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ARTICLE INFO ABSTRACT

Keywords: Presbyopia is a global problem affecting over a billion people worldwide. The prevalence of unmanaged pres-
Presbyopia byopia is as high as 50% of those over 50 years of age in developing world populations, due to a lack of
Prebyopic corrections awareness and accessibility to affordable treatment, and is even as high as 34% in developed countries.
Spectacles

Definitions of presbyopia are inconsistent and varied, so we propose a redefinition that states “presbyopia occurs
when the physiologically normal age-related reduction in the eye's focusing range reaches a point, when optimally
corrected for distance vision, that the clarity of vision at near is insufficient to satisfy an individual's requirements”.
Strategies for correcting presbyopia include separate optical devices located in front of the visual system
(reading glasses) or a change in the direction of gaze to view through optical zones of different optical powers
(bifocal, trifocal or progressive addition spectacle lenses), monovision (with contact lenses, intraocular lenses,
laser refractive surgery and corneal collagen shrinkage), simultaneous images (with contact lenses, intraocular
lenses and corneal inlays), pinhole depth of focus expansion (with intraocular lenses, corneal inlays and phar-
maceuticals), crystalline lens softening (with lasers or pharmaceuticals) or restored dynamics (with ‘accom-
modating’ intraocular lenses, scleral expansion techniques and ciliary muscle electrostimulation); these strate-
gies may be applied differently to the two eyes to optimise the range of clear focus for an individual’s task
requirements and minimise adverse visual effects. However, none fully overcome presbyopia in all patients.
While the restoration of natural accommodation or an equivalent remains elusive, guidance is given on pres-
byopic correction evaluation techniques.

Contact lenses
Refractive surgery
Monovision
Multifocal

1. Introduction which ultimately results in presbyopia, begins as early as the first

decade of life (Donders, 1865). Indeed, data from Duane's (1922) early

Presbyopia is a global problem affecting over a billion people
worldwide (Holden et al., 2008), with the number of presbyopes set to
increase further against a backdrop of an ageing global population
where the median age could reach 40 years by 2050 (note: the median
age of the world population in 2015 was 29.6 years) (Portal, 2018). In
the younger human eye, the accommodation mechanism acts to enable
individuals to view targets clearly at various distances. Although there
are ongoing debates as to the exact mechanism of accommodation
(Schachar, 2006), the most compelling empirical data support Helm-
holtz's theory (Helmholtz, 1962) where, in a response to ciliary muscle
contraction, crystalline lens thickness increases (Kasthurirangan et al.,
2011; Richdale et al., 2013) lens diameter decreases (Hermans et al.,
2009; Sheppard et al., 2011), and both the anterior and posterior cur-
vature of the lens increase (Dubbelman et al., 2005; Rosales et al.,
2006) resulting in an increase in lenticular power and, therefore, ac-
commodation. Whilst the symptoms of presbyopia manifest in mid-life,
it is important to note that the decline in accommodation response,
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work on accommodative amplitude on over 4000 eyes, together with
more contemporary studies, clearly show that accommodation is a
condition of age rather than ageing (Gilmartin, 1995)(see Fig. 1). De-
spite the significance and ubiquity of presbyopia, and the resultant
deleterious effect on near visual function, it is perhaps rather surprising
that no one single effective optical, pharmaceutical or surgical method
currently exists to restore dynamic accommodation to the ageing eye.
Indeed, even the definition of presbyopia remains equivocal.

1.1. Presbyopia definition

Some definitions of presbyopia purely focus on near visual loss, but
do not relate this to a visual requirement (Moshirfar et al., 2017; Zeri
et al., 2018); hence many young visually impaired individuals could be
considered presbyopic with such definitions. However, other definitions
are more functional such as “Presbyopia is a condition of age rather than
ageing and as such is devolved from the lamentable situation where the
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Fig. 1. Measures of monocular subjective amplitude of accommodation with
age (Anderson and Stuebing, 2014; Duane, 1922; Kragha, 1986; Leon et al.,
2016; Turner, 1958)). The techniques used to acquire these data vary between
studies, but include the use of push-up and modified push-down methods.

normal age-related reduction in amplitude of accommodation reaches a
point when the clarity of vision at near cannot be sustained for long enough
to satisfy an individual's requirements” (Gilmartin, 1995) or Millodot in
his Dictionary of Optometry and Visual Science who defines presbyopia as
“A refractive condition in which the accommodative ability of the eye is
insufficient for near vision work, due to ageing” (Millodot, 2007). Some
articles do not define presbyopia at all, but refer to its onset, which, as
the decline in accommodation is well described to commence in the
teenage years, implies a functional definition (Charman, 2005).

Another approach to defining presbyopia has been to adopt a more
physiological approach, describing presbyopia as an age-related pro-
gressive decline in the crystalline lens’ ability to accommodate, re-
sulting in the inability to focus on near objects (Abdelkader, 2015;
Arines et al., 2017; Benozzi et al., 2012; Fedtke et al., 2017; Moarefi
et al., 2017). While both objective(Anderson and Stuebing, 2014; Leon
et al,, 2016) and subjective measures(Cobb, 1964; Donders, 1865;
Turner, 1958) of accommodation indicate that to the accommodative
response starts to decrease in the early teens, there is only a concurrent
drop in accommodative gain by the fifth decade, reducing near image
quality and resulting in the apparent acceleration of symptoms in early
presbyopes (Almutairi et al., 2017). Presbyopia has even been described
as causing the loss of accommodation (Sha et al., 2016).

Holden and colleagues (Holden et al., 2008) identified two different
presbyopia definitions in epidemiological studies of presbyopia: 1)
functional presbyopia, defined as needing a significant optical correc-
tion added to the presenting distance refractive correction to achieve a
near visual acuity absolute (such as N8 or J1) or relative (such as 1 line
of acuity improvement) criteria; or 2) objective presbyopia, where the
significant optical correction is defined (such as =1.00 D) and added to
the best optical distance correction to achieve a defined near visual
acuity. In more recent epidemiological studies, however, presbyopia is
typically defined as a person aged greater or equal to 35 years who is
unable to read binocularly N8 (or 6/12) at 40 cm or their habitual
working distance, and additionally in some studies, limited to those
whose near vision improves with additional lenses (Cheng et al., 2016;
Girum et al., 2017; Kaphle et al., 2016; Muhit et al., 2018; Nsubuga
et al., 2016).

1.1.1. Revised definition

The efficacy of a condition management option cannot be assessed if
the condition is not defined. As presbyopia is derived from Ancient
Greek mpéofug translated into Latin (présbus, “old man”) and Gy (ps,
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“eye” or to “see like”)(Gualdi et al., 2017),), a functional definition to
fit this etymology would appear more appropriate, otherwise a new
term for the condition should be adopted. Perhaps a more apposite
definition would be that presbyopia occurs when the physiologically
normal age-related reduction in the eyes focusing range reaches a point,
when optimally corrected for distance vision, that the clarity of vision
at near is insufficient to satisfy an individual's requirements.

1.2. Presbyopia correction

Often regarded as the ‘Holy Grail of vision correction’ (Doane and
Jackson, 2007; Mertens, 2010; Pepose et al., 2017a), the act of restoring
true dynamic accommodation to the presbyopic eye is clearly an as-
piration for many clinicians, researchers and patients alike. When ex-
ploring this notion, one must question exactly what would be the out-
come characteristics of this accommodation restoration and,
importantly, what physiological factors would need to persist in the
ageing eye in order for this correction to be a viable method?

The ‘ideal’ presbyopia correction has been described as “capable of
restoring to pre-presbyopic levels the dioptric range within which accurate
focus can be smoothly and rapidly achieved. It should also be able to
maintain this range throughout the remaining decades of the life of the in-
dividual, without any further intervention, with the eye always being em-
metropic at the lower end of the range”(Charman, 2017b). In addition the
correction should be invisible to the outside observer and changes in
focus should occur ‘naturally’, in synchrony with convergence move-
ments of the eyes, which implies that at least some natural accom-
modation systems should be utilised, such as innervation of the ciliary
muscle (Charman, 2017b). It has been suggested that a minimum
subjective amplitude of accommodation should be 5.0 D (Schor, 2012).
However, the pre-presbyopic human accommodative system has been
shown to be robust to fatigue even during intense and prolonged near
work, allowing a greater proportion of an individual's amplitude of
accommodation to be continuously exerted than previously suggested.
Indeed, a study by Wolffsohn and colleagues demonstrated that when
viewing a task at 40 cm, on average only a maximum amplitude of 2.6 D
would be needed, but as much as 5.5 D depending on the individual
(Wolffsohn et al., 2011b).

2. Anatomical structure of the accommodative system with ageing
2.1. Crystalline lens

The young crystalline lens is transparent, bi-convex and, when at
rest, is responsible for approximately 30% of the eye's total refractive
power (Bennett, 1988; Borja et al., 2008). The crystalline lens substrate
can be broadly split into two distinct compartments, the nucleus and
the cortex, which become delineated during the unique biphasic (pre-
natal and postnatal) growth profile of the structure (Augusteyn, 2010,
2018). The oldest fibres (including fibres present at birth) reside within
the nucleus and the overlying fibres form the cortex (Dubbelman et al.,
2003).

The crystalline lens continues to grow throughout life due to the
addition of new lens epithelial cell fibres (Bassnett and Sikic, 2017), the
result of which leads to an increase in lenticular axial thickness; this
increase is between 0.019 and 0.031 mm/year of life (Atchison et al.,
2008; Kasthurirangan et al., 2011; Richdale et al., 2013, 2016). The
equatorial diameter of the crystalline lens also appears to increase with
age (Kasthurirangan et al., 2011), whilst the surface radii of curvature
decrease with age, becoming steeper (Richdale et al., 2016), with the
greatest change observed across the anterior surface (Koretz et al.,
2004). Throughout life, lens protein content increases (Chang et al.,
2017). Overtime, as there is no breakdown of proteins in the fibre cells,
the cellular protein concentration increases which leads to a corre-
sponding increase in refractive index as the cells become more com-
pacted. Consequently, older, more central cells exhibit a higher
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refractive index than surrounding cells, which, in turn, leads to a re-
fractive index gradient (Augusteyn, 2008). Intuitively, one might ima-
ging that with further compacting of lens cells throughout life, the re-
fractive index of the lens centre would also continue to increase. In fact,
the opposite occurs where central refractive index values plateau at
about 1.418 (Jones et al., 2005; Khan et al., 2018).

With an increase in lenticular thickness and surface curvature
throughout life one might expect a corresponding increase in optical
power and thus a relatively myopic eye. In reality, however, due to
further changes in the gradient refractive index of the crystalline lens
with advancing age, the equivalent power of the crystalline lens actu-
ally decreases with age: a phenomenon termed the ‘crystalline lens
paradox’ (Brown, 1974; Brown et al., 1999; Koretz and Handelman,
1988). Although the refractive index of the crystalline lens centre does
not change significantly with age (Augusteyn, 2010), the nucleus in-
creases in size with age, causing the gradient between high and low
refractive indices to become steeper (Jones et al., 2005; Kasthurirangan
et al., 2008), however, the exact shape and location of the gradient
remains equivocal (Pierscionek and Regini, 2012). More recently, the
gradient index (GRIN) model has been proposed as the most accurate
way to represent the crystalline lens with a lamellar, shell-like structure
(Giovanzana et al., 2017).

Perhaps one of the most significant changes to the crystalline lens
with advancing age occurs to its flexibility. Here, more than a three-fold
increase in the overall relative resistance of the in vitro human crys-
talline lens to compressive forces over the life-span has been observed
(Glasser and Kaufman, 1999). Indeed, Glasser and Campbell (1998)
found that older lenses did not undergo significant changes in focal
length in response to simulated zonular tension and relaxation in vitro.
The stiffness of the nucleus and cortex increase at different rates with
age, becoming similar between the ages of 35-45 years (Weeber et al.,
2007). The nucleus is stiffer than the cortex in old lenses, whereas the
cortex is stiffer than the nucleus in young lenses (Heys et al., 2004).
Indeed, for a 20 year old eye, Heys and colleagues’ ex vivo study
showed that crystalline lens stiffness (measured as log shear modulus)
was approximately 1.5Paat the nucleus and 2.0 Pa at the cortex; this
inverted in the older eye where a 70 year old lens would change to
approximately 4.2 Pa at the nucleus and 3.2 Pa at the cortex. Increasing
rigidity of the crystalline lens is, therefore, considered the main cause of
presbyopia in humans (Burd et al.,, 2011; Laughton et al., 2017;
Sheppard et al., 2011). That said, significant variability in data derived
from such studies remains. Also, when considered alongside accom-
modative stimulus-response profiles in the ageing eye, changes in len-
ticular stiffness do not correlate. Indeed, despite a reduction in the
amplitude of accommodation from the first decade of life (see Fig. 1),
lenticular stiffness appears invariant up to approximately 30 years of
age (Heys et al., 2004). Coupled with the destructive nature of ex vivo
investigations of lens stiffness, further work is indicated.

In addition to increasing lenticular rigidity, presbyopia has also
been attributed to the change in shape and size of the crystalline lens
with age. The geometric theory suggests the axial increase in crystalline
lens mass and reduction in the radii of curvature causes the zonular
insertion area to widen around the lens equator, increasing the distance
between the anterior and posterior zonules (Farnsworth and Shyne,
1979), pulling the ciliary muscle antero-inwards (Pardue and Sivak,
2000; Sheppard and Davies, 2011) and reducing the magnitude of the
parallel vector force the zonules can impart on the crystalline lens
equator. Therefore, contraction and relaxation of the zonules will gra-
dually have less of an impact on crystalline lens shape with age (Koretz
and Handelman, 1986). As indicated in Section 2.2, further in vivo re-
search may also demonstrate a reduction in efficiency of zonular action
with age (Croft et al., 2016).

In a previous Progress in Retinal and Eye Research review, Strenk and
colleagues (Strenk et al., 2005) modified the geometric theory to con-
sider the putative role of the uveal tract. Here, Strenk and colleagues
suggested continuous anterior crystalline lens growth and movement
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pushes the pupillary margin forwards. The applied force travels down
the iris root and across the rest of the uvea, causing an antero-inwards
movement. The age-related reduction in circumlental space (the dis-
tance between the ciliary muscle inner apex and the crystalline lens
equator) reduces zonular tension in the absence of accommodation,
allowing the crystalline lens to take-up a thicker, more curved shape
and therefore reducing the change in crystalline lens shape possible
during accommodation. Indeed, the relocation of the anterior uveal
tract to a more posterior position once the presbyopic crystalline lens
has been removed seems to support this hypothesis (Strenk et al.,
2010).

2.2. Zonules

The zonules connect the ciliary body to the crystalline lens, relaxing
and contracting in response to ciliary muscle activation and relaxation
(Charman, 2017b). The zonules are derived from loose bundles of fibres
from the vitreous framework. They are tubular fibrils that form sheets
of bundles arranged radially from the ciliary body (Raviola, 1971). The
zonular plexus consists of fibres that are divided into anterior and
posterior/vitreous zonules. The main anterior zonules are responsible
for suspending the crystalline lens and are flexible enough to permit
dynamic changes in crystalline lens size and shape. The main anterior
zonular insertion sites are within the ciliary processes (non-pigmented
ciliary epithelium) and the crystalline lens capsule, close to the crys-
talline lens epithelium (Rohen, 1979). The insertion sites of the main
posterior/vitrous zonules are the ciliary processes and the pars plana
(Glasser, 2008). More recent studies have also provided in vivo evidence
for a new structure that extends from the posterior insertion zone of the
vitreous zonule in a straight course directly to the posterior lens
equator, without passing in proximity to the zonular plexus (termed
PVZ INS-LE)(Croft et al., 2013a, 2013b). Moreover, together with the
posterior/vitreous zonule, the PVZ INS-LE structure may dampen the
accommodative lens shape change in the ageing eye (Croft et al., 2016).

2.3. Ciliary body

The ciliary body is part of the uveal tract, which forms embry-
onically from the mesenchyme surrounding the two vesicles that bud
off the forebrain (Beebe, 1986; Nickla and Wallman, 2010). The ciliary
body connects to the peripheral iris anteriorly and the choroid poster-
iorly, and runs continuously with the sclera from the scleral spur to the
ora serrata. The anterior section of the ciliary body is the pars plicata,
which consists of 70-80 highly-vascular folds of non-pigmented ciliary
epithelium (ciliary processes), which are responsible for aqueous hu-
mour secretion (Cole, 1977). The posterior section of the ciliary body is
the pars plana, which extends from the ciliary processes to the ora ser-
rata. The ciliary body comprises six layers: the supraciliary lamina,
ciliary muscle, stroma, basal lamina, epithelium and internal limiting
membrane (Aiello et al., 1992). The ciliary muscle lies beneath the
ciliary processes and constitutes approximately two-thirds of the ciliary
body mass (Remington, 2005).

2.3.1. Ciliary muscle

The ciliary muscle is a multi-unit smooth muscle, made up of bun-
dles of muscle cells surrounded by connective tissue cells (Ishikawa,
1962). The muscle bundles form three distinct fibre types: longitudinal,
radial and circular. Longitudinal fibres run parallel to the sclera from
the scleral spur to the posterior visible limit of the ciliary muscle. Radial
fibres run perpendicular to longitudinal fibres and circular fibres en-
circle the ciliary muscle aperture and are the closest fibres to the
crystalline lens (Pardue and Sivak, 2000). The radial fibre cells contain
the most mitochondria organelles (Ishikawa, 1962), whereas the tips of
the longitudinal fibre cells contain the fewest mitochondria and more
myofibrils (Flugel et al., 1990), possibly facilitating faster contraction
and providing greater stiffness than the rest of the fibres (Rohen, 1979).
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Defocus curves provide greater granularity of how presbyopic correc-
tions would perform for an individual and hence one could argue re-
place the need for distance corrected visual acuity measurements at
discrete distances. Snellen charts have been the mainstay of distance
visual acuity measurement for over 150 years, but their irregular se-
paration between lines and letters and varying number of letters on
lines makes them non-ideal for accurate measurement (Wolffsohn and
Kingsnorth, 2016). The Bailey Lovie logMAR design principals over-
come these issues increasing the repeatability of measurement
(Chaikitmongkol et al., 2018), but the resulting large size of these
charts has resulted in poor adoption in clinical practice (Bailey and
Lovie, 1980). In the electronic age, computer monitors have the re-
solution to display logMAR charts with the advantage of features such
as letter randomisation and letter isolation (Wolffsohn and Kingsnorth,
2016). Loss of visual acuity is also a key safety metric whether through
ocular damage during surgery or compromised distance visual acuity
through simultaneous multifocality.

If the correction restored accommodation, evaluation of the range of
clear focus could be measured with the push-up/push-down test; an
average of the combined methods repeated at least three times is re-
commended (Pointer, 2012), although the target for detecting blur is
generally supra-threshold, leading to an overestimation of the cap-
ability of the correction. More universally a defocus curve can be
plotted (Fig. 2). The patient should view a distance chart and their
acuity scored from the logMAR letters read correctly with lenses in-
serted to change the focal distance of the chart typically from —3.00 D
to +1.50 D in 0.50 D steps (Wolffsohn et al., 2013a). While another
approach would be to move the target in real space, this required re-
sizing of the chart at each distance and careful control of the illumi-
nation level, so is rarely performed. Either the order of the lenses should
be randomised or the letters randomised for each lens (Gupta et al.,
2007, 2008). The results at each level of focus should be adjusted for
image minification/magnification induced by the lenses (Gupta et al.,
2008). In terms of analysis, the direct comparison method involves
statistical comparison of the visual acuity at each defocus level; the
linked nature of repeated measurements needs to be accounted for
statistically and the large number of comparisons can complicate clin-
ical interpretation. Alternatively, the depth-of-focus method of analysis
describes the dioptric range over which the subjects can sustain a
specific absolute (such as 0.3 logMAR) or relative (such as 0.1 logMAR
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Fig. 2. Typical defocus curve (magnification corrected) for: a presbyope with
no active accommodation (both positive and negative blur has a symmetrical
effect of visual acuity loss); a pre-presbyope with at least 4.00 D of active ac-
commodation; bifocal simultaneous image optics with a near addition of 3.00
D; and a trifocal with an intermediate addition of +1.50 D and near addition of
+3.00 D (note the resulting compromises in distance for multifocal design and
near for the trifocal).
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worse than the best corrected distance visual acuity) level of visual
acuity. As the defocus curve of a simultaneous image correction can
pass through the depth of focus criterion acuity several times across a
range of focusing distances, an area of focus metric has been validated
across far, intermediate and near distances to achieve a better com-
parison of these correction modalities (Fig. 2) (Buckhurst et al., 2012b).

