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Chapter

Pseudophakic Presbyopic
Corrections

Georgios Labiris and Eirini-Kanella Panagiotopoulou

Abstract

Presbyopia is a prevalent productivity-reducing, age-related visual disorder that
results in a progressive near vision impairment. Conventional treatment modalities
(ie. presbyopic spectacles or contact lenses) are associated with poor acceptance,
productivity loss and negative impact on life quality. However, a variety of surgical
methods are available to address presbyopia; among them, multifocal and multifo-
cal toric intraocular lenses (IOLs) and monovision techniques. For the best possible
refractive outcomes, the overall management of presbyopic patients is necessary.
Specifically, patient selection according to personality and daily activities, topogra-
phy, aberrometry, astigmatism, pupil and fundus assessment, ophthalmic surface,
and premium lens selection should be taken into consideration. Additionally,
image-guided surgery could increase the accuracy in multifocal/multifocal toric
IOL implantation, and optimize the refractive outcome increasing patient satisfac-
tion. Primary objective of this chapter is to analyze the fundamental preoperative,
intraoperative and postoperative management of patients that undergo pseu-
dophakic presbyopic corrections with conventional or digital-marking assisted
techniques.

Keywords: presbyopia, cataract surgery, refractive lens exchange, multifocal
intraocular lens, monovision, pseudophakic presbyopic correction

1. Introduction

Presbyopia is probably the most prevalent productivity-reducing, age-related
visual disorder that results in a progressive impairment of near vision capacity
Presbyopia symptoms include blurry vision when targeting at near objects and
fatigue when reading, especially in suboptimal lighting conditions. It is com-
mon for emmetropic populations above 40 years old. Almost every working
person is expected to suffer from reduction of his/her near and intermediate
vision capacity due to presbyopia [1, 2]. Taking into consideration the constantly
increasing life-expectancy, conservative estimates suggest that by 2050, about
1.8 billion people will experience presbyopia symptoms [3]. Additionally, since
computers, tablets, and smart phones have modified heavily working and social
norms, presbyopia significantly limits the patient’s productivity and reduces life
quality [4, 5].

It is a truism that correction of presbyopia is among the most challenging unmet
objectives in Ophthalmology. Conventional treatment modalities (ie. presbyopic
spectacles or contact lenses) are associated with poor acceptance, productivity
loss and significant negative impact on the quality of life [5]. Despite the fact that
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the lens extraction surgery is the most frequent surgical operation in Medicine,

[5, 6] the postoperative loss of accommodation is yet to be adequately addressed.
Different surgical approaches for the correction of presbyopia have been developed
targeting the cornea and/or the crystalline lens [7]. A variety of technologies have
also been introduced, primarily in the ophthalmological lasers and in the intraocu-
lar lenses (IOLs) aiming to restore the pre-presbyopic functionality of the human
eye [8]. The ultimate goal is a spectacle-free visual capacity that imposes no limits to
the social, personal, working needs of each patient [9-12]. As regards pseudophakic
presbyopic corrections, the “ideal” IOL should restore the patients' vision without
complications or visual compromises at all distances [13]. Premium IOLs, such

as multifocal, accommodating and extended-depth-of-focus (EDOF), as well as
pseudophakic monovision techniques achieved by monofocal IOL implantation or
implantation of a combination of premium IOLs, are some of the available surgical
approaches. When presbyopia is combined with astigmatism, multifocal toric IOLs
can be used.

However, for the best possible refractive outcomes, solid and up-to-date infor-
mation on the overall management of presbyopic patients is necessary. In specific,
patient selection (according to personality, daily activities, and expectations),
astigmatism assessment, topography, aberrometry, pupil assessment, ophthalmic
surface, fundus assessment, and premium lens selection should always be taken
into consideration before a presbyopic correction. In addition, in case of implanta-
tion of multifocal or multifocal toric IOLs, image-guided surgery could increase the
accuracy of IOL centration (in multifocal and multifocal toric IOLs) and alignment
(in multifocal toric IOLs), and optimize the refractive outcome increasing patient
satisfaction.

Primary objective of this chapter is to analyze the fundamental preoperative,
intraoperative and postoperative management of patients that undergo pseudopha-
kic presbyopic correction with conventional or digital-marking assisted techniques.
In specific, this chapter aims to give an overview of the current IOL technologies
for a pseudophakic presbyopic correction, patient selection criteria, benefits and
limitations of each IOL technology.

2. Preoperative diagnostic evaluation

Accurate preoperative diagnostic evaluation is necessary for preoperative patient
counseling, the selection of the most appropriate IOL type and surgical planning.
Preoperative diagnostics are also essential for determining the anatomical success
rates of IOL implantation [13].

A preoperative examination for patients intending to undergo a pseudophakic
presbyopic correction should include: (i) taking of the medical history, (ii) basic
ophthalmological examination, and (iii) additional diagnostic procedures:

2.1 Medical history
2.1.1 General medical history

As in the routine preoperative examination for a typical cataract surgery with
implantation of a monofocal IOL, the routine preoperative examination for a pseu-
dophakic presbyopic correction should include taking a detailed history for current
or past medical conditions [eg. hypertension, diabetes, ischemic heart disease, pul-
monary diseases, benign prostatic hyperplasia (BPH), bleeding disorders, history
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of herpes libialis or autoimmune diseases, such as rheumatoid arthritis, Hashimoto’s
thyroiditis, and Sjogren syndrome].

In addition, the surgeon should be aware of the patient’s former surgeries and
current or prior use of systemic or topical pharmaceutical medications such as
anticoagulant, alpha-blocker (tamsulosin) for BPH, steroid or immunosuppressant
medication [14].

2.1.2 Ocular history

Glaucoma, former incisional surgery (eg. refractive, retinal, glaucoma, muscle
surgery), eye trauma, amblyopia, herpes simplex keratitis, allergic conjunctivitis,
uveitis, recurrent corneal erosions and prior or current topical medications should
be taken into account.

2.1.3 Family eye history

Family history of eye disorders responsible for blindness or visual impairment
(e.g. glaucoma, retinal or corneal disease, etc) should be considered.

2.1.4 Allergies

If the patient is allergic to medications, the type of medication and the exact
reaction to that medication should be clarified (rash, anaphylaxis etc).

2.2 Basic ophthalmological examination
2.2.1 Visual acuity assessment

The evaluation of the Uncorrected Distance Visual Acuity (UDVA), Best Corrected
Distance Visual Acuity (BCDVA), Uncorrected Near Visual Acuity (UNVA), Best
Corrected Near Visual Acuity (BCNVA), Uncorrected Intermediate Visual Acuity
(UIVA), Best Corrected Intermediate Visual Acuity (BCIVA) should be included in the
ophthalmic examination. The contrast sensitivity should also be evaluated.

2.2.2 Slit lamp examination of the anterior segments of the eye

Eyelids, lacrimal drainage system, cornea, conjunctiva, iris, pupil, anterior
chamber, and lens should be evaluated in the first preoperative examination. In
detail, certain findings for each anatomical structure should be taken into account
and could encourage surgeons to perform some types of presbyopic corrections or
discourage them from performing other surgical techniques. In addition, some eye
pathologies should be addressed before the surgery.

* Eyelids: Eyelid pathology, including ectropion, entropion, and blepharitis,
should be addressed before the surgery.

* Lacrimal drainage system: The lacrimal drainage system is recommended to
be open.

e Cornea: Ocular surface and cornea should be evaluated. Ocular surface
disease such as dry-eye syndrome, exposure keratitis and meibomian gland
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dysfunction should be treated preoperatively, since tear-film abnormalities
may influence postoperative visual outcomes leading to suboptimal visual
quality and performance, regardless of the type of IOL to be implanted. Slit
lamp evaluation of corneal endothelium should not be omitted. Corneal dys-
trophies, such as Fuchs’ corneal dystrophy, as well as corneal scars (central or
peripheral), pterygium and keratoconus signs should be taken into consider-
ation for the selection of the most appropriate presbyopia correction method.

