon than
the Colvard; 0.64 mm (Procyon), 1.16 mm
(Colvard), i.e. a 95% chance that two consecu-
tive readings with the Colvard on the same pa-
tient will be up to 1.16 mm apart. Schmitz et al.
[11] showed that only multiple measurements
using simple hand-held devices could attempt
to match more sophisticated dynamic devices
concluding that the Colvard matched the Procy-
on’s performance but only if nine measure-
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Fig. 18.7. Procyon data graph: photopic (>50 lux),
low mesopic (0.05 lux), high mesopic (49 lux) and

scotopic pupil measurements(<0.05 lux), mean and
range of ten taken in a 2-s period



ments were taken and averaged, which was very
time consuming! They also found that the WAS-
CA aberrometer’s pupil measuring function did
not measure the same thing as the Procyon be-
cause of its bright illumination.

The argument is relatively simple: because
the pupil is changing in size all the time, only
multiple measurements will give statistical con-
fidence in the resulting measurement. A single
measurement has an infinitely wide confidence
interval which is not much good when it is nec-
essary to know a dimension as precisely as pos-
sible. It is probable that the Stiles Crawford ef-
fect only mitigates partially against visual
disturbances such as halos and glare because
generally the shape of the cornea changes from
prolate to oblate post-operatively, thus negating
the effect.

Illumination during pupillometry is also
critically important. Because pupil size is de-
pendent on illumination, pupillometry should
also be done at controlled levels of illumination,
and that illumination should be binocular [9],
otherwise there is a danger of over-estimating
pupil size and taking off more tissue than is nec-
essary. Some practitioners report that “Device
A” which controls illumination internally con-
sistently over- or under-measures pupil size
compared to “Device B”which relies on ambient
illumination. No real attempt is made to ensure
that both devices bring about identical illumi-
nation conditions and therefore such state-
ments are meaningless until it can be shown
that the lighting is identical for both methods.
Devices A and B might well reverse their appar-
ent over- or under-reading if the ambient condi-
tions change. Devices that bring about con-
trolled illumination will be consistent under a
wide range of ambient illumination conditions.

18.7.2
Accuracy

Illumination levels (and accommodation) will
affect the accuracy or bias of the measurement
system. A shift in light level will cause a shift in
bias.

There is a need to compare the repeatability
of different pupillometers and to standardise
measurement conditions for illumination and
accommodation as a first step towards getting
better agreement between studies.

Measurement requires recognition of the dy-
namic nature of pupil activity, its asymmetry
and the effects of internal and external factors.
By simply observing a patient at consultation in
the usually dimmed lighting of the consulting
room, large pupils will be immediately appar-
ent. Increasing the room’s illuminance and the
pupils will respond by constriction, some
briskly, others hardly at all. In other words, our
responses in this regard are very individual.
Pupils respond to light and accommodation re-
flexes but are also subject to many other inter-
nal and external factors (see “Summary for the
Clinician” below). Therefore it is pertinent to
ask when should pupillometry be conducted
and on how many occasions should their peak
values be established? How can the science of
pupil measurement be combined with the prac-
ticalities of the clinical situation? It is impracti-
cal for example to expect a patient to attend for
pupil measurements in the morning as well as
in the evening. There obviously has to be a com-
promise in this regard recognising that one set
of measurements performed as well as possible is
better than guesswork.

Summary for the Clinician

Two types of error occur with any measure-
ment system:
∑ Systematic errors:

– Accuracy
– Bias
– Calibration errors

∑ Random errors:
– Precision
– Repeatability
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Useful Definitions

∑ Aberrometry The measurement of aberra-
tions.

∑ Aberration Deviation from what is normal,
expected or usual.

∑ Aberrations (optical) Aberrations cause ex-
iting wavefronts to be distorted from their
initial spherical shape and cause light rays to
depart from their ideal paths.

∑ Anisocoria Pupils which are not equal, i.e.
physiological asymmetry. Often a sign of
pathology. It is necessary to study the dy-
namic characteristics of the anisocoria, i.e.
how it increases and decreases during differ-
ent pupillary movements, in order to learn
the location of the responsible defect.

∑ Average Numerical averages take several
forms: mean, median and mode.
– Mean average (arithmetic mean)

Divide the total by the number of compo-
nents to yield the mean

– Median average The mid-point, half the
number of variables above and half below,
the “median”

– Mode average The value which occurs
most frequently, the usual, the mode aver-
age
A symmetrical unimodal  bell curve its
peak value is the average and because of it
symmetry the peak value is the median,
the mean and the mode. In an asymmetric
unimodal bell curve  the peak will be the
mode average, the median the half way
house and the mean average the lower val-
ue.
A symmetrical bimodal bell curve would
have 2 peak values the mode averages 1
and2 whereas the median and mean aver-
ages would have the same value i.e. be-
tween the 2 modes.

∑ Contrast sensitivity A glare source can also
reduce contrast sensitivity.

∑ corneal magnification coefficient The coef-
ficient of correlation between real pupil size
and refraction is only –0.104 (158 Loewen-
feld), e.g. average diameter of real pupil
4.23 mm, 4.38 mm for –5 D myopia and
4.08 mm for 5D hyperopia. Approximately

1% of variability in real pupil size is associat-
ed with ametropia.

∑ Defocus Focussing is not usually exact and
therefore in any imaging system, there is
some residual defocus. A reason for this fo-
cus error is that there is always a range of po-
sitions of the “image” plane within which the
image appears to be correctly focussed. De-
focus spreads light out.

∑ Diffraction Not refraction.
∑ Effective/functional optic zone (EOZ) That

central zone of the cornea which after
corneal laser ablation, provides the major re-
fracting surface of the eye. In a normal eye
with a prolate profile in the absence of astig-
matism there is a range of limited dioptric
power in this zone, e.g. 2–3 D. Following a
laser ablation which renders the cornea
oblate, the dioptric range beyond 2–3 D will
define the limit of the effective or functional
optical zone of the cornea.

∑ Glare A physical term that refers to a light
source, bright and intense.

∑ Glare disability The term used to describe
the subjective reduction of visual perform-
ance due to a glare source scattered by the
ocular media.

∑ Image degradations Halos and starburst
represent an alteration in the object shape or
size.

∑ Irreducibly minimal latent period Depends
on properties of iris smooth muscle (180 ms)
but increases with age.

∑ Mesopic There are two types of receptors on
the retina of the eye: rods and cones. The
rods operate at low light levels, the cones op-
erate at high light levels, and both operate
over a range at intermediate light levels. Rod
vision does not provide colour response or
high visual acuity. In fact, there is no rod vi-
sion along the line of sight; in looking for a
very faint signal light on a dark night, one
must look about 15 degrees to the side of it.
The cones are responsible for colour vision
and the high acuity necessary for reading
and seeing small details.
In the mesopic region as the light level de-
creases from photopic to scotopic vision, the
spectral response gradually changes from
the photopic to the scotopic curve. There is a
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continuous range of mesopic curves chang-
ing in both shape and maximum sensitivity,
and the appropriate curve depends on such
factors as the light level and the distribution
of light in the field of view. Because of this
and a range of other problems, there is no
agreement, either within the United States or
internationally, on a standard method for
computing lumens in the mesopic region.

∑ Mesopic vision (term of physiology
Mesopic vision is the scientific term for a
combination between photopic vision and
scotopic vision in low but not quite dark
lighting situations. The human eye uses pure
scotopic vision in the range below 0.05 LUX,
and pure photopic vision in the range above
49 LUX
Mesopic vision involves complex interac-
tions between rod and cone receptor signals
that are not fully understood. The variation
in receptor class density with retinal loca-
tion, the differences in spatial summation
properties of rod and cone receptors and the
diminishing contribution of chromatic sig-
nals to target conspicuity as the illumination
level is reduced makes it difficult to model
and predict visual performance in the
mesopic range.

∑ Night vision disturbances (NVD) Glare dis-
ability, reduced contrast sensitivity, and im-
age degradation are all examples.

∑ Oblate Adjective; describing an object with
an equatorial diameter of greater length than
the polar diameter

∑ Peak Top of the curve. Highest value
∑ Prolate Adjective; describing an object with

a polar diameter of greater length than the
equatorial diameter.