4.1.2. Contrast sensitivity

Measurements of the contrast sensitivity function better char-
acterise functional vision than high contrast visual acuity alone. Paper
based clinical charts (such as the Pelli-Robson) are often limited in the
number of stimuli they present, hence they only assess broad discrete
steps of spatial frequency and contrast, and require the examiner to
manually implement and respond to feedback from the patient
(Maudgal et al., 1988); their reliability is also limited (Pesudovs et al.,
2004; Reeves et al., 1991). Another popular choice for multifocal IOL
studies, the CSV-1000, although testing four spatial frequencies, only
requires a selection of the circle with the grating from the mean in-
tensity grey circle so guessing can cause a significant error in the results
(Kelly et al., 2012). Computerized contrast sensitivity testing equip-
ment can render a multitude of grating stimuli of various frequencies
and contrast and adopt complicated testing methods that render stimuli
in response to patient feedback, such as staircase or adaptive two-al-
ternate forced choice procedures (Lesmes et al., 2010). Despite a re-
duction in the contrast resolution available to tablet liquid crystal dis-
plays, innovative pixel dithering techniques (Tyler, 1997) have enabled
gratings based testing on mobile tablets to be indistinguishable from
traditional cathode ray tube lab setups (Dorr et al., 2013; Kollbaum
et al., 2014). It is now possible to test all relevant spatial frequencies on
a tablet in less than 1 min (Kingsnorth et al., 2016). It is also ques-
tionable whether distance contrast sensitivity should be measured as
well as near as no cases have been identified where differences would
be clinically relevant (Kingsnorth et al., 2016).

4.1.3. Reading speed

Reading is one of the most vital and common skills for engaging,
communicating and interpreting ideas. Any visual loss that affects
reading ability will have a disproportionate impact on a patient's
quality of life and is often cited as a major factor in patients seeking
professional help (Elliott et al., 1997) for eye related problems. Reading
speed more closely aligns with task performance than visual acuity
metrics (Gupta et al., 2009b). Current paper based reading (aloud)
performance charts such as the MNRead and Radner charts (Radner
et al.,, 1998; Subramanian and Pardhan, 2006) are generally cumber-
some and time consuming to use, involving manual time measurement,
sentence unveiling, and error recording which have to be undertaken
simultaneously by the examiner. Additionally, reading performance
metrics are determined by plotting reading performance data graphi-
cally, which is time consuming and the data can be noisy (Cheung et al.,
2008). A reading speed desk has been introduced to try to automate
some of the process (Dexl et al., 2010), but is not well suited to clinical
practice. However, portable tablet technology now allows quick, effi-
cient and reliable reading speed, critical print size (when the reading
speed starts to slow down) and threshold near visual acuity determi-
nation testing, including working distance and screen tilt monitoring
along with automated time, word error and metric generation
(Kingsnorth and Wolffsohn, 2015).

4.1.4. Stereopsis

Stereopsis is generally assessed when comparing monovision to
multifocal presbyopic correction. Random dot stereograms are thought
to be a more robust clinical technique as the object seen if stereopsis is
present cannot be determined from changes in head position and other
monocular cues (Heron and Lages, 2012). Stereopsis is more precise at
near and therefore is generally assessed at a close distance (Rodriguez-
Vallejo et al., 2017).
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4.2. Straylight and glare

Dysphotopsia is a disturbance of vision and includes light phe-
nomena such as glare and haloes, the subjective perception of a bright
ring around a light source. It occurs due to optical non-conformities in
the optical path such as cataract or optical boundaries, for example
following simultaneous image creating multifocal IOL implantation
(Leyland and Zinicola, 2003; Wilkins et al., 2013). The majority of
studies examining dysphotopsia use various subjective questioning in
the form of verbal interviews (Jacobi et al., 2003; Marques and Ferreira,
2015), bespoke questionnaires (Kohnen et al., 2006), a validated
questionnaire (Aslam et al., 2004a, 2004b) or through subject-initiated
complaints (Shoji and Shimizu, 1996). An alternative method is to use
graphics depicting visual demonstrations of different types of dyspho-
topsia allowing the subject to indicate which is most representative of
what they perceive (Hunkeler et al., 2002; McAlinden et al., 2010).

Disability glare is usually quantified as the reduction in vision from
a glare source present within the visual field, and is due to the spread of
light (or straylight) across the retina (Vos, 2003). A psychophysical
method to assess straylight has also been commercialised, but its ability
to differentiate between multifocal IOLs is limited as dysphotopsia due
to multifocal IOLs may primarily be the result of a second out of focus
image being present on the retina (typically corresponding to angles
smaller than one degree) rather than diffuse straylight over the retinal
surface (scatter affecting an area much broader than one degree) as
induced by conditions such as cataract (Epitropoulos et al., 2015;
Hofmann et al., 2009). To measure the qualitatively described light
surrounding the retinal blur circle or halo, halometers have been cre-
ated and validated, which measure the size of the photopic scotoma
created by a central glare source (Babizhayev et al., 2009; Buckhurst
et al., 2015; Meikies et al., 2013). They have been found to be re-
peatable and discriminatory between different optical designs used to
correct presbyopia (Buckhurst et al., 2017).

4.3. Aberrations, pupil size and different illumination levels

Most simultaneous image presbyopic corrections, other than large
coverage diffractive lenses (see section 6.3.2.2), will alter their pro-
portion of light focused at different distances due to the size of the
pupil. Hence this is considered an important metric (see Section 6.2)
and the true impact on an individual can be assessed by measuring
metrics such as visual acuity and contrast sensitivity under photopic
and mesopic lighting conditions. Only the aberration profile of the lens
through which rays of light are not blocked by the pupil will be relevant
to the visual outcomes of the presbyopic correction (Bradley et al.,
2014; Legras and Rio, 2017). It is also often overlooked that the visual
outcomes will be determined by the combination of the individual's
natural optical aberrations in combination with the lens on-eye, not the
lens in isolation (Sivardeen et al., 2016a).

4.4. Subjective benefits (quality of life)

Presbyopia reduces vision related quality-of-life and although this
can be improved with corrections, it cannot currently be restored to
pre-presbyopic states (McDonnell et al., 2003). Standardised vision-
related questionnaires generally include few items to assess near visual
activities, concentrate on spectacle dependence only, are targeted to
measure another aspect of vision (McAlinden et al., 2010), or have not
been appropriately validated (Alio and Mulet, 2005; Alio et al., 2004;
Bakaraju et al., 2018; Diec et al., 2017; Kohnen et al., 2017; Walkow
et al,, 1997; Wang et al., 2005). There is only one validated ques-
tionnaire available which specifically assesses near visual ability
(Buckhurst et al., 2012a) and this is being updated to make it relevant
to modern intermediate and near vision tasks such as smartphone and
tablet use.
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4.5. Restoration of accommodative function

The ‘ideal’ presbyopia correction has been described as “capable of
restoring to pre-presbyopic levels the dioptric range within which accurate
focus can be smoothly and rapidly achieved ...”(Charman, 2017b) Ac-
commodation has been estimated from optical coherence tomography
or ultrasound imaged lens movement to pharmacological stimulation
(pilocarpine) (Fayed, 2017; Grzybowski et al., 2017, 2018; Shao et al.,
2018). Ultrasound sound waves can partially pass through the pupil,
but the technique has a lower resolution and is more invasive than
optical coherence tomography. Only Magnetic Resonance Imaging
avoids the distortions of the intervening media due to their physical
properties (which are difficult to accurately correct for)(Khan et al.,
2018; Richdale et al., 2016; Sheppard et al., 2011) but this is of lower
spatial and temporal resolution although higher tesla devices are be-
coming available (Stahnke et al., 2016). Direct accommodation as-
sessment requires measurement of changes of the optics of the eye
which can be achieved objectively through autorefractors (Win-Hall
et al., 2010; Wolffsohn et al., 2011a) or aberrometers (Bhatt et al.,
2013; Glasser et al., 2017; Perez-Merino et al., 2014). These should be
open-field not to stimulate instrument myopia and ideally should allow
dynamic measurement so the latency, speed and amplitude of accom-
modation/disaccommodation can be quantified to determine how dif-
ferent this is to natural accommodation (Fig. 3)(Wolffsohn et al., 2002).

4.6. Other considerations

Other metrics which may be important to understand the impact
and mechanism of presbyopic corrections include eye and head move-
ment for spectacle lenses (Rifai and Wahl, 2016), contact lens move-
ment for translating optics (Wolffsohn et al., 2013b), electrophysiology
or functional magnetic resonance imaging to understand neural pro-
cessing (Zeri et al., 2018), ocular health after surgery or with contact
lens wear and ‘real world’ performance such as movement lab testing of
mobility or driving assessment (Chu et al., 2009b, 2010). Objective
measurement is generally more rapid and less fatiguing to the partici-
pant than subjective assessment of visual function at different distances,
but requires high spatial resolution to assess optics designed to create
simultaneous images.

5. Presbyopic correction strategies

Strategies for correcting presbyopia include separate optical devices
located in front of the visual system or a change in the direction of gaze
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Fig. 3. Dynamic accommodative trace captured with a modified autorefractor
(Mallen et al, 2015) demonstrating latency, accommodative/dis-
accommodative velocities and average dioptric response evaluation.
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to view through optical zones of different optical powers (see Sections
6.1), monovision (see section 6.2.1; 6.3.1; 6.3.4.1; 6.3.4.2), simulta-
neous images (see sections 6.2.2; 6.3.2; 6.3.3), pinhole depth of focus
expansion (see sections 6.3.2; 6.3.3; 6.4), crystalline lens softening (see
Section 6.3.4.4; 6.4) or restored accommodative dynamics (see section
6.3.2.3; 6.3.1; 6.5). These strategies may be applied differently to the
two eyes to optimise the range of clear focus for an individual's task
requirements and minimise adverse visual effects (termed modified
monovision).

Monovision is when an unbalanced correction between the two eyes
corrects one more for far vision and the other for intermediate or near
distances. Therefore monovision is a form of imposed anisometropia.
Unlike simultaneous image designs that cause the superimposition of a
more in-focus image with a more blurred image at any task distance,
interocular suppression between the eyes in monovision can lead to
clear vision when viewing binocularly at both the targeted optical
vergences. However, a recent study suggests that interocular suppres-
sion is bimodal, with only approximately 40% of people having the
required strong ‘dominance’ although the sample size was relatively
small (Li et al., 2010). At a neural level, with monovision feed-forward
activity in the primary visual area and feedback activity in extrastriate
areas (C1 and N1) are reduced whereas, other brain activities in both
extrastriate visual areas (the P1 component) and in the anterior insula
(the pP1 component) are increased to compensate, suggesting fluid
brain adaptation in visual and non-visual areas (Zeri et al., 2018). There
is a deterioration of the binocular vision when inducing anisocoria
causing a higher perception of halos, a lower contrast sensitivity and
poorer binocular summation (astro et al., 2016). Recent research con-
firms that simulated anisometropia (as induced by monovision) reduces
stereoacuity proportional to the intraocular difference in vergence and
that the effect is equivalent whether induced in the dominant or non-
dominant eye (Nabie et al., 2017), despite the fact that the near addi-
tion is traditionally added to the non-dominant eye. Sighting ocular
dominance can change with both gaze angle and viewing distance (Ho
et al., 2018; Quartley and Firth, 2004) and is fluid and adaptive (Evans,
2007), so its value in choosing which eye to assign to near (versus
dominance strength perhaps aiding to predict tolerance to monovision)
could be questionable. Adaptation with time does not seem to occur
with monovision, whereas acuity improves and light disturbances de-
crease after initial fitting with simultaneous images multifocal contact
lenses (Fernandes et al., 2013, 2018); however, subjective satisfaction
does not seem to change with time with either modality (Woods et al.,
2015).

6. Effectiveness of presbyopic correction modalities

While some previous reviews have focused on presbyopia correc-
tions characterised by their mechanism (such as gaze relocation, si-
multaneous images or monovision) or anatomical location, clinically
the modality is usually selected first (such as spectacles, contact lenses
or intraocular lens implantation), hence this review is organised to
reflect this approach.

6.1. Spectacles

Perhaps the most rudimentary method of ameliorating the symp-
toms of presbyopia is with the use of spectacle lenses (either single
vision, bifocal/trifocal, or progressive power lenses). In the simplest of
forms, near vision spectacle lenses, prescribed to optimise near vision at
a defined distance and range, provides an effective means of correcting
vision. For many years now (Jiang et al., 2012), additional designs in
the form of bifocals, trifocals and progressive lenses have been available
to restore some form of pseudo-dynamic ‘accommodation’ through gaze
relocation through optical zones of different optical powers, with
varying degrees of success (Charman, 2014a). As with so many pres-
byopia correction modalities, however, no spectacle lens is currently

Progress in Retinal and Eye Research 68 (2019) 124-143

available capable of restoring the dynamic range of accommodation to
the ageing eye. As a result, presbyopes continue to experience problems
(Alvarez et al., 2017) particular in real-world environments (Konig
et al.,, 2015), which can even result in secondary musculoskeletal
symptoms (Weidling and Jaschinski, 2015) and falls (Elliott, 2014).
Little research on progressive lens designs and their effectiveness in
ameliorating presbyopia is published in the peer reviewed literature,
with these mainly subjective trials of iterative design changes kept in-
ternal by the lens manufacturer.

6.2. Contact lenses

Table 2 summarises the methodology applied to contact lens for
presbyopia studies conducted over the previous decade.

6.2.1. Monovision

Clinical results after an adaptation period to contact lens monovi-
sion in terms of the range of clear focus seem to be good, although
contrast sensitivity and stereopsis is reduced (Gupta et al., 2009b;
Imbeau et al., 2017; Sivardeen et al., 2016b; Woods et al., 2009, 2015).
The optimum near addition for monovision seems to be ~ +1.50 D,
with lower levels not stimulating sufficient interocular summation and
higher levels negatively impacting stereopsis (Hayashi et al., 2011).

6.2.2. Multifocal designs

While power profiles of soft multifocal contact lenses vary when
measured in the laboratory, (Fedtke et al., 2017; Kim et al., 2017), the
aberration differences when the lenses are in combination with those of
the human eye are much less marked (except for centre distance /
centre near designs worn contralaterally)(Fedtke et al., 2017; Sivardeen
et al., 2016a); this could explain the similar performance (Sivardeen
et al., 2016b) and lack of predictability of preference found clinically
(Sivardeen et al., 2016a). Hitherto, all recent commercial contact lens
multifocal designs have been refractive concentric designs, although a
recent addition has off-set the near zone to try and benefit from near
convergence in a form of translation. Unpublished data with this lens
compared to traditional concentric designs on 31 presbyopes showed
that after 1h of adaptation, all the lenses were decentred temporally
(p < 0.001) and this was generally increased (but only on average by
~ 0.6 mm) with binocular near viewing (Fig. 4), supporting the concept
of an asymmetrical lens design to increase the proportion of light fo-
cused at near during near viewing and decreasing the proportion of
light focused at near during distance viewing.
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Fig. 4. Temporal displacement (median solid line, average dotted white line) of
soft contact lenses on near viewing. Box extremes indicate SD, bars 95% con-
fidence intervals and dots points outside the 95% confidence internal. N = 31.
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Modelling indicates multiple refractive zone concentric rings are
more robust in providing multifocality with a range of pupil sizes than
two zone designs (Bradley et al., 2014; Legras and Rio, 2017; Rio et al.,
2016). It has recently been emphasised that refractive error is asso-
ciated with pupil size as well as age and luminance (together ac-
counting for just over 70% of the variance in pupil diameter)(Guillon
et al., 2016), with one lens manufacturer factoring this into their si-
multaneous-image multifocal contact lens design. However, while pupil
size should make a difference in lens performance and hence preference
(Charman, 2017a; Papadatou et al., 2017), this does not seem to be the
case clinically (Sivardeen et al., 2016a).

Although anecdotally clinicians often state they are successful with
fitting multifocal lenses as they carefully assess patients to identify the
most suitable lens for them, research has demonstrated that prediction
of which lens design will work best with different patients in terms of
their environment, visual demands, natural ocular aberrations and
pupil size is still beyond current clinical metrics (Sivardeen et al.,
2016a; Woods et al.,, 2009). A recent paper examined electro-
physiological as well as subjective visual metrics, but as no significant
differences were found between a multifocal and monovision contact
lens wear for acuity, stereopsis or electrophysiology, no predictive
neural markers were identified. However, a significant correlation ac-
counting for a third of the variance (r = —0.58) was found between the
difference in stereopsis scores and the P100 latency evoked by the bi-
nocular pattern at TO, confirming it to be an indicator of binocular
summation which is reduced in monovision (Imbeau et al., 2017). In-
terestingly, the main reason for discontinuation of contact lens wear in
a presbyopic population is both vision and comfort (Rueff et al., 2016),
hence comfort aspects need to be tackled as well as optimising the
range of clear vision.

There is only one peer reviewed publication over the last decade on
the use of multifocal rigid gas permeable (RGP) designs, showing the
potential of fabricating an RGP with a diffractive pattern to extend its
range of focus (Yaish et al., 2014). Due to the additional mobility of
RGP lenses, these can work by creating alternating principally distance
and near focused light through translation on near vision (concentric
and stabilised asymmetric designs) as well as concentric simultaneous
image designs (Bennett, 2008). Larger corneal and scleral/semi-scleral
designs translate less and therefore multifocal approaches are simulta-
neous image designs.

6.2.3. Modified monovision

While ‘modified monovision’, such as prescribing a single vision lens
in one eye and a simultaneous image design in the other, or a si-
multaneous image design in both eyes, but with different near addition
powers or locations (centre distance versus centre near) is used clini-
cally, little research has been conducted on this approach using contact
lenses, although a commercial lens fitting guide which advocates a
centre distance lens in one eye and centre near in the other out-
performed other commercial lens designs which use the same design in
both eye (Sivardeen et al., 2016b).

6.3. Surgical approaches

6.3.1. Scleral expansion

Predicated on an alternative theory of accommodation (Schachar,
1992; Schachar et al., 1993) based more on the work of Tscherning
(1924) than Helmholtz (von Helmholtz, 1924), scleral expansion sur-
gery purports to restore dynamic accommodation to the ageing eye by
increasing the distance between the lens equator and the ciliary body.
According to Schachar and colleagues' theory, on contraction of the
ciliary muscle during accommodation, equatorial zonular tension in-
creases, causing the central anterior crystalline lens surface to steepen
(often likened to a mylar balloon). With age, however, weakened zo-
nular tension, caused by equatorial growth of the crystalline lens,
renders the zonules unable to impart enough force to drive a change in
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crystalline lens shape. Despite this controversial and widely un-
supported theory, in vivo studies by independent laboratories have of-
fered some surrogate evidence for a reduction in zonular tension by
demonstrating a reduction in circumlental space/equatorial lens growth
with advancing age (Kasthurirangan et al., 2011; Strenk et al., 1999).
Rather than providing support for Schachar's theory, this reduction in
circumlental space may, in fact, prevent the ageing eye from assuming
its fully relaxed (or disaccommodated) shape. Further, although there is
no in vivo evidence to support the concept of scleral expansion, Hunter
and Campbell suggested that any subjective improvement in post-op-
erative near vision might simply be due to an unintentional anterior
displacement of the crystalline lens in combination with excess tilts
and/or decentrations (Hunter and Campbell, 2006), however, the
concept and clinical acceptance of scleral expansion remains un-
substantiated.

In initial iterations, the surgical procedure involved implanting a
polymethylmethacrylate (PMMA) annulus into the sclera overlying the
ciliary muscle to stretch the sclera radially outwards by 0.5-1.5 mm in
order to restore zonular tension. Subsequently, this annulus was re-
placed with scleral expansion bands which consist of PMMA rods ap-
proximately 5 mm long and 0.7 mm in diameter (Charman, 2014b). The
expansion surgery has been performed on bovine eyes (Schachar et al.,
1993) and presbyopic humans (Schachar, 1992) where subjective am-
plitude of accommodation appeared to increase in all participants.
Subsequent studies assessing accommodation changes have been un-
able to replicate these findings (Malecaze et al., 2001; Mathews, 1999;
Qazi et al., 2002) and have brought into question the validity of the
technique and underlying theory (Glasser and Kaufman, 1999).

Despite these mixed reports, the pursuit of a successful scleral ex-
pansion technique, and thus an increase in circumlental space, remains.
The VisAbility Micro-Insert scleral implant (Refocus Group, Dallas, TX,
USA), an updated version of the PresView (Refocus Group, Dallas, TX,
USA), is now the only scleral implant with the CE mark and is currently
undergoing FDA clinical trials (U.S. National Institutes of Health
Clinical Trials, 2018), with the final data collection point having taken
place in November 2017. Even if the early VisAbility clinical trial re-
sults seem promising, substantial risks remain for patients. Anterior
segment ischemia due to mechanical vascular compression from the
implant can occur; subconjunctival erosion, moderate to severe sub-
conjunctival haemorrhage, implant infection, and endophthalmitis
could all occur subsequent to implantation (Hipsley et al., 2018).