* Conjunctiva: Conjunctival disorders should be assessed, such as conjunctival
hyperemia, papillae, hyperplasia of lymphoid follicles, erosions, scarring and
symblepharon.

* Iris: The pupil size and shape should be evaluated before and after mydria-
sis. Pupils with an irregular shape could interfere with desired refractive
outcome. Inadequate mydriasis is a well-known risk factor associated with
numerous intra- or postoperative complications [15]. In addition, anterior
and/or posterior synechiae could increase the risk for inadequate mydriasis
and intraoperative complications. Finally, iris neovascularization should not
be overlooked.

* Anterior chamber: The anterior chamber depth (ACD) should be evaluated with
slit lamp biomicroscopy. A shallow anterior chamber can be present in hyper-
metropic eyes with short axial length (AL). However, it might also be caused
by an intumescent cataract or other pathological causes. Regardless of the
cause, a shallow anterior chamber could increase the difficulty of a lens extrac-
tion surgery. Finally, gonioscopy could be performed, if considered necessary,
to reveal angle abnormalities like synechiae and neovascularization.

* Lens: The cataract type and density should be evaluated in order to predict
possible technical difficulties in performing cataract surgery. In addition, the
presence of Pseudoexfoliation Syndrome (PEX), which is the most common
cause of zonular weakness, should be identified. PEX can be better revealed
after pupil dilation. This should be taken into account for the IOL type selec-
tion, since it increases the risk of a possible late decentration and misalignment
of the IOL, that could influence the visual outcome negatively.

2.2.3 Slit lamp examination of the posterior segments of the eye (under pupil
dilation)

* Optic nerve: Any abnormality of the optic nerve could influence the surgeon’s
decision for the IOL type selection.

* Macula: The macular anatomy should be assessed. The presence of acquired
macular disorders including age-related macular degeneration (ARMD) find-
ings and macular edema, or hereditary macular disorders, such as Stargardt’s
disease and retinitis pigmentosa, could be considered as relative or absolute
contraindications for pseudophakic presbyopic corrections. The evaluation of
the appropriateness of a pseudophakic presbyopic correction in the presence
of a macular disease should depend on the stability of the disease, the expected
progression over time, and the availability and usefulness of its treatment.

* Rest fundus: Retinal ischemia, vitreous retinal traction, lattice degeneration,
and macular hole should be sought especially in diabetic patients.
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2.2.4 Intraocular pressure (IOP) measurement

The measurement of the IOP should be part of the basic ophthalmological
examination.

2.3 Additional diagnostic procedures
2.3.1 Automatic refraction

Measurements taken by an automatic kerato-refractometer can be co-evaluated
with manifest refraction and corneal topography for the confirmation of the refrac-
tive error.

2.3.2 Optical biometry

Optical biometry, which is based on monochromatic light-emitting diodes,
[16] including partial coherence interferometry (PCI) [e.g. IOLMaster 500
(Carl Zeiss Meditec AG, Jena, Germany)] and swept source OCT (ss-OCT) [eg.
IOLMaster 700 (Carl Zeiss Meditec AG, Jena, Germany), Anterion (Heidelberg
Engineering, Heidelberg, Germany)], serves as highly reliable method for AL (in
mm), ACD (in mm) and keratometry (in diopters) determination. In comparison
with standard keratometry, total keratometry measured with ss-OCT (IOLMaster
700) is a new measurement for the assessment of anterior and posterior corneal
curvatures that seems to show higher accuracy in IOL power calculation and bet-
ter refractive outcomes in eyes with or without previous laser refractive surgery
[17-19]. As a result, it has been established as the most common preoperative
examination performed to calculate the IOL power. According to the selected
technique and patient, the postoperative refractive target is plano, low myopia or
low hyperopia [20]. A variety of formulas have been used for the most accurate
IOL power calculation. Since it has been found that inaccurate biometry is the
most common cause of residual postoperative refractive error, [21] some factors
should be taken into account; among them, interocular consistency in AL and K
values, appropriate formula for each case, and outliers [22]. Last but not least,
preoperatively, the surgeon should check and confirm that the biometry corre-
sponds to the correct patient.

2.3.3 A-scan ultrasound biometry

Although A-scan biometry is less accurate and requires more operator skills to
ensure consistent accuracy in comparison with optical biometry, it can be used
in presence of dense cataract or corneal edema when the optical biometry cannot
take measurements [23]. However, for the optimization of a-scan results, the
immersion instead of the applanation (contact) technique could be chosen, since
the former has better repeatability and higher accuracy than the latter [24, 25].

2.3.4 Corneal pachymetry

Ultrasonic pachymetry may contribute to the assessment of overall endo-
thelial function in corneas with a diseased endothelium or with borderline low
endothelial cell counts, however, corneal central thickness is not correlated with
endothelial cell numerical density within the physiological range. Specifically, an
increased preoperative thickness might increase the risk for postoperative clinical
corneal edema [26].
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2.3.5 Scheimpflug tomography/placido-based corneal topography

Scheimpflug tomography or, alternatively, placido-based corneal topography
can determine patient’s total or anterior-surface corneal astigmatism, respectively,
and whether the astigmatism is regular or irregular, or even detect possible kerato-
conus. The corneal topographic analysis should be compared with optical biometry
findings for the best possible accuracy in IOL power and astigmatism calculation,
especially if a laser refractive surgery has been preceded.

2.3.6 Aberrometry

The routine preoperative examination should include the determination of the
anterior aberration profile looking for elevations of 3"- and 4™-order aberrations,
such as coma and spherical aberrations (SA) [27]. Generally, cornea has an aver-
age positive SA of +0.28 pm (positive SA occurs when the peripheral rays entering
the eye are focused in front of the central rays) [28]. Among the most common
aberrometers are i-Trace aberrometer (Tracey Technologies Corp., Houston, TX),
OPD-scan (ARK 10000; Nidek), and Pentacam (Oculus Optikgerate GmbH,
Wetzlar, Germany), which calculate total ocular, lens or corneal wavefront
aberrations [29, 30].

2.3.7 Pupillometry

Preoperative pupillometry can measure: (i) pupil diameter under photopic
(small pupil) and mesopic (wide pupil) lighting conditions, (ii) distance between
the pupil center and the visual axis (angle kappa), between the corneal center
and the visual axis (angle alpha), and/or between the pupil center and the corneal
center, and (iii) distance (spatial shift) from the photopic to the mesopic pupil
center (pupil center shift - PCS) [31-33]. Regarding PCS, two types of PCS can be
evaluated: (i) measured PCS, which results from the values measured under phot-
opic and mesopic lighting conditions, and (ii) interpolated PCS, which depicts
the predicted spatial shift between a photopic pupil of 2 mm to a scotopic pupil of
7 mm, and can contribute to the better comparability of the measurements [34].

2.3.8 Specular microscopy

Endotheliometry, especially in suspicion of endothelial dysfunction/dystrophy,
is a very useful examination. The average endothelial cell density (ECD) in patients
> 40 years old ranges between about 2500 and 2700 cells/mm? [35]. A central
ECD decline of less than 1000 cells/mm? preoperatively, and 400 to 700 cells/mm”
postoperatively might cause significant postoperative endothelial cell impairment
and corneal edema. The hexagonality should also be assessed [36-38].

2.3.9 Macula and ONH OCT - OCTA

Since good macular and optic nerve function are necessary for a premium
pseudophakic presbyopic correction, many surgeons perform an optical coher-
ence tomography (OCT), or even an OCT angiography (OCTA), of the macula
and optic nerve head (ONH) to confirm normal macular and optic nerve anatomy
and microcirculation. Macular degeneration, subtle epiretinal membranes, early
stages of macular hole or posterior vitreous separation with vitreal macular trac-
tion, but also glaucoma or vascular abnormalities in various optic neuropathies
can be revealed.
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2.3.10 Anterior segment OCT (AS-OCT)

The application of AS-OCT during the preoperative planning for cataract sur-
gery could be useful in the accurate prediction of postoperative ACD and postop-
erative IOL position [39, 40].