∑ Pupil and dark adaptation After the acute
“light off” response, pupils continue to en-
large at decelerating rates until their full dark
adapted state is recovered. The speed and ex-
tent of the enlargement is dependent upon
preceding conditions which have to be de-
fined to be meaningful, e.g. partially dark
adapted prior to “light off”.

∑ Pupil latent period The reaction of a pupil
to a light stimulus is delayed, the delay being
known as the latent period. This is not a sim-
ple phenomenon but is composed of two
separate mechanisms; first, the irreducibly
minimal latent period built into the motor
system of the iris; and a second, a variable
additional delay due mainly to properties of
the retinal discharges and their brain pro-
cessing.

∑ Photopic Normal adaptation of the eye to
day (light) vision.
The level of light adaptation of the retina.

∑ Illuminance The luminous flux incident on
unit area of a surface. Measured in lux. Also
known as illumination.

∑ Illumination Another term for illuminance
(physics); a source of light (adjective).

∑ Lux The derived SI of illumination equal to
a luminous flux of 1 lumen per square metre.
1 lux is equivalent to 0.0929 foot candles.
Symbol, lx.

∑ Parametric Data measurable on interval or
ratio scales, so that arithmetic operations are
applicable, enabling parameters such as the
mean of the distribution to be defined
(PUPIL data is non-parametric)

∑ Pupil The central dark aperture within the
iris diaphragm from the 14th century French
pupille, Latin pupilla, literally meaning little
doll, from pupa so called from the tiny image
seen when observing an eye.

∑ Pupillary unrest (hippus) Normal papillary
oscillations brought on by steady light and
absent in darkness.

∑ Pupillometry The science of measuring
pupil diameters.

∑ Skewed data Pupil data is skewed ; Not hav-
ing equal probabilities above and below the
mean
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19.1
Introduction

After inventing, evaluating and perfecting re-
fractive surgical procedures in recent years, one
of the current efforts is to focus on “quality of vi-
sion” after various surgical interventions. The
number of surgical procedures to correct refrac-
tive errors is steadily increasing, old procedures
are replaced by newer, mostly better ones, the
complication rate is decreasing, and the results
of each of the established procedures are im-

proving with more experience, better technolo-
gy and scientific evaluation. Success or failure of
refractive procedures, defined by criteria like
safety, efficacy, stability and predictability [13] is
based on Snellen acuity. However, some patients
present with anatomically perfect results and ex-
cellent visual outcome with respect to these cri-
teria measured in Snellen acuity,but complain of
visual disturbances like decreased contrast, dif-
ferent colour perception, glare, halos or simply
“bad vision”. In some cases the problem can be
explained, e.g. by residual astigmatism or a de-
centred ablation zone in excimer surgery or the
optic diameter of a phakic intraocular lens im-
plant on halo perception, in other cases an im-
mediate answer is not found. On the contrary, in
retrospect there should have been problems (6-
mm ablation zone for LASIK with 7-mm sco-
topic pupil size diameter) that fortunately have
never occurred. Therefore determining the out-
come seems to be more complex. Why do only
some patients complain? Are some complaints
associated with simple residual refractive error
or are there other much more sophisticated rea-
sons for visual disturbances yet unknown to the
patients [14]? The present chapter gives an
overview of how quality of vision could be de-
fined and determined and summarises typical
disturbances which are known to date.

19.2
Defining Quality of Vision

Although “quality of vision” seems to be a major
concern in modern refractive surgery there is
no systematic approach to define quality of vi-
sion as yet. Certainly, quality of vision is not a
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∑ After inventing, evaluating and perfecting
refractive surgical procedures in recent
years, one of the current efforts is to 
focus on “quality of vision” after various 
refractive surgical interventions

∑ Quality of vision is acceptable if a refractive
surgical procedure results in retinal image
quality that does not produce a subjective
or objective decrease in vision

∑ Quality of vision after refractive surgery 
is a complex topic with many variables

∑ Measuring quality of vision involves 
four major parameters: patient’s sensation,
functional, optical and anatomical features

∑ For corneal surgery, optical zone, pupil size
and ablation depth, for lens procedures,
centration and optic design play a major
role

∑ The overall improvement of the quality of
vision after refractive surgical interventions
will be a major step for the success of 
refractive surgery
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metric which can be determined in a straight
line, e.g. like the objective refraction or the axial
length of the eye. Therefore, operationalisation
is necessary to access the somewhat vague con-
cept of “quality of vision”. Vision is a complex
process and the perception of a visual stimulus
is affected by many factors which are illustrated
in a simplified way in Fig. 19.1. Primarily,
anatomic features such as characteristics of the
corneal surface, corneal curvature, clearness of
the optical media and axial length of the eye de-
termine the quality of the retinal image. The
quality of the retinal image influences basic vi-
sual tasks like resolution and contrast detection.
Finally, the image is processed by the visual sys-
tem. A variety of subtle mechanisms (e.g. the
Stiles-Crawford effect) provide compensation
for errors of the optical system of the eye. This
leads to a specific perception of the initial visu-
al stimulus. The final valuation of the overall
image quality by the viewer depends on many
intrinsic factors and situations. Given the same
retinal image, the letter “E” as shown in Fig. 19.1,
might appear crisp to one and blurry to the oth-
er observer.Therefore,when defining “quality of
vision”, one should start with the patient’s as-
sessment of his quality of vision. This is crucial,
because it is the patient who ultimately decides
if his vision is “good” or “bad”. Conversely, the
changes made by refractive surgery are changes
of anatomy. For an operational definition of

“quality of vision”, typical features of “good” or
“bad” vision have to be catalogued. At the next
step, factors of the underlying pathway in
Fig. 19.1 and their association with “good” or
“bad” vision should be identified. This would
enable one to establish evidenced-based ap-
proaches to improve quality of vision after re-
fractive surgery or to forestall bad outcomes
and patient dissatisfaction.

19.2.1
Subjective Symptoms

It is important to mention that for most patients
their visual impression with a particular correc-
tion (glasses or contact lenses) before undergo-
ing refractive surgery is their reference for the
post-operative situation. Obviously, some un-
wanted visual phenomena are familiar to all re-
fractive surgical patients, e.g. blurry vision be-
cause of residual refractive error. Other
symptoms, like haloes, starbursts, ghosting and
loss of contrast sensitivity may be new to the pa-
tient and cause certain alarm. The patient’s ex-
pectations and tolerance to possible side effects
play a key role for the outcome. Some patients
definitely report starbursts and haloes, but they
nevertheless are comfortable with the result.
Connecting the same eye to another brain could
possibly result in an extremely unhappy patient.
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Thus, it is both important to know what side-ef-
fects have to be expected performing a certain
treatment and how the patient’s assessment of
his quality of vision would be influenced by
these symptoms. In a clinical environment, a
careful anamnesis would address the patient’s
subjective symptoms, whereas in clinical trials
standardised questionnaires should be used to
quantify symptoms. There is a range of ques-
tionnaires on vision and daily activities, some
set up for cataract patients, some recently creat-
ed to assess refractive procedures (see Sect.
19.3). These questionnaires are very important
for understanding and defining quality of vi-
sion, because they are the link between the pa-
tient’s sensations and all other measurements
[20].

19.2.2
Visual Function

Most patient complaints regarding refractive
surgery concern some type of decrease in visu-
al function. Blurriness or fuzziness of sight can
become evident in reduction of the contrast
sensitivity function with diminishing maxi-
mum contrast sensitivity on the one hand and
decreasing maximum resolution on the other
hand. There is a large variety of psychophysical
tests to determine visual function, ranging from
standard Snellen acuity charts to contrast sensi-
tivity or low-contrast acuity tests up to sophisti-
cated procedures to assess haloes, glare disabil-
ity and stray light (see Sect. 19.3). Up to now, the
main outcome measure in assessment of refrac-
tive-surgical procedures was “Snellen acuity”,
the angular visual acuity determined by high-
contrast optotypes. As many activities in daily
life do not take place under optimal lighting
conditions, Snellen acuity reflects only one ele-
ment of visual function and gives only partial
insight into the quality of vision. Thus, contrast
sensitivity or low-contrast visual acuity testing
will play a major role besides Snellen acuity
testing to determine quality of vision. For the
definition of quality of vision, the psychophysi-
cal tests act as a standardised representation of
single visual tasks that may be more or less af-
fected in daily life by a refractive surgical proce-

dure. Correlation of functional results with sub-
jective symptoms on the one hand and with ob-
jective measurements on the other hand will es-
tablish connections between the patient’s
complaints and the quantitative measurements
performed in clinical practice and trials.

