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Preface

Cataract surgery evolves to achieve better surgical outcomes as we continually
strive to improve our patients’ quality of vision. Textbooks on cataract surgery
generally focus on either clinical issues or basic research. In this book, we chose to
concentrate on new basic and clinical discoveries that provide insight and perspec-
tive for the cataract surgeon. Most of the authors are experienced cataract surgeons
who are also involved in research based on clinical experience. Thus, we are
confident that each chapter will be very useful and will enhance the surgical
outcomes for our patients.
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Houston, TX, USA Mitchell Patrick Weikert
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Chapter 1
Pupil Size and Postoperative Visual Function

Kazutaka Kamiya

Abstract It is known that pupil size also plays an important role in the visual
outcomes of the surgical procedure. The smaller pupil size may have some advan-
tages in its superiority for image formation, such as an increasing depth of focus, a
decrease in higher-order aberrations, and a decrease in light scatter, all of which
may partly offset the deleterious effects of reduced luminance and diffraction.
Modern cataract surgery using newer phacoemulsification techniques has shown
no significant adverse effect on postoperative pupil size, which allows us to predict
the postoperative pupil size and visual performance. However, a greater variability
in pupil size even in elderly patients indicates the clinical significance of the
individual assessment of pupil size in cataract surgery. The postoperative visual
function is significantly affected by the preoperative pupil size, and thus we can
predict, to some extent, the postoperative visual performance of cataract patients in
a clinical setting, if we can accurately measure the preoperative pupil size. Pupil
diameter should be assessed dynamically with the open-view type of binocular
infrared pupillometer, offering high reproducibility, under natural-viewing condi-
tions. Pupil size plays an essential role in postoperative visual performance, not
only in monofocal IOL-implanted eyes but also premium IOL (multifocal IOL,
toric IOL, and aspheric IOL)-implanted eyes. Accordingly, we should pay much
attention to the preoperative pupil size in order to acquire excellent visual outcomes
and subsequent patient satisfaction after cataract surgery.

Keywords Monofocal IOL ¢ Premium IOL ¢ Pupil size ¢ Pupil-customized
cataract surgery * Visual performance
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1.1 Introduction

Although cataract surgery has been performed for many centuries, technological
advances now provide us with the opportunity to have excellent visual outcomes
after this surgery. Modern cataract surgery has some aspects of refractive surgery,
because the postoperative refractive errors can be reduced by the introduction of the
partial coherence laser interferometry and because the surgically induced astigma-
tism can be minimized by small-incision cataract surgery. Since refractive errors
can lead to both a decrease in uncorrected visual acuity and deterioration of quality
of vision, reducing possible refractive errors and acquiring good visual outcomes
are two essentials to the minimization of spectacle dependence and to the maximi-
zation of subsequent patient satisfaction. At present, most cataract surgeons merely
consider that it is essential to reduce the possible refractive errors as much as
possible for cataract surgery. However, it is known that pupil size also plays an
important role in the visual outcomes of the surgical procedure [1-5]. In this
chapter, we will look at the rationale for the clinical assessment of the preoperative
pupil size in order to predict and maximize the postoperative visual performance in
cataract surgery.

1.2 Role of Pupil Size on Postoperative Visual Function

The human visual system is known to suffer from aberrations, diffraction, scatter,
finite receptor size, and noise in the neural pathways. The smaller pupil size may
have some advantages in its superiority for image formation, such as an increasing
depth of focus, a decrease in higher-order aberrations [6, 7], and a decrease in light
scatter [8], all of which may, to some extent, offset the deleterious effects of
reduced luminance [9] and diffraction. In order to better understand the quality of
vision in pseudophakic patients, it is necessary to know what changes in pupil size
result from cataract surgery using modern phacoemulsification techniques.

1.3 Background for the Rationale for the Preoperative
Assessment of Pupil Size to Predict Visual Outcomes

It has been demonstrated that the postoperative pupil size cannot be predicted from
the preoperative size with sufficient consistency, possibly because the pupil is
substantially impaired by previous cataract surgery [10-12]. However, modern
cataract surgery using newer phacoemulsification techniques has been reported to
induce a transient decrease in pupil size immediately after surgery, probably because
of the traumatic release of miotic neuropeptides [13—15], but soon recovers to the
preoperative levels. Accordingly, the postoperative pupil size can be predicted from
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the preoperative measurements. Hayashi and Hayashi [16] demonstrated, in a study
of 386 eyes undergoing uncomplicated phacoemulsification with IOL implantation,
that there was a strong positive correlation between preoperative and postoperative
pupil size obtained with the Colvard pupillometer. Sobaci et al. [17] showed no
significant differences in pupil diameter or shift between pseudophakic and catarac-
tous eyes using the NIDEK OPD-Scan, under low mesopic or photopic conditions,
suggesting that uncomplicated in-the-bag IOL implantation had no significant
adverse effect on pupillary mechanics. Therefore, we may successfully predict the
postoperative pupil size, affecting the refractive outcomes and subsequent patient
satisfaction after cataract surgery, if we can accurately and reproducibly determine
the preoperative pupil size. This is the background for the rationale for performing
“pupil-customized cataract surgery (PCCS).”

1.3.1 Summary for the Clinician

Pupil-customized cataract surgery (PCCS) means predicting and maximizing the
postoperative visual performance and subsequent patient satisfaction by the preop-
erative assessment of pupil size in cataract patients.

1.4 Why Is the Consideration of Pupil Size Important
to Cataract Patients?

Figure 1.1 shows the relationship between pupil size and patient age in 304 normal
eyes, demonstrating a significant decrease in pupil size as a function of age [18]. It
is quite reasonable that there was a significant negative correlation between pupil
size and subject age. However, it should be noted that there was a greater variability
in pupil size even in elderly patients, as evidenced by the high coefficient of
variation (0.30) in eyes aged 60 years or more. These findings imply that all elderly
patients do not necessarily have smaller pupils, suggesting the clinical significance
of the individual assessment of pupil size even in elderly patients undergoing
cataract surgery.

1.4.1 Measurement Technique of Pupil Size

As shown in Fig. 1.2, it is known that pupil size can be influenced not only by the
patient background, for example, by age [19-25], manifest refraction [26], and the
accommodative state of the eye [27, 28], and by various sensory and emotional
conditions [29] but also by measurement conditions affecting the level of retinal
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Fig. 1.1 A graph showing a significant decrease in pupil size as a function of age. Interestingly,
a greater variability in pupil size was found even in the elderly population
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Fig. 1.2 Factors influencing pupil size. Pupil size can be affected not only by the patient
background but also by measurement conditions
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illuminance [30, 31]. Accordingly, this measurement does not necessarily offer
high reproducibility. It has been demonstrated that dynamic pupil measurement
offered a higher repeatability than static pupil measurement and that monocular
pupil size was larger than binocular size. Therefore, the binocular dynamic
pupillometer is necessary in order to accurately determine pupil size under binoc-
ular conditions [32, 33]. Moreover, the pupil diameter should be evaluated dynam-
ically with the open-view type of binocular digital infrared pupillometer, offering
high reproducibility, under natural-viewing conditions. The measurements should
be performed for several seconds at the same time of day under the same conditions
as those in which the patients were resting in order to reduce the individual changes
in pupil size. Moreover, the horizontal pupil diameter should be assessed for
determining the accurate pupil size, since the sagittal diameter measurements are
not very reliable due to the presence of the eye lid especially in elderly patients.

1.4.2 Summary for the Clinician

Pupil size should be assessed dynamically with the open-view type of binocular
digital infrared pupillometer, offering high reproducibility, under natural-viewing
conditions.

1.5 Pupil Size in Monofocal IOL-Implanted Eyes

As previously mentioned, modern cataract surgery has been reported to induce no
significant change in pupil size [16, 17], although there was a transient decrease in
pupil size immediately after surgery. Therefore, we may successfully predict the
postoperative pupil size, at least to some extent, if we can accurately and repro-
ducibly measure the preoperative pupil size. Figure 1.3 shows the relationship
between the postoperative pupil size and uncorrected distance visual acuity
(logMAR) 3 months after uncomplicated monofocal IOL implantation, when the
targeted refraction is emmetropia and when no other disease was observed with
CDVA of 20/20 or more, demonstrating that there was a significant positive
correlation between them. These findings indicate that the postoperative visual
function was significantly affected by the postoperative pupil size even in
monofocal IOL-implanted eyes. Figure 1.4 shows the relationship between the
preoperative pupil size and uncorrected visual acuity after monofocal IOL implan-
tation in the same study population, also demonstrating that there was a significant
positive correlation between them. We confirm that the postoperative visual func-
tion was also significantly affected by the preoperative pupil size in monofocal
IOL-implanted eyes and that we can predict, to some extent, the postoperative
visual performance of cataract patients in a clinical setting.
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Fig. 1.3 A graph showing a significant positive correlation between the postoperative pupil size
and uncorrected distance visual acuity (UDVA) 3 months after monofocal IOL implantation. It is
suggested that the postoperative visual function was significantly affected by the postoperative
pupil size in monofocal IOL-implanted eyes
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Fig. 1.4 A graph showing a significant positive correlation between the preoperative pupil size
and uncorrected distance visual acuity (UDVA) 3 months after monofocal IOL implantation. It is
suggested that the postoperative visual function was also significantly affected by the preoperative
pupil size in monofocal IOL-implanted eyes
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1.6 Pupil Size in Multifocal IOL-Implanted Eyes

It is no doubt whether pupil size plays a vital role in visual performance after
multifocal IOL implantation, especially after refractive multifocal IOL implanta-
tion. Nakamura et al. [34] demonstrated that fewer than 50 % of subjects over
60 years of age had pupil sizes conducive to the near zone of refractive multifocal
IOLs. Hayashi et al. [2] found that a smaller pupil correlated significantly with
lower near visual acuity in Array refractive multifocal IOL-implanted eyes.
Kawamorita and Uozato [35] investigated the relationship between pupil size and
the modulation transfer function (MTF) of the refractive multifocal IOL in vitro and
suggested that the near MTF increases at the expense of the far MTF with a large
pupil. In principle, the basic optical characteristics of diffractive multifocal IOLs
are not affected by the changes in pupil size, because distance and near correction
are simultaneously present across the full area of the pupil according to their design.
However, at present, most so-called diffractive IOLs are in essence a hybrid
combination of refractive and diffractive lenses. For example, the ReSTOR IOL
has an optic that consists of a diffractive zone in the central 3.6 mm region and a
refractive zone in the outer region of diffractive zone. The refractive zone is for
improving far vision under mesopic condition and requires a pupil larger than
3.6 mm to work. We should keep in mind that visual performance in both refractive
and so-called diffractive multifocal IOL-implanted eyes were influenced by pupil
size, when we consider the indications for different types of multifocal IOLs.

1.7 Pupil Size in Toric IOL-Implanted Eyes

At present, we often consider the amount of astigmatism as well as the axis of
astigmatism for toric IOL implantation. However, pupil size also plays an essential
role in postoperative visual performance even in astigmatic eyes requiring toric IOL
implantation. We previously showed that uncorrected visual acuity was better in
eyes with smaller pupil sizes in both with-the-rule and against-the-rule astigmatic
eyes (Fig. 1.5) [36]. For example, uncorrected visual acuity of eyes with 1 D of
astigmatism for a 5-mm pupil was almost equivalent to that of eyes with 2 D
of astigmatism for a 2-mm pupil. Watanabe et al. [37] also reported, in a study of
36 monofocal IOL-implanted eyes, that pupil size may have an impact on postop-
erative uncorrected visual acuity in eyes having against-the-rule astigmatism and in
eyes with a large pupil diameter and with-the-rule astigmatism. Especially in eyes
with larger pupils, it may be necessary to correct the preexisting astigmatism in
order to acquire excellent visual outcomes after toric IOL implantation. These
findings, although simple, are clinically meaningful because most surgeons neglect
the preoperative pupil size for determining the indication for toric IOL implantation
in a clinical setting. We should take the three major components (the amount of
astigmatism, the axis of astigmatism, and pupil size) into consideration for the
surgical correction of astigmatism, such as toric IOL implantation.
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Fig. 1.5 A graph showing the relationship between visual acuity and pupil size in astigmatic eyes.
Eyes with higher astigmatism showed lower uncorrected visual acuity. Eyes with larger preoper-
ative pupils tended to have lower uncorrected visual acuity

1.7.1 Summary for the Clinician

The major components for determining the indication for toric IOL implantation are
the amount of astigmatism, the axis of astigmatism, and pupil size.

1.8 Pupil Size in Aspheric IOL-Implanted Eyes

Aspheric IOLs were designed to compensate for the positive spherical aberration of
the cornea. It has been demonstrated that aspheric IOLs has advantages over
conventional IOLs in terms of improvement in contrast sensitivity and reduction
in spherical aberrations [38—41]. However, the spherical aberration correction using
these aspheric IOLs seems to be ineffective in eyes with smaller pupils, because the
spherical aberrations of the cornea and the compensatory effect of aspheric IOLs
are insufficient to affect postoperative visual function. Indeed, Yamaguchi
et al. [42] reported that aspheric IOLs became ineffective when the pupil diameter
was smaller than approximately 3.0 mm under mesopic conditions. Eom et al. [43]
recently demonstrated that approximately 10 % of the eyes showed smaller pupil
size than the minimum effective diameter under mesopic conditions and had no
benefit from the aspheric IOL.
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1.8.1 Summary for the Clinician

Aspheric IOLs are effective for reducing spherical aberrations especially in eyes
with larger pupils.

1.9 Conclusions

In conclusion, these findings indicate that pupil size plays an essential role in
postoperative visual performance, not only in monofocal IOL-implanted eyes but
also in premium IOL-implanted eyes, and that the preoperative measurements of
pupil size in cataract patients are clinically meaningful for predicting the postop-
erative visual outcomes after cataract surgery. The eyes with larger preoperative
pupils tended to have lower postoperative uncorrected visual acuity after modern
cataract surgery. We believe that these findings, although simple, are clinically
important because most surgeons merely consider that it is essential to reduce the
possible refractive errors as much as possible for cataract surgery. In addition,
argon laser iridoplasty has been reported to significantly improve visual function
including corrected distance visual acuity and subjective quality of vision after
multifocal IOL implantation [44]. Thus, the optimization of pupil size by argon
laser iridoplasty may hold promise for improving visual performance after cataract
surgery in the future. We should pay much attention to the preoperative pupil size in
order to acquire excellent visual outcomes of cataract surgery and subsequent
patient satisfaction.
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Chapter 2

Evaluation of Visual Function

in Pseudophakic Eyes and Phakic
Eyes in Various Age Groups

Ken Hayashi, Motoaki Yoshida, and Shin-ichi Manabe

Abstract In ages at which the visual functions become comparable in phakic and
pseudophakic eyes, clear lens extraction may be justified for eyes that have even
slight pathology. The purpose of this study was to compare the visual function
between phakic eyes with a clear lens and pseudophakic eyes with a monofocal
intraocular lens in various age groups. Patients with phakic eyes and pseudophakic
eyes in each age group (40s, 50s, 60s, 70s, and 80s) were recruited. The accommo-
dative amplitude, region of accommodation, and contrast visual acuity (contrast
VA) and that with glare (glare VA) were examined. In those who are in their 40s
and 50s, the accommodative amplitude was significantly greater in the phakic group
than in the pseudophakic group, but no significant difference was found in those
who are in their 60s, 70s, or 80s. In those who are in their 40s and 50s, corrected
visual acuity (CVA) at near intermediate distances in the phakic group was signif-
icantly better than that in the pseudophakic group (0.3—1.0 m), while distance CVA
was similar. In those who are in their 60s and 70s, CVA did not differ significantly
at any distance between the two groups. In all age groups, there were no significant
differences in either the photopic or mesopic contrast VA and glare VA. In con-
clusion, in their 40s and 50s, the accommodative amplitude and region of accom-
modation is less in pseudophakic eyes than in phakic eyes, but it is similar in their
60s, 70s, and 80s. Because contrast sensitivity is similar at all ages, visual function
is comparable in patients 60 years and older.
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2.1 Introduction

For some pathologic conditions, extraction of a clear lens is an effective treatment
option. In eyes with primary angle-closure glaucoma, extraction of a large lens is
effective in preventing acute pupillary block [1-3]. During vitrectomy, extraction
of a lens facilitates thorough removal of the peripheral vitreous. In eyes that are to
undergo penetrating keratoplasty, a slight cataract should be removed simulta-
neously when subsequent cataract surgery may be difficult. However, because
visual function with a young crystalline lens is superior to that with an intraocular
lens (IOL), surgeons usually hesitate to perform clear lens extraction in young or
middle-aged patients.