2.3.11 B-mode ultrasonography

This examination could be performed to detect the posterior segment disorders,
especially in suspicion of retinal detachment, vitreous opacity or posterior segment
tumor, especially when the fundoscopy is impossible due to mature cataract.

2.3.12 Image-guided systems — preoperative units

The size and the location of main and sideport incisions, the size and diameter
of capsulorrhexis, the centration of the capsulorrhexis, as well as the alignment
axis in case of toric or multifocal toric IOLs are predetermined in the preopera-
tive examination with the measurement module of image-guided lens extraction
surgery systems [41].

3. Surgical procedures — IOL types

The two most widely used methods for pseudophakic presbyopic correction
are the monovision technique through bilateral implantation of monofocal IOLs
and the bilateral implantation of multifocal IOLs [8].

3.1 Monovision techniques with bilateral monofocal IOL implantation

Pseudophakic, or IOL, monovision, which was first described by Boerner and
Thrasher in 1984, [42] still remains the most common surgical management of
presbyopia for cataract patients with good spectacle independence and high patient
satisfaction [43, 44]. The 2016 clinical survey of the European Society of Cataract
and Refractive Surgery (ESCRS) reported that 43% of cataract procedures are
targeted for monovision or mini-monovision [45].

In traditional pseudophakic monovision, monofocal IOLs are implanted in both
eyes. However, the recessive eye is intentionally defocused for myopia [8, 10, 12].
Myopic defocus of the recessive eye ranges from over 2 diopters (D) to less than
1D (mini or micro monovision) [8, 10, 46]. In bilateral myopic monovision, the
dominant eye defocus is targeted to -0.50 D, while the recessive one to -1.25 D [47].
However, recently, the crossed monovision has been suggested for high myopic
cataract patients, which is to correct the dominant eye for near vision and the non-
dominant eye for distance vision [8].

3.1.1 Patient selection

A careful patient selection with a specific determination of the inclusion and
exclusion criteria is of paramount importance for an optimal refractive outcome
and the highest possible patient satisfaction in case of pseudophakic monovision
with bilateral monofocal IOL implantation.

Inclusion criteria: The most frequent inclusion criterion was the desire for spec-
tacle independence [48]. One of the most important prerequisites for monovision
success is the weak ocular dominance [49, 50].
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Exclusion criteria: Several exclusion criteria have been reported in the literature.
Some of them are the following:

* Severe ocular diseases: Patients with pathology of the optic nerve (eg. glaucoma
or other optic neuropathies), macular or retinal pathology, corneal pathology
or severe opacification of the rest refractive media other than cataract, previ-
ous history of ocular inflammation or surgery, amblyopia and other ocular
pathology affecting visual performance are commonly excluded from monovi-
sion techniques [48], since the aforementioned diseases are believed to have
suboptimal effect on visual rehabilitation [49].

* Corneal astigmatism: Patients with corneal astigmatism of > 1.00 D, but also of
>1.50 D or even > 2.00 D are commonly excluded from monovision surgical
methods with monofocal IOLs [48]. In fact, patients with high degree of cor-
neal astigmatism do not benefit from monovision because their monocular and
binocular UVA remains suboptimal. However, the implantation of toric IOLs
could be considered. Moreover, patient satisfaction is related to the distance
UVA of the dominant eye. Therefore, the correction of corneal astigmatism to
less than 1.00 D is highly recommended [49].

* Strong ocular dominance: In patients with strong ocular dominance, the arti-
ficial anisometropia of monovision causes insufficient blur suppression and
leads to reduction in visual performance [48, 50].

* History of strabismus and abnormal ocular position (exophoria or esophoria):
Patients with a history of strabismus should be informed that monovision
might lead to a recurrence of previous strabismus or asthenopic symptoms,
and patients with a significant exophoria or esophoria should be informed that
monovision might cause strabismus. Nevertheless, if patients wish to proceed
to monovision, small levels of anisometropia, such as 1.25 to 1.50 D should be
chosen to minimize the chance of strabismus [48, 51].

o Age, lifestyle, work: Patients younger than 60 years undergoing pseudophakic
monovision seem to have lower postoperative satisfaction in comparison to
patients older than 60 years. Some reasons for dissatisfaction are the higher
rates of spectacle independence, asthenopia and difficulty mainly in near
vision. This likely reflects the different age-related lifestyle activities between
younger and older patients [52]. As a result, age lower than 60 years could be
considered as an exclusion criterion, especially if it is combined with work
requiring precise near vision. Pseudophakic monovision seems to be more
beneficial for people older than 60 years [49, 52].

* Nighttime driving, work under low illuminance: In cases of weak ocular
dominance, when the optical target appears highly contrasted with the
background under mesopic lighting conditions, blur suppression does not
function sufficiently. Therefore, pseudophakic monovision should be avoided
in patients whose work requires precise vision under low illuminance levels
or driving at night [52].

* Inability to understand the concept of monovision design [53]

In conclusion, regardless of the exclusion criteria, it is suggested that the
procedure and possible outcomes of pseudophakic monovision, when selected,
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should be thoroughly explained to patients in order the best possible visual
outcome and patient satisfaction to be achieved.

3.1.2 Side effects of monovision technique

Although monovision is the most common surgical management of presbyopia
for cataract patients with millions of people having monovision corrections, some
important drawbacks of this method should be described.

First, although monovision is related with significant satisfaction, the highest
percentages of satisfied patients have been found in age older than 70 years, while
patients younger than 60 years have the highest percentages of dissatisfaction
caused mainly by asthenopia and spectacle dependence [52].

Secondly, it has been reported that anisometropia and blur differences cause a
motion illusion that leads to a significant misperception of the distance and three-
dimensional direction of moving objects, since the blurred and sharp images are pro-
cessed at different speeds. This phenomenon has a clinical impact on driving behavior,
since these millisecond differences in processing speed could lead, for instance, to the
misperception of the distance of cyclists by the width of a narrow street lane [54].

Finally, depth perception and distance stereopsis, especially for large disparities,
may be compromised increasing the difficulty in navigation through the environ-
ment, obstacle avoidance, and stair walking. Reduction of distance stereopsis leads
to a decrease in stability during locomotion, as well, increasing the risk factor for
falls and hip fractures in aged population [55]. Near stereopsis is also reduced,
although it remains within the normal range [52].

3.2 Multifocal IOLs

Multifocal IOLs have been designed to provide spectacle independence at near,
intermediate, and distance vision tasks. The first concept of a truly multifocal IOL
was conceived in 1983 by Hoffer, [56] and the first bifocal IOL implantation was
performed by Pearce in 1986 [57]. Since then, many modifications and improve-
ments in multifocal IOL concept have been made [58].

Before the analysis of the pre-, intra- and postoperative management of patients
implanted with mIOLs, a brief description of the optical design and properties of
mlOLs is required.

3.2.1 Optical design and properties of mIOLs

Two optical phenomena can be utilized to create multifocal optics: refraction
and diffraction.

3.2.1.1 Fully refractive IOLs

Fully refractive multifocal IOLs direct light at different focal points using concen-
tric zones of varying dioptric power within the optic. The optical power depends
on the local surface curvature, with regions of differing curvatures achieving dif-
ferent powers within the lens. These IOLs are also called multizonal refractive IOLs
(Figure1) [59]. The central circular zone has a power corresponding to distance
vision. The surrounding annular zones alternate between powers corresponding to
near and distance to achieve the multifocal effect [60]. As the pupillary size changes,
the number of zones that are utilized varies, and, subsequently, the relative propor-
tion of light directed to the distant, near and/or intermediate focal points changes as
well [59]. Thus, image quality can fluctuate depending on pupil size [61, 62].
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Figure 1.
Refractive IOL design — focal points.