19.2.3
Optical Image Quality

An ideal optical system would depict an object
without loss of contrast or resolution, i.e. a point
will be imaged as a point. In fact, the eye is not a
perfect optical system. There are three major
reasons for degradation of the retinal image:
diffraction, aberrations and scatter. Diffraction
is only clinically relevant for small pupil sizes
(<3 mm), whereas aberrations and scatter (stray
light) are important factors which influence
quality of vision, particularly at larger pupil
sizes. All three conditions affect the retinal im-
age by transforming a point-shaped object into
a more or less fuzzy dot. Lower-order aberra-
tions, known as prismatic, spherical and cylin-
drical error [tilt, defocus and astigmatism in
terms of Zernike polynomials, (see Chap. 17)]
are dominant in many eyes and have tremen-
dous impact on image quality. Besides the low-
er-order aberrations, other irregularities,
known as higher-order aberrations (HOA) have
been described. Coma and spherical aberration
are two aberrations leading to characteristic
image degradation and have been well-known
for quite some time. They have been included in
the set of Zernike polynomials, which can be
used to describe the wavefront error of a certain
optical system in a systematic way [3, 28]. From
the wavefront error of an eye, several metrics as
the point spread function (PSF; the distribution
of light intensity at the retinal focal plane when
a point-shaped light source is imaged) or the
modulation transfer function (MTF, the degree
of contrast transfer of a sinusoidal grating as a
function of spatial frequency) can be derived
(see Chap. 17). These metrics, which could be
obtained easily by objective measurements
(wavefront sensing or double-pass measure-
ments) reflect the retinal image quality of the
eye considering the eye as an optical instrument
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and ignoring the role of neural image transfer
and processing. This is of high value when as-
sessing the plain optical effect of a certain re-
fractive procedure or comparing different tech-
niques, because these metrics are objective.

19.2.4
The Role of Anatomy

The anatomy of the eye plays a major role for
quality of vision, because the effects achieved by
refractive surgery, side effects included, are ex-
clusively anatomical. Therefore, anatomy is the
“input” level of the pathway in Fig. 19.1, in con-
trast to the subjective symptoms, which repre-
sent the “output” level. This is very important
because all other changes are consequences of
the anatomical change induced by surgery. Ex-
amining anatomy does not provide direct con-
clusions on quality of vision, but it gives per-
haps the most objective feedback on the precise
effect of the treatment. Establishing correla-
tions between anatomy, function and subjective
symptoms enables further improvements in the
field of refractive surgery and safer treatments
to provide good quality of vision.

Summary for the Clinician

∑ Quality of vision after refractive surgery 
is a complex topic with many variables
which are influenced by many factors,
both extrinsic and intrinsic

∑ Thus, for a working definition it could be
stated that a good quality of vision is given
if a refractive surgical procedure does not
affect the retinal image quality in the way
that vision is experienced worse than 
before surgery

19.3
Measuring Quality of Vision

From the operational definition for quality of
vision given above, it can be concluded that sev-
eral parameters could be assessed to determine
optical quality before and after refractive sur-
gery. However, many of the tests are not part of
clinical routine and therefore uncommon to

both patient and examiner. Some of the tests
could be added easily to a clinical setting, others
will be reserved for investigational purposes.

Before describing the tests in detail, some
initial comments on desirable testing condi-
tions should be made: First, visual testing, par-
ticularly in myopes, needs to be performed un-
der the same conditions pre- and post-
operatively. Only the best pre-operative meas-
urement (often better with contact lenses than
with spectacles) should be compared to the
post-operative outcome, because the patient
will always compare the result to the optimal
pre-operative situation. Second, at least in the
clinical setting, there should be internal stan-
dards on how to test. Up to now there have only
been few standards for a common procedure
like testing visual acuity, mostly applied in 
cases of medico-legal issues. Interestingly, no
guidelines for determining Snellen acuity or
contrast sensitivity in refractive surgery have as
yet been established. In different studies, or in
daily practice, different investigators and de-
vices may be involved and produce biased re-
sults, making these results less comparable. It is
important to point out that testing visual acuity
or contrast sensitivity means determining psy-
chophysical thresholds. It is desirable that all
these thresholds are tested pre- and post-opera-
tively under comparable and reproducible 
conditions which means, to name only some,
similar optotypes and lightening conditions,
forced-choice testing, no feedback by the inves-
tigator and low probability of guessing [14].
When the threshold is defined as the steepest
point of the psychometric function and rigor-
ous forced-choice is applied, acuity values can
be around 20/10 even without “super normal
correction” [32].

The following sections give an overview of
common tests which test parameters that are
relevant for quality of vision. In a clinical envi-
ronment not all of the test types could be used,
but it is helpful to have a range of routine exam-
inations such as standardised anamnesis, visual
acuity (VA), contrast sensitivity (CS), corneal
topography and aberrometry to assess the out-
come of the procedures carried out in the clini-
cal setting.
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19.3.1
Subjective: Questionnaires

Quality of vision can be measured objectively
(high- or low-contrast visual acuity, contrast
sensitivity, glare disability, wavefront aberra-
tions, corneal topographical changes) or subjec-
tively by questionnaires. Functional measure-
ments of contrast sensitivity or glare disability,
measurements of optical parameters like wave-
front error, and anatomical observations by
corneal topography or biomicroscopy can be
correlated to the patients’ subjective judgement
on the surgical outcome with questionnaires.
Thus, quality of vision can be approached sys-
tematically.

There are questionnaires described in the lit-
erature that have been especially developed for
post-operative evaluation of refractive patients
[5, 11, 16, 26]. However, until now, none of them
has been established for general use. For use in
a daily clinical environment, a careful anamne-
sis with standardised questions (Do you see
haloes? How is your night vision?) or a small se-
lection of questions is a helpful tool to evaluate
the outcome of subsequent procedures.

19.3.2
Functional

19.3.2.1
High-Contrast VA (Snellen Acuity)

High-contrast testing is the first way to assess
visual acuity in clinical praxis. The common test
principle is to present optotypes of decreasing
size, at a constant contrast level of approximate-
ly 100%. High-contrast visual acuity is meas-
ured either with letters (e.g. Snellen chart,
Bailey-Lovie chart or the ETDRS chart) or Lan-
dolt-C rings. Optotypes can be presented as
charts or on a computer screen. Computer tests
such as the Freiburg Visual Acuity and Contrast
Test (FrACT) [4] use sophisticated algorithms
to determine psychophysical thresholds.

19.3.2.2
Low-Contrast VA

Low-contrast visual acuity can be measured, as
high-contrast visual acuity, by optotypes of a
constant low contrast and of varying, decreas-
ing size. Letter charts applying this principle are
the Reagan charts, the Bailey-Lovie charts and
the low-contrast ETDRS charts, that are provid-
ed at different low contrast levels. Landolt-C
rings are used by the FrACT.

19.3.2.3
Contrast Sensitivity

Contrast sensitivity (CS, the reciprocal value of
the minimal contrast which is recognised by the
patient) can be measured with optotypes (let-
ters or Landolt-C rings) or sine-wave gratings
[9].