The loss of accommodation is a major disadvantage when a young crystalline
lens is removed.

However, pseudophakic eyes with a monofocal IOL can achieve relatively
good visual acuity in a certain range of distance; this is known as apparent
accommodation [4, 5]. On the other hand, the amplitude of ocular accommoda-
tion in phakic eyes decreases with aging from middle age on [6, 7]. Although the
amplitude of apparent accommodation in pseudophakic eyes with a monofocal
IOL has also been shown to decrease from middle age on [8], the decrease
is more pronounced in phakic eyes than in pseudophakic eyes. Accordingly,
it is assumed that the amplitude of apparent accommodation in pseudophakic
eyes becomes equivalent to that of ocular accommodation in phakic eyes of
older patients.

Furthermore, previous studies have shown that contrast sensitivity in phakic
eyes, specifically in young phakic eyes, is better than that in pseudophakic eyes
with a conventional spherical IOL [9-11], although controversy remains [12].
However, more recent studies showed that contrast sensitivity in phakic eyes
deteriorates gradually from middle age on [13, 14], especially under scotopic
conditions [15, 16]. This has been attributed to an increase in spherical aberration
of the lens due to aging [17, 18]. Therefore, because implantation of an aspheric
IOL precludes a marked increase in higher-order ocular aberration [19, 20], contrast
sensitivity in pseudophakic eyes with an aspheric IOL may be comparable to that in
phakic eyes of middle and advanced ages.

The purpose of this study was to compare visual function, including accommo-
dative amplitude, region of accommodation, and contrast sensitivity, between
phakic eyes with a clear lens and pseudophakic eyes with a monofocal IOL at
40 years of age and older. In ages at which these visual functions become compa-
rable in phakic and pseudophakic eyes, clear lens extraction may be justified for
eyes that show even slight pathology.
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2.2 Methods

2.2.1 Patients

All patients scheduled for phacoemulsification surgery were screened for enroll-
ment. The original plan was to recruit phakic subjects and pseudophakic patients in
each of five age groups: 40s, 50s, 60s, 70s, and 80s. However, because patients in
their 80s who met the inclusion criteria were rare, patients of this age could not be
enrolled for measurement of region of accommodation and contrast sensitivity.
The inclusion criterion in the phakic group was that corrected visual acuity (CVA)
be 20/25 or better with no or little cataract. The exclusion criteria were severe
pathology of the optic nerve, macula, or cornea, severe opaque media other than
cataract, previous history of ocular inflammation or surgery, an irregularly shaped
pupil, and difficulty in examination or follow-up.

2.2.2 Measurements

The accommodative amplitude of pseudophakic and phakic eyes was examined using
an accommodometer (HS-9E, Kowa). The amplitude was measured using the same
method described previously [8]. Briefly, the spherical and cylindrical powers in
diopters (D) for best distance visual acuity (distance refraction) were first examined
using an autorefractometer (KR-7100, Topcon). The refractive status for best near
visual acuity at 0.40 m (near refraction) was examined using a near vision tester
(Lumichart, HOYA). Then, the near point of accommodation of each eye was deter-
mined in the following manner. With the spherical lens equivalent to near refraction
added, the patients were asked to read a Landolt visual target that corresponds in size to
near visual acuity of 20/29. The visual target was moved from about 1 m up to the near
point at which the patients noted blurring of the target. The target was then moved back
until it became clear. Measurements were repeated, and the average distance at which
blurring and refocusing occurred was recorded as the near point. The accommodative
amplitude was calculated by subtracting the diopters of spherical equivalent of
best distance and near visual acuity from refractive power of the near point.

CVA was measured from far to near distances using the all-distance vision tester
(AS-15, Kowa). This device measures equivalent visual acuity from far to near
distances by placement of a spherical lens and various sized visual targets at
appropriate distances along the visual axis. For example, the visual acuity at com
is measured by placing a spherical lens (focal distance =250 mm) at 250 mm from
the patient’s eye and a visual target at 500 mm. The region of accommodation in
phakic eyes and in pseudophakic eyes at which the patient achieved 20/29 or 20/40
were examined and converted to the diopteric range.

Contrast visual acuity (contrast VA) and that in the presence of glare (glare VA)
under photopic and mesopic conditions were examined using the Contrast Sensitiv-
ity Accurate Tester (CAT-2000, Menicon) [21]. This device measures the logarithm
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of the minimal angle of resolution (logMAR) VA using 5 contrast percentages of
visual targets (100, 25, 10, 5, and 2.5 %) under photopic and mesopic conditions.
Measurement under the photopic lighting condition was made with chart lighting of
100 cd/mm?, while chart lighting under the mesopic condition was 2 cd/mm?,
A glare source of 200 lux was located in the periphery at 20° around the visual axis.

2.2.3 Statistical Analysis

Decimal VA was converted to the logMAR scale for statistical analyses. Differ-
ences in accommodative amplitude, all-distance VA, and contrast VA and glare VA
between the age groups was compared using the Kruskal-Wallis test. Differences in
the continuous variables between the phakic and pseudophakic groups were com-
pared using the Mann—Whitney U test, and categorical variables were compared
using the Fisher’s exact test or the chi-square test. Any differences with a P value of
less than 0.05 were considered to be statistically significant.

2.3 Results

The mean amplitude of ocular accommodation decreased in proportion to the
age group, which was a highly significant difference (P < 0.0001; Fig. 2.1), while
the difference in the amplitude of apparent accommodation was marginally signif-
icant (P = 0.0380). The amplitude of apparent accommodation in the group in their
40s and younger was greater than that in the group in their 70s or 80s. Furthermore,
the amplitude of ocular accommodation was correlated strongly with the actual age
of each patient (r=—0.758, P <0.0001), while only a weak correlation was
found between the amplitude of apparent accommodation and the actual age
(r=-0.191, P =0.0292).

When comparing the mean accommodative amplitude between the pseudophakic
and phakic eyes (Fig. 2.2), the mean amplitude of apparent accommodation was
significantly less than that of ocular accommodation in the groups in their 40s and
younger and in the 50s. However, in the groups in the 60s, 70s, and 80s, no significant
difference between eyes was found in the amplitude. The incidence of the patients in
whom the amplitude of apparent accommodation in pseudophakic eyes was more
than that of ocular accommodation in phakic eyes was significantly different between
the five groups (P < 0.0001). The incidence of the patients in their 40s and younger
was significantly less than that in the groups in their 60s, 70s, and 80s, and that in the
group in their 50s was significantly smaller than that in the group in their 80s.

Mean CVA decreased gradually from far to near distances in all age groups of
both the phakic and pseudophakic groups. When comparing the age groups, mean
CVA was significantly worse in proportion to age in both the phakic (P <0.0002)
and pseudophakic groups (P < 0.0246), but the difference was more prominent in
the phakic group than in the pseudophakic group. When comparing groups
(Fig. 2.3), in their 40s and 50s, mean CVA at intermediate and near distances in
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Fig. 2.1 Changes in the mean amplitude of normal accommodation in phakic eyes and of apparent
accommodation in the pseudophakic eyes in the five age groups. The mean amplitude of ocular
accommodation decreased in proportion to the age, which was significantly different (P < 0.0001).
The mean amplitude of apparent accommodation also decreased with age, but the change was
marginally significant (P = 0.0380). P values indicate the difference between each two groups [22]
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Fig. 2.2 Comparison of the mean amplitude of accommodation between phakic and
pseudophakic eyes. The amplitude of apparent accommodation in pseudophakic eyes was
significantly less than that of normal accommodation in phakic eyes of patients in their 40s and
younger and in their 50s. However, in the groups in their 60s, 70s, and 80s, no significant
difference was found in the amplitude between pseudophakic and phakic eyes [22]
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Fig. 2.4 Comparison of mean (+standard deviation [SD]) contrast visual acuity (VA) and glare
VA under photopic conditions between the various age groups in the phakic group.
When comparing the mean photopic contrast VA and glare VA between age groups of the
phakic eyes, contrast VA tended to be worse in proportion to age, but the differences were
significant only in mesopic contrast VA. Reprinted with permission from Elsevier [23]

the phakic group was significantly better than that in the pseudophakic group
(at 1.0, 0.7, 0.5, and 0.3 m; P <0.0215). However, in their 60s and 70s, no
significant difference was found in mean CVA at any distance.

When comparing the mean contrast VA and glare VA between age groups of the
phakic eyes, both contrast VA and glare VA tended to be worse in proportion to
age, but the differences in mesopic contrast VA and glare VA were significant
(Fig. 2.4). In the pseudophakic group, they also tended to be worse in proportion to
age, and the differences in photopic contrast VA and glare VA and in mesopic
contrast VA were significant (Fig. 2.5). When comparing mean contrast VA
(Fig. 2.6) and glare VA between the phakic and pseudophakic groups, no signif-
icant differences were observed under either photopic or mesopic condition
between the two groups.
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Fig. 2.5 Comparison of mean (+standard deviation [SD]) contrast visual acuity (VA) and glare
VA under mesopic conditions between the age groups in the pseudophakic group. Mean contrast
VA and glare VA tended to be worse in proportion to age, and the differences were significant in
both contrast VA and glare VA at most contrast percentages of visual targets. Reprinted with
permission from Elsevier [23]

2.4 Discussion

When clear lens extraction is considered in patients of middle and older ages even
for a pathologic reason, a decrease in the accommodative amplitude and a deteri-
oration of contrast sensitivity are the most crucial problems. The present study has
shown that the amplitude of ocular accommodation in eyes with early or little
cataract decreased in proportion to patient age. The amplitude of apparent accom-
modation in eyes with a monofocal IOL also decreased with age, but the aging
decay was much less pronounced than that of ocular accommodation. Conse-
quently, the accommodative amplitude in the pseudophakic and phakic eyes
became similar at older ages. The amplitude of accommodation was less in
pseudophakic eyes than in phakic fellow eyes of those patients in their 40s and
50s. In patients in their 60s and above, there was no significant difference in the
amplitude between pseudophakic and phakic eyes. In addition, the incidence of
patients in whom the amplitude of apparent accommodation was greater than that of
ocular accommodation, the incidence in patients in their 40s and 50s was signifi-
cantly less than that in patients in their 60 years of age and older.
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For patients in their 40s and 50s, CVA at intermediate and near distances in the
phakic group was significantly better than that in the pseudophakic group, while
distance CVA was similar. However, for those in their 60s and 70s, CVA at all
distances was similar. This result suggests that the region of ocular accommodation
in phakic eyes and that of apparent accommodation in pseudophakic eyes is
comparable at 60 years of age and older.

The present study showed that contrast sensitivity with and without glare
worsened gradually in proportion to age in phakic eyes, particularly under mesopic
conditions. Furthermore, contrast sensitivity in pseudophakic eyes worsens in
proportion to age. When comparing phakic and pseudophakic eyes of the same
age, contrast sensitivity under both photopic and mesopic conditions are similar
from the 40s through the 70s. This suggests that, at 40 years of age and older,
contrast sensitivity and glare disability are equivalent between phakic eyes with a
clear lens and pseudophakic eyes with an aspheric monofocal IOL.

It has been shown that contrast sensitivity is better and glare disability is less in
phakic eyes than in pseudophakic eyes with a conventional spherical IOL [9-11].
However, previous studies have shown that contrast sensitivity in phakic eyes
deteriorates with aging from middle age on [13, 14], especially under scotopic
conditions [15, 16]. This deterioration has been attributed to aging changes in the
crystalline lens [17, 18] in addition to aging decay in the neurosensory elements of
the eye. The higher-order spherical aberration of the young lens is negative and thus
compensates for a positive aberration of the cornea [17, 18]. However, because the
spherical aberration of the lens changes to positive with aging, the higher-order
aberration in the entire eye increases from middle age on, which can lead to
decreased contrast sensitivity [24, 25]. Accordingly, in the present study, contrast
sensitivity, even at 40 and 50 years of age, was comparable between phakic and
pseudophakic eyes because of the implantation in the pseudophakic eyes of an
aspheric IOL with negative spherical aberration.

2.5 Conclusions

The accommodative amplitude and region of accommodation in phakic eyes, even
with an almost clear lens, were similar to those in the pseudophakic eyes at 60 years
of age and older. Furthermore, because contrast sensitivity with and without glare
was equivalent at 40 years of age and older, visual function of phakic eyes at
60 years of age and older is considered to be similar to as that of pseudophakic eyes
at 60 years of age and older. We believe that removal of a clear lens is justified at
60 years of age and older, at least in some pathologic conditions such as primary
angle-closure glaucoma and in eyes that are to undergo vitrectomy or keratoplasty.
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Chapter 3
Screening Cataract Surgery Candidates
with Corneal Topographer

Naoyuki Maeda and Mariko Ito

Abstract We investigated the characteristics of corneal higher-order aberrations in
patients with simple cataract. Corneal topographic analysis was retrospectively
reviewed in 149 consecutive eyes before simple cataract surgery. The corneal
total higher-order aberrations (HOAs) for a 4-mm diameter, difference between
central corneal power and simulated K readings (AK), corneal spherical aberration
for a 6-mm diameter (Z40), and corneal cylinder were measured. Reliable topo-
graphic measurements for a 6-mm diameter were obtained for 78 % of eyes. In such
reliable measurements, the mean =+ standard deviation total HOA was
0.162+0.067 um; in 5 % of eyes the total HOAs exceeded 0.3 pm. In 3 % of
eyes, the AK (mean, 0.16 £ 0.17 diopter [D]) exceeded 0.5 D. In 11 % of eyes, the
740 (mean, 0.247 £ 0.135 pm) was below 0.1 pm. In 18 % of eyes, the cylinder
(mean, 1.04 + 0.8 D) exceeded 1.5 D. Our results suggested that eyes with clinically
significant irregular astigmatism, spherical aberration, or regular astigmatism were
included even in simple cataract candidates in addition to the existence of eyes
where reliable evaluation of corneal topography was not possible. Assessing cor-
neal topography preoperatively may aid in the selection of new technology IOLs to
avoid potential problems in eyes with suboptimal optics.

Keywords Corneal topography e« Higher-order aberration ¢ Intraocular lenses
« New technology IOL ¢ Spherical aberration
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3.1 Introduction

Recent advances in micro-incision cataract surgery with foldable intraocular lenses
(IOLs) implantation have enabled more effective and comfortable cataract surger-
ies with sufficient safety [1-3]. As a result, patient expectations have increased
regarding the postoperative visual performance.