3.2.1.2 Diffractive IOLs

To create multifocality, diffractive multifocal IOLs use the optical phenomenon
of diffraction and take advantage of the wave nature of light by selectively delaying
the optical path in selected areas and slightly changing its direction when encoun-
tering an edge or discontinuity [59-62]. Typical diffractive multifocal IOLs consist
of concentric annular zones in their anterior or posterior surface that constitute an
asymmetrical zone plate, also referred as “diffractive kinoform” (Figure 2) [63].
The spacing between the zones gets progressively smaller from the center towards
the edge of the IOL. Abrupt steps appear at the junction of each zone. These micro-
scopic steps on the diffractive surface of the IOL with height of a few microns have a
specific phase delay. The area of each zone determines the add power of the IOL and
the maximum height of the steps determines the relative amount of light energy
distributed on each focus [60, 61]. In fact, the heights of each step are chosen in
such a way that approximately 40 — 40.5% of the incident light contributes to the
add portion, 40 — 40.5% of the incident light contributes to the distance portion
and the remaining light goes into other diffractive foci. Alternative step heights can
be chosen to shift more energy to either the distance or near focus. Therefore, the
diffractive element of these IOLs enables the splitting of the incoming light into two
or three foci for bifocal and trifocal IOLs, respectively [60, 61].

Diffractive optic Monofocal optic Diffractive element
(diffractive kinoform)

]|
+

Figure 2.
Diffractive IOL design.
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A further division of diffractive multifocal IOLs is based on apodization, which
is the gradual decrease of the height of the steps from the center of the optic to its
periphery [61]. Thus, diffractive IOLs can be classified into those with apodized
and those with non-apodized diffractive optics (Figure 3).

3.2.1.2.1 Apodized diffractive IOLs

The characteristic of apodized diffractive IOLs is a decrease in height from
the taller central to the shorter peripheral steps of the optic [59]. The lower steps
of the periphery send more energy to the far and less to the near focal point. On
the contrary, the higher central steps send equal energy to distance and near
[64]. The clinical significance of this phenomenon is shown by the fact that the
larger pupil diameter in scotopic light conditions, when only the distance vision
is utilized, allows more energy to be directed to the distance focal point, while
the smaller pupil diameter in photopic conditions, when both distance and near
vision are utilized, allows energy to be directed equally to distance and near
(Figure 4) [60, 64]. Additionally, apodized diffractive IOLs produce fewer optic
phenomena (eg. glare, halos etc) than non-apodized IOL during distance vision
through a large pupil [59].

Some characteristic apodized diffractive IOL models are the following:

* AcrySof IQ ReSTOR SN6AD1 (Alcon Laboratories, Inc., Fort Worth, TX,
USA): a single-piece, bifocal, symmetric biconvex IOL with an aspheric
diffractive, apodized, anterior surface (+3.0 D near add power at the IOL
plane) [65].

* AcrySof IQ ReSTOR SN6AD?2 [SV25T0] (Alcon Laboratories, Inc., Fort Worth,
TX, USA): a single-piece, apodized, diffractive aspheric bifocal IOL with a central
refractive zone (hybrid IOL) (+2.5 D near add power at the IOL plane) [66].

* FineVision IOL (PhysIOL, Liege, Belgium): a single-piece, apodized, diffractive

trifocal (+1.75 D intermediate and +3.5 D near add power at the IOL plane),
aspheric IOL (aspheric posterior surface and diffractive anterior surface) [67].

MM/]/]A/\[\N\[ Bifocal diffractive apodized

A/WI/I/I/M A/\[\I\[\N\MM Bifocal diffractive non-apodized

AM//I//I/\I\\M Trifocal diffractive apodized

MMWNM Trifocal diffractive non-apodized
Figure 3.

Examples of diffractive multifocal IOL designs.
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Small pupil: light energy directed
equally to distance and near

[
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|:| More light
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Figure 4.

Light distribution in photopic (A) and mesopic-scotopic (B) light conditions in diffractive apodized IOL
designs. (A) The small pupil diameter in photopic conditions, when both distance and near vision are
utilized, allows light energy to be directed equally to distance and near. (B) The wide pupil diameter in low
light conditions, when only the distance vision is utilized, allows more energy to be directed to the distance
focal point.

3.2.1.2.2 Non-apodized diffractive IOLs

In contrast to the apodized IOLs, the diffractive steps of non-apodized dif-
fractive IOLs have uniform height from the center to the periphery. Therefore,
these IOLs can distribute the light rays to near and distant focal points in constant
proportions, irrespectively of the pupillary size [61, 68]. However, they sacrifice
some intermediate vision, and may produce more photic phenomena than apodized
diffractive IOLs [62].

Some characteristic non-apodized diffractive IOL models are the following:

* AcrySof IQ PanOptix (Alcon Laboratories, Inc., Fort Worth, TX, USA): a
single-piece diffractive, non-apodized, aspheric (spherical posterior surface and
aspheric anterior surface with a diffractive surface on the central 4.5 mm), trifo-
cal IOL (+2.17 D intermediate and +3.25 D near add power at the IOL plane) [69].

* TECNIS multifocal IOL (AMO, Santa Ana, CA): a single-piece diffractive,
non-apodized, aspheric (aspheric anterior surface, full-diffractive posterior
surface), bifocal IOL (ZMB00: +4.00 D / ZLBO0O: +3.25 D / ZKB0O0: +2.75D
add power) [70].

» AT LISA 809 IOL (Carl Zeiss Meditec AG, Jena, Germany): a single-piece
diffractive, non-apodized, aspheric bifocal (+3.75 D near add power at the IOL
plane), biconvex IOL [71].

* AT LISA TRI 839MP (IOL (Carl Zeiss Meditec AG, Jena, Germany): a single-

piece diffractive, non-apodized, aspheric trifocal IOL (+1.66 D intermediate
and +3.33 D near add power at the IOL plane) [72].
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3.2.2 Preoperative counseling, preoperative examination and patient selection

Preoperative counseling and patient selection play a pivotal role in the success of
pseudophakic presbyopic correction with implantation of mIOLs. It is well known
that patients wishing to undergo presbyopic correction have high expectations for
their visual and refractive outcome. Thus, it is common that some patients with a
visual acuity of 0.0 logMAR are not fully satisfied usually due to photic phenomena
at scotopic or mesopic light conditions (e.g. during nighttime driving) and dif-
ficulty in reading of very small letters or small letters under lower lighting levels.
Some possible reasons of dissatisfaction are potential optical aberrations, residual
astigmatism, large pupil and slow or no neuroadaptation [13]. For this reason, a
good counseling and a thorough preoperative examination should be an integral
part of the preoperative patient management for the best possible patient selection
and determination of patient’s expectations.

3.2.2.1 Clinical factors/exclusion criteria, contraindications

Before the discussion between patient and surgeon for an eventual pseudophakic
presbyopic correction with implantation of a mIOL, a detailed patient history
should be taken and a first general ophthalmologic examination (VA, slit-lamp
biomicroscopy, IOP measurement) should be performed, which might reveal some
clinical parameters that could rule out this type of surgery; among them, significant
preexisting ocular pathology that could reduce the postoperative visual outcome,
severe untreated dry eye disease, Fuch’s endothelial dystrophy or other corneal dys-
trophies, keratoconus, corneal scars, macular degeneration, diabetic retinopathy or
other retinal disease, advanced glaucoma or other optic nerve diseases, and amblyo-
pia. In addition, mIOLs should be avoided in patients with pupillary abnormalities
such as corectopia and colobomas, as well as in patients with phacodonesis zonular
dialysis or pseudoexfoliation due to the high risk of IOL decentration [61, 64].

3.2.2.2 Patient factors/preoperative counseling

The history taking and the general ophthalmologic examination should be
followed by a detailed preoperative counseling. As part of the counseling, each
patient should be warned about the risks of the lens extraction surgery, but also for
the specific risks of the implantation of a mIOL. The selection of both the proper
patient and the proper mIOL results in high patient satisfaction rates. Specifically,
the following aspects should be discussed:

The determination of each patient’s personality type, lifestyle, hobbies, needs,
occupation, and expectations should not be omitted.