Common optotype tests are the Pelli-Robson
charts (Fig. 19.2a) and the Small Letter Contrast
Test [24]. These charts use letters of constant
size but progressively decreasing contrast lev-
els. Landolt-Cs are used for CS measurements
by the computer-based FrACT. Based on the
concept of different channels for detection of
different spatial frequencies, sine-wave gratings
have been used for contrast sensitivity testing
for a long time. Gratings of different spatial fre-
quencies with decreasing contrast are provided
on each chart. Commonly used sine-wave tests
are the Vistech charts, the F.A.C.T. chart
(Fig. 19.2b), the Contrast Sensitivity Tester 1800
(Vision Sciences Research Corporation, San 
Ramon, CA)  (Fig. 19.2c) and the CSV 1000E.
The Vistech charts and their modification, the
F.A.C.T. chart, are wall charts. Five spatial fre-
quencies, each with nine different contrast lev-
els are present. The Contrast Sensitivity Tester
1800 integrates a F.A.C.T. chart and provides
testing under controllable illuminance levels.
The CSV 1000E provides gratings at four spatial
frequencies, each with eight different contrast
levels, at 85 cd·m–2.
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19.3.2.4
Glare, Scatter and Halo Testing

Glare disability can be measured when a glare
source is added to a contrast sensitivity test. For
testing with letter (Pelli-Robson charts) or grat-
ings (Vistech charts, F.A.C.T. charts) wall charts,
a hand-held device, the Brightness Acuity Tester
(BAT) can be used to induce a glare effect. In the
Contrast Sensitivity Tester 1800, a glare source
of varying luminance is integrated in the test
system. Landolt-C based glare tests are the
Miller-Nadler Glare Tester and the Frankfurt-
Freiburg Contrast and Acuity Test System (FF-
CATS). The first one uses Landolt-Cs of differ-
ent contrast levels at a constant spatial fre-
quency, which are surrounded by a glare source
of unchanged luminance. The latter is based on
the FrACT computer program that displays
Landolt-C rings on a monitor which is sur-
rounded by a glare source of constant lumi-
nance created by a circle of eight white light-
emitting diodes (LED) in 3° to the centre of the
Landolt ring. Devices for testing scotopic vision
like the Rodenstock Nyktometer (Rodenstock)
or the Mesoptometer (Oculus) test CS at a very
low luminance level of 0.032 cd·m–2 and are
equipped with an integrated glare source for
glare testing.

For scientific use, devices to objectively de-
termine forward scatter (van den Berg stray
light meter [30]) and haloes (Tomey Glare and
Halo software [17]) have been designed.

19.3.3
Optical: Wavefront Sensing, MTF, PSF

Changes in the optical properties of the eye lead
to changes in the quality of the retinal image
and thus to changes in quality of vision. Wave-
front deformation describes changes in the op-
tical system, and it can be quantified by metrics
as the modulation transfer function (MTF) or
the point spread function (PSF) (see Fig. 19.3
and Chap. 17).

308 Chapter 19 Quality of Vision After Refractive Surgery

Fig. 19.2 a–c. Contrast sensitivity tests. a Pelli-Rob-
son chart. b F.A.C.T. c Contrast Sensitivity Tester 1800
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Fig. 19.3 a–f. Demonstration of
the different factors influencing
quality of vision with an exam-
ple of a decentred ablation zone
after hyperopic LASIK.
a Opacification of hinge region;
b decentred ablation in corneal
topography; c the increased
higher-order aberrations are
coma-dominated; d HOA point
spread function (PSF); e image
simulation of a Snellen chart;
f image simulation of a contrast
sensitivity function test chart.
The final visual perception of
the visual stimulus is influenced
by many factors and compen-
sation mechanisms and there-
fore the images constructed
from wavefront data may not
represent the patient’s actual
perception

a c

b
d

e

f



19.3.4
Anatomical: Biomicroscopy,
Corneal Topography

Slit-lamp biomicroscopy, corneal topography
and confocal microscopy reveal anatomical
changes resulting from refractive procedures.
Wanted (corneal flattening or steepening) or
unwanted (haze, snowflakes, folds, decentra-
tion, surface irregularities; Fig. 19.3) effects on
the ocular anatomy directly affect quality of vi-
sion. Therefore, anatomical observations in
post-operative patient care are essential in de-
scribing quality of vision as morphological cor-
relates of functional, optical and subjective pa-
rameters.

In Fig. 19.3 an example case of hyperopic
LASIK with a decentred ablation zone and the
impact of the decentration on different dimen-
sions of quality of vision is shown. At the slit-
lamp (Fig. 19.3a) an opacification at the hinge
region could be seen. Corneal topography
(Fig. 19.3b) reveals a decentred ablation with ec-
centric steepening. Wavefront analysis of high-
er-order aberrations (HOA) (Fig. 19.3c) shows
the coma-dominated wavefront deformation.
From the HOA, an HOA point spread function
(PSF) (Fig. 19.3d) could be derived which repre-
sents the theoretical retinal image which could
be obtained after total correction of defocus
and astigmatism. From the PSF, images
(Fig. 19.3e, f) could been constructed by convo-
lution to simulate image distortion. For the par-
ticular case, the typical coma-induced ghosting
could be visualised. It has to be said, that the fi-
nal visual perception is influenced by many fac-
tors and compensation mechanisms and there-
fore the images constructed from wavefront
data may not represent the patient’s actual per-
ception.

Summary for the Clinician

∑ Measuring quality of vision involves four
major parameters: patient’s sensation, func-
tional, optical and anatomical features

∑ Correlation of all four parameters may lead
to a complete understanding of the visual
function and quality of vision after refrac-
tive surgery

∑ For reporting refractive surgery data,
standardised tests under standardised 
conditions need to be established

19.4
Specific Changes in Quality 
of Vision After Refractive Surgery

19.4.1
Incisional Surgery

The complaints frequently described after radi-
al keratotomy (RK) are glare disability, de-
creased contrast sensitivity and image degrada-
tions [1, 8]. The incidence of glare disability and
changes in contrast sensitivity is highest imme-
diately after surgery and decreases in most cas-
es after 6 and 12 months.

It has been shown that this negative effect on
visual performance arises with increasing pupil
diameter because of increased higher order
aberrations [2]. Regarding this, the diameter of
the optical clear zone plays the most important
role in creating such higher order aberrations
and the appearance of night vision disturbances
after radial incisional surgery. Grimmett et al.
showed that an optical clear zone smaller than
3 mm can provoke such severe glare disability
that patients become unable to drive a car at
night or even lose employment [10]. Because of
that, it is necessary to create an optical clear
zone which is greater than the scotopic or
mesopic pupil diameter to reach glare-free vi-
sion at night [29]. However, this limits the cor-
rective range of RK because the correction of
higher refractive errors causes a smaller optical
clear zone.

Another problem after RK is the variation of
the refraction from morning to evening (diur-
nal shift) which also leads to subjective image
degradations. This phenomenon could be per-
sistent over years. A possible reason for this is
the corneal instability due to the radial incisions
which causes variable corneal steepening
or/and irregular astigmatism.

Because of these severe disadvantages, today,
RK has been abandoned and is not a standard
method to correct high myopia.
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19.4.2
Excimer Surgery

19.4.2.1
Surface Ablation

After photorefractive keratectomy (PRK), pa-
tients often report decreased contrast sensitivi-
ty [8, 31]. Mostly, these complaints change with
time: immediately after surgery, contrast sensi-
tivity is worse than after 6 months or 1 year. Al-
though most patients’ complaints decrease with
time, there are some who still have severe con-
trast sensitivity loss after 12 months or more.
These patients often received treatment of my-
opia higher than 6 dioptres (D) [31]. Also
monocular diplopia (ghosting), glare and halos
may occur after PRK [11].

An important factor for the end result of PRK
treatment is the pupil diameter, especially at
night. Seiler et al. showed that spherical aberra-
tions after PRK treatment rose markedly with
increasing pupil diameter [27]. Because spheri-
cal aberrations lead to blur of the retinal image,
patients with large pupils at night could develop
night vision disturbances like glare, haloes, star-
bursts and loss of contrast sensitivity.

Of equal importance to pupil size is the diam-
eter of the ablation zone. It has been shown that
larger diameters of ablation reduce night halos,
initial hyperopic shift, wound haze and higher
order aberrations [6, 22]. With optical computer
analysis, Roberts et al. simulated that ablation
zones had to be at least as large as pupil aperture
at night to preclude glare at the fovea [25].

Also important for a good visual outcome is
a well-centred ablation (Fig. 19.3). As a result of
decentred ablation patients complain about ha-
los, glare, monocular diplopia and ghost images
(Fig. 19.3) [18]. Even subclinical decentrations
may lead to increasing higher-order aberrations
with image degradation. In this context, it seems
important to centre the ablation to the line of
sight because it is possible that the geometric
centre of the pupil moves as the pupil diameter
changes [7].