Various IOL designs generally optimize the quality of vision after cataract
surgery [4-8]. However, the selection of new technology IOLs, such as aspherical,
toric, and multifocal IOLs, for a particular patient is not easy. In addition, because
good optical quality of the cornea is essential for obtaining good visual outcomes
after cataract surgery, evaluation of the optical characteristics of the cornea in
candidates for cataract surgery is important.

On the other hand, calculating the IOL power for an eye with an irregular cornea
such as that which previously underwent refractive surgery presents potential
problems for the postoperative refractive error because accurately measuring the
corneal power using conventional keratometry is difficult [9-12].

In the current study, we performed corneal topographic analysis of patients
scheduled for simple cataract surgery to determine the characteristics of corneal
higher-order aberrations.

3.2 Methods

One hundred forty-nine eyes of 124 consecutive cases scheduled for simple cataract
surgery at the Osaka University Hospital were included in this retrospective case
series. Subjects who required other ocular surgeries such as vitreoretinal surgery or
a glaucoma surgery were excluded. The research adhered to the tenets of the
Declaration of Helsinki. The institutional review board of Osaka University Hos-
pital approved this study. All participants provided informed consent after the
purpose of the study and the procedures were explained.

Corneal topographic analysis was performed using the KR-9000PW (Topcon
Corporation, Tokyo, Japan). Two corneal specialists performed visual inspection of
color-coded axial power maps with Smolek/Klyce 1.5 diopter (D) power step.
Measurements were repeated at least twice to confirm the reproducibility of the
topographic maps, and the better map was selected. When appearances of the
topographic maps were not reproducible due to poor fixation, head movement, or
other reasons, or if the measured area was smaller than 6-mm diameter due to
narrow fissure and so on, data was considered as unreliable. Age, gender, and the
preoperative distance spectacle-corrected visual acuity (DCVA) of those eyes for
which reliable data for the central 6 mm of the cornea were not obtained were
compared to those with reliable data.

Four parameters associated with the corneal optical characteristics, i.e., corneal
total higher-order aberrations (HOAs), the differences between the central corneal
power and simulated K readings (AK), the corneal spherical aberration (Z40), and the
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corneal cylinder, were recorded. Corneal HOA was calculated from the topographic
data quantitatively as a set of coefficients of the Zernike polynomials up to the 6th
order, and root mean square (RMS, pm) values were used. The total HOAs for the
4-mm corneal diameter were selected to evaluate the clinically relevant corneal
irregular astigmatism. Because the blurring effect of 0.5 D defocus corresponds to
the RMS value of 0.29 pm for 4-mm diameter, corneal irregular astigmatism was
considered to be clinically relevant when the total HOAs exceeded 0.3 pm.

The AK was used to determine an abnormal corneal shape that might increase
the postoperative refractive error because of inadequate K readings with conven-
tional keratometry when calculating the IOL power [9-12]. A AK 0.5 D was
considered abnormal value because most of the IOLs were prepared with 0.5 D
steps. The Z40 for a 6-mm corneal diameter was chosen to indicate the corneal
asphericity. This is because aspherical IOLs show better visual performance than
spherical IOLs especially under mesopic conditions and also the asphericity of
aspherical IOLs was shown for Z40 for 6-mm diameter [13-15]. A Z40 below
0.1 pm was considered to be an abnormal value because aspherical IOLs with Z40
of —0.20 pm will increase the absolute value of Z40. The optical quality might be
reduced due to negative spherical aberration in such cases [16]. Corneal cylinder
exceeding 1.5 D was selected as the cutoff value since these eyes were not a good
indication for multifocal IOLs but a better indication of surgery for astigmatic
correction, such as limbal relaxing incisions (LRIs), touch-up with laser in situ
keratomileusis (LASIK), or a toric IOL.

3.3 Results

Reliable data for the central 6 mm of the cornea were not obtained in 33 eyes (22 %)
of 33 patients. Reliable data were available for 116 eyes. Although there were no
significant differences in age or gender between eyes with and without reliable data,
the incidence of eyes with preoperative DCVA worse than 1.0 logMAR unit was
significantly higher in eyes with unreliable data than that in eyes with reliable data
(Table 3.1, P < 0.001).

The mean = standard deviation (SD) of the total HOAs was 0.162 4 0.067 pm.
In 5 % of eyes (6 eyes of 116 eyes) with a total HOA exceeding 0.3 pm, two eyes
had mild pterygium, two eyes were keratoconus suspect, one eye had undergone
LASIK without notice as past history, and one eye had against-the-rule astigmatism
with moderate asymmetry (Fig. 3.1).

Table 3.1 Data of the subjects

Reliable measure Unreliable measure p value*
Number of cases/eyes 95/116 33/33
Gender (men/women) 39/56 15/18 0.813
Age (years): mean £ SD 68.6+0.9 67.5+1.7 0.576
DCVA (logMAR) > 1.0 4/116 10/33 0.001

“Chi-square test
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The mean 4= SD of the AK was 0.16 = 0.17 D (Fig. 3.2). In 3 % of eyes (4 eyes of
116 eyes), the AK exceeded 0.5 D (two eyes were keratoconus suspect, one eye had
against-the-rule astigmatism, and one eye had a steep cornea with an extremely
prolate shape).

The mean 4= SD of the Z40 was 0.247 £0.135 pm (Fig. 3.3). In 11 % of eyes,
Z40 (13 eyes of 116 eyes) was below 0.1 pm where two eyes were keratoconus
suspect, two eyes had high myopia, three eyes had severe myopia with an extremely
prolate shape, five eyes had an extremely prolate shape, and one eye had irregular
corneal astigmatism.

In 18 % of eyes (21 eyes of 116 eyes), the corneal cylinder (average &= SD,
1.04 0.8 D) exceeded 1.5 D. Fifteen eyes with abnormal corneal cylinder had
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against-the-rule astigmatism, two eyes were keratoconus suspect, one eye had
undergone LASIK, one eye had pterygium, and one eye showed extremely prolate
cornea (Fig. 3.4).

3.4 Discussion

Patients undergoing cataract surgery might achieve better quality of vision
after implantation of new technology IOLs, which are customized based on patient
lifestyles [17], rather than conventional IOLs. As ocular pathology that could
alter the contrast sensitivity or mesopic vision is a contraindication for multifocal
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IOLs [18], excluding the eyes with suboptimal optics due to corneal shape
abnormality will be required for cataract surgeries with new technology IOLs.

In this retrospective case series, reproducible measurements of corneal topogra-
phy were not obtained in 22 % of eyes. The incidence of eyes with preoperative
DCVA worse than 1.0 LogMAR unit was significantly higher in eyes with
unreliable data than that in eyes with reliable data. In addition, poor fixation during
measurements and narrow palpebral fissures made it difficult to conduct accurate
corneal topographic analysis. As the advanced cataract made it difficult to measure
axial length optically resulting in higher risk of postoperative refractive errors,
multifocal IOLs for such cases might increase the risk of postoperative dissatisfac-
tion. Similarly, it will be important for the surgeons to check the corneal topography
before explaining about new technology IOLs to the patients for reducing the risks
associated with new technology IOLs.

In the remaining 78 % of eyes where reproducible data were available for
calculating corneal HOAs, no patients had the total HOAs more than 0.6 pm.
This is possibly because eyes with remarkable anterior segment disorders that can
induce obvious corneal irregular astigmatism had been excluded from the subjects
by conventional eye examinations. However, 5 % of eyes had total corneal HOA
exceeding 0.3 pm due to mild anterior segment abnormality such as mild pteryg-
ium, undetected keratoconus suspect or asymmetric astigmatism, and unnoticed
LASIK procedures to which surgeons did not pay attention as it will not interfere
with conducting cataract surgery. The exclusion of these cases for the implantation
of multifocal IOL might be indicated because of the additional deterioration of
contrast sensitivity due to corneal irregular astigmatism.

While implanting new technology IOLs, avoiding refractive errors following
cataract surgery is essential for obtaining the best visual results possible. Therefore,
detecting an abnormal corneal shape is important to prevent an unexpected refrac-
tive error postoperatively. A AK of 0.5 D was considered the cutoff value because a
0.5-D difference in power between the central and paracentral corneas might induce
one-step difference in the IOL power and require special IOL power calculations
for eyes with abnormal corneal shape including LASIK [11, 12, 19]. Three percent
of eyes had a AK exceeding 0.5 D. These patients included undetected keratoconus
suspect, asymmetric against-the-rule astigmatism, or a steep cornea with an
extremely prolate shape. Again, such minor abnormalities undetected with the
conventional examination may induce the postoperative refractive errors.

In terms of aspherical IOLs, individualized correction of spherical aberration
during cataract surgery has been proposed [16, 20]. A Z40 below 0.1 was consid-
ered abnormal because the absolute values of ocular spherical aberration will
increase with implantation of an aspherical IOL, i.e., —0.20 for the eyes with a
Z40 below 0.1. The Z40 was below 0.1 pm in 11 % of eyes. In these cases, spherical
IOLs might be superior for reducing postoperative ocular spherical aberrations.

Postoperative regular astigmatism, another important factor associated with poor
postoperative uncorrected visual acuity, decreases the ability of the new technology
IOLs to achieve the best vision possible [21]. Cylinder of 1.5 D or more was used
as a cutoff value based on the high chance of astigmatic correction postoperatively.
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In 18 % of eyes, the cylinder exceeded 1.5 D. A toric IOL or astigmatic surgery
such as LRIs or LASIK might be a good indication for these subjects.

The current study had some limitations. The number of subjects was small and
more subjects should be included in the future to increase the accuracy of the
results. Because this was a retrospective study, the relationships between the factors
measured preoperatively and the postoperative visual function were not studied. As
recent studies have indicated the disassociation between corneal cylinder with
keratometer and astigmatism due to anterior and posterior corneal surfaces, evalu-
ation of regular astigmatism should be conducted with Scheimpflug-based or
optical coherence-based corneal topographers [22]. Further studies are needed to
confirm the rationale for performing preoperative corneal topography as a screening
procedure for cataract surgeries with new technology IOLs.

3.5 Conclusions

Corneal topographic analysis has been used to determine corneal irregular astig-
matism qualitatively by graphic presentation of the corneal power distribution with
color-coded maps and quantitatively by the topographic indices mainly for refrac-
tive surgeries or corneal diseases [23, 24]. Considering that cataract surgery is a
refractive procedure, preoperative evaluation of corneal HOAs will become more
and more important in the near future, especially in eyes with no major problems
using conventional examinations and surgeons consider implantation of the new
technology IOLs. An effective screening procedure should be established to
increase patient satisfaction and minimize postoperative complaints.
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Chapter 4
Intraocular Lens Power Calculations
in Long Eyes

Jason Feuerman, Li Wang, Ryan Barrett, Sharmini Asha Balakrishnan,
Mitchell P. Weikert, and Douglas D. Koch

Abstract In eyes with axial lengths greater than 25.0 mm, intraocular lens (IOL)
power calculation formulas tend to suggest IOLs of insufficient power, leaving
patients with postoperative hyperopia. This chapter describes the development and
validation of a method for optimizing axial length to improve the accuracy of these
formulas. In consecutive cases, refractive prediction errors with the Holladay
1, Haigis, SRK/T, and Hoffer Q formulas were evaluated. Eyes were then random-
ized into two groups, one to develop regression formulas to optimize axial length
and one to validate the method. Two additional data sets were used for validation in
this original study, as well as another data set that is yet unpublished. The method of
optimizing axial length significantly reduced the mean numerical refractive predic-
tion errors: (1) for IOLs > 5.00 diopters (D), from a range of +0.27 to +0.68 D to a
range of —0.10 to —0.02 D, and (2) for IOLs <5.00 D, from a range of +1.13 to
+1.87 D to a range of —0.21 to +0.01 D (all P < 0.05). Optimizing axial length also
significantly reduced the percentage of eyes that would be left hyperopic in the two
additional published data sets and in a more recent set of unpublished data. The
unpublished data set also demonstrated better accuracy with optimized axial lengths
in comparison to the Barrett Universal Formula. In conclusion, optimizing axial
length with the proposed formulas in this chapter reduced the percentage of long
eyes that would end up with an undesired hyperopic outcome.
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4.1 Introduction

Modern intraocular lens (IOL) power calculation formulas tend to produce
inaccurate outcomes in eyes with long axial lengths. In eyes greater than
25.0 mm, current formulas often suggest IOLs of insufficient power, which
leave patients with postoperative hyperopia [1-6]. There is no consensus on
which of the IOL power calculation formulas is most accurate in long eyes, but
none are ideal in their unmodified form. Many surgeons just empirically aim for
a more myopic postoperative outcome in order to try to avoid hyperopic
surprises, but axial length optimization formulas derived using regression anal-
ysis now allow for more precise and predictable refractive outcomes in these
patients [7].

It has been suggested that the increased incidence of posterior staphylomas in
eyes with axial high myopia and the resultant inaccurate measurement of preoper-
ative axial length is the main reason for postoperative hyperopic outcomes in
patients with axial high myopia [8]. When ultrasonic biometric methods are used,
axial length can be inadvertently measured to the depth of a staphyloma rather than
to the fovea, leading to the selection of an IOL of insufficient power. The advent of
optical coherence biometry permits more accurate measurements in the presence of
posterior staphylomas because the patient fixates along the direction of the mea-
suring beam. The instrument is therefore more likely to display an accurate axial
length to the center of the macula.

However, minimizing or eliminating the impact of posterior staphylomas
on IOL calculations does not necessarily prevent hyperopic surprises in long
eyes. MacLaren et al. [2] evaluated the accuracy of biometry in eyes with
negative-powered or zero-powered IOLs using the SRK/T formula. They
reported consistent hyperopic errors among all three methods of biometry
(A-scan, B-scan, and optical), which suggests that the potential error induced
by a posterior staphyloma is not solely responsible for hyperopic outcomes in
these eyes.

Recently, Wang et al. [7] evaluated the accuracy of refractive error prediction of
4 IOL power calculation formulas (Holladay 1, Haigis, SRK/T, and Hoffer Q) in
eyes with axial length greater than 25.0 mm and developed regression formulas to
optimize axial length and improve prediction accuracy. Subsequently gathered
unpublished data validate the superior predictive accuracy of lens power calcula-
tion formulas when optimized axial lengths are used compared to unoptimized axial
lengths and another method of IOL power calculation, the Barrett Universal
formula [9], which is intended to be used in long eyes without axial length
modification.
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4.2 Methods

4.2.1 Development and Validation of Axial Length
Optimization Formulas

Consecutive cases of eyes with axial length greater than 25.0 mm that underwent
cataract extraction by phacoemulsification and intraocular lens implantation by the
same surgeon (D.D.K.) at Cullen Eye Institute, Baylor College of Medicine,
Houston, Texas, USA, from October 2002 to October 2005 were reviewed. All
surgeries were performed through a small temporal clear corneal incision, and the
surgeon chose the power of the implanted IOL based on the Holladay 1 formula.
The inclusion criteria were (1) implantation of an Acrysof SA60AT, Acrysof
SN60AT, or Acrysof MA60MA posterior chamber IOL (all Alcon Laboratories,
Inc.), (2) biometric measurements by partial coherence interferometry (IOLMaster,
Carl Zeiss Meditec, Inc.), (3) no prior ocular surgery and no intraoperative or
postoperative complications, and (4) postoperative corrected distance visual acuity
of 20/30 or better.