* Personality: Surgeons should be cautious about selecting patients with a type A
personality. Specifically, patients with neurotic personality traits are less likely
to be satisfied with the postoperative outcome in comparison with patients
whose dominant personality trait is conscientiousness and agreeableness
[73]. Additionally, the personality characteristics of compulsive checking,
orderliness, competence, and dutifulness have found to be related to subjective
disturbance by glare and halos [74].

* Lifestyle, hobbies, needs: Patients who read a lot may benefit more from a mIOL
that provides better near vision, while patients who use a computer may ben-
efit more from a mIOL that provides better intermediate vision. Trifocal IOLs
would be a good solution for patients that need both near and intermediate
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vision [64]. In addition, patients who drive at night for long periods of time
should not be considered as good mIOL candidates.

* Occupation: Patients with high occupational visual demands such as pilots and
commercial (public service vehicle, taxi, or truck) drivers should be avoided
from mIOL implantation [13, 61].

* Expectations: Hypercritical patients with unrealistic expectations are not suit-
able candidates for mIOL implant. For instance, people whose main concern
is the sharpest clearest vision and who do not mind wearing near glasses even
when reading very small letters or under low lighting conditions, should be
ruled out from insertion of mIOLs.

The surgeon should never promise full spectacle independence, but they should
explain to patients that there is a good chance that they will not need glasses for
the majority of their activities of daily living and that no perfect IOL to simulate
their pre-presbyopic continuous vision exists yet [61]. However, spectacles may be
needed under highly demanding conditions or during reading under low lighting
conditions. Additionally, patients should be counselled about the optimal level and
direction of light for easier reading. Finally, patients should be counselled about
adverse events including halo, glare, reduced contrast sensitivity as well as discuss-
ing neuroadaptation in greater detail [75]. If patients are able to understand all
benefits and risks of mIOLs, they could be good candidates to continue the preop-
erative examination for a potential pseudophakic presbyopic correction with mIOL
implantation.

3.2.2.3 Preoperative examination and patient selection

Some significant parameters that should be taken into account during preopera-
tive examination for the patient selection for mIOL implantation and, then, for the
selection of the appropriate type and power of the IOL are the following:

* Optical biometry: Careful biometry is crucial to accurate IOL power calculation
and astigmatism management, since inaccurate biometry is the most com-
mon cause of residual refractive error postoperatively [76]. Third generation
formulas such as the Holladay [77], SRK/T [78] and Hoffer Q [79] provide
good outcomes for patients with average AL (22 — 25 mm) and keratometry. In
cases of short eyes (AL < 22 mm) with a shallow ACD (< 2.40 mm), formulas
that take preoperative ACD into account, such as Haigis, or alternatively Hoffer
Q, could be used [80-82]. When dealing with long eyes (AL > 25-26 mm),
SRK/T (with optimized constants), is still an accurate solution [83]. Haigis
(with optimized constants) is accurate especially for eyes with AL < 30 mm
[84]. Finally, new formulas such as Barrett Universal II and Olsen provide good
results in long eyes [82, 85].

* Dense cataract: In case of dense cataracts when optical biometry measurements
have low accuracy, the repetition of measurements could increase the accuracy in
IOL power calculation. When no measurements can be taken, A-scan ultrasound
biometry can be used. However, since the accuracy of this method is lower than
the accuracy of optical biometry, [86-88] and taking into account that even a
residual refractive error of 0.50 D, especially in mIOL implantation, can reduce
the vision quality and increase photic phenomena, [89-91] the surgeon should
be cautious with the choice of the mIOL or even with the decision for a possible
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non-mIOL pseudophakic presbyopic correction when an ultrasound biometry is
used for the IOL power calculation. The surgeon should discuss with the patient
the risks caused by the measurement inaccuracy, and may choose an alternative

surgical solution according to patient’s visual needs and lifestyle.

Corneal astigmatism: Patients undergoing multifocal IOL implantation may

not tolerate residual astigmatism of > 1 D or even 0.75 D according to some
studies, and a toric multifocal IOL may be required in such cases [92]. For the
best possible calculation of the corneal astigmatism, the performance of more
than one keratometry technologies is suggested, since no perfect method is
available [13]. Ideally, rotary prism technology (auto-keratorefractometers),
PCI, corneal Scheimpflug tomography (which also takes into account posterior
corneal astigmatism) or Placido-based corneal topography, and keratometry
taken by image-guided systems for lens extraction surgery could be used [16].
In case of agreement in corneal cylinder power and axis among the utilized
technologies, the surgeon can safely choose the appropriate common cylinder
power of the toric IOL and the alignment axis. If the different methods of
measuring corneal cylinder produce inconsistent results, the treatment of the
ocular surface should be considered and the measurements should be repeated.
In addition, the proper patient positioning should be confirmed [93]. Online
calculators are also available for the toric/multifocal toric IOL power calcula-
tion with very good results because most of them take IOL power and posterior
corneal astigmatism into account [94].

Pupillary size: Pupil size, but also pupil position in relation to the near and dis-
tance zones of the lens, seem to affect the optical performance of the implanted
mIOLs in terms of VA, optical aberration, diffraction, and retinal luminance.
Patients with wide pupils in scotopic light conditions who were implanted with
mIOLs have a higher risk of poor postoperative contrast sensitivity under meso-
pic illuminance levels and optical phenomena such as glare, halos, and starbursts
[95]. In fact, large pupil size is one of the most common causes of dissatisfaction
and photic phenomena in patients with mIOLs [96-98]. Therefore, the pupil-
lary size under photopic and mesopic light conditions before mydriasis must

be determined preoperatively to minimize subjective postoperative side effects
[95]. Everyday clinical practice has shown that a mesopic pupil size smaller than
5 mm can minimize photic phenomena. In case of pupil size larger than 5 mm,
the surgeon should discuss with the patient the risks for dysphotopic phenomena
and decide whether to proceed with the multifocal IOL implantation or not
depending on the patient’s visual needs and lifestyle. An alternative surgical
solution could be proposed if multifocal IOLs are excluded. Nevertheless, in all
cases regardless of the pupil size, patients should be informed about the possibil-
ity of appearance of some optical phenomena which, however, may be reduced
with time through the process of neuroadaptation [99].

Visual axis, angle kappa: In pseudophakic presbyopic corrections with implan-
tation of mIOLs, the angle kappa (misalignment between the visual and pupil-
lary axis) [100] should be taken into consideration, especially for hyperopic
patients with a large angle kappa [101, 102]. It has been found that large angle
kappa is correlated with more glare and halos after implantation of mIOLs

[86, 103]. This happens because when decentration of mIOLs is present (intra-
operatively or postoperatively), which is more common in eyes with large angle
kappa, the light rays pass through a multifocal ring instead of the central optic
zone, resulting in glare and halos [104]. Decentration higher than 0.75 mm
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irrespectively of IOL design has shown both far and near visual function
deterioration [96, 105]. Clinical practice and research has shown that inclu-
sion of patients with an angle kappa and angle alpha < 0.5 mm, ideally < 0.3
mm, (primarily in vertical and secondarily in horizontal axis in the Cartesian
coordinates plot) both in mesopic and photopic conditions of illumination can
minimize the risk for mIOL decentration and postoperative photic phenomena
[103]. On the other hand, when angle kappa and angle alpha are > 0.5 mm,
multifocal IOLs should be avoided, and monofocal IOLs for binocular distance
vision or monovision could be chosen [106].

Pupil center shift (PCS): It has been found that not only the photopic kappa
angle, but also the PCS is associated with dysphotopsia after mIOL implanta-
tion [102]. In case of patients having a PCS higher than 0.4 mm, surgeons
should decide whether the optical zone of mIOL should be centered on

the photopic or mesopic/scotopic pupil center. In fact, when interpolated
(from photopic 2 mm to scotopic 7 mm pupil) PCS is higher than 0.7 mm, the
implantation of mIOLs should be avoided and other types of IOLs should be
preferred [34].