Apart from sufficient ablation diameter and
well-centred ablation, the amount of ablation
correlates with a higher incidence of vision

problems after PRK. This is attributed to larger
refractive differentials between the ablated and
untouched cornea as well as more haze due to
wound healing [21].

19.4.2.2
Laser In Situ Keratomileusis (LASIK)

Just as for surface ablation also after LASIK,
pupil size, ablation diameter, centration of the
ablation and the amount of ablation depth play
important factors in visual outcome and in the
appearance of visual complaints like monocular
diplopia, glare, halos, starbursts and decreased
contrast sensitivity. These optical phenomena
appear especially at mesopic or scotopic light-
ing conditions. LASIK specific problems may
occur due to striae in the flap, epithelial in-
growth and misalignment of the flap. Fortu-
nately, similar to PRK, most complaints improve
or resolve with time.

Hersh et al. found that compared to the pre-
operative situation with glasses or contact lens-
es, more patients report decreasing rather than
worsening of glare symptoms 6 months after
LASIK [11]. In the same study, the patients de-
scribed a mild increase in halo symptoms and
monocular diplopia. Lee et al. found a correla-
tion between halo symptoms and the amount of
attempted correction of the spherical equiva-
lent (SE) [16].They also found a decrease in con-
trast sensitivity under mesopic and partially
under photopic lighting conditions, although
without any correlation to pupil size (patients’
pupil diameter was not larger than 7 mm) or
amount of ablation. Schallhorn et al. and Pop et
al. did not find a significant correlation between
pupil size and night vision complaints in pa-
tients with moderate myopia [23, 26]. Schall-
horn et al. found increase of glare reports in pa-
tients with larger pupil diameters only within
the first 3 months. Also, haze and halo reports
were more frequent, but this for all pupil diam-
eters and only in the first 3 months. After a peri-
od of 6 months, they could not find significant-
ly increased glare, haze and halo reports
compared to pre-operative reports with contact
lenses. Like Lee et al., they suspect the amount of
treated spherical equivalent and residual cylin-
der to be the cause of patients’ complaints. They

19.4 Specific Changes in Quality of Vision After Refractive Surgery 311



hold remodelling effects of the cornea and
adaptation mechanisms of the patient responsi-
ble for this recovery.

19.4.3
Intraocular Lens Procedures

19.4.3.1
Phakic Intraocular Lenses (pIOL)

The most frequently described visual com-
plaints after phakic IOL implantations are glare
and halos in mesopic and scotopic lighting con-
ditions. Maroccos et al. showed that patients re-
port glare regardless of whether anterior or
posterior chamber phakic IOLs were implanted
[19]. However, they showed that patients with
6.0 mm optical diameter irisclaw lenses are sig-
nificantly better than posterior chamber IOLs
with smaller optical diameter. Moreover, they
showed an increase in the halo area, for posteri-
or chamber IOLs more than for anterior cham-
ber iris-claw lenses. This main reason for this is
stray light due to the IOL edges.At daylight con-
ditions, this stray light causes no complaints,
but with increasing pupil diameter at night, it
enters the pupil’s aperture and leads to the de-
scribed complaints, and even more so in eyes
with large pupil diameter.

19.4.3.2
Refractive Lens Exchange (RLE)

After refractive lens exchange (RLE) with im-
plantation of an IOL, patient complaints such as
glare disability, halos, light streaks, arcs or cir-
cles and loss of contrast sensitivity by night may
occur. This can be the result of corneal irregu-
larities and astigmatism, as well as IOL-depend-
ent. For IOL-dependent problems several possi-
ble reasons exist such as decentration, tilt,
anterior or posterior capsule opacifications
(PCO), stretch-folds in the posterior capsule or
the lens design itself. Many of the currently used
IOLs have squared, sharp-edged design to pre-
vent PCO. The edges of the IOL may cause pho-
topic phenomena, like light arcs or circles and
glare, particularly if the pupil diameter is
greater than the optical diameter of the IOL or

due to decentration. Modified rounded or non-
reflective edges reduce this potential for edge
glare phenomena [15]. Another problem cur-
rently discussed is decreased mesopic contrast
sensitivity. Holladay et al. named high spherical
aberrations as a possible reason [12]. They pro-
pose increasing contrast sensitivity via implan-
tation of aspherical IOLs, which reduce spheri-
cal aberration to the level found in young
people’s eyes. However, full-scale comparative
clinical studies have not yet convincingly
proved these theoretical beginnings.

Summary for the Clinician

∑ A large diameter of the optical clear zone
for RK plays the most important role in
avoiding night vision disturbances and
glare

∑ For surface ablation and LASIK, a well-
centred ablation zone is important 
for myopic and particularly for hyperopic
treatments

∑ Larger ablation zones seem to reduce 
unwanted visual symptoms

∑ Higher corrections with deep ablation
zones seem to correlate with halo reports

∑ In eyes with larger pupils, small optical 
diameter or decentred phakic IOLs may
lead to glare and halos symptoms

∑ Stray light due to decentration of the IOL 
or opacification of the posterior capsule
can provoke light phenomena and glare 
disability

∑ Modern posterior chamber lenses with
squared, truncated optic edges to prevent
PCO may also lead to glare

19.5
Future Approaches to Improve Quality 
of Vision After Refractive Surgery

After quality of vision has been recognised as
an important factor for refractive surgical inter-
ventions, the evaluation of current procedures is
necessary.

The advent of wavefront technology enables
the quantification of higher-order ocular aber-
rations (HOA). Experience with adaptive optics
from astronomy led to the concept of correcting
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ocular HOA by excimer laser surgery (wave-
front-guided ablation), which should improve
the image quality of the eye and therefore
improve visual outcome. Recent studies demon-
strate that, on average, wavefront-guided cor-
rections can provide objectively and subjective-
ly better quality of vision than standard
ablation profiles.

The concept of customised corneal treat-
ments was proposed to improve eyes with poor
optical quality due to corneal abnormalities
(e.g. irregular astigmatism and decentred or
small excimer laser zones). A combination of
wavefront sensing and corneal topography may
be the future for customised ablation, because
optical and biomechanical factors are taken into
account.

The idea of customised corneal procedures
may also be transferable to lens surgery, which
means that after lens removal, customised IOLs
could compensate for residual ocular aberra-
tions. The average cornea has a positive spheri-
cal aberration, which could be reduced or elim-
inated by implanting an IOL with negative
spherical aberration (aspheric IOL). All current
studies have shown that ocular aberrations
could be reduced with aspheric IOLs compared
to standard IOLs, but the improvement of visu-
al quality is still under investigation.

The optic edge design of the IOL after refrac-
tive lens exchange can affect optical and me-
chanical performance. The reported optical ef-
fects are glare, halos, peripheral arcs of light and
other unwanted optical images. Modified IOL
designs are necessary to improve the optical
quality of the eye.

Studies to prove all these concepts are neces-
sary. The overall improvement in quality of vi-
sion after refractive surgical interventions will
be a major step for the success of refractive sur-
gery.
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A
Aberration 271, 300
– higher order 271
Aberration map 275
Aberrometry 300
Abscess 195
AC (anterior chamber) 51, 57, 58, 59, 134
Accessibility 184
Accommodation 76, 77, 85, 182
Accommodative IOL see IOL
Accommodative stimulus 88
Accuracy 184, 279
ACO (anterior capsule opacification) 101, 135
Acrylic intraocular lens 61, 64
Acrylic lens 64
– foldable 64
– rigid 64
AcrySof intraocular lens 67
ACS (anterior ciliary sclerotomy) 182
Active eye tracking 192
Acurate incision 218
Acute angle closure glaucoma 237
Adaptation 289
Adaptive optics 272, 285
Addition of tissue volume 184
Adhesiveness 115
Against-the-rule astigmatism see ATR 

astigmatism
AK (arcuate keratotomy) 220, 227, 228
Alcon CustomCornea 271
Alcon LADARVision 178
ALK (automated lamellar keratoplasty) 184, 189
Amblyopia 148, 155
American (or centrifugal) technique 220
Ametropia 184
Amide-bound compound 4
Anaesthesia
– topical 1
– intracameral 1
– viscoelastic-borne 9
Analgesia 3
Aniridia 153
Anisocoria 289, 300