First, the Holladay 1, Haigis, SRK/T, and Hoffer Q formulas were evaluated for
accuracy in long eyes using both the manufacturers’ lens constants and back-
calculated optimized lens constants. In order to evaluate the accuracy of refractive
prediction of these formulas, the refractive prediction error (RPE) was calculated
for each eye (actual refraction 3 weeks or more postoperatively minus predicted
refraction). A positive RPE indicates a hyperopic outcome. Mean RPE, referred to
as mean numerical error (MNE), was calculated for each of the 4 formulas as well
as the percentage of eyes with a positive RPE. Lens constants were optimized
retrospectively for each formula by obtaining an MNE of zero. This was performed
with the IOLMaster device for the Holladay 1, SRK/T, and Hoffer Q formulas and
by using multiple regression analysis for the Haigis formula [8]. Then, using the
absolute values of the RPEs, the mean absolute error (MAE) was also calculated for
each formula.

In order to develop and verify axial length optimization formulas, the eyes used
in this main data set were randomized into two groups: one to develop the axial
length optimization method and the other to validate the results. In group one, the
ideal axial length for each eye, which would have produced an RPE of zero, was
back-calculated postoperatively. The manufacturers’ lens constants were used for
this calculation. Regression analysis was performed to create a formula relating the
optimized axial lengths to the original IOLMaster axial lengths. Group two was
then used to assess the predictive accuracy of IOL calculation formulas using axial
lengths optimized with the regression equation developed from group one.

Two additional data sets were then used for validation of the accuracy of
the method of optimizing axial lengths and for refining the optimization formula.
One set consisted of consecutive cases from a single surgeon in another center
(Thomas Kohnen MD, PhD, FEBO, Department of Ophthalmology; Johann
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Wolfgang Goethe University, Frankfurt am Main, Germany) using Acrysof
MAG60OMA IOL implantation for refractive lens exchange through 3.0-3.5 mm
unsutured temporal or on-axis posterior limbal tunnel incisions. The second set
was again consecutive cases with axial length greater than 25.0 mm who underwent
cataract extraction and IOL implantation by the same surgeon (D.D.K) from
November 2005 to April 2008 at Cullen Eye institute.

4.2.2 Further Validation of Axial Length Optimization
and Comparison to Barrett Universal Formula

Data that are yet unpublished have been gathered more recently to further validate
the use of optimized axial lengths when using the Holladay 1, SRK/T, and Haigis
formulas for lens power calculation, as well as to compare the accuracy of these
optimized formulas to the Barrett Universal Formula [9]. Consecutive cases by
1 surgeon (D.D.K.) on eyes with an axial length greater than 25 mm from April
2010 to December 2012 were analyzed. The patients had no prior ocular surgery, no
intraoperative or postoperative complications, and postoperative corrected distance
visual acuity of 20/30 or better. The Holladay 1 formula with optimized axial
lengths based on the regression formula developed from the previously published
study by Wang et al. [7] was used to select the IOL that was implanted. The MNE
and percentage of eyes with RPE greater than 0, +0.25, +0.5, and +0.75 D were
back-calculated using unoptimized axial lengths, optimized axial lengths, and the
Barrett Universal Formula. These groups were compared using paired 7-test
analysis.

4.3 Results

4.3.1 Development and Validation of Axial Length
Optimization Formulas

In the main data set from the published study by Wang et al., 94 eyes of 69 patients
met the inclusion criteria, and group 1 and group 2 were thus each comprised of
47 eyes each. The German data set in this study contained 22 eyes of 14 patients and
the additional data set from the United States included 106 eyes of 78 patients.

In the main group of 94 eyes, the MNEs were positive for eyes receiving both
SA/SN60AT lenses and MA60MA lenses with all four IOL calculation formulas
when IOLMaster axial lengths and lens manufacturers’ lens constants were used.
More than 78 % of the eyes with SA/SN60AT intraocular lenses and 100 % of
eyes with MA60MA IOLs would have been left hyperopic with all 4 formulas.
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Additionally, the MAE values for the MA60MA IOLs were significantly greater
than those for the SA/SN60AT IOLs with all four formulas (all P < 0.05).

The original axial length optimization formulas were derived based on the
refractive prediction errors from the 47 eyes in group 1.

In group 2, the MNEs were significantly reduced with the use of the optimized
axial lengths and manufacturers’ lens constants compared to those obtained with
unoptimized IOLMaster axial lengths for all four lens calculation formulas for both
the SA/SN60AT and MA60MA IOLs (all P < 0.05). When the MAEs using the
optimized axial length and manufacturers’ lens constants were compared to the
MAEs using the IOLMaster axial lengths and optimized lens constants, axial length
optimization improved accuracy significantly for all four formulas for the
MAG60MA IOLs (all P < 0.05) but not for the SA/SN60AT IOLs (P > 0.05).

In the additional data set of 22 eyes from Germany, the MNEs and percentage of
eyes that would have hyperopic outcomes decreased significantly (all <0.05) with
input of optimized axial length compared to the use of original IOLMaster axial
lengths. Similarly, in the additional data set of 106 eyes from Cullen Eye Institute in
the United States, when optimized axial lengths were used instead of original
IOLMaster axial lengths, the MNE and percentage of eyes left hyperopic decreased
significantly for all IOLs and with all four formulas (all P < 0.05) with the excep-
tion of the SA/SN60AT/SN60T and SN6OWF IOLs with the SRK/T formula.

The updated equations for optimizing axial length derived from the data set from
Cullen Eye Institute (n =200) were:

Holladay 1 : AL = 0.8289 x IOLMaster AL + 4.2663
Haigis : AL = 0.9286 x IOLMaster AL + 1.562
SRK/T : AL = 0.8544 x IOLMaster AL + 3.7222
HofferQ : AL = 0.853 x IOLMaster AL + 3.5794

4.3.2 Further Validation of Axial Length Optimization
and Comparison to Barrett Universal Formula

In the unpublished data set recently collected to further evaluate the accuracy of
IOL power calculations using optimized axial lengths, 162 eyes of 115 patients
were included. Axial length optimization resulted in improved MNE and decreased
percentages of eyes with RPE greater than 0, +0.25, +0.5, and +0.75 D for each of
the three formulas evaluated (Figs. 4.1, 4.2, and 4.3). The MNE reduced from +0.48
to +0.04 D for the Holladay 1, from +0.31 to +0.16 D for the SRK/T, and from
+0.61 to —0.01 D for the Haigis (all P < 0.01). The Barrett Universal formula had
an MNE of +0.28 D, which was smaller than the MNE for the Holladay 1 and
Haigis formulas prior to axial length optimization, but larger than all the formulas
after axial length optimization (all P < 0.01) (Fig. 4.4).



Fig. 4.1 Hyperopic
refractive predicted error—
Holladay 1. Unpublished
validation data set

Fig. 4.2 Hyperopic
refractive predicted error—
SRK/T. Unpublished
validation data set

Fig. 4.3 Hyperopic
refractive predicted error—
Haigis. Unpublished
validation data set
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4.4 Discussion

In the primary data set of 94 eyes, MNE values demonstrated that, with IOLMaster
axial lengths and manufacturers’ lens constants, the majority of eyes receiving
SA/SN60AT lenses and all of the eyes with MA60MA lenses would have been left
with postoperative hyperopia. This is consistent with findings in previous studies
[1-6]. As demonstrated by MAE values, optimizing the lens constant improved
accuracy for both types of lenses but still left significant error, especially with the
MAG60MA lenses.

There are four potential sources of error in IOL calculations: corneal curvature
measurement, effective lens position, the IOL calculation formula, and axial length
measurement. In long eyes, the accuracy of corneal curvature measurement is less
likely to be the main source of error. Gullstrand’s ratio of anterior to posterior
corneal curvature overestimates corneal power, but this error exists in all eyes, not
just eyes with long axial lengths [10, 11]. Additionally, a prior study has demon-
strated that in eyes with normal axial lengths, intraocular lens power calculation
accuracy was not significantly different whether using automated keratometry, a
Placido-based corneal topographer, or a combined Placido and dual Scheimpflug
corneal topographer [12]. With regard to effective lens position, studies of eyes with
zero-diopter IOL implantation also report hyperopic outcomes [2, 5]. Since effective
lens position is irrelevant when implanting zero-diopter IOL, effective lens position
is not the main source of error. As mentioned earlier in this chapter, a posterior
staphyloma may give a falsely long axial length using ultrasound biometry methods,
but in theory optical coherence biometry is capable of accurately measuring axial
length in long eyes even in the presence of posterior staphylomas. However, our data
suggest that even with optical coherence biometry using the IOLMaster device, there
is still a tendency towards postoperative hyperopic outcomes.
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While it is possible that the IOL calculation formulas are themselves in error, the
data presented in this chapter suggest that axial length measurement is the primary
source of inaccurate outcomes. The IOLMaster device uses a single average value
for refractive index of the whole eye to convert optical path length to an axial length
value in millimeters. The refractive index of vitreous in long eyes may be different
from that in normal eyes due to vitreous liquefaction. Thus, the hyperopic error in
long eyes may be the result of inaccurate measurement of the axial length or the
way that formulas use this value.

The original validation group of 47 eyes demonstrated that for all four lens
calculation formulas, axial length optimization significantly reduced MNEs com-
pared to using IOLMaster axial lengths with manufacturers’ lens constants for both
the SA/SN60AT and MA60MA IOLs. Even when compared to using optimized
lens constants, use of optimized axial length significantly improved accuracy for
MAG60OMA IOL calculations with all four formulas. In the two additional validation
data sets in the original study, optimizing axial length again significantly reduced
the percentage of eyes that would be left hyperopic. This led to the development of
the updated axial length optimization equations. The unpublished data set described
above further validates the increased accuracy of intraocular lens power calcula-
tions when IOLMaster axial lengths are optimized using these regression formulas.
Additionally, refractive prediction was more accurate with the optimized axial
length with all three formulas evaluated in this data set than with the Barrett
Universal formula.

These studies have limitations. The Holladay 2 formula was not included in the
analysis because there was no white-to-white distance measurement with the earlier
version of the IOLMaster device. Additionally, the number of eyes with MA60MA
intraocular lenses used to develop the regression formulas for optimizing axial lengths
was small, and a larger sample size would have been desirable. Lastly, lens-constant
optimization was not performed in the validation data sets and may have influenced
the degree to which axial length optimization improved refractive accuracy.

4.5 Conclusions

Optimization of axial length improves refractive predictability in eyes with
IOLMaster axial length of greater than 25.0 mm. For IOLs of 6.0 D or more, results
were comparable between two methods: (1) optimizing lens constants specifically
for these low power IOLs and of (2) optimizing axial lengths. For IOLs of 5.0 D or
less, using optimized axial lengths paired with manufacturers’ lens constants is more
accurate than optimizing lens constants alone. In further study of the Holladay 1,
SRK/T, and Haigis formulas, optimizing axial length again demonstrated improved
refractive outcomes, as well as increased accuracy in comparison to the Barrett
Universal Formula. Axial length optimization using the regression formulas
presented in this chapter improves refractive predictability of IOLs used when
performing cataract surgery in long eyes.
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Chapter 5

Using Optical Coherence Tomography
for IOL Power Calculations in Eyes
with Prior Ablative Corneal Surgery

Emily Waisbren, Li Wang, Mitchell P. Weikert, and Douglas D. Koch

Abstract While corneal refractive surgery produces excellent visual outcomes, the
changes it produces in anterior corneal curvature make it more difficult to accu-
rately calculate corneal refractive power for intraocular lens (IOL) calculations.
The development by Hill, Wang, and Koch of the ASCRS online calculator in 2007
facilitated more accurate IOL power calculations in eyes that have undergone
corneal refractive surgery. Since then, novel techniques such as optical coherence
tomography (OCT) have been utilized to further improve IOL power calculation
accuracy.

The following chapter discusses the preliminary results of one such study
presented by Wang et al. at the annual ASCRS meeting in 2013. Their prospective
study included a group of 28 eyes of 24 patients at one institution enrolled between
November 2010 and March 2012. The study validates the OCT-based IOL power
formula developed by Tang et al. and compares it to methods using the ASCRS
calculator.

Keywords Cataract surgery ¢ Intraocular lens prediction  Refractive surgery

5.1 Introduction

Compared with current accuracy standards for virgin eyes, determining intraocular
lens (IOL) power for eyes that have had corneal refractive surgery is difficult [1-3].
IOL power errors in these eyes can be attributed primarily to 2 factors: inaccurate
determination of the true total corneal refractive power and incorrect estimation of
the effective lens position (ELP) by those third- or fourth-generation IOL power
calculation formulas that use corneal powers when calculating ELP [4, 5].
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Various methods have been proposed to improve the accuracy of IOL power
calculation after corneal refractive surgery. To facilitate this process, Hill, Wang,
and Koch developed an internet-based IOL power calculator that can be accessed
through the American Society of Cataract and Refractive Surgery (ASCRS) web
site (ascrs.org). This online calculator has three categories of formulas: (1) IOL
power calculation for eyes with previous myopic LASIK or PRK, (2) IOL power
calculation for eyes with previous hyperopic LASIK or PRK, and (3) IOL power
calculation for eyes with previous radial keratotomy (RK).

Using the ASCRS online calculator, Wang et al. [6] evaluated the accuracy of
methods of IOL power prediction after previous laser in situ keratomileusis
(LASIK) or photorefractive keratectomy (PRK). The study compared the following
methods: those using pre-LASIK/PRK keratometry and surgically induced change
in refraction (so-called “clinical history” methods), methods using surgically
induced change in refraction, and methods using no previous data. The predicted
IOL power was calculated with each method targeting the post-cataract surgery
refraction. The IOL prediction errors were calculated and analyzed. The study
found that IOL calculation methods using surgically induced change in refraction
and methods using no previous data had smaller mean absolute IOL prediction
errors, smaller variances, and greater percentage of eyes within an acceptable range
of refractive prediction errors than methods using pre-LASIK/PRK keratometry
values and surgically include change in refraction.

With post-refractive surgery IOL power calculations now more accessible via the
ASCRS calculator, there have been ongoing investigations into the use of novel
technologies to yield more accurate measurements of the cornea. Direct measure-
ment of the posterior corneal power is a promising solution for calculating IOL
power after previous laser vision correction. Slit-scanning tomography, rotating-slit
Scheimpflug camera, and dual-Scheimpflug systems have been used for this purpose
[7-9]. However, the axial (depth) resolutions of these devices are between 50 and
100 pm due to the diffraction limit. This relatively poor resolution can lead to errors
in the delineation of the posterior corneal border in the presence of corneal haze or
opacity, a problem that is well documented for slit-scanning tomography [10—13].

Optical coherence tomography (OCT) has been proposed as a more accurate
method for measuring total corneal power [14, 15]. The higher axial resolution of
OCT (3-17 pm in commercial instruments) allows clear delineation of corneal
boundaries, even in the presence of opacities [10]. With the recent advance from
time-domain to frequency-domain detection, the speed of OCT corneal mapping is
now faster than that of slit-scanning or Scheimpflug-based devices. Based on these
theoretical advantages, OCT may be a promising technology in this application.