Aberrations — ocular scattering: Although aberrations, such as comma, SA or
first order astigmatism, contribute to the enlargement of the depth of focus,
they can also result in a decrease in contrast sensitivity and quality of vision.
For instance, it has been found that anterior corneal coma values higher than
0.32 or 0.33 mm may create intolerable photic phenomena when a diffractive
mIOL is implanted, thus contraindication of mIOL implantation has been
suggested in higher coma values [13, 107, 108]. Additionally, since angle kappa
[109] and PCS [110] can influence ocular aberrations, they should also be
co-evaluated with ocular aberrations in order to provide patients with the best
possible vision quality. Apart from aberrations, ocular scattering may have an
impact on the quality of retinal image, which may be overestimated when only
aberrations are taken into account. Therefore, measurement of both aberra-
tions and ocular scattering could contribute to a more accurate assessment of
the visual and optical quality [111].

Dry eye disease: Since dry eye disease and cataract are very common in the
elderly population, but also the ocular surface and tear film play a significant
role in the quality of vision, dry eye disease treatment should be considered as
an integral part of the pre- and postoperative patient’s management. It is well
known that dry eye may reduce the vision quality after mIOL implantation
[112]. Additionally, it has been observed that cataract surgery is also respon-
sible for causing dry eye disease or aggravating existing dry eye symptoms
[113, 114]. Therefore, artificial tears and eyelid hygiene, but also cyclosporine
or autologous platelet-rich plasma (PRP) in more severe cases, should be used
pre- and/or postoperatively [112, 115, 116].

Previous corneal refractive surgery: Particular attention should be given to
patients who have undergone a prior corneal refractive surgery and are consid-
ering a pseudophakic presbyopic correction with mIOL implantation.

o It is assumed that corneas which have undergone a refractive surgery such
as laser in situ keratomileusis (LASIK), photorefractive keratectomy (PRK)
or radial keratotomy (RK), have been rendered multifocal and show many
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aberrations by the laser procedure. As a result, it also assumed that the
implantation of a mIOL would further deteriorate the visual function.

o An additional difficulty is the inaccuracy in IOL power calculation that
comes from the inaccuracy in the determination of the total corneal refrac-
tive power, [64, 117] and the inaccuracy in the estimation of the effective lens
position by various IOL power calculation formulas when post-laser corneal
powers are used [64, 118].

o Patients having corneas with irregular astigmatism, or more than 1 micron of
higher corneal aberrations (HOA), especially if they are caused by high levels
of coma, are not good candidates for mIOLs [64]. In addition, eyes with a large
pupil (> 4 mm) have more possibilities to appear photic phenomena caused by
existing aberrations in comparison with eyes with a small pupil (< 4 mm). Asa
result, a poorer visual quality under mesopic or glare conditions may occur [119].

o Although mIOLs are usually well tolerated and effective after corneal refrac-
tive surgery, refractive surprises can be common, especially in patients with
myopia greater than 6.0 D or in those that have undergone LASIK [120, 121].
To increase the refractive predictability and reduce the risk of a suboptimal
refractive outcome, the precise IOL power calculation is of paramount
importance. Since keratometers are unable to measure accurately K values
of the central post-laser cornea and the outer and inner corneal surfaces
may change unpredictably after corneal refractive surgeries, a variety of IOL
power calculation methods have been suggested [64]. The most accurate
method is the clinical history method. To apply this method and calculate the
central corneal power, the refractive error (spherical equivalent) and the K
values prior to the keratorefractive surgery as well as the stable refractive
error after the surgery must be available [122, 123]. Apart from the numerous
methods and formulas that are available, some online calculators can also be
used complementarily for the IOL power calculation [124-126].

o In general, patients that had a previous keratorefractive surgery and want
to have an additional pseudophakic presbyopic correction with mIOLs have
high expectations for spectacle-free good vision [127]. However, they should
always be informed for the possibility of inaccurate measurements, residual
refractive error, hyperopic shift, and/or aberrations resulting in photic
phenomena especially in mesopic light conditions [128]. Additionally, the
surgeon should explain to patients that there is a possibility that they will
need to use a miotic agent postoperatively, especially in mesopic and scotopic
light conditions, in case of photic phenomena, [129] and that an additional
corneal refractive surgery or even a further surgery for exchanging the mIOL
may be needed in the future [130]. Ideally, if the corneal surface is irregular
with corneal aberrations and a second laser treatment is necessary to correct
this irregularity, such a treatment should be better performed prior to the
implantation of the mIOL [130].

3.2.3 Surgical technique

Phacoemulsification is the gold standard technique for cataract surgery and
refractive lens exchange. Since mIOL implantation requires high precision and
various factors should be taken into consideration, in addition to the common ones
for the conventional cataract surgery with monofocal IOL implantation, a variety
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of parameters for the conventional non-image-guided, but also for an image-guided
surgical technique, will be discussed in the text below.

For the best possible refractive outcome during mIOL implantation surgery, the
following practices are suggested:

3.2.3.1 Conventional non-image-guided surgical technique

Topical anesthesia and mydriatic drops are instilled before the operation.

Periorbital skin, eyelids, and the conjunctival sac are prepared with a solution
of iodine povidone.

The surgical technique is performed using a standard technique of sutureless
(commonly 2.2-mm) cataract surgery.

Intracameral anesthesia and potentially intracameral mydriatics are injected.

Capsulorrhexis should have a diameter between 4.50 to 5.00 mm. Although a
diameter larger than 5.00 mm also is recommended to facilitate nuclear and cor-
tical removal, this increases the risk of postoperative optical phenomena caused
by the involvement of more concentric rings when the light rays pass through the
IOLs optic. Opacification of the remaining anterior capsule can reduce optical
phenomena even in eyes with a pupil diameter larger than 5.00 mm (Figure 5).

Another parameter that should be taken into account, especially in eyes with a
large angle kappa, is the centration of capsulorrhexis. The capsulorrhexis is sug-
gested to be centered around the microscope light reflection on the anterior cap-
sule (patients’ visual axis) rather than around the pupillary axis [131]. However,
in the case of a mature cataract where the patient fails to fixate on the microscope
light, but also on the lights of the biometry device during the preoperative
examination, the implantation of a mIOL should be avoided, since the risk for

a decentered implantation is very high. The centration on the pupil center or on
the geometric center of the cornea is not considered as a safe alternative solution.

Figure 5.
Anterior capsule opacification following multifocal intraocular lens implantation: the opacification of the
remaining anterior capsule contributes in the reduction of potential optical phenomena.
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* The nucleus is aspirated with or without ultrasound phacoemulsification

energy according to the hardness of the crystalline lens, and residual cortex
removal and posterior capsule polishing are performed using commonly
bimanual irrigation/aspiration.

The mIOL is always inserted into the capsular bag through the main incision.
The IOL should be injected directly in the capsular bag in order a possibly
traumatic surgical manoeuvre to be avoided. For this reason, adequate dilation
and an adequate capsulorrhexis of about 4.50 to 5.00 mm is necessary.

For the optimal mIOL centration and the minimization of photic phenom-
ena, especially for eyes with a large angle kappa, the mIOL is suggested to

be decentered towards the visual axis, namely to be gently moved so as the
microscope light reflex to fall within the central ring of the multifocal pattern
[102]. This is an easy intraoperative manipulation that can effectively result in
the desired centration on the visual axis. The centration of diffractive mIOLs
on the visual axis is critical to their optimal performance. However, refractive
mIOLs are also suggested to be centered on the visual axis because severe cases
of decentration can increase the lens’ effective power and induce astigmatism

and dysphotopsia.

Additionally, since, normally, the visual axis is nasal to the optical center (the
geometric center of the cornea, crystalline lens, and bag after nuclear and
cortical removal), positioning the haptics of especially diffractive, but also
refractive, IOLs at the 12 and 6 oclock position may facilitate the desirable
nasal displacement of the IOL optic. On the other hand, positioning the IOL
haptics horizontally leads to the return of IOL to the geometrically horizontal
center [131].

To stabilize the mIOL centered on the visual axis during the first postoperative
days, in contrast to the literature, the authors suggest that a minimal amount of
cohesive ophthalmic viscosurgical device (OVD) could be left in the capsular
bag without increasing the risk for elevation of the postoperative IOP [132].