Anterior capsule 114
– staining of the 127
Anterior capsule opacification see ACO
Anterior capsulorhexis 126, 158
Anterior chamber angle fixated lens 185, 236
– foldable 239
Anterior chamber see AC
Anterior ciliary sclerotomy see ACS
Anterior uveitis 133
Anterior vitrectomy 142
Antisepsis 167, 168
Antisepsis of the conjunctiva povidone-iodine 169
Aperture size 272
Aphakia 162
AQUA 105
ARC-T Study 228
Arcuate keratotomy see AK
Artisan 240
Aspheric intraocular lens see IOL
Asphericity 186, 227, 289
Asthenopia 227
Astigmatic keratotomy 183, 217
Astigmatism 217, 305
– myopic 86
– mixed 178
– irregular 178
ATR (against-the-rule) astigmatism 

(s. also WTR astigmatism) 228
Automated lamellar keratoplasty see ALK
Autosomal dominant trait 153
Autosomal recessive trait 153
Axial length 184, 304

B
BAB (blood-aqueous barrier) 134
Bad vision 303
Bailey-Lovie chart 307
Band keratopathy 143
Barrier failure
– primary 111
– secondary 112
Basement membrane 208, 209, 209
– and the Bowman’s layer 209

Subject Index



BAT (Brightness Acuity Tester) 308
Bausch & Lomb Zyoptics 178, 271
Behcet’s disease 136
Benoxinate 4
Best spectacle-corrected visual acuity 229
Bilateral congenital cataract 153
Bimanual ultrasound see phacoemulsification
Bioactive bonding 115
BioComfold, 43,A, Morcher 89
Biocompatibility 70
Biomaterial 64
Biomechanical change 225
Biomicroscopy 310
Bioptics 236
Blood-aqueous barrier see BAB
Blue light blocker 81
Blue light-filtering chromophore 76
Blurriness 305
Bowman’s layer 209
Brain abscess 167
Brightness Acuity Tester see BAT
BSS infection 59
Bupivacaine 5

C
16 c/deg 272
Calcification 70
Calculation of power 244
Can-opener capsulotomy 22
Capsular bag closure 107
– incomplete or lacking 111
capsular bag, intact 184
Capsular bending 108, 117
Capsular bending ring 114
Capsular fusion 107
– speed and completeness 108
Capsular sealing 107
– firmness 108
Capsule bag performance 89, 94
Capsule polishing 106, 118
Capsule rupture 131
Capsule staining 123
Capsulorhexis 51, 53, 58, 59
Capsulorhexis-blockade syndrome 49
Cataract 192
Cataract formation 235, 237
– iatrogenic 241
Cataract surgery 37, 47, 58
Catarex 184
CCC (continous curvilinear capsulorhexis) 22
CCI 168
Cells 134
Cellugel 43
Central corneal scar 194
Central island 192
Central visual axis 180
Centration 240, 242

Centrifugal technique see American technique
Chip and flip technique 27
Chondroitin sulphate 42, 43
Choo choo chop and flip 28
Chromatic aberration 285
Chronic uveitis 237
Ciliary body 182
Ciliary muscle contraction 86
Circumferential rhexis overlap 109
CK (conductive keratoplasty) 181
Clear corneal incision, opposite 227, 228
Clear corneal incision as small as 1.6 mm 78
Clinical preferential looking grating acuity 

(Teller acuity card) 157
CME (cystic/cystoid macular oedema) 148, 159, 263
COAS G-200 COASTM-HD 273
Cohesion 46
Cold irrigation solution 3
Collagen IV 43
Collagen stroma, thick 208
Collamer 71
Colour perception 76
– different 303
Coma 272
Compression 184
Conductive keratoplasty see CK
Cone anatomical factor 272
Confocal microscopy 310
Contact 114
Contact inhibition 108
Contact lens 148
Contamination 168
Continuous curvilinear capsulorhexis see CCC
Contrast sensitivity 76, 300, 306, 307
– loss of 226, 304
Corneal aberration 86
Corneal compression 181
Corneal curvature 186
Corneal decompensation 185
Corneal disease 192
Corneal ectasia 235
Corneal endothelium 38
Corneal flattening 310
Corneal lip 20
Corneal magnification coefficient 300
Corneal marker 220
Corneal multifocality 86
Corneal relaxation 181
Corneal thickness 190
Corneal tissue removal 184
Corneal topography 310
Cortical (intumescent) mature cataract 125
Cortical clean-up 128
Cortical cleaving hydrodissection 24
Cortical fibre stripping 106
Corticosteroid 145
Coupling 219, 220
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Crack and flip technique 27
Craniofacial deformity 153
Crystalens AT-45, C&C Vision 89
Crystalline lens 19
Cul-de-sac 168
Curvature 184
Cushing 145
Customized lens 271
Customized ablation 198
Cyclopentolate hydrochloride 137
Cyclotorsion 178
Cylinder 279
Cylindrical error 305
Cystic macular oedema see CME
Cystoid macular oedema see CME
Cytokines 134, 171

D
Dark adaptation 301
Data acquisition 286
Decentration 192, 289
Decreased contrast 303
Defocus 300, 305
Depth of field 86
Depth of focus 285
Diabetics 171
Diameter of the optic 243
Diameter of the pupil at various light levels 190
Diffraction 300
Diffractive multifocal IOL 73
Diffuse lamellar keratitis 195
Dispersion 46
Dispersive-cohesive visoelastic 

soft shelle technique 52
Disruption of basal cell membrane 208
Distance-dominant, zonal progressive optic 73
Distant-dominant lens 73
– asymmetric optic configuration 74
Diurnal fluctuation 225
Divide and conquer technique 26
Dominant eye 74
Double-pass 220
Drug-soaked sponge 8
Dry-eye syndrome 192, 193
- severe 192
DuoVisc 54
Dynamic skiascopy 274

E
Easier-handling property 70
ECCE (extracapsular cataract extraction) 38, 39,

47, 48, 138
Effective optic zone see EOZ
Elasticity 40, 45, 46
Elastimide 64
Enclavation 240

Enclavation needle 246
Endophthalmitis vitrectomy study see EVS
Endophthalmitis, late onset of 171
Endothelial cell 58, 237
– loss 58
Endothelium 235
EOZ (effective optic zone) 300
EPCO 105
Epikeratome 179
Epikeratophakia 180
Epinucleus 31
Epithelial, stratified, squamous 208
Epithelial cell viability 210
Epithelial flap 207
Epithelial ingrowth 195
Epithelial toxicity 7
Epithelial wound healing 210
Ester 3
Ester-bound compound 4
ETDRS chart 307
EVS (endophthalmitis vitrectomy study) 170
– prospective 171
Extracapsular cataract extraction 

see ECCE

F
F.A.C.T.chart 307
Femtosecond laser technology 179
FF-CATS (Frankfurt-Freiburg Contrast 

and Acuity Test System) 309
FHC (Fuchs heterochromic iridocyclitis) 133
Fibrosis 76
Fibrotic lens capsule (membranous 

cataract) 127
Flap slippage 194
Flapmaker 194
Flattening 218
Fluid accumulation 195
Fluoride 64
Flying spot technology 192
Focus shift principle 86
Foetal vasculature, persistent see PFV
Fold 194
Fourier analysis 279
Foveola 272
FrACT 307
Frankfurt-Freiburg Contrast and Acuity Test System

see FF-CATS
Frayed iris strand 55
Fresnel-like ring 78
Frits Zernike 276
Fuchs endothelial dystrophy 52, 55
Fuchs heterochromic iridocyclitis see FHC
Functional performance 93
Fuzziness 305
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G
Galactosemia 153
Gas laser 178
Gel application 7
Gene mapping 186
Ghosting 304
Glare 300, 303
Glare disability 300, 310
Glass transiti0n temperature 64
Glaucoma 141, 185
– advanced 192
Glide 245
Glistening 67
Good visual perception 86
Gram-negative spectrum 170