Two prior studies report the development of an OCT-based formula to refine
IOL power prediction in post-LASIK eyes [16, 17]. A third study used this
OCT-based formula to evaluate the accuracy of IOL power calculation in eyes
with prior radial keratotomy (RK). The study found that the OCT-based IOL power
calculation is a promising option for calculating IOL power in post-RK eyes and
that the adjusted effective corneal power (ECP) formula reduces overall hyperopic
surprises and yields higher consistency in IOL prediction [18].
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In a recent study, Wang et al. validated the OCT-based IOL power formula and
compared it to the methods of the ASCRS calculator in eyes with previous myopic
LASIK or PRK. Their preliminary findings, which were presented at ASCRS 2013,
are discussed below [19].

5.2 Methods

5.2.1 OCT-Based Power Calculation

Between November 2010 and March 2012, Wang et al. [19] prospectively enrolled
patients undergoing cataract surgery with monofocal IOL implantation who had
previous myopic laser vision correction. A spectral domain OCT system (RTVue,
Optovue Inc.) was used to measure anterior, posterior, and net corneal powers and
central corneal thickness (CCT).

The OCT-based IOL power formula was previously described [16]. It used an
eye model consisting of four optical surfaces: the anterior corneal surface, posterior
corneal surface, IOL, andthe retina. The IOL was modeled as a thin lens. The OCT
net corneal power was converted to an effective corneal power (ECP) for insertion
into the IOL formula as follows:

ECP = 1.0208 x net corneal power — 1.6622 (post myopic Lasik)
ECP = 1.1 X net corneal power — 5.736 (post hyperopic Lasik)

These equations were generated from a linear regression analysis of ECPs that
were back-calculated from the postoperative manifest refraction spherical equiva-
lent (MRSE), preoperative ACD, preoperative AL, preoperative posterior corneal
power (from OCT), and preoperative CCT (from OCT) [17].

The ASCRS online IOL calculator was used for those formulas for which
pertinent data were available. To use the IOL calculator (ascrs.org), all available
data before and after LASIK or PRK and the measurements before cataract surgery
are entered. The “calculate” button is then clicked, and the results are shown at the
bottom of the form (Fig. 5.1).

The predicted IOL power was calculated with each method using the actual
postoperative refraction as the target. The IOL prediction error was calculated as
the implanted IOL power minus the predicted IOL power. The refractive prediction
error was calculated by assuming that 1 D of IOL prediction error produces 0.7 D of
refractive error. Mean absolute refractive prediction error (MAE) was calculated
after adjusting the mean numerical prediction error to zero. Percentages of eyes
with 0.5 D and 1.0 D of refractive prediction error were also determined.
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IOL Calculator for Eyes with Prior Myopic LASIK/PRK
(Your data will not be saved. Please print a copy for your record.)
Please enter all data available and press "Calculate™

Doctor Patient 1oL
Name Name /e ice Model 280 ‘
Pre-LASIK/PRK Data:
Refraction® Sph(D)-7.25 CylD)* -3.00 Vertex (If empty, 12.5 mm will be used)
Keratometry K1{D)43.5 K2(D)46.5
Post-LASIK/PRK Data:
Refraction®§ Sph(D)-0.25 Cyl(D)* +0.50 Vertex(mm)

EveSys Atlas 9000 Tomey ACCP Galilel ®V5.2.1 or later
Topography EfRP 258 amm zone *>%  Nidei?ACP/IAPP TCP™ ~ V5.2 or earfier

Atlas Ring Values  Omm 39.63 1mm 39.62 2mm 39.73 3mm 39.75
Optical (IOLMaster/Lenstar)/Ultrasound Biometric Data:
Ks K1(D)39.92 K2(D)39.53 K‘l’m e e
AL{mm)27.22 ACD(mm)3.67 Target Ref (D) -0.5
Lens Constants**** A-const(SRKIT) SF(Holladay1) 2.06
Haigis a0 -0.658 Haigis a10.176 Haigis a2 0.225

"If entering "Sph(D)", you must enter a value for "Cyl(D)", even if it is zero.

&Most recent stable refraction prior to development of a cataract.

# Magelian ACP or OPD-Scan Il APP 3-mm manual value (personal communication Stephen D. Klyce, PhD).
**Select the versicon of your Galilei device: "V5.2 or earfier” or "V5.2.1 or later".

***Select the keratometric index (n) of your device. in North ypically default to 1.3375.

["***Enter any constants available; ommmeealeulateﬂmmmmmmd lfulrusonchLls entered, be sure to use your
ultrasound lens constants.

Caleulate Reset Form

IOL calculation formulas used: Double-K Holladay 11, Shammas-PL2, & Haigis-L3
Using Pre-LASIK/PRK Ks + AMR Using AMR Using no prior data
adjusted EfiRP 20.19 D
: 2adjusted Atlas 9000 (4mm zone) 19.88 D 2Wang-Koch-Maloney 19.32 D
st b 1 19.08 D 2 18.16 D
eiz-Mannis Adjusted Atlas Ring Values 19. 2ghammas 18.
Feiz-Mannis  20.72 D SAd) Atlas Ring Val mma:
AP Masket Formula 18.09 D Haigis-L. 17.95D
IR Modified-Masket 18.91 D igaliei =
1adjusted ACCPIACPIAPP =

Average IOL Power (AMR only & No Prior Data): 18.95D
Average |IOL Power (All Available Formulas): 19.41D
Min: 17.95D

Max: 20.72D

Fig. 5.1 Online IOL calculator for eyes with previous myopic LASIK or PRK

5.2.2 Statistical Analysis

For the OCT analysis, the Wilcoxon signed-rank test for paired samples was used to
compare the MAEs and adjusted MAEs of refractive prediction between different
IOL formulas. The Fisher exact probability test was used to compare the proportion
of eyes within 1.0 D of predicted refraction. A P-value of less than 0.05 was
considered statistically significant.
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Fig. 5.2 Refractive MAE with methods using no prior data (n =28). Significantly greater MAE
with Galilei than those with OCT, Shammas, and Haigis-L (all P < 0.05)

5.3 Results

Twenty-eight eyes of 24 patients with previous myopic LASIK or PRK undergoing
cataract surgery were enrolled in the study. The mean age at the time of surgery was
62 4 7 years (SD) (range 46 to 75 years). Fourteen eyes had historic data available;
for these eyes, the mean magnitude of previous myopic correction was
—5.024+2.91 D (range —0.88 to —11.13 D).

For methods using no prior data (n=28), the study found that OCT had
a significantly lower refractive mean absolute error (MAE) than the Galilei
(0.43 D vs. 0.74 D, P <0.05) (Fig. 5.2). The Shammas and the Haigis-L. were
also significantly lower than the Galilei.

The OCT formula, Haigis-L, and Shammas formulas had significantly more eyes
within £1.0 D of refractive prediction errors, compared to the Galilei formula (all
P <0.05). (Fig. 5.3).

For the 14 eyes for which pre-LASIK data were available, all 3 types of formulas
in the ASCRS calculator were used and compared to the OCT formula. As previ-
ously reported, the “clinical history” formulas had a significantly higher MAE and
% of eyes outside of 1 D of predicted compared to the either the OCT formula and
those formulas using AMR only or no prior data (all P < 0.05) (Figs. 5.4 and 5.5).

5.4 Discussion

For calculating IOL power for post-laser vision correction eyes, several methods
have been developed for those all-too-common situations for which there are
no historical data. The Wang-Koch-Maloney and Shammas methods use corneal
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Fig. 5.3 Refractive prediction error with methods using no prior data (n = 28). Significantly lower
% values with Galilei than these with OCT, Shammas, and Haigis-L (all P < 0.05)
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Fig. 5.4 Refractive MAE with all methods (n = 14). Significantly greater MAE with methods
using pre-LASIK Ks and AMR than those using AMR only or no prior data (all P <0.05)

topographic or automated keratometry values to measure the anterior corneal power
and then add a constant posterior corneal power. Conceptually, these methods
should work well for eyes with average posterior curvature but could err in eyes
posterior corneas that are much steeper or flatter than the average. The Haigis-L
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method uses empirical linear regression analysis of post-laser vision correction
cataract surgery results to optimize the estimate of corneal power from standard
keratometry [20].

Theoretically, the best solution for post-laser vision correction corneal power
measurement is to accurately measure the curvature of both anterior and posterior
corneal surfaces. The study by Tang et al. [17] aimed to improve IOL power
calculation accuracy by directly measuring the posterior corneal power using
OCT. The authors used the Fourier-domain OCT to measure corneal power and
calculate IOL power in cataract surgeries after laser correction. An OCT-based IOL
formula previously described by the same group [15] was used to calculate the
mean absolute error of postoperative refraction [16], and the results were compared
with the Haigis-L formula. The authors concluded that the predictive accuracy of
the OCT-based IOL power calculation was equal to or better than current standards
in post-laser vision correction eyes.

The study found that the OCT-based IOL formula performed as well or better
than several of the formulas on the ASCRS web site calculator. The authors are
encouraged by these results, considering that the use of this technology for this
application is in its infancy and that faster and more accurate devices will soon
become commercially available.

Our group later used this OCT-based IOL formula to evaluate the accuracy of IOL
power calculation in eyes with prior radial keratotomy (RK). We found that the
OCT-based IOL power calculation is a promising option for calculating IOL power in
post-RK eyes and that the adjusted effective corneal power (ECP) formula reduces
overall hyperopic surprises and yields higher consistency of IOL prediction [18]. The
study found that in the development group of 26 eyes, the OCT formula yielded an
IOL power prediction with a smaller prediction error than other methods (Table 5.1).
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Table 5.1 IOL prediction errors OCT vs. ASCRS calculator using various methods. Slightly
smaller prediction errors for OCT compared to other methods

Atlas rings  Galilei rings
Adjusted ECP (OCT) EyeSys EffRP IOL Master 1-4 avg 14 avg Lenstar

N=38 N=38 N=38 N=6 N=38 N=6
Mean +0.36 +0.96 +0.48 +1.05 -2.10 +0.37
SD 1.11 1.67 2.57 291 2.70 3.29
Min —0.98 —0.46 —-1.97 —1.55 —4.68 —4.54
Max  +2.30 +4.38 +6.13 +6.44 +3.97 +5.56

While OCT is an excellent modality for more accurately measuring ocular
anatomy, instruments such as the Orbscan II, Pentacam (Oculus GmbH), and
Galilei (Ziemer Ophthalmic Systems AG) also have that capability. Compared
with OCT, slit-scanning tomography has poorer axial resolution (50-100 mm)
due to the diffraction limit of optical focusing (estimated based on the intensity
profile of slit images from Orbscan II). The poor resolution can lead to large errors
in the detection of the corneal surface boundaries in the presence of corneal haze or
opacity, a problem that was well documented in the Orbscan II device [10-13].
Furthermore, a complete survey of the corneal surface requires 1-2 s for the
slit-scanning devices, which may subject them to significant motion error.
Scheimpflug technology is also a promising technique for corneal analysis and
particularly measurement of posterior corneal curvature, offering the possibility
that these devices will provide more accurate corneal power values for IOL power
calculation. Although recent studies have failed to confirm this advantage [21],
these devices are also undergoing software and hardware improvements.

5.5 Summary and Conclusions

The above preliminary results show the potential value for the OCT-based IOL
formula in these challenging cases. The data show that it performs as well as the
most accurate formulas on the ASCRS calculator. Clearly, further studies with a
larger sample size must be done to validate the findings.

Because Fourier-domain OCT is a relatively new technology, many improve-
ments in hardware and software can be anticipated in the near future to enhance
corneal power measurement and IOL power selection. There have also been
many recent reports showing that other new methods could obtain lower MAE:s.
However, until these new methods are thoroughly tested for reliability, the most
prudent strategy for the surgeon may be to obtain IOL calculations using several
different methods and select the IOL power based on the consensus of multiple
methods [5, 22, 23].
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Chapter 6
Corneal Astigmatisms and Postoperative
Visual Acuity

Kimiya Shimizu

Abstract This chapter mainly deals with corneal astigmatism as a common type of
astigmatism and postoperative visual acuity. Since moderate corneal astigmatism
deteriorates retinal images, causing a decrease in visual performance and monoc-
ular diplopia, correction is important. The toric intraocular lens (IOL) is useful, and
coping with axis shift is the key point. Since we encountered a patient with the long
axial length and the with-the-rule astigmatism who showed a marked axis shift
immediately after surgery, caution is necessary. Also, the toric phakic IOL and laser
correction of astigmatism such as laser in situ keratomileusis (LASIK) and small
incision lenticule extraction (SMILE) are useful in non-cataractous eyes with
adequate accommodative power. The limbal relaxing incisions (LRIs) are safe,
inexpensive, and require no special equipment such as lasers, although the correc-
tion effects of LRIs are inadequate. At present, avoidance of oblique astigmatism
and a reduction of ocular astigmatism to 1.0 diopter (D) or less are important. In the
future, consideration should also be given to the pupil diameter, posterior corneal
astigmatism, and influences on pseudo-accommodation.
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6.1 Corneal Astigmatism and Postoperative Visual Acuity

6.1.1 Core Messages

» The distribution of corneal astigmatism has been clarified.

¢ The influences of corneal astigmatism on visual performance and optical char-
acteristics are understood.

e The toric IOL is useful, and coping with axis shift is the key point.

e In the future, consideration should also be given to the pupil diameter and
influences on pseudo-accommodation.

6.2 Introduction: Methods and History of the Correction
of Corneal Astigmatism

Astigmatism markedly reduces the retinal image. Severe astigmatism induces mon-
ocular diplopia and can cause amblyopia in children. Astigmatism is caused by an
irregularly shaped cornea or lens, the influences of the decentration or tilting of these
lens systems, or an irregularly shaped retina. This chapter mainly focuses on corneal
astigmatism as a common type of astigmatism and postoperative visual acuity.

The history of astigmatism correction started with eyeglasses and contact lenses,
and, subsequently, corneal refractive surgery was developed. The first surgical tech-
niques were corneal incisions in the steepest meridian during cataract surgery [1] and
astigmatic keratotomy (AK) [2], followed by limbal relaxing incisions (LRIs) [3],
photoastigmatic keratectomy (PAK) using an excimer laser [4], and laser in situ
keratomileusis (LASIK) [5]. Recently, small incision lenticule extraction (SMILE)
[6] was developed as accurate, small incision, laser refractive surgery requiring no
corneal flap. Thus, refractive surgery techniques have been improved to achieve more
favorable postoperative vision. With advances in refractive surgery using such cor-
neal approaches, advances have also been made in intraoperative approaches for the
correction of refraction. In particular, the toric intraocular lens (IOL) is useful due to
its high correction accuracy and no changes in higher order aberration when the
surgical procedure is correctly performed. In 1991, we performed toric IOL (NT-98B:
Nidek Co., Ltd., Aichi, Japan) implantation in 47 eyes and reported favorable clinical
results [7-9]. At present, the correction of high cylindrical powers is possible using a
toric IOL or toric phakic IOL [10], and the indications of toric IOL have been
expanding. In addition, approaches for disorders accompanied by high astigmatism
such as keratoconus have been advanced.
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6.3 Distribution of Corneal Astigmatism, Visual
Performance, and Optical Characteristics

As a result of examining 12,428 eyes with corneal astigmatism, astigmatism >1.0
diopter (D) and >1.5 D, requiring correction, was observed in 36 and 15 %, respec-
tively (Fig. 6.1) [10]. With age, with-the-rule astigmatic eyes decreased, while those
with against-the-rule astigmatism increased (Fig. 6.2). On the other hand, the rate of
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oblique astigmatism was constant in the age groups >40 years (Fig. 6.2). Although
relatively infrequently observed, oblique astigmatism tends to reduce the reading
speed [11] and may be an indication for active correction. In addition, since corneal
astigmatism, even when mild, markedly reduces optical characteristics particularly in
the intermediate-high frequency bands, correction is important.