6.3.2. Intraocular lenses (IOLs)

Intraocular lenses are still commonly implanted with a delay be-
tween eyes, despite the low risk of endophthalmitis with modern
pharmaceutical recommendations and cost/patient advantages (Leivo
et al., 2011; Sarikkola et al., 2011). Compared to contact lens options, a
mix and match approach, fitting the second eye with a different design
to complement rather than mimic the first eye, seems more common.
Few studies on this approach have a concurrent bilateral control group,
but mix and match implantation of diffractive IOLs with different ad-
dition power has been shown to: provide a better binocular defocus
curve and spectacle independence than bilateral implantation of the
same power add IOLs, without compromising contrast sensitivity and
stereopsis (Hayashi et al., 2015); increase the depth of focus if aspheric
IOLs with different levels of spherical aberration are implanted
(Tarfaoui et al., 2013); and bilateral trifocal IOLs have been shown to
result in better visual acuity at all distances than mix and match bifocal
implantation (one with a near add and the other with an intermediate
add)(Bilbao-Calabuig et al., 2016).

6.3.2.1. Monovision with IOLs. Monovision can also be induced with
intraocular lenses (IOLs). A recent systematic review and meta-analysis
of randomised controlled trials of monovision versus multifocal IOLs
(identifying 9 suitable trials), suggested while monovision achieved
with IOLs was inferior in visual outcome to multifocal IOLs; laser
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induced monovision tended towards equivalence, but the data was
limited and largely inconclusive (Kelava et al., 2017). Another review
assessing a wider range of pseudophakic monovision for presbyopia
correction similarly evaluated this form of correction to give a high rate
of spectacles independence with minimal dysphotopsia side effects
(Labiris et al., 2017).

6.3.2.2. Multifocal IOLs. Multifocal IOLs have been available from the
late 1980s (Hansen et al., 1990; Keates et al., 1987). Early versions
were refractive in design, having concentric rings of far and near focus
or an aspheric profile, while more recently diffractive optics (largely
pupil independent) have been added to some lenses or asymmetric
refractive segments (Alio et al., 2017; Greenstein and Pineda, 2017).
Initial multifocal IOL optics created two fixed focal points with an
aim of delivering a sharp image on the patient's retina at distance and at
a closer working distance. Reasonable levels of spectacle independence
were reported, but bifocals (Hutz et al., 2008) and monovision
(Greenstein and Pineda, 2017) resulted in poorer focus for intermediate
distance tasks such as viewing computer monitors. Hence trifocal dif-
fractive IOLS were developed overlaying two diffractive eschelet pat-
terns on the lens surface, one with a second principal plane at near
(~3.0 D) and the other with the second principal plane at half that
optical power (~1.5 D) for intermediate vision, with the third optical
plane adding to the light focusing at the near distance of the other
pattern (Fig. 5)(Sheppard et al., 2013). Hence these lenses boast less
light loss (~16% vs 18%, although unlikely to be clinically significant)
than single spacing/height diffractive patterns. Trifocals have been
shown to provide better visual acuity than biofocal IOLs at intermediate
distances (de Medeiros et al., 2017; Vilar et al., 2017). The most recent
iteration is a quadrifocal optic (diffractive step heights giving focal
planes at 40 cm, 60 cm, and 120 cm), although it is stated as acting as a
trifocal IOL (Kohnen, 2015; Kohnen et al., 2017). The term ‘pan-focal’
has been applied to these lenses, but whether everything in an image,
from the foreground to the background, is in focus depends on the
definition of the term and as the natural human accommodation can
focus all the light received through the pupil to a single optical plane,

BIFOCAL +3.00D add BIFOCAL +1.50D add

TRIFOCAL +1.50D/+3.00 add

Fig. 5. A schematic illustration of +3.00 D near addition (NV) and +1.50 D
intermediate addition (IV) bifocal diffractive designs (width of the steps govern
the addition) and their combination with alternating height steps to create a
trifocal design. Note: the wider the eschelet, the lower the near addition; the
diffractive zero order allow the majority of the light to focus for far vision (FV);
as the intermediate adds 2nd order is twice the add of the 1st order, it con-
tributes to a typical near focal distance. Weighting of the displayed rays in-
dicative of the proportion of light focused at each distance. Apodisation is
changing the shape of the mathematical shape to distribute more light to near
vision when a patient's pupil is small, and to distance when their pupil is larger.

133

Progress in Retinal and Eye Research 68 (2019) 124-143

even quadrifocal lenses do not achieve this extent of image clarity
across the focal range.

Asymmetric IOL designs have also been more recently introduced
and provide good vision from distance to near, with contrast sensitivity
clinically equivalent to monofocal IOL implantation, generally with less
dysphotopsia than similar near powered concentric multifocal IOL de-
signs (Moore et al., 2017; Venter et al., 2014). Smaller pupils have been
demonstrated to have a significant negative impact on subjectively re-
ported quality of vision with asymmetric IOLs (Pazo et al., 2017). The
orientation of the segment has been shown with adaptive optics simu-
lation to be optimised when aligned relative to the optical aberrations
of the eye it is implanted in (Radhakrishnan et al., 2016).

Near addition powers were initially high (typically 3.0 to 4.0 D), but
due to adverse effects such as dysphotopsia and a reduction in contrast
sensitivity, newer designs tend to have a lower add (Rojas and Yeu,
2016). An extension to this trend are IOL described as ‘Extended Depth
of Focus’ (EDOF). Designs include a low near addition (+1.75 D)
(Gatinel and Loicq, 2016) diffractive IOL (Millan and Vega, 2017;
Weeber et al., 2015) and an asymmetric (+1.50 D) IOL (Pedrotti et al.,
2018). The studies hitherto suggest this approach provides visual ben-
efits across all distances after cataract surgery, with a minimal level of
disturbing photic phenomena and high levels of patient satisfaction
(Cochener and Concerto Study, 2016; Kaymak et al., 2016). Compared
to modern diffractive trifocal IOLs, however, it provides generally an
equivalent or slightly better visual acuity at distance, but a reduced
level of vision at near and only equivalent contrast sensitivity and (low)
levels of dysphotopsia (de Medeiros et al., 2017; Monaco et al., 2017;
Pedrotti et al., 2016; Ruiz-Mesa et al., 2017a, 2017b).

An alternative IOL design classified as EDOF is an aspheric IOL with
positive spherical aberration in the central 2 mm zone and negative
spherical aberration in the pericentral 1 mm annulus (Bellucci and
Curatolo, 2017; Dominguez-Vicent et al., 2016), although to date there
is no peer reviewed published clinical assessment on this IOL. Altera-
tions to the light adjustable IOL once implanted in the eye through UV
radiation patterns can also create an EDOF effect (Villegas et al., 2014).
There is also a pinhole iris-fixated IOL specifically designed to reduce
dysphotopsia and photophobia (Munoz et al., 2015), which will extend
the depth of focus as will any aspheric design (Steinwender et al.,
2017). Hence, in 2016, the American Academy of Ophthalmology Task
Force Consensus Statement on EDOF IOLs was published to provide
minimum performance criteria to evaluate a device as having an EDOF
performance under photopic, mesopic, and glare conditions based on
testing vision at far and intermediate distances as well as defocus curve
testing (MacRae et al., 2017). Unfortunately, the statement is un-
referenced and elements such as 0.25D defocus curve steps be-
tween * 0.5 D and at least 50% of eyes monocular distance corrected
intermediate visual acuity of better than or equal to logMAR 0.2 (20/
32) at 66 cm are not evidence based.

How to select patients who will gain maximum benefit from mul-
tifocal IOLs and how patients will adapt to them is largely based on
clinical intuition, with a lack of publication on this topic; whereas there
is more evidence to support appropriate management of complications
(Alio et al., 2017). Interestingly, a small study (with 49 consecutive
patients) of dissatisfaction after largely multifocal and some pseudo
accommodation IOL implantation, identified residual refractive error
and dry eye as the principal factors (Gibbons et al., 2016).

6.3.2.3. ‘Accommodating’ IOLs. Restoring function similar to the
biological solution for the young eye is still the ‘holy grail’ of
presbyopia correction. The ciliary muscle retains some contractility
even in an aged eye, giving hope that implanting a suitably flexible IOL
into the excavated lens capsule following cataract surgery could restore
accommodation (Tabernero et al., 2016). However, the surgery itself
alters the anatomy of the anterior chamber, resulting in a decrease in
lens thickness, which has been shown to increase ciliary body
movement and altered the ciliary body shape through iris posterior
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displacement (Fayed, 2017), which needs to be taken into account. An
‘accommodating’ IOL needs to restore a controllable dynamic increase
in dioptric power to change clear focus from distance viewing through
intermediate to near. Few studies, however, actually measure
accommodation, with most: assessing lens shift (Leng et al., 2017)
often using pharmacological stimulation with pilocarpine (Li et al.,
2016) rather than physiologically driven accommodative demand;
assessing the range of clear focus subjectively (Sadoughi et al., 2015);
or measures of vision such as acuity at a limited range of distances,
together with contrast sensitivity and questionnaires on subjective
impressions (Lan et al., 2017). Early designs showed a small amount
of presumed ciliary muscle driven ‘accommodation’ (Leng et al., 2017),
but only for a short period before it is presumed lens fibrosis and
capsular shrinkage reduced the lens flexibility (Wolffsohn et al., 2006a,
2006b). Others seem to achieve an increased level of spectacle
independence, but principally from pseudoaccommodative
mechanisms such as multifocality, rather than a change in optical
power (Pepose et al., 2017a). Newer designs (few that have been
clinically tested) include dual optics, shape changing optics and
refractive index changing optics (Ben-Nun and Alio, 2005; DeBoer
et al.,, 2016; McCafferty and Schwiegerling, 2015; Tomas-Juan and
Murueta-Goyena Larranaga, 2015). The latter research on possible
future advances in ‘accommodating’ implants is discussed in Section 8.
In conjunction prevention and/or treatment of capsular contraction to
allow the lens mechanisms to continue to function have been explored
(Pepose et al., 2017b). It is noteworthy that the number of peer-
reviewed publications on these IOLs has reduced significantly over the
last decade and are now generally reviews or evaluations of older IOL
designs.

6.3.3. Inlays

Currently marketed corneal inlays have either a pinhole design to
extend depth-of-focus (Dexl et al., 2015), a thin ‘lens’ which reshapes
the anterior corneal surface creating negative spherical aberrations
(Whang et al., 2017; Whitman et al., 2016a, 2016b) or attempts to
create corneal multifocality (distance vision through a plano central
zone surrounded by rings of varying additional power; Table 3). Pre-
vious large and impermeable inlays disrupted the cornea's natural state
by hindering natural metabolic functions, hence modern inlays are thin,
of small diameter and are made of biocompatible materials that have
high fluid and nutrient permeability (Moarefi et al., 2017). These
characteristics allow them to be implanted relatively deep in a femto-
second laser cut flap or pocket, the latter preserving more nerves and,
therefore, theoretically having less impact on corneal sensitivity and
the homeostasis of the tear film (Moarefi et al., 2017). Increased pocket
depth seems to be associated with better postoperative visual acuity
outcomes (Moshirfar et al., 2016a). Some femtosecond laser platforms
are unable to construct a conventional pocket within a lamellar, instead
creating a conventional flap, but with the hinge width extended to
~330°, leaving only a small rim cut (termed a flocket). No difference
was found in early wound healing and refractive responses between

Table 3
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pocket and flocket enabled presbyopic inlay implantation in rabbits, but
the largest (8 mm) incision showed the least keratocyte activation
(Konstantopoulos et al., 2017).

Unlike traditional laser refractive surgery, inlays do not remove any
tissue and therefore can be removed/reversed with little consequence if
there have been no complications. The surgical placement of a corneal
meniscus shaped inlay beneath a corneal flap alters the stroma anterior
to the inlay to adopt predominately the inlay's shape (Lang et al., 2016).
The epithelium remodels within a zone approximately twice the inlay
diameter (Lang et al., 2016), with ~19 pum of central (~1 mm radius)
central thinning regardless of the refractive error treated (Steinert et al.,
2017). One disadvantage of the monocular approach of implanting
inlays to increase the depth of focus of the visual system, is that the
resulting anisocoria creates an imbalance in the retinal illuminances
between the two eyes. Intraocular latency differences have been shown
to occur with reduced aperture monovision (a Pulfrich effect, leading to
distortions in the perception of relative movement)(Plainis et al.,
2013Db), but the inlay aperture does not seem to interfere with the field
of view, presumably as oblique rays enter the pupil around the opaque
area (Atchison et al., 2016). A safety comparison based on the USA
regulatory submission of the corneal inlay clinical trials to date
(Moshirfar et al., 2017) suggests both inlay types are safe, but sec-
ondary surgical intervention was required in 12% of thin lens inlays
within 3 years of implantation; a drop in corrected visual acuity of =2
acuity lines was more common in pinhole inlays (3.4% vs 1.0%).
However, clinical studies suggest that when implanted monocularly in
the non-dominant eye, meniscus shaped inlays cause only minimal
distance visual acuity compromise in the implanted eye and provide
good near acuity, stereopsis and contrast sensitivity (Igras et al., 2016a;
b; Jalali et al., 2016; Lin et al., 2016; Linn et al., 2017). They can be
implanted safely with similar outcomes before or after traditional or
femtosecond laser-assisted cataract surgery (Ibarz et al.,, 2017;
Stojanovic et al., 2016) and with simultaneous photorefractive kera-
tectomy (PRK)(Moshirfar et al., 2016b). More recently diffractive cor-
neal inlays have been conceived and simulated showing an improved
performance compared to the small aperture thin lens corneal inlays
(Furlan et al., 2017).

6.3.4. Laser refractive

6.3.4.1. Corneal monovision. Analogous to the contact lens/IOL
modality of the same name (see Section 6.2.1/6.3.2.1), perhaps the
most rudimentary method to address presbyopia with corneal laser
vision correction is monovision (Gil-Cazorla et al., 2016). Normally, an
excimer laser is used to reshape the cornea to correct the dominant eye
for distance vision and the contralateral eye for near. Studies have
shown that the success rate can reach 90% (Jain et al., 2001; Levinger
et al.,, 2013; Miranda and Krueger, 2004); however, there are some
associated disadvantages including an impairment of mid-range vision;
reduced scotopic/mesopic visual acuity; attenuation of contrast
sensitivity; and reduction of stereopsis (Jain et al., 2001; Levinger
et al., 2013; Richdale et al., 2006).

Current commercially available corneal inlay designs. Adapted from Moarefi et al. (2017).

Thickness Diameter Implantation Centration Material Mechanism of Action
Depth
Raindrop 32um 2mm 120-200 um Central over light Hydrogel Increases central radius of curvature of
constricted pupil overlying cornea

Flexivue 15-20pm 3 mm 280-300 pm Over 1st Purkinje Hydroxyethyl methacrylate & methyl Distance vision through plano central

microlens image methacrylate + UV blocker zone surrounded by rings of add power

1.25 to 3.50D in 0.25D steps

KAMRA 5um 3.8 mm (1.6 mm 200-250 pm Over 1st Purkinje Poly-vinylidene Fluoride Increases depth of focus through pinhole

central aperture)

image
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6.3.4.2. Corneal collagen shrinkage. Conductive Keratoplasty (CK) is a
non-invasive technique that uses radiofrequency energy (in the order of
350-400kHz) to raise the temperature of in vivo corneal tissue to
approximately 65°, causing the corneal collagen fibrils to dehydrate,
retract and, therefore, shrink within the peripheral stroma (Aquavella
et al., 1976; Brinkmann et al., 2000). A probe is inserted to a depth of
450-500 um in the peripheral cornea at a series of spots forming
concentric rings with diameters of 6, 7 and 8 mm (Stahl, 2007). The
process leads to a corresponding change to the mid-peripheral tissue
and a steepening of the central cornea to crease an aspheric surface
(Charman, 2014b), thus increasing the refractive power of the eye and
providing correction for presbyopia. Correction of astigmatism, or
refinements to residual refractive errors following laser in-situ
keratomileusis (LASIK), can also be achieved by modifying the
pattern of the treatment spots. Whilst studies have demonstrated that
the technique is safe (McDonald et al., 2004), data also suggest that
there is a relatively high rate of refractive regression, rendering the
technique unpopular with patients and surgeons alike (Gil-Cazorla
et al., 2016); this has resulted in a decline in its use in recent years.

A further method adopted to modify corneal curvature through
collagen shrinkage is the intrastromal femtosecond laser-based proce-
dure (INTRACOR). This technique employs a focused laser beam with a
wavelength of 1.043 pm to reconfigure the corneal profile. Long-term
follow-up studies analysing the visual outcomes of patients who have
undergone the surgery over a 3-year period have seen positive results in
uncorrected near visual acuity in the treated eye, with a median in-
crease from 0.7 logMAR to 0.1 logMAR over the 36 month period.
However, the studies also revealed a corresponding reduction in cor-
rected distance acuity of approximately one line of letters or 0.10
logMAR (Khoramnia et al., 2015; Thomas et al., 2016).

6.3.4.3. Multifocal corneal laser profile. Corneal multifocality created by
excimer laser ablation, often termed presbyLASIK, produces a
multifocal corneal ablation profile, against a trade-off of increased
corneal aberrations. The technique can be further subdivided into
central (where the central cornea power is optimised for near vision)
(Alio et al., 2006), peripheral (where the peripheral cornea power is
optimised for near vision)(El Danasoury et al., 2009), or blended
(where a modified version of monovision laser vision correction is
applied)(Reinstein et al., 2009, 2011, 2012). Despite generally good
optical outcomes for patients, they are typically dissatisfied with the
compromise to their vision, particularly the deleterious effect on
distance acuity (Luger et al., 2013). Table 4 outlines prospective
studies that have examined the vision performance of a range of
corneal laser vision correction techniques.

6.3.4.4. Lenticular ‘softening’. In a similar way to the INTRACOR
technique, described previously (Section 6.3.4.2), to modify the
corneal stroma, a further viable use of the femtosecond laser could be
to restore the ageing crystalline lens to its pre-presbyopic, malleable
form by disrupting the rigid structure of the lens substrate whilst
maintaining its optical clarity. In essence, coherent light from a pulsing
femtosecond laser can be focused accurately and precisely within the
crystalline lens to induce local photodisruption (Zhang et al., 2013).
Typically, a femtosecond laser pulse focused within the crystalline lens
will ablate the surrounding material within a spheroid with an axial
length of about 20 um (parallel with the lens axis) and a equatorial
diameter of approximately 5um (Stachs et al., 2009). The material
within this ablation zone is immediately vaporised, which results in the
formation of a gas vacuole. Over time, the gas is absorbed into the
surrounding tissue. By creating a series of these internal lenticular
micro-incisions, lamellar-type plates can be formed which act as
‘gliding planes’ (Lubatschowski et al., 2010) and allow the lens to
deform on accommodation (Schumacher et al., 2008). The pattern and
position of these systematic lenticular micro-incisions vary and can take
the form annular, cylindrical, radial, conical and ‘waffle’ cleavage

Progress in Retinal and Eye Research 68 (2019) 124-143

patterns (Charman, 2014b). The central portion of the lens is preserved,
as changes in lenticular composition along the visual axis would impair
vision. In vitro studies on human donor (Krueger et al., 2001;
Schumacher et al.,, 2009) and porcine (Hahn et al., 2015; Ripken
et al., 2008; Zhang et al., 2013) lenses have shown promise, with
improvements in lens malleability and little or no change in central lens
transparency. Further in vivo studies on rabbit (Krueger et al., 2005;
Lubatschowski et al., 2010) and monkey (Reggiani Mello and Krueger,
2011) eyes were also unable to show any significant cataract formation
over study periods ranging from 3 months to 4 years. Whilst some pilot
in vivo human work has been undertaken on pre-cataract extraction
patients, further consideration should be given to computational finite
element models (Burd and Wilde, 2016) to mimic and optimise the laser
cleavage patterns before full human studies on presbyopic patients are
conducted.

6.4. Pharmaceuticals

Pharmaceutical treatments for presbyopia include stimulating the
contraction of the ciliary muscles in the presence of different miotics
(Abdelkader, 2015; Abdelkader and Kaufman, 2016; Renna et al., 2016)
and nonsteroidal anti-inflammatory drugs (Benozzi et al., 2012).
However, the studies are generally poorly conduced with no measure-
ment of the range of clear focus (defocus curve) or objective accom-
modation measurement (Table 5). Potential new approaches include
lipoic acid treatment which in mice leads to a concentration-dependent
decrease in lens protein disulfides concurrent with an increase in lens
elasticity (Garner and Garner, 2016). EV06 (Novartis) is a prodrug
comprised of lipoic acid choline ester 1.5%. EV06 aims to restore and
maintain accommodative amplitude (lens softening) by reducing crys-
talline protein disulfide bonding between crystalline proteins within
lens fibre cells, which causes the crystalline lens to become stiff, in-
ducing presbyopia (Babizhaev et al.,, 1990). A clinical study
(NCT02516306) in presbyopes demonstrated improvement in distance
corrected near vision acuity over a 90 day, twice a day (after day 7)
dosing compared to a control. A follow-up 7 months after cessation of
the drops in 34 patients compared to 18 controls indicated the visual
benefit was maintained for 5-7 months after the last dose of EV06
(Fig. 6)(Stein et al., 2017). A phase 2 clinical trial of AGN-199201
ophthalmic solution (Oxymetazoline, a alpha adrenoceptor agonist,
Allergan)(2018) showed up to 70% of patients had at least a 2 line
improvement in uncorrected near visual acuity.