H
Haloes 303, 304
Haptic claw 240
Haptic component 64
Hartmann-Shack wavefront Sensor 272, 273
Haze 194, 203
Healon 45, 47, 52, 54
Healon GV 45, 46, 52, 54, 56, 57, 58
Healon5 38, 56-58, 60
Helmholtz theory 77
Hemidesmosome 208
Hemi-division 130
Heparin-surface-modified see HSM
High-contrast VA (s. also Snellen acuity) 307
Higher order aberration 178
Higher-viscosity cohesive viscoelastics 52
High-viscosity ocular viscosurgical 

device (OVD) 157
Hinge 192 
– nasally 192
– superiorly 192
Hippus 295
Ho:YAG (holmium:yttrium-aluminum-garnet) 181
Holladay-Cravy-Koch formula 231
Holmium:yttrium-aluminum-garnet see Ho:YAG
HPMC (hydroxypropylmethylcellulose) 43, 45, 49
HSM (heparin-surface-modified) 141
Hybrid 204
Hybrid IOLs see IOLs
Hydrodelineation 24
Hydrodissection 24, 53, 59
– aggressive 127
Hydrogel 64, 70
Hydrojet 179
Hydrophilic acrylic material 70
Hydrophilic collagen polymer 242
Hydrophobic acrylic intraocular lens see IOL
Hydrophobic acrylic material 64
Hydrophobic material 242
Hydroxypropylmethylcellulose see HPMC
Hyperopia 178, 192

Hyperopic drift 225
Hyphema 144
Hyphema (UGH) syndrome 141
Hypocalcemia 153

I
ICCE (intracapsular cataract extraction) 38, 47
ICL (Implantable Contact Lens) 241
1-CU, Humanoptics 89
Illuminance 301
Image degradation 300
Implantable Contact Lens see ICL
Implantation forceps 246
Incision depth 220
Incision length 220
Incision number 220
Index of refraction 184
Infection 195
Inflammation 133, 145, 185
Inheritance 155
Injector 69
Instillation 6
INTACS 180
Interface fluid 196
Interference fringe 272
Intermediate uveitis 133
International Standardization Organization see ISO
Intracameral irrigation 8
Intracapsular cataract extraction see ICCE
Intraocular contamination, sources 168
Intraocular inflammation 246
Intraocular lens see IOL
Intraocular penetration 6
Intraocular pressure 49
Intra-operative vitreous loss 264
Intrauterine infection 153
Intrastromal corneal ring 180
IOL 37, 47, 48, 53, 54, 59
– accommodative 81, 182
– aspheric (negative spherical aberration) 313
– deposits of cells on the 147
– hybrid 106
– hydrophobic acrylic 64
– implantation 38, 49
– iris-fixated phakic 185
– multifocal 85
– raised 263
– toric 183
– with magnets 91
– with two optics 91
Iridectomy 245
Iridocorneal endothelial syndrome 244
Irido-corneo-scleral angle 243
Iridotomy 241, 245
Iris bombé 164
Iris chafing 241
Iris coloboma 153
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Iris colour 289
Iris registration 178
Irreducibly minimal latent period 300
Irregular ablation 192
Irregular astigmatism 194
Irrigating solution 159
ISO (International Standardization 

Organization) 39, 61

J
JIA (juvenile idiopathic arthritis) 141
JIA-associated uveitis 135
Junction phenomenon 112
Juvenile idiopathic arthritis see JIA

K
Keratoconus 192
Keratometry 289
Keratomileusis 189
Koch nomogram 231

L
LA Gel 43
LAL (Light Adjustable Lens) 81, 184
Lamellar cut 189
Landolt-C ring 307
LASEK (laser subepithelial keratomileusis) 203
LASEK scissor 204
LASER (light amplification by stimulated 

emission of radiation) 178
– gas 178 
– flying spot 178
– intrastromal 178
– Nd:YLF picosecond 179
– solid-state 178
Laser assisted stromal in situ keratomileusis 

see LASIK
Laser interferometry 88
Laser iridotomy 124
Laser phacoemulsification 32
Laser subepithelial keratomileusis see LASEK
Laser thermokeratoplasty see LTK
LASIK (laser assisted stromal 

in situ keratomileusis) 178, 189, 192
Lateral geniculate nucleus 155
LEC (lens epithelial cells) 101, 134
Lens 184
– multifocal 182
– pliable, accommodative 184
Lens epithelial cells see LEC
Lens refilling 92
Lens replacement surgery 38
Lensectomy 139
Lenslet array 274
Lenticonus/lentiglobus 153
Lenticular refractive procedure 236
Lidocaine 4

Light adjustable lens see LAL
Light amplification by stimulated emission 

of radiation see LASER
Light protection 76
– ultraviolet 76
Limbal approach to lensectomy – 

anterior vitrectomy 139
Limbal relaxing incision see LRI
Liquefaction 184
Loss of contrast sensitivity see contrast sensitivity
Loss of one line 194
Low-contrast VA 307
Low-cost alternative 227
Lower-order aberration 279
Low-risk alternative 227
LRI 230
LRI (limbal relaxing incision) 183, 227
LTK (laser thermokeratoplasty) 181
Lux 301

M
Macula, damage to 76
Macular degeneration, age-related 76
Macular pucker 146
Manifest refraction see MR
Mature cataract 123
– nuclear 128
Medical personnel 168
Medico-legal issue 306
Membranous cataract 127
Mepivacaine 5
Meridional magnification 227
Mesopic 300
Mesoptometer 308
Methicillin-resistant staphylococci see MRSA
Microbial keratitis 196
Microkeratomes 190
Microkeratome-related flap complications 193, 194
Micrometer, built-in 220
Mid-periphery 218
Miller-Nadler Glare Tester 308
Minus power lens 72
Miosis 144
Misalignment 183
Missile defence program 271
Modulation (contrast) transfer function see MTF
Monochromatic aberration 285
Mono-vision 266
MR (manifest refraction) 279
MRSA (methicillin-resistant staphylococci) 170
MTF (modulation transfer function) 272, 308
– diffraction-limited 272
Multifocal intraocular lens 73
Multifocal laser ablation 178
Multifocal lens 182
Multifocality 63
Multi-zone treatment 178
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Myofibroblastic transdifferentiation 103
Myopathy 153
Myopia 178, 192
Myopic astigmatism 86

N
ND:YAG laser capsulotomy 267
Nd:YLF picosecond 179
Near focus 73
Near-point stimulus 88
Negative spherical aberration 

(aspheric IOL) 313
Nervous impulse 2
– production 3
Neural factor 272
Neurological disturbance 153
Neuroparalytical component 193
Newtonian fluid 44
No anaesthesia cataract surgery 12
Non-Newtonian fluid 44
Nuclear emulsification 130
Nuclear mature (brunescent) cataract 128
Nucleofractis technique 25
Nucleus 130,“cracked” 130,“rock-hard” 130
Nylon suture 159

O
Oblate 301
Occucoat 52, 57
OCT (optical coherence tomography) 142, 148
Ocular hypotony 146
Ocular viscosurgical device see OVD
Ocumax 43
Off axis object 292
Off-axis blur 227
OPD-Scan 273, 274
Operating instrument 168
Operating theatre 168
Ophthalmic viscoelastics 39, 43
Ophthalmic viscosurgical device see OVD
Opposite clear corneal incision 

see clear corneal incision
Optic surface 114
Optical and photographic technique 88
Optical coherence tomography see OCT
Optical media 304
Optical system 271
Optical transfer function see OTF
Optical zone 290
– effective see EOZ
Optic-haptic angulation 72
Orcolon 43, 52
OTF (optical transfer function) 272
OVD (ocular/ophthalmic viscosurgical 

device) 37-61, 157
– groups 51

P
Pachymetry 289
Pain 2, 203
Papillary block 164
Pars plana approach to lensectomy – 

anterior vitrectomy 139
Pars plana vitrectomy see PPV
Patient 168
Patient selection and counselling 9
PCO (Posterior capsule opacification) 101, 135, 147,

262
– regeneratory 105
PCR (polymerase chain reaction) 142
PCRI 230
PCRI (peripheral corneal relaxing incision) 227
PECS (pressure equalised cataract surgery) 50
Pelli-Robson chart 307, 308
Penetrating keratoplasty see PKP
Peribulbar injection 2
Peripheral corneal relaxing incision see PCRI
Peripheral design technology 238
PERK (prospective evaluation 

of radial keratotomy) 218
Persistent foetal vasculature see PFV
PFV (persistent fœtal vasculature) 154
pH 5
Phaco chop 28
Phaco fracture technique 26
Phaco see phacoemulsification
Phacoantigenic uveitis 136
Phacoemulsification (Phaco) 19, 47, 49, 50, 51,