6.4 Toric IOL

6.4.1 Factors Affecting Postoperative Visual Acuity
and Performance

The toric IOL, which corrects corneal astigmatism in the IOL plane, markedly
improves the optical characteristics after surgery in cases of corneal astigmatism
(Fig. 6.3), showing favorable clinical results (Fig. 6.4). As its problem, since a 3 %
astigmatism correction effect is lost for every 1° axis shift, there is no correction
when the axis shift is 30° [9], and new astigmatism develops on another meridian
(Fig. 6.5). When the axis shift exceeds 30°, which rarely occurs in clinical practice,
the optic characteristics of the toric IOL become lower than those of the conven-
tional IOL. Since most studies have shown an axis shift of less than 10°, the toric
IOL is more useful than conventional IOL. Due to intricately involved factors such
as axis shift errors, residual astigmatism, and lens power steps, the correction of
astigmatism to zero has not been achieved, but performance better than a logMAR
value of 0.0 can be obtained. However, since we encountered a patient with the
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Fig. 6.3 Characteristics of retinal images produced by toric IOLs. A modified Liou-Brennann model
eye was used for the optical simulation. Optical ray tracing was carried out using ZEMAX optical
design software (Radiant Zemax, Redmond, WA, USA). Comparison of MTF between a customized
design toric IOL and conventional IOL (Conv. IOL) for corneal astigmatism of 2.0. D MTF represents
the mean in the sagittal and tangential directions. MTF modulation transfer function, S & T sagittal
and tangential directions
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long axial length and with-the-rule astigmatism who showed a marked axis shift
immediately after surgery, caution is necessary (Fig. 6.6). Its cause was unknown,
but one possibility is a long capsular bag diameter in the eye with a long axial
length, as Vass et al. reported [12].
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The influences of the IOL decenter or tilt or changes in the ocular axis are
slight, and IOL power calculation and coping with axis shift errors may be the
most important.

6.4.2 Axis Determination Methods

At present, the astigmatism axis determination methods include the straightforward
horizontal marking method and methods in which the astigmatism axis is evaluated
based on information on the images of the conjunctival blood vessels or iris pattern
to increase accuracy. In the horizontal marking method, vertical deviation of the
marking or running/disappearance of ink causes errors. In the method based on
conjunctival blood vessel arrangement, the association with the astigmatism axis
should be clarified, and errors occur in conjunctival injection or chemosis while the
method based on the iris pattern has problems regarding accurate recognition and is
time-consuming. There is another method in which images of preoperative marking
on the keratoconjunctiva (axis registration) are obtained using corneal topography
or optical coherence tomography of the anterior segment, the axis is clarified, and
the IOL position is determined based on this axis during the operation. This method
is rational, considering that eye intorsion occurs with a change from the sitting to
supine position during examination. Clinically, the slight superiority of this method
has been reported, but further evaluation is necessary.

In our institution, corneal astigmatism is measured multiple times before surgery
using an autokeratometer or corneal topography. The results of the examination of
corneal astigmatism are inputted into the Toric IOL Web Based Calculations (www.
acrysoftoriccalculator.com), the lens style and fixation axis for the operation are
determined, and the residual astigmatism after the operation is clarified. Concerning
the operative procedure, since inner rotation of the eye occurs with a change from the
sitting to supine position [13], preoperative marking is performed immediately
before the operation. Using the axis registration method [14], a site in the corneal
limbus near the 0° position in the sitting position is marked using a spatula. This site
(angle) is measured using TMS-5 (Tomey Corp., Nagoya, Japan), and the IOL is
fixed at the axis using this mark as a reference during the operation. For the
measurement of the postoperative axial shift, photos of the anterior segment are
obtained each time after the operation, and the angle is more accurately measured by
comparing the position of the lens at each time point with that at different time points
using the conjunctival blood vessels, pigmentation, and iris pattern as parameters.

6.5 Toric Phakic IOL

Although the toric IOL is effective in cataractous eyes, the toric phakic IOL
is useful in non-cataractous eyes with adequate accommodative power. In terms
of retinal image magnification, the toric IOL is expected to lead to slighter
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changes in retinal image magnification than glasses or contact lenses since
the toric IOL is closer to the pupil plane and has been confirmed to be more
effective than wavefront-guided LASIK in high myopic astigmatism [15].
Concerning the midterm results, Kamiya et al. [16] reported that a survey
conducted 3 years after surgery showed favorable clinical results in terms of
safety, efficacy, predictability, and stability in eyes with moderate to high myopic
astigmatism. This technique is also useful for treating keratoconus and high
myopic astigmatism in eyes with pellucid marginal degeneration, and future
development is expected [17, 18].

6.6 LRIs

The correction of astigmatism developing in the cornea at the corneal plane may be
very rational. In particular, LRIs are safe, inexpensive, and require no special
equipment such as lasers. The correction achieved by LRIs is inadequate, and the
postoperative cylindrical power and axis slightly vary. However, LRIs can be
performed simultaneously with cataract surgery and, when performed in combina-
tion with IOL implantation, lead to a favorable postoperative visual acuity. LRIs are
worth performing (Fig. 6.7).

6.7 Laser Correction of Astigmatism (Such as LASIK
and SMILE)

As described above, for laser correction of astigmatism, photorefractive keratectomy
(PRK)/PAK, LASIK, and SMILE have been mainly used in recent years, although in
every case the amount of correction of astigmatism is approximately 80 %.

The greatest advantage of these methods is their relatively high correction accuracy
and stability for the correction of spherical and cylindrical errors. The safety index,

-0.2

0.0

02
%M
3 0.6

Fig. 6.7 Postoperative ’ ——BCVA
results of LRIs. Forty-two 0.8 0‘99,’ ——UCVA
patients (51 eyes; mean age, p

70.0 + 12.6 years) with 1.0

preoperative corneal . i Preop POD 1W  POD 3M
astigmatism >1.5 D Comeal astigmatism 1,99 D 154D 143D



66 K. Shimizu

efficacy index, and correction accuracy associated with visual performance are high
for all methods. However, with a greater amount of correction, the postoperative
spherical aberration tends to increase, and the quality of vision slightly decreases.
In addition, at the sites of the flap and junction to the optical zone, aberration tends
to occur, and a decrease in night vision, glare, or halo can occur. Since SMILE as a
flapless method causes no flap-associated problems and requires cutting of fewer
nerves, dry eye infrequently develops. Therefore, this method is promising.

6.8 Importance of Astigmatism Research

Retinal images in eyes with astigmatism are highly dependent on the pupil. In the
presence of against-the-rule astigmatism of 0.5 D, the contribution to retinal
images (Fig. 6.8) differs between pupil diameters of 3.0 and 4.5 mm, and the
amount of astigmatism differs between the center and periphery. Therefore, a
survey of the relationship between the pupil diameter and amount of astigmatism
is important.

In recent years, the importance of posterior corneal astigmatism has been increas-
ing [19], and IOL power calculation and compensation for corneal astigmatism and
lenticular astigmatism should also be evaluated. Most eyes having with-the-rule
astigmatism show posterior against-the-rule astigmatism, showing an increase in the
amount of posterior astigmatism with an increase in anterior astigmatism. In eyes
with against-the-rule astigmatism, the amount of anterior astigmatism is not associ-
ated with posterior astigmatism, showing a decrease in the percentage of posterior
against-the-rule astigmatism with an increase in the amount of anterior astigmatism.
When a toric IOL is used, cases of with-the-rule astigmatism present no problems
due to undercorrection, but in cases of against-the-rule astigmatism, uniform

Effective pupil diameter

1.5 mm 3.0 mm 4.5 mm

F F ¥

Fig. 6.8 Influences of astigmatism and the pupil diameter on retinal images. Results of retinal
image simulation when corneal astigmatism was created in the modified Liou and Brennan model
eye using Zemax (Radiant Zemax, Redmond, WA, USA) as optical design software. A magnified
figure of the LogMAR 0.0 target size
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overcorrection should not be performed, and the amount of posterior astigmatism
and axis should be evaluated particularly in cases showing marked astigmatism [20].
Also, Koch et al. [21] showed that selecting toric intraocular lenses based on anterior
corneal measurements could lead to overcorrection in eyes that have with-the-rule
astigmatism and undercorrection in eyes that have against-the-rule astigmatism and
concluded that ignoring posterior corneal astigmatism may yield incorrect estima-
tion of total corneal astigmatism. Thus, in the future, optimization, including the
diameter for analysis corresponding to the natural pupil, and correction with eval-
uation of anterior and posterior astigmatism are important.

An appropriate amount of astigmatism was reported to have pseudo-
accommodation effects [22], and, therefore, evaluation is required to determine
whether the full correction of astigmatism is really necessary.

6.9 Conclusion

As described above, there is a possibility that astigmatism plays a functional role.
However, since moderate corneal astigmatism deteriorates retinal images, causing a
decrease in visual performance and monocular diplopia, correction is important.
None of the current astigmatic correction methods can achieve full astigmatic
correction. At present, avoidance of oblique astigmatism and a reduction of ocular
astigmatism to 1.0 D or less are important, and not only the amount of astigmatism
but also the pupil size and pseudo-accommodation effects should be taken into
consideration for achieving better visual acuity in astigmatic eyes.
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Chapter 7
Cataract Wound Size and Astigmatism

Jean-Luc Febbraro, Li Wang, and Douglas D. Koch

Abstract Intwo decades, the size of sutureless cataract incisions has decreased from
an average of 4 mm to less than 2 mm. It is known that clear corneal cataract incisions
flatten the incised meridian with steepening 90° away. The magnitude of this surgi-
cally induced astigmatism (SIA) is primarily linked to the incision size. In this chapter,
we describe the astigmatic effects of 3.2-, 2.2-, and 1.8-mm cataract incisions. A
randomized prospective study of 190 eyes undergoing superior clear corneal incision
(SCCI) was divided into three groups: 61 eyes with a control 3.2-mm SCCI; 66 eyes
with a 2.2-mm SCCT; and 63 eyes with a 1.8-mm SCCI. The with-the-wound (WTW),
against-the-wound (ATW), and WTW-ATW changes were calculated using the
Holladay-Cravy-Koch formula. The WTW, ATW, and WTW-ATW changes were
significantly higher for the control 3.2-mm SCCI than for the 2.2- and 1.8-mm SCCI,
and no difference was found between the 2.2- and 1.8-mm SCCI incision groups. In
another randomized prospective study of 121 eyes, which compared temporal and
superior 2.2-mm CCI, no statistically significant difference of the astigmatic effects
between the two incision locations was found. The different SIA found with various
incision sizes may lead the surgeon to consider a specific strategy in terms of incision
location, particularly for sizes close to 3 mm. Mini 2.2-mm and micro 1.8-mm
incisions induce less astigmatism and therefore offer more flexibility in terms of
incision placement independently from the steep preoperative astigmatic meridian.
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7.1 Introduction

Over the past decades, we have seen a constant decrease in sutureless cataract
incision size, from more than 4 mm in the 1990s to less than 2 mm today. In January
1990, Dr. Michael McFarland introduced the concept of sutureless surgery. He
performed a scleral tunnel incision, located 4 mm behind the surgical limbus, with a
4.5-mm internal width and a 3-mm external wound [1]. During spring 1992,
Dr. Howard Fine developed a more efficient sutureless corneal incision. The
incision was located temporally, with a rectangular shape architecture of 4 mm in
width and 1.75 mm in length [2].

This evolution has been enabled by the improved surgical techniques
and technology such as phacoemulsification and foldable lenses. As a result,
cataract surgery has evolved from a simple opaque lens extraction surgery to a
more refined refractive procedure, allowing for a fast visual rehabilitation and
limited induced astigmatism, as envisioned by the father of modern cataract
surgery, Charles Kelman.

However, even if the size of sutureless cataract incisions has decreased by more
than half, from a 4-mm wound down to a standard 3 mm, then to “2.2-mm mini
incision” and more recently “sub-2-mm microincision,” the subject is still of a
compelling nature. One of the reasons is that a cataract incision is not only a simple
entry port into the eye but also a potential source of surgically induced astigmatism
(SIA) [3-5]. In fact, corneal incisions flatten the incised meridian, and the amount
of SIA is primarily linked to its location, architecture, construction, and, last but not
least, size [6—10].

7.2 Principles

An incision on the cornea induces flattening in the incised meridian and steepening
in the meridian 90° away. This effect, known as SIA, has become popular
particularly since the onset of toric intraocular lenses. The term SIA is defined
as the amount and direction of corneal steepening occurring after the surgery when
compared to the preoperative astigmatic state. The flattening effect corresponds to
the flattening at the site of the incision, which is calculated by vector analysis,
based on pre- and postoperative keratometry. It varies with the angular distance
of the meridian of interest from the SIA (incision site), diminishing and reversing
to steepening once the angle of separation exceeds 45°. The astigmatic changes
are correlated with the incision size and location. The larger the incision, the
higher the corneal astigmatic changes, and the more distant from the visual axis
(sclera versus cornea, temporal versus nasal or superior), the less induced the
astigmatism [3—10].
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7.3 Measurement of Astigmatism

Thorough analysis of astigmatic data is crucial to understand the results of cataract
surgery. Astigmatic analysis can be simple, but at the same time extraordinarily
complex [11]. Astigmatism is characterized by both magnitude and axis. In terms of
astigmatic analysis, the corneal changes inherent to a cataract incision can be
measured either with a simple algebraic method or with a more sophisticated vector
analysis. The algebraic method, which measures the magnitude of astigmatism and
its meridional location, is clinically relevant because the actual amount of astig-
matism impacts uncorrected visual acuity. However, the algebraic approach does
not accurately quantify the surgically induced change that has occurred. Vector
analysis allows for a more precise evaluation of the surgically induced astigmatic
changes. Several methods have been developed to analyze surgically induced
astigmatism. They calculate the astigmatic changes considering not only the mag-
nitude but also the meridional shift of the astigmatism [12—15].

7.4 Astigmatic Effects of 3.2-, 2.2-, and 1.8-mm Superior
Clear Corneal Incisions

In a randomized prospective study, we examined 190 consecutive eyes of
151 patients operated for cataract. All patients underwent superior clear corneal
phacoemulsification (PEA) through a 3.2-mm CCI, 2.2-mm CCI, or 1.8-mm CCI.
The 3.2-mm group comprised 61 eyes (47 patients); the 2.2-mm group comprised
66 eyes (52 patients); the 1.8-mm group comprised 63 eyes (52 patients).

The magnitude of preoperative astigmatism was not considered in selecting the
incision size. Keratometric astigmatism was measured preoperatively and 1 month
after surgery, using the same autokeratometer (Tonoref II, Nidek, Aichi, Japan).
The Tonoref II measures the corneal curvature based on the projection at four points
onto the cornea of four near-infrared rays. The diameter of measured central corneal
area was 3.3 mm, and the measurements were internally repeated three times to give
the final result. The steps of the measurements were set at 0.25 D.