6.5. Ciliary muscle electrostimulation

A single recent study reported on the bilateral pulsed electro-
stimulation of the ciliary muscle on 4 occasions at 2 week intervals
using a polycarbonate scleral contact lens equipped with four micro-
electrodes at the four cardinal points positioned 3.5 mm outside the
limbal area (corresponding to the ciliary body region) to stimulate the
ciliary muscle (Gualdi et al., 2017). However the examination of
whether any accommodation was restored (acuity and reading speed
tests and ultrasonography on a sub-set of 7 of the 27 patients) was
limited and the study was not masked or randomised.

7. Impact of prescribing a presbyopic correction

It has been shown that prescribing a presbyopic correction (in the
form of single vision near spectacles) causes a statistically significant
reduction in the amplitude of accommodation which surprisingly was
maintained following 2 months cessation of the near correction. This
may suggest that a near correction should be delayed for as long as
possible, although the reduction seems to be < 0.50D and therefore
may not be clinically significant (Vedamurthy et al., 2009). Clearly
further work is needed in this area to understand the dynamic char-
acteristics of the oculomotor system based on the timing of the near
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Table 5
All published peer reviewed studies on the use of pharmaceuticals to minimise the effects of presbyopia.
Study N°  Age (yrs) Design Pharmaceuticals Efficacy/Mechanism Measurements Findings
Abdelkader and 10  42-58 Single dose in non- 3% carbachol & 0.2% Pupil size, distance & near visual Pupil size decreased and NVA
Kaufman, 2016 dominant eye brimonidine combined and acuities at 1, 2, 4 & 8h improved more with combined
Crossover separate forms treatment
Abdelkader, 2015 48  43-56 Once daily for 3 N = 30 2.25% carbachol plus Pupil size, distance & near visual Pupil size decreased and NVA
months in non- 0.2% brimonidine eye drops. acuities at 1, 2, 4, 8 & 10h improved with treatment and effect
dominant eye N = 18 placebo drop controls maintained over 3 months
Renna et al., 2016 14  41-55 Single dose 0.247%, phenylephrine 0.78%,  Pupil size, Distance & near visual Pupil size initially decreased and

binocularly polyethyleneglycol

0.09%, nepafenac 0.023%,

pheniramine

acuities and auto-refraction 0.5, 1, 2, NVA improved up to 5h

3,4, and 5h, 1wk & 1 month

0.034% & naphazoline 0.003%

Benozzi et al., 2012 200 45-50 Single dose at 6h
intervals binocularly

over 5yrs

diclofenac

pilocarpine 1% & 0.1%

Doubling of accommodation
maintained over 5yrs

Accommodation (method unstated)
yearly

vision intervention. Little is known about how an individual adapts to
the presbyopic correction. This may drive acceptance rates based on
costs (spectacle lenses cannot easily be trialled before purchase) and
ease of removal (which perhaps explains why contact lens generated
monovision is less ‘successful’ than that achieved with IOLs) (Evans,
2007; Gil-Cazorla et al., 2016).

8. Conclusions and future directions

Presbyopia is a global problem affecting over a billion people
worldwide (Holden et al., 2015). The prevalence of unmanaged pres-
byopia is high due to a lack of awareness and accessibility to affordable
treatment in the developing world, but is also reported to be high in
some developed countries. There is a lack of consistency in quoted
definitions of presbyopia so we propose a new, unifying definition that
states “presbyopia occurs when the physiologically normal age-related re-
duction in the eyes focusing range reaches a point, when optimally corrected
for distance vision, that the clarity of vision at near is insufficient to satisfy
an individual'’s requirements”. Some forms of refractive correction such as
IOLs have been more innovative towards the amelioration of presby-
opia symptoms, adopting diffractive as well as refractive optics and
asymmetrical designs, whereas others, such as contact lenses, have been

0.25

more conservative (almost exclusively concentric simultaneous image
designs); hence it is not surprising the latter are hard to differentiate
between (Sivardeen et al., 2016a; b). The approach that seem to work
best is using different designs in each eye (such as the centre of the lens
focusing at distance for one eye and focusing at near for the other eye
(Sivardeen et al., 2016a) or mixing bifocal and trifocal designs(de
Gracia, 2016) biasing the non-dominant eye to near with a small
amount of monovision).

It would seem from the recent reduction in publications concerning
‘accommodating’ IOLs that the quest for an unpowered crystalline lens
to restore natural accommodation has reached some significant bar-
riers. Controlled electrical charge applied to liquid crystals (LCs)
changes the orientation of the crystals, altering their refractive index
due to their inherent birefringence. Hence LCs in the form of fresnel
lens layers (Srivastava et al., 2015; Wang et al., 2014), flat gradient
index lenses (Naumov et al., 1999; Ye et al., 2004), diffractive lenses (Li
et al., 2006; Valley et al., 2010) and flat lenses using inhomogeneous
electric fields (Lin et al., 2005) can be used to create a switchable lens
of varying focal power, such as by embedding LCs in a PMMA contact
lens (Milton et al., 2014). New materials such as graphene have been
proposed as the electrodes to LC stimulation due to its high electrical
conductivity, transparency, flexibility and elasticity properties (Kaur
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Fig. 6. Effects of bilaterally dosed (after day 7) topical lipoic acid choline ester eye drops twice a day for 90 days for the treatment of presbyopia and followed up for
7 months post cessation in distance corrected near visual acuity (DCNVA) compared to a control.
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et al., 2016). LC lenses to correct for presbyopia can also be combined
with a second lens to correct for overlaid image registration in aug-
mented reality (Wang et al., 2017b).

Other forms of optoelectronic adjustable lens technologies with a
potentially wider optical power range include: electro-wetting lenses
which modulate the wetting angle of fluid droplet(s) suspended within
an annular electrode to change power, both by surface affinity and/or a
change in surface tension in the presence of an electric field - their size
is limited by inertial effects on the droplet; Alvarez-Lohmann lenses are
formed of a substantially complimentary, mostly-cubic waveform on
two lens elements whose combined power equates to a uniform field
which varies as a function of the relative overlap of the two elements;
and fluid lenses consist of a rigid frame holding an elastic membrane
filled with a transparent refracting fluid (Stevens et al., 2017). Pro-
viding the power required to stimulate these lenses as well as the
physiological trigger are still major challenges for this form of pres-
byopic correction, with suggestions for the pupil size to act as the
physiological trigger (Park et al., 2016) even though pupil size can be
affected by many factors unrelated to the required focusing distance.

Another approach to presbyopia correction is to negate the need for
optical correction by using waveguides to project images, such as ho-
lograms, onto the retina with gaze tracking to alter the effective focal
power of the virtual image (Dunn et al., 2017; Wu et al., 2017).

Optical methods to increase the depth of focus of lenses could in-
clude cubic phase masks to provide an optical transfer function that is
virtually insensitive to defocus, allowing the brain to adapt to the image
which is equally blurred for different object distances (Arines et al.,
2017; Mira-Agudelo et al., 2016). While pinhole inlays and IOLs have
already been commercialised and papers describing pinhole contact
lenses exist as early as 1952, there is more recent interest (Garcia-
Lazaro et al.,, 2012, 2013) and a 2016 completed industry funded
clinical trial (ClinicalTrials.gov Identifier: NCT02612584).

High intensity focused ultrasound has been demonstrated in rabbits
to be able to increase the curvature of the cornea due to shrinkage of
the corneal stromal collagen, with little disturbance to the epithelium,
and this has been suggested as a technique that could correct presby-
opia through a refractrive index change of the corneal tissue (Du et al.,
2016; Wang et al., 2017a). However, the safety aspects in live animals
and the clinical efficacy in humans has not been tested.

As optical methods to extend the depth of the focus of the eye work
in combination with the aberrations of the individual's own eyes, pre-
diction of which approach will work best for them with current clinical
metrics is challenging. Many recent studies have used adaptive optics to
neutralise the observer's optical aberrations and to test the simulated
aberrations of different multifocal designs, such as using temporal
multiplexing to simulate simultaneous image designs, to determine the
optimum design (Akondi et al.,, 2017; Dorronsoro et al., 2016;
Papadatou et al., 2016; Vinas et al., 2017). However, the adaptation
time is generally minimal, the field of view restricted and the targets
generally artificial, so the promise to allow optimum prescribing of
presbyopic corrections for an individual have yet to be convincingly
demonstrated.

Finally, neural approaches to overcoming presbyopia such as ‘per-
ceptual learning’ which is presumed to improve stimulus processing by
the brain, still lack convincing evidence, despite continued interest
(Heinrich, 2017; Liu et al., 2016; Sterkin et al., 2017). Hence multi-
disciplinary approaches to effectively and safely overcoming the effects
of presbyopia are still much needed.

In summary, given the accessibility of corrective devices, the op-
timal correction of presbyopia is often overlooked in developed coun-
tries. Despite this, given the ubiquity and inevitability of presbyopia,
there is a clear and pressing need for further research to understand
better the physiological changes to the ageing eye that are, in turn,
likely to inform the future development of ‘smart’ technologies capable
of restoring ‘true’ dynamic accommodation to presbyopes.

138

Progress in Retinal and Eye Research 68 (2019) 124-143

Competing interests

The authors have been funded to evaluate presbyopic corrections
and relevant instrumentation by Alcon, Allergan, Aston Eyetech,
Bausch and Lomb, Essilor, Johnson and Johnson Vision, LensAR,
Lenstec, Meniscon, Novaritis, PhysIOL, Topcon and Zeiss. However, this
article did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Acknowledgements

Dr Ahmed Sivardeen for the data on presbyopic correction habits.
Novartis kindly gave permission to use Fig. 6.

References

Clinical Trials Registry, 2018. Access Date: Sept 2018. URL: https://clinicaltrials.gov/ct2/
show/NCT02780115.

Abdelkader, A., 2015. Improved presbyopic vision with miotics. Eye Contact Lens 41,
323-327.

Abdelkader, A., Kaufman, H.E., 2016. Clinical outcomes of combined versus separate
carbachol and brimonidine drops in correcting presbyopia. Eye Vis. (Lond) 3, 31.

Aiello, A.L., Tran, V.T., Rao, N.A., 1992. Postnatal development of the ciliary body and
pars plana. A morphometric study in childhood. Arch. Ophthalmol. 110, 802-805.

Akondi, V., Dorronsoro, C., Gambra, E., Marcos, S., 2017. Temporal multiplexing to si-
mulate multifocal intraocular lenses: theoretical considerations. Biomed. Opt.
Express 8, 3410-3425.

Alio, J.L., Chaubard, J.J., Caliz, A., Sala, E., Patel, S., 2006. Correction of presbyopia by
technovision central multifocal LASIK (presbyLASIK). J. Refract. Surg. 22, 453-460.

Alio, J.L., Mulet, M.E., 2005. Presbyopia correction with an anterior chamber phakic
multifocal intraocular lens. Ophthalmology 112, 1368-1374.

Alio, J.L., Plaza-Puche, A.B., Fernandez-Buenaga, R., Pikkel, J., Maldonado, M., 2017.
Multifocal intraocular lenses: an overview. Surv. Ophthalmol. 62, 611-634.

Alio, J.L., Tavolato, M., De la Hoz, F., Claramonte, P., Rodriguez-Prats, J.L., Galal, A.,
2004. Near vision restoration with refractive lens exchange and pseudoaccommo-
dating and multifocal refractive and diffractive intraocular lenses: comparative
clinical study. J. Cataract Refract. Surg. 30, 2494-2503.

Almutairi, M.S., Altoaimi, B.H., Bradley, A., 2017. Accommodation and pupil behaviour
of binocularly viewing early presbyopes. Ophthalmic Physiol. Opt. 37, 128-140.

Alvarez, T.L., Kim, E.H., Granger-Donetti, B., 2017. Adaptation to progressive additive
lenses: potential factors to consider. Sci. Rep. 7, 2529.

Anderson, H.A., Stuebing, K.K., 2014. Subjective versus objective accommodative am-
plitude: preschool to presbyopia. Optom. Vis. Sci. 91, 1290-1301.

Aquavella, J.V., Smith, R.S., Shaw, E.L., 1976. Alterations in corneal morphology fol-
lowing thermokeratoplasty. Arch. Ophthalmol. 94, 2082-2085.

Arines, J., Almaguer, C., Acosta, E., 2017. Potential use of cubic phase masks for ex-
tending the range of clear vision in presbyopes: initial calculation and simulation
studies. Ophthalmic Physiol. Opt. 37, 141-150.

Aslam, T.M., Dhillon, B., Tallentire, V.R., Patton, N., Aspinal, P., 2004a. Development of a
forced choice photographic questionnaire for photic phenomena and its testing -
repeatability, reliability and validity. Ophthalmologica 218, 402-410.

Aslam, T.M., Gilmour, D., Hopkinson, S., Patton, N., Aspinall, P., 2004b. The development
and assessment of a self-perceived quality of vision questionnaire to test pseudo-
phakic patients. Ophthalmic Epidemiol. 11, 241-253.

Atchison, D.A., Blazaki, S., Suheimat, M., Plainis, S., Charman, W.N., 2016. Do small-
aperture presbyopic corrections influence the visual field? Ophthalmic Physiol. Opt.
36, 51-59.

Atchison, D.A., Markwell, E.L., Kasthurirangan, S., Pope, J.M., Smith, G., Swann, P.G.,
2008. Age-related changes in optical and biometric characteristics of emmetropic
eyes. J. Vis. 8, 29 21-20.

Augusteyn, R.C., 2008. Growth of the lens: in vitro observations. Clin. Exp. Optom. 91,
226-239.

Augusteyn, R.C., 2010. On the growth and internal structure of the human lens. Exp. Eye
Res. 90, 643-654.

Augusteyn, R.C., 2018. On the contribution of the nucleus and cortex to human lens shape
and size. Clin. Exp. Optom. 101, 64-68.

Babizhaev, M.A., Men'shikova, E.V., Ritov, V.B., 1990. Oligomerization of water soluble
proteins of rabbit crystalline lens under the action of diamide. Biull. Eksp. Biol. Med.
110, 269-271.

Babizhayev, M.A., Minasyan, H., Richer, S.P., 2009. Cataract halos: a driving hazard in
aging populations. Implication of the Halometer DG test for assessment of intraocular
light scatter. Appl. Ergon. 40, 545-553.

Bailey, L.L., Lovie, J.E., 1980. The design and use of a new near-vision chart. Am. J.
Optom. Physiol. Opt. 57, 378-387.

Bakaraju, R.C., Tilia, D., Sha, J., Diec, J., Chung, J., Kho, D., Delaney, S., Munro, A.,
Thomas, V., 2018. Extended depth of focus contact lenses vs. two commercial mul-
tifocals: Part 2. Visual performance after 1 week of lens wear. J. Optom. 11, 21-32.

Bassnett, S., Sikic, H., 2017. The lens growth process. Prog. Retin. Eye Res. 60, 181-200.

Baudu, P., Penin, F., Arba Mosquera, S., 2013. Uncorrected binocular performance after
biaspheric ablation profile for presbyopic corneal treatment using AMARIS with the
PresbyMAX module. Am. J. Ophthalmol. 155, 636-647 647 e631.

Beebe, D.C., 1986. Development of the ciliary body: a brief review. Trans. Ophthalmol.
Soc. U. K. 105 (2), 123-130.

Bellucci, R., Curatolo, M.C., 2017. A new extended depth of focus intraocular lens based


https://clinicaltrials.gov/ct2/show/NCT02780115
https://clinicaltrials.gov/ct2/show/NCT02780115
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref2
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref2
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref3
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref3
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref4
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref4
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref5
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref5
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref5
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref6
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref6
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref7
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref7
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref8
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref8
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref9
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref9
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref9
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref9
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref10
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref10
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref11
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref11
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref12
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref12
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref13
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref13
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref14
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref14
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref14
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref15
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref15
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref15
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref16
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref16
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref16
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref17
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref17
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref17
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref18
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref18
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref18
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref19
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref19
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref20
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref20
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref21
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref21
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref22
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref22
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref22
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref23
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref23
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref23
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref24
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref24
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref25
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref25
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref25
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref26
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref27
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref27
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref27
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref28
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref28
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref29

J.S. Wolffsohn, L.N. Davies

on spherical aberration. J. Refract. Surg. 33, 389-394.

Ben-Nun, J., Alio, J.L., 2005. Feasibility and development of a high-power real accom-
modating intraocular lens. J. Cataract Refract. Surg. 31, 1802-1808.

Bennett, A.G., 1988. A method of determining the equivalent powers of the eye and its
crystalline lens without resort to phakometry. Ophthalmic Physiol. Opt. 8, 53-59.

Bennett, E.S., 2008. Contact lens correction of presbyopia. Clin. Exp. Optom. 91,
265-278.

Benozzi, J., Benozzi, G., Orman, B., 2012. Presbyopia: a new potential pharmacological
treatment. Med. Hypothesis Discov. Innov. Ophthalmol. 1, 3-5.

Bhatt, U.K., Sheppard, A.L., Shah, S., Dua, H.S., Mihashi, T., Yamaguchi, T., Wolffsohn,
J.S., 2013. Design and validity of a miniaturized open-field aberrometer. J. Cataract
Refract. Surg. 39, 36-40.

Bilbao-Calabuig, R., Gonzalez-Lopez, F., Amparo, F., Alvarez, G., Patel, S.R., Llovet-
Osuna, F., 2016. Comparison between mix-and-match implantation of bifocal in-
traocular lenses and bilateral implantation of trifocal intraocular lenses. J. Refract.
Surg. 32, 659-663.

Borja, D., Manns, F., Ho, A., Ziebarth, N., Rosen, A.M., Jain, R., Amelinckx, A., Arrieta, E.,
Augusteyn, R.C., Parel, J.M., 2008. Optical power of the isolated human crystalline
lens. Invest. Ophthalmol. Vis. Sci. 49, 2541-2548.

Bradley, A., Nam, J., Xu, R., Harman, L., Thibos, L., 2014. Impact of contact lens zone
geometry and ocular optics on bifocal retinal image quality. Ophthalmic Physiol. Opt.
34, 331-345.

Brinkmann, R., Radt, B., Flamm, C., Kampmeier, J., Koop, N., Birngruber, R., 2000.
Influence of temperature and time on thermally induced forces in corneal collagen
and the effect on laser thermokeratoplasty. J. Cataract Refract. Surg. 26, 744-754.

Brown, N., 1974. The change in lens curvature with age. Exp. Eye Res. 19, 175-183.

Brown, N.P., Koretz, J.F., Bron, A.J., 1999. The development and maintenance of em-
metropia. Eye (Lond) 13 (1), 83-92.

Buckhurst, P.J., Naroo, S.A., Davies, L.N., Shah, S., Buckhurst, H., Kingsnorth, A., Drew,
T., Wolffsohn, J.S., 2015. Tablet App halometer for the assessment of dysphotopsia. J.
Cataract Refract. Surg. 41, 2424-2429.

Buckhurst, P.J., Naroo, S.A., Davies, L.N., Shah, S., Drew, T., Wolffsohn, J.S., 2017.
Assessment of dysphotopsia in pseudophakic subjects with multifocal intraocular
lenses. BMJ Open Ophthalmol. 1, e000064.

Buckhurst, P.J., Wolffsohn, J.S., Gupta, N., Naroo, S.A., Davies, L.N., Shah, S., 2012a.
Development of a questionnaire to assess the relative subjective benefits of presby-
opia correction. J. Cataract Refract. Surg. 38, 74-79.

Buckhurst, P.J., Wolffsohn, J.S., Naroo, S.A., Davies, L.N., Bhogal, G.K., Kipioti, A., Shah,
S., 2012b. Multifocal intraocular lens differentiation using defocus curves. Invest.
Ophthalmol. Vis. Sci. 53, 3920-3926.

Burd, H.J., Wilde, G.S., 2016. Finite element modelling of radial lentotomy cuts to im-
prove the accommodation performance of the human lens. Graefes Arch. Clin. Exp.
Ophthalmol. 254, 727-737.

Burd, H.J., Wilde, G.S., Judge, S.J., 2011. An improved spinning lens test to determine the
stiffness of the human lens. Exp. Eye Res. 92, 28-39.

Castro, J.J., Soler, M., Ortiz, C., Jimenez, J.R., Anera, R.G., 2016. Binocular summation
and visual function with induced anisocoria and monovision. Biomed. Opt. Express 7,
4250-4262.

Chaikitmongkol, V., Nanegrungsunk, O., Patikulsila, D., Ruamviboonsuk, P., Bressler,
N.M., 2018. Repeatability and agreement of visual acuity using the ETDRS number
chart, landolt C chart, or ETDRS alphabet chart in eyes with or without sight-
threatening diseases. JAMA Ophthalmol. 136, 286-290.

Chang, C.K., Wang, S.S., Lo, C.H., Hsiao, H.C., Wu, J.W., 2017. Investigation of the early
stages of human gammaD-crystallin aggregation process. J. Biomol. Struct. Dyn. 35,
1042-1054.