Since mIOL patients usually benefit from having a small pupil, eyes with a
small pupil after the instillation of mydriatics before the cataract surgery
should be managed with special caution in order the pupil to remain func-
tionally and morphologically intact, as in its preoperative status. Therefore,

it is strongly recommended to cataract refractive surgeons to avoid surgical
maneuvers such as synechiolysis, pupil stretching, iris cutting [133] and the
use of mechanical devices such as iris hooks and pupil expansion rings (e.g.
Malyugin ring etc.) because of the high risk of intraoperative disruption of
the pupillary sphincter and postoperative pupil enlargement [134]. Thus,
intracameral administration of mydriatic agent, combined intracameral use of
mydriatic agent and local anesthetic or the injection of OVD into the anterior
chamber (viscomydriasis) should be preferred for the pupil dilation [134]. For
an experienced refractive cataract surgeon, a possible threshold of pupil size
for a successful phacoemulsification ranges between 4.5 and 5.0 mm [134, 135].
In smaller pupils which cannot be dilated pharmacologically or with OVD use,
the surgeon should weigh the benefits and the risks of the pupil dilation with
surgical maneuvres and mechanical devices and should consider the implanta-
tion of a non-mIOL.
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* Videorecording of every surgery is suggested for refractive cataract surgeons
and, generally, for ophthalmic surgeons in order to review their surgeries,
criticize their technique, find mistakes that should have been avoided, explain
unexpected outcomes and improve their surgical skills [136].

3.2.3.2 Image-guided surgery

Although the experience and the surgical skills of the refractive cataract surgeon
play the most significant role in the final refractive outcome, image-guided lens
extraction surgery, which has been recently introduced in phacoemulsification, can
increase the surgical accuracy, decrease the risk of complications such as postop-
erative astigmatism, IOL decentration and photopic phenomena and improve the
patient’s quality of vision [41].

Image-guided systems such as Verion Digital Marker (Alcon Laboratories,
Inc., Fort Worth, TX, USA) [137] and Zeiss Callisto Eye (Carl Zeiss AG, Dublin,
CA) [138] are commonly used for the implantation of multifocal toric IOLs.
However, since the high accuracy is also necessary during the implantation of
multifocal non-toric IOLs for main and sideport incisions, the centration and the
diameter of capsulorrhexis, as well as for the centration of the mIOL implanta-
tion, the authors suggest that digital image-guidance also during the implanta-
tion of multifocal non-toric IOLs could optimize the surgical accuracy and
predictability, minimize the risk of complications, and maximize the refractive
outcome. Figure 6 presents the basic steps of lens extraction surgery (a. sideport
incisions, b. main incision, c. capsulorrhexis, d. IOL centration, e. finalization)
using the Verion image-guided system during the implantation of a multifocal
non-toric IOL.

3.2.4 Complications

Implantation of mIOLs provide patients with a good visual acuity at more than
one focal point depending on mIOL design. Patient satisfaction levels after mIOL
implantation are high. However, the same characteristics that offer refractive cor-
rection at all distances can result in adverse effects at the same time [98].

For instance, light distribution mechanisms split the light to two or three focal
points. As a result, less amount of light from each focal point reaches the retina
worsening the contrast sensitivity, especially in mesopic light conditions [98, 139].
Therefore, two or three distinct images are produced, one sharp on focus and one
blurred out of focus. The light of the latter image reduces the detectability of the
on-focus image, resulting in the lower contrast sensitivity, however within the
normal range of age-matched phakic individuals, and in the creation of dysphotopic
phenomena such as halos [139-141]. These phenomena commonly diminish over
time through the process of neuroadaptation.

The most common reason for patient dissatisfaction is blurred vision (approxi-
mately in 95% of the dissatisfied patients) caused by residual ametropia/astigma-
tism [98] or posterior capsular opacification (PCO), [97] although these subjective
complains usually do not correspond to the objective VA [98, 142]. An additional
cause of dissatisfaction is dysphotopsia, which is caused by the IOL itself or/and by
a potential IOL decentration or IOL tilt or/and by a large pupil diameter. Refractive
mIOLs appear to be related with higher levels of photic phenomena than diffractive
mIOLs [143, 144]. Moreover, the existence of dry eye disease postoperatively found
to be one of the patient complaints resulting in symptoms of discomfort, visual
disturbance, and tear-film instability. Finally, IOL explantation has been reported in
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Figure 6.
The basic steps of multifocal IOL implantation using the Verion image-guided system ((a) sideport incisions,
(b) main incision, (c) capsulorrhexis, (d) IOL centration, (e) finalization,).

a frequency between 0.85% and 7 % [98, 145, 146] due to IOL dislocation, refrac-
tive error, PCO, failure to neuroadaptation [147] and, rarely, loss of normal color
perception [148].

3.3 New IOL technologies for presbyopic correction

Apart from monovision technique with bilateral implantation of monofocal
IOLs and bilateral implantation of multifocal IOLs, accommodative and EDOF IOL,
as well as a combination of different IOL types and designs are some new alterna-
tive solutions of pseudophakic presbyopic correction. However, these options are
beyond the scope of this chapter and they will not be analytically described.

3.3.1 Accommodative IOLs

Accommodative IOLs (alOLs) are designed to simulate the mechanism of
accommodation of the crystalline lens, which is capable of changing dynamically
its dioptric power with accommodating effort, namely by modifying its shape
after contraction of the ciliary muscle and providing functional vision at different
distances [149].
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AIOLs are still a developing field in the technology of premium IOLs where
a variety of designs are still examined [150]. The mechanisms of action of the
different types of alOLs that are currently available are based on the three follow-
ing principles: (a) change in axial position (i. single-optic alOLs, and ii. dual-optic
alOLs), (b) change in shape or curvature, and (c) change in refractive index or
power. Apart from the aforementioned alOL designs, the following new design
strategies of alOLs, still in preclinical stage, have been proposed: (i) lens-filling
alOL techniques, and (ii) electroadaptive alOLs [149, 151]. Another issue that
remains to be solved is the best location for implantation of alOLs. Implantation
inside the capsular bag seem to be a less successful approach in comparison to the
sulcus, since in sulcus, the dynamics from the ciliary body induce further move-
ments of the IOL [149, 150].

Despite the significant development and evolution of alOLs and the great variety
of IOL designs, the majority of them are still in a development process and have
shown some contradictory clinical data about their efficacy. The optimal alOL with a
broad range of accommodation still remains elusive, and different challenges exist for
each lens design. However, new innovative and promising designs and technologies
now exist having the restoration of accommodation as their common goal [149, 151].

3.3.2 Extended depth-of-focus (EDOF) IOLs

Extended depth-of-focus (EDOF) IOL is a new technology in the treatment of
presbyopia-correcting IOLs. The basic optical principle of EDOF IOLs is to create a
single elongated focal point, in contrast to monofocal IOLs, in which light is focused
on one single point, and mIOLs, in which light is focused on two or three discrete
points (Figure 7). In this way, EDOF IOLs eliminate the overlapping of far and
near images caused my mIOLs, thus eliminating the halo effect. Specifically, EDOF
IOLs provide a continuous focus range that extends from the far focus area until the
intermediate distance, without the clearly asymmetric IOL power distribution that
is provided by the mIOLs. In this way, EDOF IOLs avoid the presence of secondary
out-of-focus images that originates the halos [152-154].

The idea of EDOF was first reported in 1984 by Nakazawa and Ohtsuki who
measured an apparent 2.00 D accommodation in 39 pseudophakic eyes implanted
with posterior chamber spherical IOLs and found a significant correlation between
apparent accommodation and depth of field. This correlation was inversely propor-
tional to the pupillary diameter [155]. After using multiple cornea- or IOL-based
strategies, the first EDOF IOL (Symfony, Johnson and Johnson Vision, Jacksonville,
FL) was introduced into the market receiving the European Economic Area
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Figure 7.
EDOF IOL design.
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certification mark in June 2014, and being approved by the United States Food and
Drug Administration (FDA) in July 2016 [156].