54, 56, 138
– bimanual ultrasound 66
Phacoemulsification surgery 61
Phacogelation 184
Phacolysis 184
Phaco-rolling 268
Phakic 238, 239
Phakic Refractive Lens see PRL
Pharmacological stimulus 89
Phase transfer function see PTF
Phenylephrinehydrochloride 137
Phimosis 76
Photodetector 274
Photorefractive keratectomy (PRK) 203
Photosensitive silicone subunit 80
Phototherapeutic keratectomy 194
Pigment dispersion 237
Pigmentation 289
PKP (penetrating keratoplasty) 229
Plasticity 44
Plate intraocular lens 64
PMMA 64
PMN (polymorphonuclear leukocyte) 134
POCO-A 105
Point spread function see PSF
Poly 64
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Polyacrylamide 43
Polychromatic world 285
Polyimide 64
Polymer 64
Polymerase chain reaction see PCR
Polymerization 64
Polymorphonuclear leukocyte see PMN
Polypropylene 64
Poly(vinylidene) fluoride see PVDF
Posterior capsule opacification see PCO
Posterior capsulorhexis 162
Posterior chamber lens 185
Posterior limbal tunnel incision 168
Posterior optic vault 119
Posterior vitreous detachment see PVD
Postoperative adjustment 63
Postoperative inflammatory reaction 70
Postoperative prophylaxis 170
PPCCC (primary posterior capsulorhexis) 115, 117
PPV (pars plana vitrectomy) 142
Predictability 184
Pre-existing astigmatism 74
Presbyopia 85, 178, 285
Preservatives 5
Pressure equalised cataract surgery see PECS
Primary IOL implantation 158
Primary posterior capsulorhexis see PPCCC
Principle merdian 219
Prismatic error 305
PRL (Phakic Refractive Lens) 241
Prolate 301
Prolene 64
Proparacaine 4
Propionibacterium acne 171
Proprioception 2
Prospective evaluation of radial keratotomy 

see PERK
Provisc 54
Pseudoaccomodation 63
Pseudophakic patient 86
Pseudoplasticity 44
PSF (point spread function) 277, 308
Psychophysical assessment 87
Psychophysical data 93
Psychophysical ray-tracing approach 274
Psychophysical test 305
Psychophysical trashold 306
PTF (phase transfer function) 272
Pupil 289, 301
Pupil and image planes 275
Pupil ovalisation 237, 245
Pupil size 86, 197
Pupil unrest 289
Pupillometry 301
Purkinje image 87
PVD (posterior vitreous detachment) 262
PVDF (polyvinylidene fluoride) 64
Pythagorean sum of viscosity and elasticity 40, 46

Q
Quality of vision 303
Questionnaire, subjective 307

R
Radial keratotomy see RK
Raw data 277
RD (retinal detachment) 147, 257
Reagan chart 307, 308
Receptor 272
Refraction 289
Refractive error 271
Refractive index 64
Refractive lens exchange see RLE 257
Refractive lens extraction see RLE
Refractive surprise 258
Regular stigmatism 227
Relaxation 184
Removability 180
Repeatability 279
Retina ray-tracing approach 274
Retina, damage to 76
Retinal detachment see RD
Retinal image 275, 304
Retinal point source 274
Retreatment 193
Retroillumination image 105
Rheological idiosyncrasy 56
Rhexis phimosis 103
Rhexis whitening 114
Rigidity 46
RK (radial keratotomy) 217, 224, 310
RLE (refractive lens extraction) 257
Root-mean-square 272
Ropivacaine 5
Rotation 183, 242
Rubeosis 147
Russian technique 220

S
SA (spherical aberration) 272
– negative 75
– positive 75
Safety 177
Sarcoidosis 141
Scanning beam 192
Scanning slit 178
Scanning spot 178
Scattering light 226
Sceral tunnel 20
Scheiners’s disc 274
Scientific evaluation 303
Scleral expansion 182
Scleral tunnel incision 20
Sculpting 130
SE (spherical equivalent) 219, 279
Secondary glaucoma 163
Sedation 11
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Self-sealing temporal clear corneal incision 20
Sensory termination block 2
Severe iridocyclitis 167
Sharp posterior optic edge 109
Sharp square optic edge 141
Shrinkage 114
Shrink-wrapping 108
Silicone 64
Single-piece 69
Skeletal deformity 153
Skeletal muscle tone 2
Skin antisepsis 169
Small Letter Contrast Test 307
SmartLens 184
Snellen acuity (s. also high-contrast VA) 306, 307
Snellen chart 307
Snellen line 217, 226
Sodium channel 2
Sodium hyaluronates 40, 41
Soemmering’s ring 163
Spasticity 153
Spatially resolved refractometer see SRR
Sphere 279
Spherical aberration see SA
Spherical equivalent see SE
Spherical error 305
Spherical front surface 75
Square edge 67
SRR (spatially resolved refractometer) 273, 274
Staining of the anterior capsule 

see anterior capsule
Starburst 304
Steep corneal meridian 217
Steepening 310
Stiles-Crawford effect 197, 290, 304
Stray light 305
Strehl ratio 278
Striate cortex 155
Stromal wound healing 210
Subconjunctival injection 2, 159
Sub-Tenon 2
Sulcus-to-sulcus distance 241
Super normal correction 306
Super-reversed optic 116
Surgeon’s tactile feedback sensitivity 45
Surgery adaptation 9
Surgical trauma 137
Synechiae 133, 143
– anterior 143
– posterior 143

T
TCT (two compartment technique) 60
Technology 303
Telescopic image 271
Teller acuity card (s. also clinical preferential 

looking grating acuity) 157, 159

Temperature 2, 6
Tertiary amine 3
Tetracaine 4
Thermodynamic equilibrium 80
ThinOptX 78
Three-piece intraocular lens 65
Tilt 305
Titratability 180
TK (transverse keratotomy) 220, 227, 228
Tomey Glare and Halo software 308
Topical antibiotic prophylaxis 168
Topography 289
Toric back surface 75
Toric correction 63
Touch 2
Tracey VFA 273
Tracking system 178
Transient corneal oedema 129
Transseptal injection 136
Transverse incision 218
Transverse keratotomy see TK
Trisomy 21 153
Tropicamidehydrochloride 137
True pseudophakic accommodation 86
Tscherning sensor 274
Turner’s syndrome 153
Two compartment technique see TCT

U
Ultimate Soft Shell Technique see USST
UltraChoice 1.0 Rollable Thin-Lens 78
Ultrasonic phaco energy 57
Ultrasound 88, 184
Ultrathin properties of the lens 78
Ultraviolet-absorbing lens 76
USST (ultimate soft shell technique) 37, 58, 59, 60
Uveal biocompatibility 134
Uveal effusion 146
Uveitis 141

V
VA (visual acuity) 306
– high-contrast 307
– low-contrast 307
Van den Berg stray light meter 308
Van der Heijde 244
Vaulting angle 243
Verisyse 240
Vertex conversion formula 244
Video sensor 274
Video-pupillometry 291
Vinylidene 64
Viscoadaptive 58
Viscoat 45, 52, 54, 57
Viscoelastic soft shell technique 48, 50
Viscosity 40, 44, 45, 46
Viscosurgical device 123

322 Subject Index



Visoadaptive 56
Visocelastic rheologic property 47
Visual acuity see VA
Visual field restriction 227
Visual function 305
VISX CustomVue 178, 271
Vitreous loss and membranes 144

W
Water content 70, 72
Water jet technology 179
Wavefront technology 178
Wavefront-guided ablation 198, 313
Wavefront-guided corneal surgery 271
WaveLight Analyzer 273
WaveScan 273
White-to-white (W-to-W) 244
With-the-rule astigmatism see WTR astigmatism
Wound construction and architecture 19
WTR (with-the-rule) astigmatism 228

X
X-linked trait 153

Y
Yellow dye 76

Z
ZB5M 238
z-design 183
Zernike polynomial 178, 271
Zonal-progressive multifocal optic 73
ZSAL4 238
Zylindrical power 75
Zywave 273
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