Charman, W.N., 2005. Restoring accommodation: a dream or an approaching reality?
Ophthalmic Physiol. Opt. 25, 1-6.

Charman, W.N., 2014a. Developments in the correction of presbyopia I: spectacle and
contact lenses. Ophthalmic Physiol. Opt. 34, 8-29.

Charman, W.N., 2014b. Developments in the correction of presbyopia II: surgical ap-
proaches. Ophthalmic Physiol. Opt. 34, 397-426.

Charman, W.N., 2017a. Correcting presbyopia: the problem of pupil size. Ophthalmic
Physiol. Opt. 37, 1-6.

Charman, W.N., 2017b. Virtual issue editorial: presbyopia - grappling with an age-old
problem. Ophthalmic Physiol. Opt. 37, 655-660.

Cheng, F., Shan, L., Song, W., Fan, P., Yuan, H., 2016. Distance- and near-visual im-
pairment in rural Chinese adults in Kailu, Inner Mongolia. Acta Ophthalmol. 94,
407-413.

Cheung, S.H., Kallie, C.S., Legge, G.E., Cheong, A.M., 2008. Nonlinear mixed-effects
modeling of MNREAD data. Invest. Ophthalmol. Vis. Sci. 49, 828-835.

Chu, B.S., Wood, J.M., Collins, M.J., 2009a. Effect of presbyopic vision corrections on
perceptions of driving difficulty. Eye Contact Lens 35, 133-143.

Chu, B.S., Wood, J.M., Collins, M.J., 2009b. Influence of presbyopic corrections on
driving-related eye and head movements. Optom. Vis. Sci. 86, E1267-E1275.

Chu, B.S., Wood, J.M., Collins, M.J., 2010. The effect of presbyopic vision corrections on
nighttime driving performance. Invest. Ophthalmol. Vis. Sci. 51, 4861-4866.

Cobb, S.R., 1964. An investigation into accommodation by ayrshire study circle. Br. J.
Physiol. Opt. 21, 31-35.

Cochener, B., Concerto Study, G., 2016. Clinical outcomes of a new extended range of
vision intraocular lens: international Multicenter Concerto Study. J. Cataract Refract.
Surg. 42, 1268-1275.

Cole, D.F., 1977. Secretion of the aqueous humour. Exp. Eye Res. 25, 161-176.

Croft, M.A., Heatley, G., McDonald, J.P., Katz, A., Kaufman, P.L., 2016. Accommodative
movements of the lens/capsule and the strand that extends between the posterior
vitreous zonule insertion zone & the lens equator, in relation to the vitreous face and
aging. Ophthalmic Physiol. Opt. 36, 21-32.

Croft, M.A., McDonald, J.P., Katz, A., Lin, T.L., Lutjen-Drecoll, E., Kaufman, P.L., 2013a.
Extralenticular and lenticular aspects of accommodation and presbyopia in human
versus monkey eyes. Invest. Ophthalmol. Vis. Sci. 54, 5035-5048.

Croft, M.A., Nork, T.M., McDonald, J.P., Katz, A., Lutjen-Drecoll, E., Kaufman, P.L.,

139

Progress in Retinal and Eye Research 68 (2019) 124-143

2013b. Accommodative movements of the vitreous membrane, choroid, and sclera in
young and presbyopic human and nonhuman primate eyes. Invest. Ophthalmol. Vis.
Sci. 54, 5049-5058.

de Gracia, P., 2016. Optical properties of monovision corrections using multifocal designs
for near vision. J. Cataract Refract. Surg. 42, 1501-1510.

de Medeiros, A.L., de Araujo Rolim, A.G., Motta, A.F.P., Ventura, B.V., Vilar, C., Chaves,
M., Carricondo, P.C., Hida, W.T., 2017. Comparison of visual outcomes after bilateral
implantation of a diffractive trifocal intraocular lens and blended implantation of an
extended depth of focus intraocular lens with a diffractive bifocal intraocular lens.
Clin. Ophthalmol. 11, 1911-1916.

DeBoer, C.M., Lee, J.K., Wheelan, B.P., Cable, C., Shi, W., Tai, Y.C., Humayun, M.S., 2016.
Biomimetic accommodating intraocular lens using a valved deformable liquid bal-
loon. IEEE Trans. Biomed. Eng. 63, 1129-1135.

Dexl, AK., Jell, G., Strohmaier, C., Seyeddain, O., Riha, W., Ruckl, T., Bachernegg, A.,
Grabner, G., 2015. Long-term outcomes after monocular corneal inlay implantation
for the surgical compensation of presbyopia. J. Cataract Refract. Surg. 41, 566-575.

Dexl, A.K., Schlogel, H., Wolfbauer, M., Grabner, G., 2010. Device for improving quan-
tification of reading acuity and reading speed. J. Refract. Surg. 26, 682-688.

Diec, J., Tilia, D., Naduvilath, T., Bakaraju, R.C., 2017. Predicting short-term performance
of multifocal contact lenses. Eye Contact Lens 43, 340-345.

Doane, J.F., Jackson, R.T., 2007. Accommodative intraocular lenses: considerations on
use, function and design. Curr. Opin. Ophthalmol. 18, 318-324.

Dominguez-Vicent, A., Esteve-Taboada, J.J., Del Aguila-Carrasco, A.J., Ferrer-Blasco, T.,
Montes-Mico, R., 2016. In vitro optical quality comparison between the Mini WELL
Ready progressive multifocal and the TECNIS Symfony. Graefes Arch. Clin. Exp.
Ophthalmol. 254, 1387-1397.

Donders, F.C., 1865. On the Anomalies of the Accommodation and Refraction of the Eye.
The New Sydenam Society, London, pp. 204-214.

Dorr, M., Lesmes, L.A., Lu, Z.L., Bex, P.J., 2013. Rapid and reliable assessment of the
contrast sensitivity function on an iPad. Invest. Ophthalmol. Vis. Sci. 54, 7266-7273.

Dorronsoro, C., Radhakrishnan, A., de Gracia, P., Sawides, L., Marcos, S., 2016. Perceived
image quality with simulated segmented bifocal corrections. Biomed. Opt. Express 7,
4388-4399.

Du, Z., Yan, P., Luo, Q., Zhang, D., Zhang, Y., 2016. Keratorefractive effect of high in-
tensity focused ultrasound keratoplasty on rabbit eyes. J. Ophthalmol. 2016,
5260531.

Duane, A., 1922. Studies in monocular and binocular accommodation, with their clinical
application. Trans. Am. Ophthalmol. Soc. 20, 132-157.

Dubbelman, M., Van der Heijde, G.L., Weeber, H.A., 2005. Change in shape of the aging
human crystalline lens with accommodation. Vis. Res. 45, 117-132.

Dubbelman, M., Van der Heijde, G.L., Weeber, H.A., Vrensen, G.F., 2003. Changes in the
internal structure of the human crystalline lens with age and accommodation. Vis.
Res. 43, 2363-2375.

Dunn, D., Tippets, C., Torell, K., Kellnhofer, P., Aksit, K., Didyk, P., Myszkowski, K.,
Luebke, D., Fuchs, H., 2017. Wide field of view varifocal near-eye display using see-
through deformable membrane mirrors. IEEE Trans. Vis. Comput. Graph 23,
1322-1331.

El Danasoury, A.M., Gamaly, T.O., Hantera, M., 2009. Multizone LASIK with peripheral
near zone for correction of presbyopia in myopic and hyperopic eyes: 1-year results.
J. Refract. Surg. 25, 296-305.

Elliott, D.B., 2014. The Glenn A. Fry award lecture 2013: blurred vision, spectacle cor-
rection, and falls in older adults. Optom. Vis. Sci. 91, 593-601.

Elliott, D.B., Trukolo-Ilic, M., Strong, J.G., Pace, R., Plotkin, A., Bevers, P., 1997.
Demographic characteristics of the vision-disabled elderly. Invest. Ophthalmol. Vis.
Sci. 38, 2566-2575.

Epitropoulos, A.T., Fram, N.R., Masket, S., Price Jr., F.W., Snyder, M.E., Stulting, R.D.,
2015. Evaluation of a new controlled point source LED glare tester for disability glare
detection in participants with and without cataracts. J. Refract. Surg. 31, 196-201.

Epstein, R.L., Gurgos, M.A., 2009. Presbyopia treatment by monocular peripheral
presbyLASIK. J. Refract. Surg. 25, 516-523.

Esteve-Taboada, J.J., Ferrer-Blasco, T., Aloy, M.A., Adsuara, J.E., Cerda-Duran, P.,
Mimica, P., Montes-Mico, R., 2017. Ocular anatomic changes for different accom-
modative demands using swept-source optical coherence tomography: a pilot study.
Graefes Arch. Clin. Exp. Ophthalmol. 255, 2399-2406.

Evans, B.J., 2007. Monovision: a review. Ophthalmic Physiol. Opt. 27, 417-439.

Farnsworth, P.N., Shyne, S.E., 1979. Anterior zonular shifts with age. Exp. Eye Res. 28,
291-297.

Fayed, A.A.E., 2017. Ultrasound biomicroscopy value in evaluation of restoration of
ciliary muscles contractility after cataract extraction. Clin. Ophthalmol. 11, 855-859.

Fedtke, C., Sha, J., Thomas, V., Ehrmann, K., Bakaraju, R.C., 2017. Impact of spherical
aberration terms on multifocal contact lens performance. Optom. Vis. Sci. 94,
197-207.

Fernandes, P., Amorim-de-Sousa, A., Queiros, A., Escandon-Garcia, S., McAlinden, C.,
Gonzalez-Meijome, J.M., August 2018. Light disturbance with multifocal contact lens
and monovision for presbyopia. Cont. Lens Anterior Eye 41 (4), 393-399.

Fernandes, P.R., Neves, H.I., Lopes-Ferreira, D.P., Jorge, J.M., Gonzalez-Meijome, J.M.,
2013. Adaptation to multifocal and monovision contact lens correction. Optom. Vis.
Sci. 90, 228-235.

Ferrer-Blasco, T., Madrid-Costa, D., 2010. Stereoacuity with simultaneous vision multi-
focal contact lenses. Optom. Vis. Sci. 87, E663-E668.

Ferrer-Blasco, T., Madrid-Costa, D., 2011. Stereoacuity with balanced presbyopic contact
lenses. Clin. Exp. Optom. 94, 76-81.

Flugel, C., Barany, E.H., Lutjen-Drecoll, E., 1990. Histochemical differences within the
ciliary muscle and its function in accommodation. Exp. Eye Res. 50, 219-226.

Frick, K.D., Joy, S.M., Wilson, D.A., Naidoo, K.S., Holden, B.A., 2015. The global burden
of potential productivity loss from uncorrected presbyopia. Ophthalmology 122,
1706-1710.

Furlan, W.D., Garcia-Delpech, S., Udaondo, P., Remon, L., Ferrando, V., Monsoriu, J.A.,
2017. Diffractive corneal inlay for presbyopia. J. Biophoton. 10, 1110-1114.

Garcia-Lazaro, S., Albarran-Diego, C., Ferrer-Blasco, T., Radhakrishnan, H., Montes-Mico,


http://refhub.elsevier.com/S1350-9462(17)30126-X/sref29
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref30
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref30
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref31
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref31
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref32
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref32
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref33
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref33
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref34
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref34
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref34
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref35
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref35
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref35
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref35
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref36
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref36
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref36
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref37
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref37
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref37
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref38
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref38
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref38
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref39
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref40
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref40
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref41
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref41
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref41
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref42
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref42
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref42
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref43
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref43
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref43
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref44
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref44
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref44
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref45
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref45
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref45
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref46
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref46
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref47
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref47
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref47
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref48
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref48
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref48
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref48
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref49
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref49
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref49
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref50
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref50
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref51
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref51
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref52
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref52
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref53
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref53
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref54
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref54
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref55
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref55
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref55
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref56
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref56
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref57
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref57
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref58
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref58
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref59
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref59
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref60
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref60
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref61
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref61
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref61
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref62
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref63
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref63
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref63
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref63
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref64
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref64
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref64
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref65
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref65
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref65
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref65
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref66
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref66
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref67
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref67
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref67
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref67
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref67
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref68
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref68
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref68
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref69
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref69
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref69
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref70
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref70
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref71
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref71
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref72
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref72
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref73
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref73
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref73
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref73
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref74
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref74
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref75
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref75
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref76
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref76
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref76
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref77
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref77
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref77
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref78
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref78
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref79
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref79
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref80
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref80
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref80
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref81
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref81
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref81
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref81
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref82
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref82
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref82
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref83
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref83
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref84
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref84
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref84
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref85
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref85
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref85
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref86
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref86
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref87
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref87
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref87
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref87
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref88
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref89
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref89
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref90
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref90
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref91
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref91
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref91
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref92
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref92
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref92
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref93
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref93
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref93
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref94
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref94
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref95
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref95
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref96
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref96
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref97
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref97
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref97
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref98
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref98
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref99

J.S. Wolffsohn, L.N. Davies

R., 2013. Visual performance comparison between contact lens-based pinhole and
simultaneous vision contact lenses. Clin. Exp. Optom. 96, 46-52.

Garcia-Lazaro, S., Ferrer-Blasco, T., Radhakrishnan, H., Cervino, A., Charman, W.N.,
Montes-Mico, R., 2012. Visual function through 4 contact lens-based pinhole systems
for presbyopia. J. Cataract Refract. Surg. 38, 858-865.

Garner, W.H., Garner, M.H., 2016. Protein disulfide levels and lens elasticity modulation:
applications for presbyopia. Invest. Ophthalmol. Vis. Sci. 57, 2851-2863.

Gatinel, D., Loicq, J., 2016. Clinically relevant optical properties of bifocal, trifocal, and
extended depth of focus intraocular lenses. J. Refract. Surg. 32, 273-280.

Gibbons, A., Ali, T.K., Waren, D.P., Donaldson, K.E., 2016. Causes and correction of
dissatisfaction after implantation of presbyopia-correcting intraocular lenses. Clin.
Ophthalmol. 10, 1965-1970.

Gil-Cazorla, R., Shah, S., Naroo, S.A., 2016. A review of the surgical options for the
correction of presbyopia. Br. J. Ophthalmol. 100, 62-70.

Gilmartin, B., 1995. The aetiology of presbyopia: a summary of the role of lenticular and
extralenticular structures. Ophthalmic Physiol. Opt. 15, 431-437.

Giovanzana, S., Evans, T., Pierscionek, B., 2017. Lens internal curvature effects on age-
related eye model and lens paradox. Biomed Opt Express 8, 4827-4837.

Girum, M., Gudeta, A.D., Alemu, D.S., 2017. Determinants of high unmet need for
presbyopia correction: a community-based study in northwest Ethiopia. Clin. Optom.
9, 2-31.

Glasser, A., 2008. Restoration of accommodation: surgical options for correction of
presbyopia. Clin. Exp. Optom. 91, 279-295.

Glasser, A., Campbell, M.C., 1998. Presbyopia and the optical changes in the human
crystalline lens with age. Vis. Res. 38, 209-229.

Glasser, A., Hilmantel, G., Calogero, D., MacRae, S., Masket, S., Stark, W., Holladay, J.T.,
Rorer, E., Tarver, M.E., Nguyen, T., Eydelman, M.E., 2017. Special report: american
Academy of Ophthalmology task force recommendations for test methods to assess
accommodation produced by intraocular lenses. Ophthalmology 124, 134-139.

Glasser, A., Kaufman, P.L., 1999. The mechanism of accommodation in primates.
Ophthalmology 106, 863-872.

Greenstein, S., Pineda 2nd, R., 2017. The quest for spectacle independence: a comparison
of multifocal intraocular lens implants and pseudophakic monovision for patients
with presbyopia. Semin. Ophthalmol. 32, 111-115.

Grzybowski, A., Schachar, R.A., Gaca-Wysocka, M., Schachar, I.H., Kamangar, F.,
Pierscionek, B.K., 2018. Mechanism of accommodation assessed by change in pre-
cisely registered ocular images associated with concurrent change in auto-refraction.
Graefes Arch. Clin. Exp. Ophthalmol. 256, 395-402.

Grzybowski, A., Schachar, R.A., Pierscionek, B.K., Levy, N.S., Schachar, I.H., 2017.
Importance of accommodation and eye dominance for measuring objective refrac-
tions. Am. J. Ophthalmol. 178, 187-188.

Gualdi, L., Gualdi, F., Rusciano, D., Ambrosio Jr., R., Salomao, M.Q., Lopes, B., Cappello,
V., Fintina, T., Gualdi, M., 2017. Ciliary muscle electrostimulation to restore ac-
commodation in patients with early presbyopia: preliminary results. J. Refract. Surg.
33, 578-583.

Guillon, M., Dumbleton, K., Theodoratos, P., Gobbe, M., Wooley, C.B., Moody, K., 2016.
The effects of age, refractive status, and luminance on pupil size. Optom. Vis. Sci. 93,
1093-1100.

Gupta, N., Naroo, S.A., Wolffsohn, J.S., 2007. Is randomisation necessary for measuring
defocus curves in pre-presbyopes? Cont. Lens Anterior Eye 30, 119-124.

Gupta, N., Naroo, S.A., Wolffsohn, J.S., 2009a. Visual comparison of multifocal contact
lens to monovision. Optom. Vis. Sci. 86, E98-E105.

Gupta, N., Wolffsohn, J.S., Naroo, S.A., 2008. Optimizing measurement of subjective
amplitude of accommodation with defocus curves. J. Cataract Refract. Surg. 34,
1329-1338.

Gupta, N., Wolffsohn, J.S., Naroo, S.A., 2009b. Comparison of near visual acuity and
reading metrics in presbyopia correction. J. Cataract Refract. Surg. 35, 1401-1409.

Hahn, J., Fromm, M., Al Halabi, F., Besdo, S., Lubatschowski, H., Ripken, T., Kruger, A.,
2015. Measurement of ex vivo porcine lens shape during simulated accommodation,
before and after fs-laser treatment. Invest. Ophthalmol. Vis. Sci. 56, 5332-5343.

Hansen, T.E., Corydon, L., Krag, S., Thim, K., 1990. New multifocal intraocular lens de-
sign. J. Cataract Refract. Surg. 16, 38-41.

Hayashi, K., Yoshida, M., Hirata, A., Yoshimura, K., 2015. Short-term outcomes of com-
bined implantation of diffractive multifocal intraocular lenses with different addition
power. Acta Ophthalmol. 93, e287-293.

Hayashi, K., Yoshida, M., Manabe, S., Hayashi, H., 2011. Optimal amount of anisome-
tropia for pseudophakic monovision. J. Refract. Surg. 27, 332-338.

Heinrich, S.P., 2017. Improvement of vision through perceptual learning in the case of
refractive errors and presbyopia : a critical valuation. Ophthalmologe 114, 173-176.

Helmbholtz, H., 1962. Helmholtz's Treatise on Physiological Optics. Dover, New York.

Hermans, E.A., Pouwels, P.J., Dubbelman, M., Kuijer, J.P., van der Heijde, R.G., Heethaar,
R.M., 2009. Constant volume of the human lens and decrease in surface area of the
capsular bag during accommodation: an MRI and Scheimpflug study. Invest.
Ophthalmol. Vis. Sci. 50, 281-289.

Heron, S., Lages, M., 2012. Screening and sampling in studies of binocular vision. Vis.
Res. 62, 228-234.

Heys, K.R., Cram, S.L., Truscott, R.J., 2004. Massive increase in the stiffness of the human
lens nucleus with age: the basis for presbyopia? Mol. Vis. 10, 956-963.

Hipsley, A., Hall, B., Rocha, K.M., 2018. Scleral surgery for the treatment of presbyopia:
where are we today? Eye Vis. (Lond) 5, 4.

Ho, R., Thompson, B., Babu, R.J., Dalton, K., 2018. Sighting ocular dominance magnitude
varies with test distance. Clin. Exp. Optom. 101, 276-280.

Hofmann, T., Zuberbuhler, B., Cervino, A., Montes-Mico, R., Haefliger, E., 2009. Retinal
straylight and complaint scores 18 months after implantation of the AcrySof mono-
focal and ReSTOR diffractive intraocular lenses. J. Refract. Surg. 25, 485-492.

Holden, B.A., Fricke, T.R., Ho, S.M., Wong, R., Schlenther, G., Cronje, S., Burnett, A.,
Papas, E., Naidoo, K.S., Frick, K.D., 2008. Global vision impairment due to un-
corrected presbyopia. Arch. Ophthalmol. 126, 1731-1739.