Since then, a variety of EDOF-labeled IOLs have been released in the market and
are based on the following 3 optical models: i) spherical aberration, ii) chromatic
aberration, iii) pinhole effect, all of which allow obtaining greater depth of focus
[157]. Apart from the pure EDOF IOLs, there are some IOLs that combine multi-
focality with low addition power and the EDOF technology, the so-called “hybrid
IOLs” [157]. In general, EDOF IOLs provide better optical quality in comparison
with monofocal and multifocal IOLs [158-160] Additionally, EDOF IOLs provide
high uncorrected intermediate vision, but inadequate near vision [161, 162], thus
allowing a relative spectacle independence. A potential disadvantage of EDOF-IOLs
is a decreased quality of retinal image if the aberrations are excessively increased.
Finally, contrast sensitivity, glare and halos vary depending on the EDOF-IOL
technology, however, they seem to be better when compared to mIOLs. [163] Since
the literature results about the optical performance of EDOF-IOLs are promising
but contraindicating, [164-166] new large-scale studies need to be performed.

In any case, patients should be counseled about potential photic phenomena and
the need for low power reading spectacles postoperatively. Moreover, the IOL type
decision should be made depending on their profile and preferences.

3.3.3 Monovision techniques with combination of IOLs

When a large anisometropia is targeted for an optimal near visual acuity,
pseudophakic monovision with implantation of monofocal IOLs results in a relative
decrease in near stereopsis [49, 153]. Therefore, a new type of monovision with
implantation of different IOL types and IOL technologies in each eye has been
introduced. For instance, the implantation of a monofocal IOL in the dominant
eye and a premium lens such as mIOL (bifocal or trifocal/refractive, diffractive
or hybrid diffractive-refractive) [167, 168] or EDOF IOL in the recessive one, the
so-called “hybrid monovision” or “mix and match” or “blended vision”, has been
applied and compared with the conventional myopic monovision techniques and
with the binocular implantation of premium IOLs showing promising visual out-
comes [153, 154, 169]. Additionally, the use of a refractive IOL in the dominant eye
and a diffractive IOL in the recessive eye [170] or vice versa [171] has been reported
showing very good visual outcomes including impressive spectacle independence
at all distances and a contrast sensitivity being comparable with phakic patients. In
general, it seems that hybrid monovision offers spectacle-free postoperative visual
capacity at all distances with minimal optical phenomena.

4. Postoperative examination — follow-up

Apart from the full preoperative examination and the high-precision surgery
that are necessary for optimal refractive outcomes in patients undergoing a pseudo-
phakic presbyopic correction, especially with mIOLs, the postoperative follow-up
plays an equally significant role in the best possible results. The most common
follow-up timepoints are 1 day, 1 week, 1 month, 3 months, 6 months, 1 year, 2
years and so forth. Examination at the first postoperative day is commonly applied
by many surgeons, However, the current literature supports that first-day examina-
tion after an uneventful phacoemulsification surgery is not necessary when patients
have not posterior synechiae or chronic/recurrent uveitis and they are operated by
experienced cataract surgeons. Thus, healthcare costs can be decreased without an
increased risk to the patients [172].
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A comprehensive postoperative examination should include primarily history, VA

assessment, automatic (with auto-refractor) and manifest refraction, slit lamp bio-
microscopy and IOP measurement. However, some additional examinations should
be performed for the best possible evaluation of the visual performance and optical
quality of vision, including defocus curves, contrast sensitivity assessment, corneal
topography, aberrometry, pupillometry, and halometry or retinal straylight, if halos,
glare and other photic phenomena are present [173]. Finally, patient satisfaction and
potential photic phenomena should be assessed by history taking or, more specifi-
cally, through special quality of vision questionnaires [174-176]. Among them, some
important aspects that should be taken into consideration are the following:

* Visual acuity and refraction: UDVA, BCDVA, UNVA, BCNVA, UIVA, and
BCIVA should be included in the postoperative examination. Near and
intermediate vision should be ideally evaluated with logarithmic printed or
digital reading charts that evaluate not only reading acuity (RA), but also the
maximum reading speed (MRS) and the critical print size (CPS), namely the
smallest print size that can be read with the MRS [177-180]. Defocus curves
could also be obtained. Apart from the manifest refraction, an auto-kerato-
refractometer should be used.

* Contrast sensitivity: Contrast sensitivity under photopic and mesopic light
conditions should ideally be assessed.

o Slit lamp anterior segment examination: Apart from the evaluation of the cornea
(Seidel test, clarity), the anterior chamber (depth, inflammatory activity), and
the pupil (shape, reactivity), in case of mIOL implantation, the centration of
the mIOL should also be checked. Specifically, the coaxially sighted IOL light
reflex (CSILR) should be identified by placing the slit illuminator in a coaxial
position with the microscope, adjusting the narrow slit beam to a small rect-
angle and asking the patient to fixate on the slit lamp light. The light reflection
on the mIOL indicates the position of the CSILR, which coincides with the
visual axis, and ideally should fall on the central mIOL optic zone if the mIOL
centration has been done according to the visual axis (Figure 8) [131].

* Corneal topography and aberrometry: Corneal topography and aberrometry are
suggested to be performed postoperatively, since they might reveal potential
residual astigmatism and aberrations, especially in case of postoperative
dysphotopic phenomena at scotopic or mesopic light conditions.

* Pupillometry: Postoperative pupil diameter at photopic and mesopic light
conditions and PCS are suggested to be measured, especially after implanta-
tion of mIOLs, in order potential dysphotopic phenomena to be explained and
correlated with the objective pupil measurements.

As regards the surgery schedule of the fellow eye for a pseudophakic presbyopic

correction, different factors described below should be taken into consideration:
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* Postoperative visual capacity (VA, reading speed, stereoscopic vision, dysphotopsia)
and patient satisfaction: After a successful lens extraction surgery, the surgeon
should wait long enough for the patient’s refraction to be stabilized and for
the neuroadaptation process to take place, especially in case of dysphotopic
phenomena. After this period of time, which can differ for each patient and
each IOL design, [74] the surgeon could choose if and when the operation of
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Figure 8.

Identification of the coaxially sighted IOL light veflex through slit lamp biomicroscopy following a multifocal
IOL implantation.

the fellow eye could be performed, and the IOL design, as well. In addition,

in case of patient dissatisfaction, the cause of dissatisfaction should be identi-
fied. If dysphotopsia or suboptimal near vision are the most serious patient’s
complaints, the surgeon should consider if the implantation of a different IOL
design with fewer photic phenomena or with a near focus point could be the
best option.

* Patient’s desire or not for lens extraction surgery at the fellow eye

* Crystalline lens clearance of the fellow eye: In case of a clear crystalline lens,
especially in young patients with unilateral cataract with a non-presbyopic
fellow eye, the fellow eye may not require a lens extraction surgery for years
or decades after the surgery of the first eye [181]. In fact, young people with
a clear crystalline lens of the fellow eye seem to benefit from the avoidance of
the fellow eye surgery, since the smooth transition among distant, intermediate
and near vision that is provided by their clear non-presbyopic crystalline lens
could not be equally replaced by an artificial IOL.

5. Conclusions

Pseudophakic presbyopic correction is now established as a safe and effective
surgical method for the treatment of presbyopia, especially when it is combined
with cataract. Pseudophakic presbyopic correction with monovision techniques,
implantation of mIOL, alOL or a combination of IOL designs is also related with
excellent visual outcomes, improvement in vision and life quality, and high patient
satisfaction. Rapid technological advances have led to an increase in the number of
the available IOL technologies and presbyopia correction techniques. Additionally,
advances and innovation in imaging and preoperative assessment, but also the high
precision that is provided pre- and intraoperatively by image-guided systems, have
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allowed customized selection of IOLs and presbyopia correction strategies accord-
ing to visual demands and activities, personality and special anatomical eye char-
acteristics. Finally, since the research on IOL technologies is constantly evolving,
the introduction of new promising IOL designs and the improvement of the already
existing IOLs are expected within the next decade.
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