7.4.1 Surgical Technique

All surgeries were performed by the same surgeon (JLF). The incision was
performed with a pre-calibrated metal knife at 11 o’clock, starting with a partial
thickness groove at the superior limbus, followed by an approximately 2-mm-long
stromal tunnel. The two-plane incision architecture resulted in an almost square-
shape incision in 2.2- and 1.8-mm incision subgroups and a more rectangular shape
in the 3.2-mm subgroup.
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Table 7.1 With-the-wound (WTW), against-the-wound (ATW), and WTW-ATW changes in
three groups (mean + SD, range)

WTW (D) ATW (D) WTW-ATW (D)
3.2-mm group —0.38 +£0.47 +0.38 £0.40 —0.76 £0.60
—1.43 to +1.05 —0.39 to +1.45 —1.95 to +0.53
2.2-mm group —0.05+0.45 +0.16 £0.34 —0.20+0.56
—1.49 to +1.05 —0.76 to +0.94 —1.70 to +1.35
1.8-mm group —0.04+0.39 +0.16 £0.29 —0.20+£0.45
—0.93 to +1.21 —0.50 to +1.19 —1.39to +1.12

No wound enlargement was necessary in any group, and a wound-assisted
injection was performed in all cases of the 1.8-mm group.

7.4.2 Results

7.4.2.1 Vector Analysis

We used a vector analysis, based on the Holladay-Cravy-Koch formula, to calculate
the with-the-wound (WTW) change, located at the meridian of the incision, the
against-the-wound (ATW) change, located 90° away from the surgical meridian,
and the WTW-ATW change, which represents the overall change induced by the
incision.

7.4.2.2 With-the-Wound Change

The WTW mean changes were —0.38+0.47 D, —0.05+0.45 D, and —0.04
+0.39 D, in the 3.2-mm, 2.2-mm, and 1.8-mm group, respectively (Table 7.1).
The WTW changes were significantly greater in the 3.2-mm group compared to
both the 2.2- and the 1.8-mm group (both P < 0.001), whereas the comparison
between the two smaller incisions showed no difference (P = 0.90).

7.4.2.3 Against-the-Wound Change

The ATW mean changes were 0.38 +0.40 D, 0.16 +0.34 D, and 0.16 + 0.29 D in the
3.2-mm, 2.2-mm, and 1.8-mm group, respectively (Table 7.1). The ATW changes
were statistically significantly higher in the 3.2-mm group compared to both the
2.2- and the 1.8-mm group (both P < 0.001), whereas it did not differ between the
two smaller incision groups (P = 0.93).
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7424 WTW-ATW Change

The mean WTW-ATW changes were —0.76 + 0.60 D, —0.20+0.56 D, and —0.20
+0.45 D, in the 3.2-mm, 2.2-mm, and 1.8-mm group, respectively (Table 7.1). The
change was statistically significantly higher in the 3.2-mm group compared to both
the 2.2- and the 1.8-mm group (both P < 0.001), but showed no difference among
the two smaller incision groups (P = 0.96).

7.5 Astigmatic Effects of 2.2-mm Superior and Temporal
Clear Corneal Incisions

We conducted a randomized prospective study of 121 consecutive eyes of
98 patients operated for cataract. All patients underwent clear corneal PEA through
a 2.2-mm CCI located superiorly or temporally. The superior group comprised
66 eyes (52 patients) and the temporal group 55 eyes (46 patients).

The magnitude of preoperative astigmatism was not considered in selecting the
incision size. Keratometric astigmatism was measured preoperatively and 1 month
after surgery, using the same autokeratometer (Tonoref II, Nidek, Aichi, Japan).
The steps of the measurements were set at 0.25 D.

7.5.1 Surgical Technique

The same surgeon performed all the surgeries (JLF). The incision was created with
a pre-calibrated metal knife at 11 o’clock, starting with a partial thickness groove
(approximately 300 pm depth) at the superior limbus, followed by an approxi-
mately 2-mm-long stromal tunnel. The two-plane incision architecture resulted
in an almost square-shape incision. No wound enlargement was necessary in
either group.

7.5.2 Results

7.5.2.1 Vector Analysis

We used a vector analysis, based on the Holladay-Cravy-Koch formula detailed in
the previous study.
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Table 7.2 With-the-wound (WTW), against-the-wound (ATW), and WTW-ATW changes in two
groups (mean * SD, range)

WTW (D) ATW (D) WTW-ATW (D)
Temporal 2.2-mm group —0.06+0.24 +0.17 £0.29 —0.29+0.45

—0.74 to +0.46 —0.50 to +1.00 —1.50 to +0.66
Superior 2.2-mm group —0.05+0.45 +0.16 £0.34 —0.20£0.56

—1.49 to +1.05 —0.76 to +0.94 —1.70 to +1.35

7.5.2.2 With-the-Wound Change

The WTW mean changes were —0.05 = 0.45 D in the 2.2-mm superior CCI group
and —0.14 4+ 0.24 D in the 2.2-mm temporal (Table 7.2). The comparison between
the two incisions showed no difference.

7.5.2.3 Against-the-Wound Change

The ATW mean changes were 0.16 +0.34 and 0.17 +0.29 D in the superior and
temporal group, respectively (Table 7.2). The ATW changes did not differ between
the two incision groups.

7.5.2.4 WTW-ATW Change

The mean WTW-ATW changes were —0.20 +0.56 and —0.29 +0.45 D in the
superior and temporal group, respectively (Table 7.2). The change showed no
difference among the two incision groups (P = 0.96).

7.6 Discussion

Our results showed lower astigmatic changes with smaller incision sizes. The
Holladay-Cravy-Koch method was used to calculate the incision-induced changes
along the surgical meridian (WTW) and also 90° away (ATW). With incisions, the
WTW change is usually a flattening effect, and the ATW change is a steepening
effect. In our study, the WTW, ATW, and WTW-ATW changes were statistically
significantly greater in the 3.2-mm group compared to the other two groups,
whereas no difference was found between the two smaller incision groups.
In addition, the comparative astigmatic changes between superior and temporal
2.2-mm CCI were not statistically significantly different. The WTW, ATW, and
WTW-ATW mean values found in the 1.8- and 2.2-mm groups were clinically
small: less than 0.30 D. These values were near to zero and close to the limit of
accuracy of refraction and keratometry measurements.
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7.7 Literature

Several studies have demonstrated that incision size, location, and meridian all
affect the SIA in a particular way.

7.7.1 Astigmatic Changes After 3.00—4.00-mm
Cataract Incisions

Published studies have shown that superior 3—4-mm CCI induced greater astigmatic
changes (SIA 0.60—1.50 D) than oblique CCI (SIA 0.60—1.29 D), on axis CCI (SIA
0.60-0.90 D), and temporal incisions (SIA 0.09-0.44 D) [4-10] (Table 7.3). For
these reasons, if PEA is performed through such incision sizes, the site of cataract
incision should take into consideration the preoperative amount and meridian of
corneal astigmatism:

— Temporal incision is recommended in patients with negligible corneal astigma-
tism, against-the-rule astigmatism, and with-the-rule astigmatism up to 1.25 D,
with a steep meridian at 90°.

— Superior incision is recommended in patients with at least 1.50 D of with-the-
rule astigmatism, with a steep meridian at 90°.

— Nasal incision is recommended with at least 0.75 D of against-the-rule astigma-
tism, with a steep meridian at 180° (Table 7.4).

An alternative to reduce the SIA after a 3-mm or more cataract incision is to
perform a scleral tunnel incision. Studies have demonstrated that postoperative
astigmatism, SIA, and with-the-wound changes were significantly greater after
temporal clear corneal incision surgery compared to comparably sized and located
scleral incisions. Topographic difference maps showed marked and persistent

Table 7.3 Surgically induced astigmatism range with 3—3.5-mm CCI

Incision location Superior Oblique On axis Temporal
SIA (D) 0.60-1.50 0.60-1.29 0.60-0.90 0.09-0.44*

* Results statistically significant compared with other locations

Table 7.4 Incision location recommendations based upon preoperative corneal astigmatism with
3.5-mm wound size

Temporal inc. Nasal inc. Superior inc.
Kohnen and Koch (1996) ATR WTR

0.75-1.25D 0.75-1.25D
Tejedor and Murube (2005) Negligible ast. ATR >0.75 D WTR >125D

ATR<0.75D
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Table 7.5 Incision location recommendations based upon preoperative corneal astigmatism with
2.8-mm wound size

Temporal inc. Nasal inc. Superior inc.
Tejedor and Perez (2009) Negligible ast. ATR WTR >0.75 D
WTR <0.75 D

wound-related peripheral flattening after 8 weeks in the corneal group, whereas
similar changes were less pronounced and indiscernible by 2 weeks in the scleral
group [16].

7.7.2 Astigmatic Changes After 2.6-2.8-mm
or More Cataract Incisions

Published studies have evaluated the refractive changes caused by different
locations of 2.8-mm corneal incisions. The authors found very small refractive
changes, but still, differences were noted depending on incision location. Patients
with against-the-rule astigmatism had better uncorrected visual acuity when a nasal
incision was used, as the incision corrected preexisting corneal astigmatism. Nasal
incisions decreased corneal power at 180°, whereas superior incisions increased it
[17, 18]. The authors recommended the following strategies with 2.8-mm CCI:

— Temporal incision in patients with preexisting negligible astigmatism or with-
the-rule astigmatism of less than 0.75 D

— Nasal incision in patients with the steep meridian at 180°, with a maximum of
0.50 D of attempted correction

— Superior incision in patients with at least 0.75 D of with-the-rule astigmatism
(Table 7.5)

Other studies have shown that SIA was reduced by moving from a 3.0-mm CCI
to a 2.6-mm CCI (0.9 £0.9 versus 0.6 +0.5 D). The authors also found earlier
refractive stabilization and better uncorrected distance visual acuity in the smaller
incision group [19].

7.7.3 Astigmatic Changes After 2.0-2.2-mm
Cataract Incisions

Studies have evaluated the difference in SIA between 2.2- and 3-mm temporal CCIL.
The results have demonstrated that a decrease of 0.8 mm could be beneficial in
terms of astigmatic effects. The SIA was statistically and clinically lower in the
smaller incision size group (0.35 4+ 0.21 D versus 0.67 £ 0.48 D) [10]. Other studies
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confirmed the superiority of 2-mm CCI over 3-mm CCI in terms of induced
astigmatism [16]. In addition, comparative astigmatic results between corneal and
scleral 2-mm incision showed no significant difference, as opposed to the same
comparison with 3-mm incisional width.

7.7.4 Astigmatic Changes After Sub-2.0-mm
Cataract Incisions

Studies have shown that sub-2-mm cataract surgery was not only feasible but also
safe and effective and could provide excellent visual and refractive results [20, 21].
In terms of SIA, microincision cataract surgery provided very slight astigmatic
changes (less than 0.25 D using vector decomposition), with no significant differ-
ence between the coaxial and the bimanual technique [22].

7.8 Clinical Implications

We believe the higher SIA values observed with 3.0-mm or more CCI could be
clinically relevant, also considering their large standard deviations, particularly
when they are located superiorly. They are likely to change the preoperative
cylinder in a clinically meaningful way, sometimes with unanticipated conse-
quences on the postoperative uncorrected visual acuity. Unexpected changes are
less likely to occur after 2.2-mm and 1.8-mm CCI, and therefore the preoperative
corneal cylinder is more likely to remain unchanged after the surgery.

The different SIA found with various incision sizes may lead the surgeon to
consider a specific strategy in terms of incision location, particularly for sizes close
to 3 mm. Published studies have already proposed a strategy for the placement of
2.5-mm (or larger) clear corneal incisions [17, 18, 23]. If we agree that the ideal
postoperative corneal astigmatism should be less than 0.75 D, a 3.2-mm incision,
when located superiorly, could be beneficial in case of with-the- rule corneal
astigmatism of 1 D or more. However, it could overcorrect the cylinder in cases
with less with-the-rule astigmatism and would increase the cylinder in cases of
against-the-rule astigmatism. The incision placement strategy will depend upon the
magnitude and meridian of the preoperative corneal astigmatism. Such a strategy
may be beneficial to optimize final uncorrected postoperative visual acuity.

Knowing the magnitude of the SIA is an important clinical information when
fine-tuning the nomograms of relaxing incisions or when performing the calcula-
tions needed to select a toric IOL. Mini 2.2-mm and micro 1.8-mm incisions induce
less astigmatism and therefore offer more flexibility in terms of incision placement
independently from the steep preoperative astigmatic meridian. Published studies
have shown that the amount of SIA calculated with several vector analysis methods
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was not only very small after coaxial 1.8-mm PEA, but the comparison with
bimanual 1.7-mm biaxial technique was not statistically significant.

Assuming that an ideal postoperative astigmatism goal is around 0.50 diopter or
less, neutral incisions should allow excellent refractive results in patients with
negligible preoperative astigmatism. On the other hand, such neutral incisions
will also benefit patients with a preoperative cylinder of one diopter or more, as
one can more predictably reduce this astigmatism with incisions or toric IOLs.

In terms of safety, we believe that smaller incisions may be safer as they do not
compromise ocular integrity. However, even mini and micro corneal incisions
require meticulous wound construction to avoid postoperative leakage and mini-
mize the distortion of the incision and the risks of infection [24].

A number of studies have proven that square incisions with a 2-mm-long corneal
tunnel were better in terms of resistance and stability [25]. We believe that 2.2- or
sub-2-mm incisions allow a more rigorous square architecture. In addition, in terms
of location they offer greater flexibility because they can be easily performed
maintaining a square shape without approaching the visual axis, even when located
superiorly.

7.9 Conclusion

Ongoing advances in PEA technology, instrumentation, and intraocular lens
designs have led to a continuous decrease in cataract surgery incision size. Over
the past two decades, incisional width has been reduced by half, from close to 4 mm
to an average of 2 mm, shifting from a scleral or limbal approach to a more practical
corneal location. This evolution has allowed a significant reduction of the mean,
standard deviation, and range of surgically induced astigmatism, with a reduction in
mean change to less than 0.25 D, independently of the incision location and the
preoperative astigmatism. This astigmatic effect approaches astigmatic neutrality
and the current limit of accuracy of refraction and keratometric measurements. In
clinical terms, the minimization of surgically induced astigmatism is invaluable.
Unexpected and large astigmatic changes are less likely to occur after 2.2-mm and
1.8-mm CCI. These nearly astigmatically neutral incisions aid surgeons in opti-
mizing uncorrected vision not only in patients with negligible preoperative corneal
astigmatism but also in those with moderate or higher degrees of corneal cylinder in
whom corneal relaxing incisions or toric intraocular lenses can be more
predictably used.