Holden, B.A., Tahhan, N., Jong, M., Wilson, D.A., Fricke, T.R., Bourne, R., Resnikoff, S.,
2015. Towards better estimates of uncorrected presbyopia. Bull. World Health Organ.

140

Progress in Retinal and Eye Research 68 (2019) 124-143

93, 667.

Hookway, L.A., Frazier, M., Rivera, N., Ramson, P., Carballo, L., Naidoo, K., 2016.
Population-based study of presbyopia in Nicaragua. Clin. Exp. Optom. 99, 559-563.

Hunkeler, J.D., Coffman, T.M., Paugh, J., Lang, A., Smith, P., Tarantino, N., 2002.
Characterization of visual phenomena with the Array multifocal intraocular lens. J.
Cataract Refract. Surg. 28, 1195-1204.

Hunter, J.J., Campbell, M.C., 2006. Potential effect on the retinoscopic reflex of scleral
expansion surgery for presbyopia. Optom. Vis. Sci. 83, 649-656.

Hutz, W.W., Eckhardt, H.B., Rohrig, B., Grolmus, R., 2008. Intermediate vision and
reading speed with array, Tecnis, and ReSTOR intraocular lenses. J. Refract. Surg. 24,
251-256.

Ibarz, M., Rodriguez-Prats, J.L., Hernandez-Verdejo, J.L., Tana, P., 2017. Effect of the
femtosecond laser on an intracorneal inlay for surgical compensation of presbyopia
during cataract surgery: scanning electron microscope imaging. Curr. Eye Res. 42,
168-173.

Igras, E., O'Caoimh, R., O'Brien, P., Power, W., 2016a. Long-term results of combined
LASIK and monocular small-aperture corneal inlay implantation. J. Refract. Surg. 32,
379-384.

Igras, E., O'Caoimh, R., O'Brien, P., Power, W., 2016b. Patient experience of laser in situ
keratomileusis and monocular small-aperture corneal inlay implantation for the
surgical compensation of presbyopia and additional ametropia. Clin. Exp.
Ophthalmol. 44, 728-730.

Imbeau, L., Majzoub, S., Thillay, A., Bonnet-Brilhault, F., Pisella, P.J., Batty, M., 2017.
Presbyopia compensation: looking for cortical predictors. Br. J. Ophthalmol. 101,
223-226.

Ishikawa, T., 1962. Fine structure of the human ciliary muscle. Investigat. Ophthalmol.
Vis. Sci. 1, 587-608.

Jacobi, P.C., Dietlein, T.S., Lueke, C., Jacobi, F.K., 2003. Multifocal intraocular lens im-
plantation in patients with traumatic cataract. Ophthalmology 110, 531-538.

Jain, S., Ou, R., Azar, D.T., 2001. Monovision outcomes in presbyopic individuals after
refractive surgery. Ophthalmology 108, 1430-1433.

Jalali, S., Aus der Au, W., Shaarawy, T., 2016. AcuFocus corneal inlay to correct pres-
byopia using femto-LASIK. One year results of a prospective cohort study. Klin.
Monbl. Augenheilkd 233, 360-364.

Jiang, G.M., Tang, S.H., Shan, Z., 2012. Personalizing of spectacles. Eye Sci. 27, 220-224.

Jones, C.E., Atchison, D.A., Meder, R., Pope, J.M., 2005. Refractive index distribution and
optical properties of the isolated human lens measured using magnetic resonance
imaging (MRI). Vis. Res. 45, 2352-2366.

Kaphle, D., Gyawali, R., Kandel, H., Reading, A., Msosa, J.M., 2016. Vision impairment
and ocular morbidity in a refugee population in Malawi. Optom. Vis. Sci. 93,
188-193.

Kasthurirangan, S., Markwell, E.L., Atchison, D.A., Pope, J.M., 2008. In vivo study of
changes in refractive index distribution in the human crystalline lens with age and
accommodation. Invest. Ophthalmol. Vis. Sci. 49, 2531-2540.

Kasthurirangan, S., Markwell, E.L., Atchison, D.A., Pope, J.M., 2011. MRI study of the
changes in crystalline lens shape with accommodation and aging in humans. J.

Vis. 11.

Kaur, S., Kim, Y.J., Milton, H., Mistry, D., Syed, I.M., Bailey, J., Novoselov, K.S., Jones,
J.C., Morgan, P.B., Clamp, J., Gleeson, H.F., 2016. Graphene electrodes for adaptive
liquid crystal contact lenses. Opt Express 24, 8782-8787.

Kaymak, H., Hohn, F., Breyer, D.R., Hagen, P., Klabe, K., Gerl, R.H., Mueller, M., Auffarth,
G.U., Gerl, M., Kretz, F.T., 2016. Functional results 3 Months after implantation of an
“extended range of vision” intraocular lens. Klin Monbl Augenheilkd 233, 923-927.

Keates, R.H., Pearce, J.L., Schneider, R.T., 1987. Clinical results of the multifocal lens. J.
Cataract Refract. Surg. 13, 557-560.

Kelava, L., Baric, H., Busic, M., Cima, 1., Trkulja, V., 2017. Monovision versus multi-
focality for presbyopia: systematic review and meta-analysis of randomized con-
trolled trials. Adv. Ther. 34, 1815-1839.

Kelly, S.A., Pang, Y., Klemencic, S., 2012. Reliability of the CSV-1000 in adults and
children. Optom. Vis. Sci. 89, 1172-1181.

Khan, A., Pope, J.M., Verkicharla, P.K., Suheimat, M., Atchison, D.A., 2018. Change in
human lens dimensions, lens refractive index distribution and ciliary body ring dia-
meter with accommodation. Biomed. Opt. Express 9, 1272-1282.

Khoramnia, R., Fitting, A., Rabsilber, T.M., Thomas, B.C., Auffarth, G.U., Holzer, M.P.,
2015. Intrastromal femtosecond laser surgical compensation of presbyopia with six
intrastromal ring cuts: 3-year results. Br. J. Ophthalmol. 99, 170-176.

Kim, E., Bakaraju, R.C., Ehrmann, K., 2017. Power profiles of commercial multifocal soft
contact lenses. Optom. Vis. Sci. 94, 183-196.

Kingsnorth, A., Drew, T., Grewal, B., Wolffsohn, J.S., 2016. Mobile app Aston contrast
sensitivity test. Clin. Exp. Optom. 99, 350-355.

Kingsnorth, A., Wolffsohn, J.S., 2015. Mobile app reading speed test. Br. J. Ophthalmol.
99, 536-539.

Kohnen, T., 2015. First implantation of a diffractive quadrafocal (trifocal) intraocular
lens. J. Cataract Refract. Surg. 41, 2330-2332.

Kohnen, T., Allen, D., Boureau, C., Dublineau, P., Hartmann, C., Mehdorn, E., Rozot, P.,
Tassinari, G., 2006. European multicenter study of the AcrySof ReSTOR apodized
diffractive intraocular lens. Ophthalmology 113, 584 e581.

Kohnen, T., Herzog, M., Hemkeppler, E., Schonbrunn, S., De Lorenzo, N., Petermann, K.,
Bohm, M., 2017. Visual performance of a quadrifocal (trifocal) intraocular lens fol-
lowing removal of the crystalline lens. Am. J. Ophthalmol. 184, 52-62.

Kollbaum, P.S., Jansen, M.E., Kollbaum, E.J., Bullimore, M.A., 2014. Validation of an iPad
test of letter contrast sensitivity. Optom. Vis. Sci. 91, 291-296.

Konig, M., Haensel, C., Jaschinski, W., 2015. How to place the computer monitor: mea-
surements of vertical zones of clear vision with presbyopic corrections. Clin. Exp.
Optom. 98, 244-253.

Konstantopoulos, A., Liu, Y.C., Teo, E.P., Lwin, N.C., Yam, G.H., Mehta, J.S., 2017. Early
wound healing and refractive response of different pocket configurations following
presbyopic inlay implantation. PLoS One 12, e0172014.

Koretz, J.E., Strenk, S.A., Strenk, L.M., Semmlow, J.L., 2004. Scheimpflug and high-re-
solution magnetic resonance imaging of the anterior segment: a comparative study. J.


http://refhub.elsevier.com/S1350-9462(17)30126-X/sref99
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref99
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref100
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref100
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref100
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref101
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref101
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref102
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref102
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref103
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref103
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref103
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref104
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref104
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref105
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref105
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref106
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref106
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref107
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref107
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref107
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref108
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref108
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref109
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref109
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref110
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref110
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref110
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref110
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref111
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref111
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref112
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref112
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref112
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref113
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref113
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref113
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref113
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref114
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref114
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref114
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref115
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref115
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref115
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref115
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref116
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref116
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref116
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref117
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref117
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref118
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref118
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref119
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref119
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref119
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref120
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref120
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref121
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref121
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref121
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref122
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref122
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref123
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref123
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref123
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref124
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref124
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref125
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref125
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref126
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref127
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref127
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref127
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref127
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref128
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref128
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref129
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref129
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref130
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref130
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref131
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref131
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref132
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref132
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref132
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref133
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref133
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref133
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref134
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref134
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref134
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref135
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref135
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref136
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref136
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref136
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref137
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref137
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref138
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref138
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref138
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref139
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref139
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref139
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref139
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref140
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref140
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref140
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref141
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref141
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref141
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref141
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref142
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref142
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref142
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref143
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref143
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref144
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref144
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref145
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref145
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref146
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref146
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref146
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref147
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref148
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref148
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref148
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref149
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref149
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref149
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref150
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref150
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref150
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref151
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref151
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref151
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref152
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref152
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref152
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref153
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref153
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref153
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref154
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref154
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref155
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref155
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref155
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref156
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref156
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref157
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref157
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref157
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref158
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref158
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref158
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref159
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref159
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref160
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref160
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref161
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref161
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref162
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref162
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref163
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref163
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref163
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref164
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref164
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref164
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref165
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref165
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref166
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref166
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref166
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref167
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref167
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref167
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref168
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref168

J.S. Wolffsohn, L.N. Davies

Opt. Soc. Am. Opt. Image Sci. Vis. 21, 346-354.

Koretz, J.F., Handelman, G.H., 1986. Modeling age-related accommodative loss in the
human eye. Math Model. 7, 1003-1014.

Koretz, J.F., Handelman, G.H., 1988. How the human eye focuses. Sci. Am. 259, 92-99.

Kragha, LK., 1986. Amplitude of accommodation: population and methodological dif-
ferences. Ophthalmic Physiol. Opt. 6, 75-80.

Krueger, R.R., Kuszak, J., Lubatschowski, H., Myers, R.I., Ripken, T., Heisterkamp, A.,
2005. First safety study of femtosecond laser photodisruption in animal lenses: tissue
morphology and cataractogenesis. J. Cataract Refract. Surg. 31, 2386-2394.

Krueger, R.R., Sun, X.K., Stroh, J., Myers, R., 2001. Experimental increase in accom-
modative potential after neodymium: yttrium-aluminum-garnet laser photodisrup-
tion of paired cadaver lenses. Ophthalmology 108, 2122-2129.

Labiris, G., Toli, A., Perente, A., Ntonti, P., Kozobolis, V.P., 2017. A systematic review of
pseudophakic monovision for presbyopia correction. Int. J. Ophthalmol. 10,
992-1000.

Labuz, G., Lopez-Gil, N., van den Berg, T.J., Vargas-Martin, F., 2017. Ocular straylight
with different multifocal contact lenses. Optom. Vis. Sci. 94, 496-504.

Lan, J., Huang, Y.S., Dai, Y.H., Wu, X.M., Sun, J.J., Xie, L.X., 2017. Visual performance
with accommodating and multifocal intraocular lenses. Int. J. Ophthalmol. 10,
235-240.

Lang, A.J., Holliday, K., Chayet, A., Barragan-Garza, E., Kathuria, N., 2016. Structural
changes induced by a corneal shape-changing inlay, deduced from optical coherence
tomography and wavefront measurements. Invest. Ophthalmol. Vis. Sci. 57,
OCT154-161.

Laughton, D.S., Sheppard, A.L., Mallen, E.A.H., Read, S.A., Davies, L.N., 2017. Does
transient increase in axial length during accommodation attenuate with age? Clin.
Exp. Optom. 100, 676-682.

Legras, R., Rio, D., 2017. Simulation of commercial vs theoretically optimised contact
lenses for presbyopia. Ophthalmic Physiol. Opt. 37, 297-304.

Leivo, T., Sarikkola, A.U., Uusitalo, R.J., Hellstedt, T., Ess, S.L., Kivela, T., 2011.
Simultaneous bilateral cataract surgery: economic analysis; helsinki simultaneous
bilateral cataract surgery study report 2. J. Cataract Refract. Surg. 37, 1003-1008.

Leng, L., Chen, Q., Yuan, Y., Hu, D., Zhu, D., Wang, J., Yu, A., Lu, F., Shen, M., 2017.
Anterior segment biometry of the accommodating intraocular lens and its relation-
ship with the amplitude of accommodation. Eye Contact Lens 43, 123-129.

Leon, A., Estrada, J.M., Rosenfield, M., 2016. Age and the amplitude of accommodation
measured using dynamic retinoscopy. Ophthalmic Physiol. Opt. 36, 5-12.

Lesmes, L.A., Lu, Z.L., Baek, J., Albright, T.D., 2010. Bayesian adaptive estimation of the
contrast sensitivity function: the quick CSF method. J. Vis. 10, 11-21 17.

Levinger, E., Trivizki, O., Pokroy, R., Levartovsky, S., Sholohov, G., Levinger, S., 2013.
Monovision surgery in myopic presbyopes: visual function and satisfaction. Optom.
Vis. Sci. 90, 1092-1097.

Leyland, M., Zinicola, E., 2003. Multifocal versus monofocal intraocular lenses in cataract
surgery: a systematic review. Ophthalmology 110, 1789-1798.

Li, G., Mathine, D.L., Valley, P., Ayras, P., Haddock, J.N., Giridhar, M.S., Williby, G.,
Schwiegerling, J., Meredith, G.R., Kippelen, B., Honkanen, S., Peyghambarian, N.,
2006. Switchable electro-optic diffractive lens with high efficiency for ophthalmic
applications. Proc. Natl. Acad. Sci. U. S. A. 103, 6100-6104.

Li, J., Chen, Q., Lin, Z., Leng, L., Huang, F., Chen, D., 2016. The predictability of pre-
operative pilocarpine-induced lens shift on the outcomes of accommodating in-
traocular lenses implanted in senile cataract patients. J Ophthalmol 2016, 6127130.

Li, J., Lam, C.S., Yu, M., Hess, R.F., Chan, L.Y., Maehara, G., Woo, G.C., Thompson, B.,
2010. Quantifying sensory eye dominance in the normal visual system: a new tech-
nique and insights into variation across traditional tests. Invest. Ophthalmol. Vis. Sci.
51, 6875-6881.

Lin, L., van de Pol, C., Vilupuru, S., Pepose, J.S., 2016. Contrast sensitivity in patients
with emmetropic presbyopia before and after small-aperture inlay implantation. J.
Refract. Surg. 32, 386-393.

Lin, Y.H., Ren, H., Wu, Y.H., Zhao, Y., Fang, J., Ge, Z., Wu, S.T., 2005. Polarization-
independent liquid crystal phase modulator using a thin polymer-separated double-
layered structure. Opt Express 13, 8746-8752.

Linn, S.H., Skanchy, D.F., Quist, T.S., Desautels, J.D., Moshirfar, M., 2017. Stereoacuity
after small aperture corneal inlay implantation. Clin. Ophthalmol. 11, 233-235.
Liu, Z.X., Zhou, Q., Zhang, M., Shi, Q., Liu, X., Chen, R.-R., Xu, Y.-L., Bi, Y.-L., Sui, G.-Q.,
2016. Perceptual learning: a novel method to improve the near reading abilities in

early stage presbyopia patients. Int. J. Clin. Exp. Med. 9, 12249-12255.

Llorente-Guillemot, A., Garcia-Lazaro, S., Ferrer-Blasco, T., Perez-Cambrodi, R.J.,
Cervino, A., 2012. Visual performance with simultaneous vision multifocal contact
lenses. Clin. Exp. Optom. 95, 54-59.

Lubatschowski, H., Schumacher, S., Fromm, M., Wegener, A., Hoffmann, H., Oberheide,
U., Gerten, G., 2010. Femtosecond lentotomy: generating gliding planes inside the
crystalline lens to regain accommodation ability. J. Biophoton. 3, 265-268.

Luger, M.H., Ewering, T., Arba-Mosquera, S., 2013. One-year experience in presbyopia
correction with biaspheric multifocal central presbyopia laser in situ keratomileusis.
Cornea 32, 644-652.

MacRae, S., Holladay, J.T., Glasser, A., Calogero, D., Hilmantel, G., Masket, S., Stark, W.,
Tarver, M.E., Nguyen, T., Eydelman, M., 2017. Special report: american Academy of
Ophthalmology task force Consensus statement for extended depth of focus in-
traocular lenses. Ophthalmology 124, 139-141.

Madrid-Costa, D., Tomas, E., Ferrer-Blasco, T., Garcia-Lazaro, S., Montes-Mico, R., 2012.
Visual performance of a multifocal toric soft contact lens. Optom. Vis. Sci. 89,
1627-1635.

Malecaze, F.J., Gazagne, C.S., Tarroux, M.C., Gorrand, J.M., 2001. Scleral expansion
bands for presbyopia. Ophthalmology 108, 2165-2171.

Mallen, E.A., Gilmartin, B., Wolffsohn, J.S., Tsujimura, S., 2015. Clinical evaluation of the
Shin-Nippon SRW-5000 autorefractor in adults: an update. Ophthalmic Physiol. Opt.
35, 622-627.

Man, R.E.K., Fenwick, E.K., Sabanayagam, C., Li, L.J., Gupta, P., Tham, Y.C., Wong, T.Y.,
Cheng, C.Y., Lamoureux, E.L., 2016. Prevalence, correlates, and impact of un-
corrected presbyopia in a multiethnic asian population. Am. J. Ophthalmol. 168,

141

Progress in Retinal and Eye Research 68 (2019) 124-143

191-200.

Marques, E.F., Ferreira, T.B., 2015. Comparison of visual outcomes of 2 diffractive trifocal
intraocular lenses. J. Cataract Refract. Surg. 41, 354-363.

Mathews, S., 1999. Scleral expansion surgery does not restore accommodation in human
presbyopia. Ophthalmology 106, 873-877.

Maudgal, P.C., Stout, R.W., van Balen, A.T., 1988. VCTS chart evaluation as a screening
test. Doc. Ophthalmol. 69, 399-405.

McAlinden, C., Pesudovs, K., Moore, J.E., 2010. The development of an instrument to
measure quality of vision: the Quality of Vision (QoV) questionnaire. Invest.
Ophthalmol. Vis. Sci. 51, 5537-5545.

McCafferty, S.J., Schwiegerling, J.T., 2015. Deformable surface accommodating in-
traocular lens: second generation prototype design methodology and testing. Transl.
Vis. Sci. Technol. 4, 17.

McDonald, M.B., Durrie, D., Asbell, P., Maloney, R., Nichamin, L., 2004. Treatment of
presbyopia with conductive keratoplasty: six-month results of the 1-year United
States FDA clinical trial. Cornea 23, 661-668.

McDonnell, P.J., Lee, P., Spritzer, K., Lindblad, A.S., Hays, R.D., 2003. Associations of
presbyopia with vision-targeted health-related quality of life. Arch. Ophthalmol. 121,
1577-1581.

Meikies, D., van der Mooren, M., Terwee, T., Guthoff, R.F., Stachs, O., 2013. Rostock
Glare Perimeter: a distinctive method for quantification of glare. Optom. Vis. Sci. 90,
1143-1148.

Mertens, E.L., 2010. The Holy Grail of Ophthalmology: Treatment of Presbyopia. CRST,
Europe.

Millan, M.S., Vega, F., 2017. Extended depth of focus intraocular lens: chromatic per-
formance. Biomed. Opt. Express 8, 4294-4309.

Millodot, M., 2007. Dictionary of Optometry and Visual Science, seventh ed. Butterworth-
Heinemann.

Milton, H.E., Morgan, P.B., Clamp, J.H., Gleeson, H.F., 2014. Electronic liquid crystal
contact lenses for the correction of presbyopia. Opt. Express 22, 8035-8040.

Mira-Agudelo, A., Torres-Sepulveda, W., Barrera, J.F., Henao, R., Blocki, N., Petelczyc, K.,
Kolodziejczyk, A., 2016. Compensation of presbyopia with the light sword lens.
Invest. Ophthalmol. Vis. Sci. 57, 6870-6877.

Miranda, D., Krueger, R.R., 2004. Monovision laser in situ keratomileusis for pre-pres-
byopic and presbyopic patients. J. Refract. Surg. 20, 325-328.

Moarefi, M.A., Bafna, S., Wiley, W., 2017. A review of presbyopia treatment with corneal
inlays. Ophthalmol. Ther. 6, 55-65.

Monaco, G., Gari, M., Di Censo, F., Poscia, A., Ruggi, G., Scialdone, A., 2017. Visual
performance after bilateral implantation of 2 new presbyopia-correcting intraocular
lenses: trifocal versus extended range of vision. J. Cataract Refract. Surg. 43,
737-747.

Moore, J.E., McNeely, R.N., Pazo, E.E., Moore, T.C., 2017. Rotationally asymmetric
multifocal intraocular lenses: preoperative considerations and postoperative out-
comes. Curr. Opin. Ophthalmol. 28, 9-15.

Moshirfar, M., Desautels, J.D., Wallace, R.T., Koen, N., Hoopes, P.C., 2017. Comparison of
FDA safety and efficacy data for KAMRA and Raindrop corneal inlays. Int. J.
Ophthalmol. 10, 1446-1451.

Moshirfar, M., Quist, T.S., Skanchy, D.F., Wallace, R.T., Linn, S.H., Hoopes Jr., P.C.,
2016a. Six-month visual outcomes for the correction of presbyopia using a small-
aperture corneal inlay: single-site experience. Clin. Ophthalmol. 10, 2191-2198.

Moshirfar, M., Wallace, R.T., Skanchy, D.F., Desautels, J.D., Linn, S.H., Hoopes Jr., P.C.,
Durrie, D.S., 2016b. Short-term visual result after simultaneous photorefractive
keratectomy and small-aperture cornea inlay implantation. Clin. Ophthalmol. 10,
2265-2270.

Muhit, M., Minto, H., Parvin, A., Jadoon, M.Z., Islam, J., Yasmin, S., Khandaker, G., 2018.
Prevalence of refractive error, presbyopia, and unmet need of spectacle coverage in a
northern district of Bangladesh: rapid Assessment of Refractive Error study.
Ophthalmic Epidemiol. 25, 126-132.

Munoz, G., Rohrweck, S., Sakla, H.F., Altroudi, W., 2015. Pinhole iris-fixated intraocular
lens for dysphotopsia and photophobia. J. Cataract Refract. Surg. 41, 487-491.
Nabie, R., Andalib, D., Amir-Aslanzadeh, S., Khojasteh, H., 2017. Effect of artificial ani-
sometropia in dominant and nondominant eyes on stereoacuity. Can. J. Ophthalmol.

52, 240-242.

Naidoo, K.S., Jaggernath, J., Chinanayi, F.S., Chan, V.F., 2016. Near vision correction and
work productivity among textile workers. African Vis. Eye Heath J. 75 Article
Number: UNSP a357.

Naumov, A., Love, G., Loktev, M.Y., Vladimirov, F., 1999. Control optimization of
spherical modal liquid crystal lenses. Opt. Express 4, 344-352.

Nickla, D.L., Wallman, J., 2010. The multifunctional choroid. Prog. Retin. Eye Res. 29,
144-168.

Novillo-Diaz, E., Villa-Collar, C., Narvaez-Pena, M., Martin, J.L.R., 2018. Fitting success
for three multifocal designs: multicentre randomised trial. Cont. Lens Anterior Eye
41, 258-262.

Nsubuga, N., Ramson, P., Goverder, P., Chan, V.F., Wepo, M., Naidoo, K.S., 2016.
Uncorrected refractive errors, presbyopia and spectacle coverage in Kamuli district,
Uganda. African Vis. Eye Heath J. 75.

Papadatou, E., Del Aguila-Carrasco, A.J., Esteve-Taboada, J.J., Madrid-Costa, D., Cervino-
Exposito, A., 2017. Objective assessment of the effect of pupil size upon the power
distribution of multifocal contact lenses. Int. J. Ophthalmol. 10, 103-108.

Papadatou, E., Del Aguila-Carrasco, A.J., Marin-Franch, 1., Lopez-Gil, N., 2016. Temporal
multiplexing with adaptive optics for simultaneous vision. Biomed. Opt. Express 7,
4102-4113.

Papas, E.B., Decenzo-Verbeten, T., Fonn, D., Holden, B.A., Kollbaum, P.S., Situ, P., Tan, J.,
Woods, C., 2009. Utility of short-term evaluation of presbyopic contact lens perfor-
mance. Eye Contact Lens 35, 144-148.

Pardue, M.T., Sivak, J.G., 2000. Age-related changes in human ciliary muscle. Optom.
Vis. Sci. 77, 204-210.

Park, S.Y., Kim, T.-L., Lung, J.W., Ji, Y.W., Kim, E.K,, Seo, K.Y., Lee, H., 2016. Clinical
efficacy of pihhole soft contact lenses for correcting presbyopia. Invest. Ophthalmol.
Vis. Sci. 57 Meeting Abstract: 3121.


http://refhub.elsevier.com/S1350-9462(17)30126-X/sref168
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref169
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref169
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref170
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref171
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref171
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref172
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref172
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref172
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref173
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref173
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref173
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref174
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref174
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref174
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref175
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref175
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref176
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref176
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref176
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref177
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref177
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref177
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref177
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref178
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref178
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref178
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref179
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref179
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref180
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref180
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref180
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref181
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref181
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref181
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref182
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref182
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref183
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref183
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref184
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref184
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref184
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref185
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref185
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref186
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref186
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref186
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref186
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref187
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref187
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref187
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref188
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref188
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref188
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref188
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref189
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref189
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref189
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref190
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref190
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref190
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref191
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref191
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref192
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref192
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref192
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref193
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref193
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref193
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref194
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref194
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref194
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref195
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref195
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref195
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref196
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref196
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref196
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref196
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref197
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref197
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref197
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref198
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref198
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref199
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref199
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref199
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref200
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref200
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref200
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref200
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref201
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref201
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref202
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref202
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref203
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref203
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref204
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref204
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref204
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref205
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref205
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref205
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref206
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref206
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref206
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref207
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref207
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref207
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref208
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref208
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref208
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref209
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref209
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref210
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref210
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref211
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref211
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref212
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref212
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref213
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref213
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref213
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref214
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref214
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref215
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref215
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref216
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref216
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref216
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref216
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref217
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref217
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref217
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref218
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref218
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref218
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref219
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref219
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref219
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref220
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref220
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref220
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref220
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref221
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref221
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref221
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref221
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref222
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref222
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref223
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref223
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref223
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref224
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref224
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref224
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref225
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref225
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref226
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref226
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref227
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref227
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref227
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref228
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref228
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref228
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref229
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref229
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref229
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref230
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref230
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref230
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref231
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref231
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref231
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref232
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref232
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref233
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref233
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref233

J.S. Wolffsohn, L.N. Davies

Pazo, E.E., McNeely, R.N., Richoz, O., Nesbit, M.A., Moore, T.C.B., Moore, J.E., 2017.
Pupil influence on the quality of vision in rotationally asymmetric multifocal IOLs
with surface-embedded near segment. J. Cataract Refract. Surg. 43, 1420-1429.

Pedrotti, E., Bruni, E., Bonacci, E., Badalamenti, R., Mastropasqua, R., Marchini, G., 2016.
Comparative analysis of the clinical outcomes with a monofocal and an extended
range of vision intraocular lens. J. Refract. Surg. 32, 436-442.

Pedrotti, E., Mastropasqua, R., Bonetto, J., Demasi, C., Aiello, F., Nucci, C., Mariotti, C.,
Marchini, G., 2018. Quality of vision, patient satisfaction and long-term visual
function after bilateral implantation of a low addition multifocal intraocular lens. Int.
Ophthalmol. 38, 1709-1716.

Pepose, J.S., Burke, J., Qazi, M., 2017a. Accommodating intraocular lenses. Asia Pac. J.
Ophthalmol. (Phila) 6, 350-357.

Pepose, J.S., Burke, J., Qazi, M.A., 2017b. Benefits and barriers of accommodating in-
traocular lenses. Curr. Opin. Ophthalmol. 28, 3-8.

Perez-Merino, P., Birkenfeld, J., Dorronsoro, C., Ortiz, S., Duran, S., Jimenez-Alfaro, I.,
Marcos, S., 2014. Aberrometry in patients implanted with accommodative in-
traocular lenses. Am. J. Ophthalmol. 157, 1077-1089.

Pesudovs, K., Hazel, C.A., Doran, R.M., Elliott, D.B., 2004. The usefulness of Vistech and
FACT contrast sensitivity charts for cataract and refractive surgery outcomes re-
search. Br. J. Ophthalmol. 88, 11-16.

Pierscionek, B.K., Regini, J.W., 2012. The gradient index lens of the eye: an opto-biolo-
gical synchrony. Prog. Retin. Eye Res. 31, 332-349.

Pinelli, R., Ortiz, D., Simonetto, A., Bacchi, C., Sala, E., Alio, J.L., 2008. Correction of
presbyopia in hyperopia with a center-distance, paracentral-near technique using the
Technolas 217z platform. J. Refract. Surg. 24, 494-500.

Plainis, S., Ntzilepis, G., Atchison, D.A., Charman, W.N., 2013a. Through-focus perfor-
mance with multifocal contact lenses: effect of binocularity, pupil diameter and in-
herent ocular aberrations. Ophthalmic Physiol. Opt. 33, 42-50.

Plainis, S., Petratou, D., Giannakopoulou, T., Radhakrishnan, H., Pallikaris, .G.,
Charman, W.N., 2013b. Interocular differences in visual latency induced by reduced-
aperture monovision. Ophthalmic Physiol. Opt. 33, 123-129.

Pointer, J.S., 2012. In: Pallikaris, I., Plainis, S., Charman, W.N. (Eds.), Presbyopia:
Origins, Effects, and Treatment. Presbyopia Slack inc., Thorofare, NJ, USA, pp.
11-20.

Portal, T.S., 2018. The Statistics Portal.

Qazi, M.A., Pepose, J.S., Shuster, J.J., 2002. Implantation of scleral expansion band
segments for the treatment of presbyopia. Am. J. Ophthalmol. 134, 808-815.

Quartley, J., Firth, A.Y., 2004. Binocular sighting ocular dominance changes with dif-
ferent angles of horizontal gaze. Binocul. Vis. Strabismus Q. 19, 25-30.

Radhakrishnan, A., Dorronsoro, C., Marcos, S., 2016. Differences in visual quality with
orientation of a rotationally asymmetric bifocal intraocular lens design. J. Cataract
Refract. Surg. 42, 1276-1287.

Radner, W., Willinger, U., Obermayer, W., Mudrich, C., Velikay-Parel, M., Eisenwort, B.,
1998. [A new reading chart for simultaneous determination of reading vision and
reading speed]. Klin Monbl Augenheilkd 213, 174-181.

Raviola, G., 1971. The fine structure of the ciliary zonule and ciliary epithelium. With
special regard to the organization and insertion of the zonular fibrils. Invest.
Ophthalmol. 10, 851-869.

Reeves, B.C., Wood, J.M., Hill, A.R., 1991. Vistech VCTS 6500 charts-within- and be-
tween-session reliability. Optom. Vis. Sci. 68, 728-737.

Reggiani Mello, G.H., Krueger, R.R., 2011. Femtosecond laser photodisruption of the
crystalline lens for restoring accommodation. Int. Ophthalmol. Clin. 51, 87-95.
Reindel, W., Zhang, L., Chinn, J., Rah, M., 2018. Evaluation of binocular function among

preand early-presbyopes with asthenopia. Clin. Optom. 10, 1-8.

Reinstein, D.Z., Archer, T.J., Gobbe, M., 2011. LASIK for myopic astigmatism and pres-
byopia using non-linear aspheric micro-monovision with the carl Zeiss meditec MEL
80 platform. J. Refract. Surg. 27, 23-37.

Reinstein, D.Z., Carp, G.I., Archer, T.J., Gobbe, M., 2012. LASIK for presbyopia correction
in emmetropic patients using aspheric ablation profiles and a micro-monovision
protocol with the Carl Zeiss Meditec MEL 80 and VisuMax. J. Refract. Surg. 28,
531-541.

Reinstein, D.Z., Couch, D.G., Archer, T.J., 2009. LASIK for hyperopic astigmatism and
presbyopia using micro-monovision with the Carl Zeiss Meditec MEL80 platform. J.
Refract. Surg. 25, 37-58.

Remington, L.A., 2005. The Uvea, Clinical Anatomy of the Visual System. Butterworth
Heinemann, Elsevier, St. Louis, Missouri, USA, pp. 87-101.

Renna, A., Vejarano, L.F., De la Cruz, E., Alio, J.L., 2016. Pharmacological treatment of
presbyopia by novel binocularly instilled eye drops: a pilot study. Ophthalmol. Ther.
5, 63-73.

Richdale, K., Bullimore, M.A., Sinnott, L.T., Zadnik, K., 2016. The effect of age, accom-
modation, and refractive error on the adult human eye. Optom. Vis. Sci. 93, 3-11.

Richdale, K., Mitchell, G.L., Zadnik, K., 2006. Comparison of multifocal and monovision
soft contact lens corrections in patients with low-astigmatic presbyopia. Optom. Vis.
Sci. 83, 266-273.

Richdale, K., Sinnott, L.T., Bullimore, M.A., Wassenaar, P.A., Schmalbrock, P., Kao, C.Y.,
Patz, S., Mutti, D.O., Glasser, A., Zadnik, K., 2013. Quantification of age-related and
per diopter accommodative changes of the lens and ciliary muscle in the emmetropic
human eye. Invest. Ophthalmol. Vis. Sci. 54, 1095-1105.

Rifai, K., Wahl, S., 2016. Specific eye-head coordination enhances vision in progressive
lens wearers. J. Vis. 16, 5.

Rio, D., Woog, K., Legras, R., 2016. Effect of age, decentration, aberrations and pupil size
on subjective image quality with concentric bifocal optics. Ophthalmic Physiol. Opt.
36, 411-420.

Ripken, T., Oberheide, U., Fromm, M., Schumacher, S., Gerten, G., Lubatschowski, H.,
2008. fs-Laser induced elasticity changes to improve presbyopic lens accommodation.
Graefes Arch. Clin. Exp. Ophthalmol. 246, 897-906.

Rodriguez-Vallejo, M., Ferrando, V., Montagud, D., Monsoriu, J.A., Furlan, W.D., 2017.
Stereopsis assessment at multiple distances with an iPad application. Displays 50,
35-40.

Rohen, J.W., 1979. Scanning electron microscopic studies of the zonular apparatus in

142

Progress in Retinal and Eye Research 68 (2019) 124-143

human and monkey eyes. Invest. Ophthalmol. Vis. Sci. 18, 133-144.

Rojas, M.J., Yeu, E., 2016. An update on new low add multifocal intraocular lenses. Curr.
Opin. Ophthalmol. 27, 292-297.

Rosales, P., Dubbelman, M., Marcos, S., van der Heijde, R., 2006. Crystalline lens radii of
curvature from Purkinje and Scheimpflug imaging. J. Vis. 6, 1057-1067.

Rueff, E.M., Varghese, R.J., Brack, T.M., Downard, D.E., Bailey, M.D., 2016. A survey of
presbyopic contact lens wearers in a university setting. Optom. Vis. Sci. 93, 848-854.

Ruiz-Mesa, R., Abengozar-Vela, A., Aramburu, A., Ruiz-Santos, M., 2017a. Comparison of
visual outcomes after bilateral implantation of extended range of vision and trifocal
intraocular lenses. Eur. J. Ophthalmol. 27, 460-465.

Ruiz-Mesa, R., Abengozar-Vela, A., Ruiz-Santos, M., 2017b. A comparative study of the
visual outcomes between a new trifocal and an extended depth of focus intraocular
lens. Eur. J. Ophthalmol. 0.

Ryan, A., O'Keefe, M., 2013. Corneal approach to hyperopic presbyopia treatment: six-
month outcomes of a new multifocal excimer laser in situ keratomileusis procedure.
J. Cataract Refract. Surg. 39, 1226-1233.

Sadoughi, M.M., Einollahi, B., Roshandel, D., Sarimohammadli, M., Feizi, S., 2015. Visual
and refractive outcomes of phacoemulsification with implantation of accommodating
versus standard monofocal intraocular lenses. J. Ophthalmic Vis. Res. 10, 370-374.

Sarikkola, A.U., Uusitalo, R.J., Hellstedt, T., Ess, S.L., Leivo, T., Kivela, T., 2011.
Simultaneous bilateral versus sequential bilateral cataract surgery: helsinki simulta-
neous bilateral cataract surgery study report 1. J. Cataract Refract. Surg. 37,
992-1002.

Schachar, R.A., 1992. Cause and treatment of presbyopia with a method for increasing the
amplitude of accommodation. Ann. Ophthalmol. 24, 445-447 452.

Schachar, R.A., 2006. The mechanism of accommodation and presbyopia. Int.
Ophthalmol. Clin. 46, 39-61.

Schachar, R.A., Cudmore, D.P., Black, T.D., 1993. Experimental support for Schachar's
hypothesis of accommodation. Ann. Ophthalmol. 25, 404-409.

Schellini, S., Ferraz, F., Opromolla, P., Oliveira, L., Padovani, C., 2016. Main visual
symptoms associated to refractive errors and spectacle need in a Brazilian population.
Int. J. Ophthalmol. 9, 1657-1662.

Schor, C.M., 2012. Accommodating intraocular lenses. In: Pallikaris, I., Plainis, S.,
Charman, W.N. (Eds.), Presbyopia: Origins, Effects and Treatment. Slack, Thorofare,
NJ, pp. 167-173.

Schumacher, S., Fromm, M., Oberheide, U., Gerten, G., Wegener, A., Lubatschowski, H.,
2008. In vivo application and imaging of intralenticular femtosecond laser pulses for
the restoration of accommodation. J. Refract. Surg. 24, 991-995.

Schumacher, S., Oberheide, U., Fromm, M., Ripken, T., Ertmer, W., Gerten, G., Wegener,
A., Lubatschowski, H., 2009. Femtosecond laser induced flexibility change of human
donor lenses. Vis. Res. 49, 1853-1859.

Sha, J., Bakaraju, R.C., Tilia, D., Chung, J., Delaney, S., Munro, A., Ehrmann, K., Thomas,
V., Holden, B.A., 2016. Short-term visual performance of soft multifocal contact
lenses for presbyopia. Arq. Bras. Oftalmol. 79, 73-77.

Shao, Y., Jiang, Q., Hu, D., Zhang, L., Shen, M., Huang, S., Leng, L., Yuan, Y., Chen, Q.,
Zhu, D., Wang, J., Lu, F., 2018. Axial elongation measured by long scan depth optical
coherence tomography during pilocarpine-induced accommodation in intraocular
lens-implanted eyes. Sci. Rep. 8, 1981.

Sheppard, A.L., Davies, L.N., 2010. In vivo analysis of ciliary muscle morphologic changes
with accommodation and axial ametropia. Invest. Ophthalmol. Vis. Sci. 51,
6882-6889.

Sheppard, A.L., Davies, L.N., 2011. The effect of ageing on in vivo human ciliary muscle
morphology and contractility. Invest. Ophthalmol. Vis. Sci. 52, 1809-1816.

Sheppard, A.L., Evans, C.J., Singh, K.D., Wolffsohn, J.S., Dunne, M.C., Davies, L.N., 2011.
Three-dimensional magnetic resonance imaging of the phakic crystalline lens during
accommodation. Invest. Ophthalmol. Vis. Sci. 52, 3689-3697.

Sheppard, A.L., Shah, S., Bhatt, U., Bhogal, G., Wolffsohn, J.S., 2013. Visual outcomes and
subjective experience after bilateral implantation of a new diffractive trifocal in-
traocular lens. J. Cataract Refract. Surg. 39, 343-349.

Shoji, N., Shimizu, K., 1996. Clinical evaluation of a 5.5 mm three-zone refractive mul-
tifocal intraocular lens. J. Cataract Refract. Surg. 22, 1097-1101.

Sivardeen, A., Laughton, D., Wolffsohn, J.S., 2016a. Investigating the utility of clinical
assessments to predict success with presbyopic contact lens correction. Cont. Lens
Anterior Eye 39, 322-330.

Sivardeen, A., Laughton, D., Wolffsohn, J.S., 2016b. Randomized crossover trial of sili-
cone hydrogel presbyopic contact lenses. Optom. Vis. Sci. 93, 141-149.

Srivastava, A.K., Wang, X., Gong, S.Q., Shen, D., Lu, Y.Q., Chigrinov, V.G., Kwok, H.S.,
2015. Micro-patterned photo-aligned ferroelectric liquid crystal Fresnel zone lens.
Opt. Lett. 40, 1643-1646.

Stachs, O., Schumacher, S., Hovakimyan, M., Fromm, M., Heisterkamp, A.,
Lubatschowski, H., Guthoff, R., 2009. Visualization of femtosecond laser pulse-in-
duced microincisions inside crystalline lens tissue. J. Cataract Refract. Surg. 35,
1979-1983.

Stahl, J.E., 2007. Conductive keratoplasty for presbyopia: 3-year results. J. Refract. Surg.
23, 905-910.

Stahnke, T., Hadlich, S., Wree, A., Guthoff, R.F., Stachs, O., Langner, S., 2016. Magnetic
resonance microscopy of the accommodative apparatus. Klin Monbl Augenheilkd
233, 1320-1323.

Stein, J.M., Robertson, S.M., Evans, D.G., Rauchman, S.H., Sall, K.N., Korenfeld, M.S.,
Whitfill, T., Gordon, J., Glasser, A., Burns, W., 2017. An observational follow-up
study assessing the long-term effects of bilaterally dosed topical lipoic acid choline
ester eye drops for the treatment of presbyopia. Investigat. Ophthalmol. Vis. Sci. 58
Abstract 330.

Steinert, R.F., Koch, D.D., Cochener, B., Lang, A., Barragan-Garza, E., Chayet, A., Vargas,
L.G., 2017. Corneal remodeling after implantation of a shape-changing inlay con-
current with myopic or hyperopic laser in situ keratomileusis. J. Cataract Refract.
Surg. 43, 1443-1449.

Steinwender, G., Strini, S., Glatz, W., Schwantzer, G., Vidic, B., Findl, O., Wedrich, A.,
Ardjomand, N., 2017. Depth of focus after implantation of spherical or aspheric in-
traocular lenses in hyperopic and emmetropic patients. J. Cataract Refract. Surg. 43,


http://refhub.elsevier.com/S1350-9462(17)30126-X/sref234
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref234
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref234
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref235
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref235
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref235
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref236
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref236
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref236
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref236
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref237
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref237
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref238
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref238
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref239
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref239
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref239
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref240
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref240
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref240
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref241
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref241
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref242
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref242
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref242
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref243
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref243
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref243
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref244
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref244
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref244
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref245
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref245
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref245
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref246
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref247
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref247
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref248
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref248
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref249
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref249
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref249
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref250
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref250
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref250
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref251
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref251
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref251
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref252
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref252
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref253
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref253
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref254
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref254
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref255
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref255
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref255
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref256
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref256
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref256
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref256
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref257
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref257
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref257
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref258
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref258
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref259
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref259
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref259
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref260
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref260
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref261
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref261
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref261
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref262
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref262
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref262
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref262
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref263
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref263
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref264
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref264
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref264
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref265
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref265
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref265
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref266
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref266
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref266
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref267
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref267
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref268
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref268
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref269
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref269
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref270
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref270
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref271
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref271
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref271
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref272
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref272
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref272
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref273
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref273
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref273
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref274
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref274
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref274
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref275
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref275
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref275
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref275
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref276
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref276
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref277
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref277
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref278
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref278
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref279
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref279
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref279
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref280
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref280
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref280
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref281
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref281
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref281
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref282
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref282
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref282
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref283
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref283
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref283
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref284
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref284
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref284
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref284
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref285
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref285
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref285
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref286
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref286
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref287
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref287
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref287
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref288
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref288
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref288
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref289
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref289
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref290
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref290
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref290
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref291
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref291
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref292
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref292
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref292
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref293
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref293
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref293
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref293
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref294
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref294
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref295
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref295
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref295
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref296
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref296
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref296
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref296
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref296
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref297
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref297
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref297
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref297
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref298
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref298
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref298

J.S. Wolffsohn, L.N. Davies

1413-1419.

Sterkin, A., Levy, Y., Pokroy, R., Lev, M., Levian, L., Doron, R., Yehezkel, O., Fried, M.,
Frenkel-Nir, Y., Gordon, B., Polat, U., 2017. Vision improvement in pilots with
presbyopia following perceptual learning. Vis. Res. https://doi.org/10.1016/j.visres.
2017.09.003.

Stevens, R.E., Jacoby, T.N.L., Aricescu, L.S., Rhodes, D.P., 2017. A review of adjustable
lenses for head mounted displays. Digital Optical Technologies. In: Book Series
Proceedings of SPIE 10335, Article Number: UNSP 103350Q.

Stojanovic, N.R., Feingold, V., Pallikaris, I.G., 2016. Combined cataract and refractive
corneal inlay implantation surgery: comparison of three techniques. J. Refract. Surg.
32, 318-325.

Strenk, S.A., Semmlow, J.L., Strenk, L.M., Munoz, P., Gronlund-Jacob, J., DeMarco, J.K.,
1999. Age-related changes in human ciliary muscle and lens: a magnetic resonance
imaging study. Invest. Ophthalmol. Vis. Sci. 40, 1162-1169.

Strenk, S.A., Strenk, L.M., Guo, S., 2010. Magnetic resonance imaging of the ante-
roposterior position and thickness of the aging, accommodating, phakic, and pseu-
dophakic ciliary muscle. J. Cataract Refract. Surg. 36, 235-241.

Strenk, S.A., Strenk, L.M., Koretz, J.F., 2005. The mechanism of presbyopia. Prog. Retin.
Eye Res. 24, 379-393.

Subramanian, A., Pardhan, S., 2006. The repeatability of MNREAD acuity charts and
variability at different test distances. Optom. Vis. Sci. 83, 572-576.

Tabernero, J., Chirre, E., Hervella, L., Prieto, P., Artal, P., 2016. The accommodative
ciliary muscle function is preserved in older humans. Sci. Rep. 6, 25551.

Tamm, S., Tamm, E., Rohen, J.W., 1992. Age-related changes of the human ciliary
muscle. A quantitative morphometric study. Mech. Ageing Dev. 62, 209-221.

Tarfaoui, N., Nochez, Y., Luong, T.H., Majzoub, S., Pisella, P.J., 2013. [Use of "mix-and-
match" aspheric intraocular lenses in cataract surgery to enhance depth of field and
stereoscopic performance]. J. Fr. Ophtalmol. 36, 55-61.

Thomas, B.C., Fitting, A., Khoramnia, R., Rabsilber, T.M., Auffarth, G.U., Holzer, M.P.,
2016. Long-term outcomes of intrastromal femtosecond laser presbyopia correction:
3-year results. Br. J. Ophthalmol. 100, 1536-1541.

Tilia, D., Munro, A., Chung, J., Sha, J., Delaney, S., Kho, D., Thomas, V., Ehrmann, K.,
Bakaraju, R.C., 2017. Short-term comparison between extended depth-of-focus pro-
totype contact lenses and a commercially-available center-near multifocal. J. Optom.
10, 14-25.

Tomas-Juan, J., Murueta-Goyena Larranaga, A., 2015. Axial movement of the dual-optic
accommodating intraocular lens for the correction of the presbyopia: optical per-
formance and clinical outcomes. J. Optom. 8, 67-76.

U.S. National Institutes of Health Clinical Trials, 2018. A Clinical Trial of The VisAbility
Micro Insert System for Presbyopic Patients. Access Date: Sept 2018. https://
clinicaltrials.gov/ct2/show/NCT02374671.

Tscherning, M.H.E., 1924. Physiologic Optics, fourth ed. Keystone, Philadelphia, PA.

Turner, M.J., 1958. Observations on the normal subjective amplitude of accommodation.
Br. J. Physiol. Opt. 15, 70-100.

Tyler, C.W., 1997. Colour bit-stealing to enhance the luminance resolution of digital
displays on a single pixel basis. Spat. Vis. 10, 369-377.

Uthoff, D., Polzl, M., Hepper, D., Holland, D., 2012. A new method of cornea modulation
with excimer laser for simultaneous correction of presbyopia and ametropia. Graefes
Arch. Clin. Exp. Ophthalmol. 250, 1649-1661.

Uy, E., Go, R., 2009. Pseudoaccommodative cornea treatment using the NIDEK EC-5000
CXIII excimer laser in myopic and hyperopic presbyopes. J. Refract. Surg. 25,
S148-5155.

Valley, P., Mathine, D.L., Dodge, M.R., Schwiegerling, J., Peyman, G., Peyghambarian, N.,
2010. Tunable-focus flat liquid-crystal diffractive lens. Opt. Lett. 35, 336-338.
Vedamurthy, 1., Harrison, W.W., Liu, Y., Cox, 1., Schor, C.M., 2009. The influence of first
near-spectacle reading correction on accommodation and its interaction with con-

vergence. Invest. Ophthalmol. Vis. Sci. 50, 4215-4222.

Venter, J.A., Barclay, D., Pelouskova, M., Bull, C.E., 2014. Initial experience with a new
refractive rotationally asymmetric multifocal intraocular lens. J. Refract. Surg. 30,
770-776.

Vilar, C., Hida, W.T., de Medeiros, A.L., Magalhaes, K.R.P., de Moraes Tzelikis, P.F.,
Chaves, M., Motta, A.F.P., Carricondo, P.C., Alves, M.R., Nose, W., 2017. Comparison
between bilateral implantation of a trifocal intraocular lens and blended implantation
of two bifocal intraocular lenses. Clin. Ophthalmol. 11, 1393-1397.

Villegas, E.A., Alcon, E., Mirabet, S., Yago, L., Marin, J.M., Artal, P., 2014. Extended depth
of focus with induced spherical aberration in light-adjustable intraocular lenses. Am.
J. Ophthalmol. 157, 142-149.

Vinas, M., Dorronsoro, C., Gonzalez, V., Cortes, D., Radhakrishnan, A., Marcos, S., 2017.
Testing vision with angular and radial multifocal designs using Adaptive Optics. Vis.
Res. 132, 85-96.

von Helmholtz, H., 1924. Physiological Optics. Optical Society of America, Rochester, NY.

Vos, J.J., 2003. On the cause of disability glare and its dependence on glare angle, age and
ocular pigmentation. Clin. Exp. Optom. 86, 363-370.

Walkow, T., Liekfeld, A., Anders, N., Pham, D.T., Hartmann, C., Wollensak, J., 1997. A
prospective evaluation of a diffractive versus a refractive designed multifocal

143

Progress in Retinal and Eye Research 68 (2019) 124-143

intraocular lens. Ophthalmology 104, 1380-1386.

Wang, J.C., Tan, A.\W., Monatosh, R., Chew, P.T., 2005. Experience with ARRAY multi-
focal lenses in a Singapore population. Singapore Med. J. 46, 616-620.

Wang, M., Li, M., Yan, P., Luo, Q., Zhang, Y., Du, Z., 2017a. The effect of high intensity
focused ultrasound keratoplasty on rabbit anterior segment. J. Ophthalmol. 2017,
6067890.

Wang, X.Q., Fan, F., Du, T., Tam, A.M., Ma, Y., Srivastava, A.K., Chigrinov, V.G., Kwok,
H.S., 2014. Liquid crystal Fresnel zone lens based on single-side-patterned photo-
alignment layer. Appl. Opt. 53, 2026-2029.

Wang, Y.J., Chen, P.J., Liang, X., Lin, Y.H., 2017b. Augmented reality with image re-
gistration, vision correction and sunlight readability via liquid crystal devices. Sci.
Rep. 7, 433.

Weeber, H.A., Eckert, G., Pechhold, W., van der Heijde, R.G., 2007. Stiffness gradient in
the crystalline lens. Graefes Arch. Clin. Exp. Ophthalmol. 245, 1357-1366.

Weeber, H.A., Meijer, S.T., Piers, P.A., 2015. Extending the range of vision using dif-
fractive intraocular lens technology. J. Cataract Refract. Surg. 41, 2746-2754.

Weidling, P., Jaschinski, W., 2015. The vertical monitor position for presbyopic computer
users with progressive lenses: how to reach clear vision and comfortable head pos-
ture. Ergonomics 58, 1813-1829.

Whang, W.J., Yoo, Y.S., Joo, C.K., Yoon, G., 2017. Changes in keratometric values and
corneal high order aberrations after hydrogel inlay implantation. Am. J. Ophthalmol.
173, 98-105.

Whitman, J., Dougherty, P.J., Parkhurst, G.D., Olkowski, J., Slade, S.G., Hovanesian, J.,
Chu, R., Dishler, J., Tran, D.B., Lehmann, R., Carter, H., Steinert, R.F., Koch, D.D.,
2016a. Treatment of presbyopia in emmetropes using a shape-changing corneal inlay:
one-year clinical outcomes. Ophthalmology 123, 466-475.

Whitman, J., Hovanesian, J., Steinert, R.F., Koch, D., Potvin, R., 2016b. Through-focus
performance with a corneal shape-changing inlay: one-year results. J. Cataract
Refract. Surg. 42, 965-971.

Wilkins, M.R., Allan, B.D., Rubin, G.S., Findl, O., Hollick, E.J., Bunce, C., Xing, W.,
Moorfields, I.0.L.S.G., 2013. Randomized trial of multifocal intraocular lenses versus
monovision after bilateral cataract surgery. Ophthalmology 120, 2449-2455 e2441.

Win-Hall, D.M., Houser, J., Glasser, A., 2010. Static and dynamic accommodation mea-
sured using the WAM-5500 Autorefractor. Optom. Vis. Sci. 87, 873-882.

Wolffsohn, J.S., Davies, L.N., Naroo, S.A., Buckhurst, P.J., Gibson, G.A., Gupta, N., Craig,
J.P., Shah, S., 2011a. Evaluation of an open-field autorefractor's ability to measure
refraction and hence potential to assess objective accommodation in pseudophakes.
Br. J. Ophthalmol. 95, 498-501.

Wolffsohn, J.S., Hunt, O.A., Gilmartin, B., 2002. Continuous measurement of accom-
modation in human factor applications. Ophthalmic Physiol. Opt. 22, 380-384.
Wolffsohn, J.S., Hunt, O.A., Naroo, S., Gilmartin, B., Shah, S., Cunliffe, I.A., Benson, M.T.,
Mantry, S., 2006a. Objective accommodative amplitude and dynamics with the 1CU

accommodative intraocular lens. Invest. Ophthalmol. Vis. Sci. 47, 1230-1235.

Wolffsohn, J.S., Jinabhai, A.N., Kingsnorth, A., Sheppard, A.L., Naroo, S.A., Shah, S.,
Buckhurst, P., Hall, L.A., Young, G., 2013a. Exploring the optimum step size for
defocus curves. J. Cataract Refract. Surg. 39, 873-880.

Wolffsohn, J.S., Kingsnorth, A., 2016. Snellen charts in an electronic age: is there a better
way. Optomet. Pract. 17, 51-58.

Wolffsohn, J.S., Naroo, S.A., Motwani, N.K., Shah, S., Hunt, O.A., Mantry, S., Sira, M.,
Cunliffe, I.A., Benson, M.T., 2006b. Subjective and objective performance of the
Lenstec KH-3500 "accommodative" intraocular lens. Br. J. Ophthalmol. 90, 693-696.

Wolffsohn, J.S., Sheppard, A.L., Vakani, S., Davies, L.N., 2011b. Accommodative ampli-
tude required for sustained near work. Ophthalmic Physiol. Opt. 31, 480-486.

Wolffsohn, J.S., van der Worp, E., de Brabander, J., Group, G.P.C., 2013b. Consensus on
recording of gas permeable contact lens fit. Cont Lens Anterior Eye 36, 299-303.

Woods, J., Woods, C., Fonn, D., 2015. Visual performance of a multifocal contact lens
versus monovision in established presbyopes. Optom. Vis. Sci. 92, 175-182.

Woods, J., Woods, C.A., Fonn, D., 2009. Early symptomatic presbyopes—what correction
modality works best? Eye Contact Lens 35, 221-226.

Wu, Y., Chen, C.P., Zhou, L., Li, Y., Yu, B., Jin, H., 2017. Design of see-through near-eye
display for presbyopia. Opt. Express 25, 8937-8949.

Yaish, S.B., Zlotnik, A., Limon, O., Yacoue, K.L., Doron, R., Zalevsky, Z., 2014. Multifocal
rigid gas permeable contact lenses with reduced halo. Optic Commun. 319, 113-116.

Ye, M., Wang, B., Sato, S., 2004. Liquid-crystal lens with a focal length that is variable in a
wide range. Appl. Opt. 43, 6407-6412.

Zebardast, N., Friedman, D.S., Vitale, S., 2017. The prevalence and demographic asso-
ciations of presenting near-vision impairment among adults living in the United
States. Am. J. Ophthalmol. 174, 134-144.

Zeri, F., Berchicci, M., Naroo, S.A., Pitzalis, S., Di Russo, F., 2018. Immediate cortical
adaptation in visual and non-visual areas functions induced by monovision. J.
Physiol. 596, 253-266.

Zhang, J., Wang, R., Chen, B., Ye, P., Zhang, W., Zhao, H., Zhen, J., Huang, Y., Wei, Z.,
Gu, Y., 2013. Safety evaluation of femtosecond lentotomy on the porcine lens by
optical measurement with 50-femtosecond laser pulses. Lasers Surg. Med. 45,
450-459.


http://refhub.elsevier.com/S1350-9462(17)30126-X/sref298
https://doi.org/10.1016/j.visres.2017.09.003
https://doi.org/10.1016/j.visres.2017.09.003
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref300
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref300
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref300
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref301
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref301
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref301
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref302
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref302
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref302
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref303
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref303
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref303
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref304
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref304
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref305
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref305
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref306
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref306
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref307
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref307
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref308
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref308
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref308
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref309
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref309
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref309
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref310
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref310
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref310
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref310
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref311
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref311
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref311
https://clinicaltrials.gov/ct2/show/NCT02374671
https://clinicaltrials.gov/ct2/show/NCT02374671
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref313
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref314
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref314
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref315
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref315
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref316
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref316
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref316
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref317
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref317
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref317
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref318
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref318
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref319
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref319
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref319
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref320
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref320
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref320
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref321
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref321
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref321
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref321
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref322
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref322
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref322
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref323
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref323
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref323
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref324
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref325
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref325
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref326
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref326
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref326
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref327
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref327
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref328
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref328
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref328
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref329
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref329
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref329
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref330
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref330
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref330
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref331
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref331
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref332
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref332
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref333
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref333
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref333
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref334
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref334
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref334
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref335
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref335
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref335
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref335
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref336
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref336
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref336
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref337
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref337
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref337
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref338
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref338
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref339
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref339
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref339
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref339
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref340
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref340
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref341
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref341
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref341
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref342
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref342
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref342
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref343
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref343
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref344
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref344
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref344
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref345
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref345
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref346
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref346
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref347
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref347
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref348
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref348
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref349
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref349
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref350
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref350
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref351
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref351
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref352
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref352
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref352
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref353
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref353
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref353
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref354
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref354
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref354
http://refhub.elsevier.com/S1350-9462(17)30126-X/sref354

	Presbyopia: Effectiveness of correction strategies
	Introduction
	Presbyopia definition
	Revised definition

	Presbyopia correction

	Anatomical structure of the accommodative system with ageing
	Crystalline lens
	Zonules
	Ciliary body
	Ciliary muscle


	Presbyopia social and economic impact
	Presbyopic correction clinical evaluation techniques
	Visual function
	Visual acuity and defocus curves
	Contrast sensitivity
	Reading speed
	Stereopsis

	Straylight and glare
	Aberrations, pupil size and different illumination levels
	Subjective benefits (quality of life)
	Restoration of accommodative function
	Other considerations

	Presbyopic correction strategies
	Effectiveness of presbyopic correction modalities
	Spectacles
	Contact lenses
	Monovision
	Multifocal designs
	Modified monovision

	Surgical approaches
	Scleral expansion
	Intraocular lenses (IOLs)
	Monovision with IOLs
	Multifocal IOLs
	‘Accommodating’ IOLs
	Inlays
	Laser refractive
	Corneal monovision
	Corneal collagen shrinkage
	Multifocal corneal laser profile
	Lenticular ‘softening’

	Pharmaceuticals
	Ciliary muscle electrostimulation

	Impact of prescribing a presbyopic correction
	Conclusions and future directions
	Competing interests
	Acknowledgements
	References