If the aim of cataract surgery is astigmatic neutrality, microincisions smaller
than or equal to 2.2 mm appear to be sufficient. Even though our study shows
statistical equivalence of the 1.8- and 2.2-mm incision in terms of the mean, further
developments should be pursued to reduce the standard deviation of the results and
reduce outliers.
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Chapter 8

Correction of Corneal Astigmatism
with Toric IOLs

Bruna V. Ventura, Li Wang, Mitchell P. Weikert, and Douglas D. Koch

Abstract Anterior and posterior corneal astigmatism must both be considered
when calculating toric intraocular lenses (IOLs). The purpose of the two studies
discussed in this chapter was to assess the relationship between anterior and
posterior corneal astigmatisms and to evaluate the clinical impact of posterior
corneal astigmatism on surgical outcomes following implantation of toric IOLs.
Anterior and posterior corneal astigmatisms (CA,q and CA,oq, TESPECtively) were
measured using the Galilei combined Placido dual Scheimpflug analyzer, and the
correlation between them and age was investigated. In addition, pre- and postop-
erative corneal astigmatism prediction errors were calculated for the IOLMaster,
Lenstar, Atlas, manual keratometer, and Galilei. The mean magnitude of CA,,
was 1.200.79 D (diopters) (standard deviation) and of CAp,g was —0.30+0.15
D. With increasing age, the anterior corneal steeper meridian shifted from vertical
to horizontal, while the posterior corneal steeper meridian maintained a vertically
aligned steeper meridian. The IOLMaster, Lenstar, Atlas, and manual keratometry
had a mean corneal astigmatism prediction error of 0.5-0.6 D of with-the-rule
(WTR) astigmatism in eyes with WTR corneal astigmatism and of 0.2-0.3 D of
WTR astigmatism in eyes with against-the-rule (ATR) corneal astigmatism. These
errors are attributable to posterior corneal astigmatism. In conclusion, ignoring the
posterior corneal astigmatism when planning astigmatic correction during cataract
surgery may lead to overcorrection in eyes with WTR anterior corneal astigmatism
and undercorrection in eyes with ATR anterior corneal astigmatism.
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8.1 Introduction

Astigmatism is a key factor to consider when planning cataract surgery, once post-
surgical residual astigmatism can compromise visual acuity. It has been estimated that
30 % of cataract patients have more than 0.75 diopters (D) of corneal astigmatism, that
22 % have more than 1.50 D, and that 8 % have more than 2.00 D [1, 2]. There are
several methods to surgically treat corneal astigmatism, including adjustment of
wound size and location, corneal relaxing incisions, opposite clear corneal cataract
incisions, laser refractive surgery, and toric intraocular lens (IOL) implantation. Toric
IOLs correct corneal astigmatism at the time of cataract surgery and are a predictable
and permanent treatment [3].

Accurate measurement of corneal astigmatism is mandatory for choosing toric
IOL power and planning optimal alignment. Various measuring methods are
available, such as manual keratometry (manual K), automated keratometry, reflec-
tion methods of corneal topography, slit-scanning technology, optical coherence
tomography, and Scheimpflug imaging. The first three methods measure the ante-
rior corneal surface only. They assume a fixed posterior/anterior corneal curvature
ratio to calculate total corneal power and astigmatism using a standardized corneal
refractive index, most commonly 1.3375. Conversely, slit-scanning technology,
optical coherence tomography, and Scheimpflug imaging measure the anterior
and posterior corneal surfaces. Therefore, they provide total corneal power and
astigmatism based on the measured anterior and posterior corneal data.

Manual and automated keratometry and corneal topography have been tradition-
ally used to assess astigmatism for planning cataract surgery, since it has been
assumed that the posterior cornea contributes with negligible amounts of astigma-
tism to the total corneal astigmatism. However, studies with toric IOLs have shown
significant residual astigmatism after surgery [4, 5] and documented that postoper-
ative anterior corneal astigmatism is not the only factor determining the amount of
residual refractive astigmatism [6]. In addition, studies using a range of devices have
investigated the posterior cornea and have shown that posterior corneal astigmatism
ranges from 0.26 D to 0.78 D [7-10]. Thus, two recent studies were conducted to
assess the importance of posterior corneal astigmatism in planning cataract surgery,
and these are the studies that will be analyzed and discussed in this chapter [11, 12].
The first study used a combined Placido and dual Scheimpflug analyzer to investi-
gate the contribution of posterior corneal astigmatism to total corneal astigmatism
and the accuracy in estimating total corneal astigmatism from measurements of the
anterior corneal surface [11]. The second study used five devices to evaluate the
clinical impact of posterior corneal astigmatism on outcomes of cataract surgery
with toric IOLs and provided a nomogram to guide the selection of the appropriate
toric IOL power, factoring in posterior corneal astigmatism [12].
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8.2 Methods

An institutional review board approval was obtained for both studies, and they
followed the tenets of the Declaration of Helsinki.

82.1 Studyl [11]

This retrospective study included consecutive patients who were screened for
cataract or refractive surgery and had corneal measurements made using the dual
Scheimpflug analyzer (Galilei, Ziemer Ophthalmic Systems AG, Port, Switzerland)
between January 2008 and March 2011 at the Cullen Eye Institute, Baylor College
of Medicine. Exclusion criteria were a history of previous ocular surgery or trauma,
any ocular diseases that might affect the cornea or good fixation, contact lens wear
within 2 weeks of the measurement, and image quality below “good quality.”

The Galilei combines dual Scheimpflug cameras and a Placido disk to assess
both the anterior and posterior corneal surfaces. It derives the anterior corneal
measurements from the combination of the Placido and Scheimpflug data and the
posterior corneal measurements from the Scheimpflug data.

From the four corneal astigmatic values (CA) that were investigated in the study,
we will assess two in this chapter:

¢ CA,,¢ Corneal astigmatism from the anterior corneal surface, which derives from
the CA from simulated keratometry (SimK) [CAg;mk over the 1.0- to 4.0-mm
zone. It is based only on anterior corneal measurement]. The CA,,, is calculated
by multiplying the CAg;mk by (1.376-1.0)/(1.3375-1.0), assuming that the
refractive index of the air is 1.0, the refractive index of the cornea is 1.376, and
the standardized corneal refractive index is 1.3375. The CA,,, meridian is the
steep SimK meridian.

* CApos: Comneal astigmatism from the posterior corneal surface over the
1.0- to 4.0-mm zone, which is calculated with the indices of refraction of the
cornea (1.376) and the aqueous humor (1.336), assuming that the rays approach
the posterior corneal surface parallel to each other.

8.2.1.1 Data Analysis

We calculated the (1) mean magnitude, standard deviation (SD), and range of CA ;¢
and CA,,, (2) the percentage of eyes with corneal astigmatism magnitudes up to
0.25 D, 0.50 D, 0.75 D, and 1.00 D, and (3) the correlation of magnitude and
alignment of astigmatism on the anterior and posterior corneal surfaces. The eyes
were subdivided based on the patients’ age at the time of the Galilei exam. To
assess the changes in location of the steep meridian over time, the percentages of
eyes with the steep meridian aligned vertically (60-120°), obliquely (30—60° or
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120-150°), and horizontally (0-30° or 150-180°) on the anterior and posterior
corneal surfaces were calculated for each age group. Chi-square test was used to
compare the proportion data between age groups, and a Bonferroni correction was
used for multiple comparisons. SPSS for Windows software (version 15.0, SPSS,
Inc.) was used for statistical analysis. A P value less than 0.05 was considered
statistically significant.

8.2.2 Study?2 [12]

This prospective study enrolled patients of the Cullen Eye Institute, Baylor College
of Medicine, from July 2011 to September 2012. To be included, patients were
required to have AcrySof toric IOL implantation without postoperative
decentration/tilt under the slit lamp examination and good-quality preoperative
and 3-week postoperative scans of the following devices: IOLMaster (Carl Zeiss
Meditec AG, Jena, Germany), Lenstar (Haag-Streit, Koeniz, Switzerland), Atlas
Corneal Topographer (Carl Zeiss Meditec AG, Jena, Germany), manual K (Bausch
and Lomb, Rochester, New York, USA), and Galilei. Exclusion criteria were a
history of previous ocular surgery or trauma, any ocular diseases that might affect
the cornea or good fixation, contact lens wear within 2 weeks of the measurement,
and poor image quality with each device.

Also, subjects with oblique corneal astigmatism (steep corneal meridian at 30—
60° or 120-150°) measured by the IOLMaster were excluded, due to the small
number of eyes.

8.2.2.1 Corneal Astigmatism Measurements

The following five devices were used to measure corneal astigmatism in this study:

1. IOLMaster: Measures automated keratometry (K) based on a hexagonal array of
6 points reflected off the surface of the cornea at a diameter of approximately
2.3 mm, depending on the corneal curvature.

2. Lenstar: Keratometry is calculated from an array of 32 light reflections projected
off the anterior corneal surface. These lights are arranged in two rings at
diameters of approximately 1.65 mm and 2.3 mm, depending on the corneal
curvature.

3. Atlas: The Atlas is a Placido-disk-based corneal topographer and provides SimK
values along the steepest and flattest meridians at the 3-mm annular zone.

4. Manual K: This is the conventional method for measuring corneal power at a
diameter of approximately 3 mm, depending on the corneal curvature.

5. Galilei: Calculates the total corneal power (TCP) by tracking the path of incident
light rays through the anterior and posterior corneal surface using ray-tracing
method and Snell’s law.
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The IOLMaster, Lenstar, Atlas, and manual K measure anterior corneal curvature
only, and their astigmatism values are the differences between the anterior corneal
steep K and flat K. The Galilei provides a TCP astigmatism value, which is the
difference between the steep TCP and flat TCP at the 1.0- to 4.0-mm central zone.

Biometry was done using the IOLMaster and Lenstar. The Holladay 1 formula was
used for toric IOL power calculation. Selection of the toric lens power and alignment
was determined by the surgeons based on all data available and on Study 1 [11]. The
axis of the toric IOL alignment was recorded at the time of surgery and at the slit lamp
exam in the 3-week postoperative visit. Manifest refraction was performed 3 weeks
after surgery.

8.2.2.2 Data Analysis

Based on the anterior corneal steep meridian measured by the IOLMaster, the eyes
were divided into two groups: (1) with-the-rule (WTR) group with corneal steep
meridian between 60 and 120° and (2) against-the-rule (ATR) group with corneal
steep meridian between 0-30° and 150-180°.

Vector analysis was used in all calculations [13]. To account for the impact of
IOL power and anticipated effective lens position, the effective toric power of the
IOL at the corneal plane was calculated using the Holladay 2 Consultant program.
The assumed “actual” corneal astigmatism was calculated as the difference
between the postoperative manifest refraction corrected to the corneal plane and
the effective toric power. The corneal astigmatism prediction error for each device,
or the deviation from actual corneal astigmatism, was obtained by subtracting the
“actual” corneal astigmatism from the corneal astigmatism measured by each
device.

Analysis of aggregate corneal astigmatism prediction errors was performed.
Using pre- and postoperative corneal astigmatism measurements, both pre- and
postoperative corneal astigmatism prediction errors were assessed for each device.
The corneal astigmatism prediction errors were further analyzed as follows: (1)
WTR/ATR prediction errors, i.e., the magnitudes of errors along the 90- and
180-degree meridians, with negative values indicating WTR prediction errors,
and positive values indicating ATR errors and (2) oblique prediction errors, in
which positive values indicate oblique astigmatism prediction errors along 45° and
negative values along 135°.

8.2.2.3 Statistical Analysis

We aimed at detecting corneal astigmatism prediction error of >0.2 D. To achieve a
significance level of 5 % and a test power of 80 %, a minimum sample size of
32 eyes was required.

To assess whether the prediction errors were WTR/ATR or oblique, a one
sample z-test was performed to evaluate if the mean vector component values
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were significantly different from zero. Bonferroni correction was used for multiple
comparisons. SPSS for Windows software (version 15.0, SPSS, Inc.) was used for
statistical analysis. A P value less than 0.05 was considered statistically significant.

8.3 Results

8.3.1 Studyl [11]

This first study included 715 eyes of 435 patients, with a mean age of 55 + 20 years
(range, 20-89 years). When subdivided by age, 101 (14.1 %) eyes were from
patients with 20-29 years, 104 (14.5 %) eyes were from patients with 30—
39 years, 101 (14.1 %) eyes were from patients with 40-49 years, 101 (14.1 %)
eyes were from patients with 50-59 years, 101 (14.1 %) eyes were from patients
with 60-69 years, 105 (14.7 %) eyes were from patients with 70-79 years, and
102 (14.3 %) eyes were from patients with 80-89 years.

The mean magnitude of CA,,; was 1.20+0.79 D (range, 0.02—4.90 D). The
percentages of eyes with CA,,, <0.25 D, <0.50 D, <0.75 D, and <1.00 D were
4.3 %, 18.2 %, 31.6 %, and 46.9 %, respectively. Regarding CAg, the mean
magnitude was —0.30 £0.15 D (range, —0.01 to —1.10 D). The percentages of eyes
with CAp. <0.25 D, <0.50 D, <0.75 D, and <1.00 D were 43.1 %, 91.0 %,
99.3 %, and 99.9 %, respectively.

The anterior cornea had the steep meridian aligned vertically in 364 (50.9 %)
eyes, while the posterior cornea had a vertical steep meridian in 619 (86.8 %) eyes.
There was a moderate correlation between anterior and posterior corneal astigma-
tism when the steep anterior meridian was aligned vertically (r =0.56, P < 0.001).
There was a weak correlation when it was oriented obliquely (r =0.37, P < 0.001),
and there was no correlation when it was aligned horizontally (r = —0.08, P = 0.26).

Tables 8.1 and 8.2 show the percentages of eyes with the steep meridian aligned
vertically, obliquely, and horizontally on the anterior and posterior corneal surfaces
when subdividing the eyes based on the patients’ age. With increasing age, the
percentage of eyes with a vertical steep anterior corneal meridian decreased

Table 8.1 Percentages of eyes in each age subgroup with the anterior
corneal steep meridian aligned vertically, obliquely, and horizontally

Steep vertical Steep horizontal Steep oblique
Age (y) meridian (%) meridian (%) meridian (%)
20-29 78 7 15
30-39 67 11 22
4049 72 18 10
50-59 53 21 27
60-69 37 37 27
70-79 32 44 24
80-89 17 61 23

y years
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Table 8.2 Percentages of eyes in each age subgroup with the posterior
corneal steep meridian aligned vertically, obliquely, and horizontally

Steep vertical Steep horizontal Steep oblique
Age (y) meridian (%) meridian (%) meridian (%)
20-29 92 0 8
30-39 89 1 10
40-49 88 2 10
50-59 96 1 3
60-69 88 3 9
70-79 80 7 13
80-89 73 10 18

y years

significantly (P <0.05), while there was a significant increase in eyes with a
horizontally oriented anterior corneal steep meridian (P < 0.05). On the posterior
corneal surface, the steep meridian had a vertical alignment in the majority of eyes
in all ages.

8.3.2 Study 2 [12]

This second study included 41 eyes of 41 patients, with a mean age of 71 £9 years
(range 46-91 years). Seventeen eyes had WTR astigmatism and 24 had ATR
astigmatism. In the group of eyes that had WTR anterior corneal astigmatism, the
mean aggregate preoperative astigmatism as measured with the IOLMaster,
Lenstar, Atlas, Galilei, and manual keratometry were 1.78 D at 91°, 1.66 D at
92°,1.66 D at 88°, 1.76 D at 93°, and 1.91 D at 94°, respectively. In the ATR group,
the mean aggregate preoperative corneal astigmatism as measured with the
IOLMaster, Lenstar, Atlas, Galilei, and manual keratometry were 1.28 D at 1°,
1.24 D at 2°,1.22 D at 0°, 1.56 D at 1°, and 1.32 D at 8°, respectively. The mean
postoperative refractive astigmatism were 0.08 D at 11° in the WTR eyes and
0.12 D at 148° in the ATR eyes.

With the IOLMaster, Lenstar, Atlas, and manual K, the mean pre- and postop-
erative corneal astigmatism prediction errors in the WTR eyes ranged from 0.27 to
0.62 D, all aligned along the vertical meridian, and in the ATR eyes ranged from
0.17 to 0.37 D, also aligned along the vertical meridian. With the Galilei TCP, the
mean pre- and postoperative corneal astigmatism prediction errors were 0.57 D and
0.26 D aligned vertically in the WTR eyes and 0.12 D and 0.18 D aligned
horizontally in the ATR eyes.

In the WTR eyes, the WTR/ATR prediction error ranged from —0.60 to
—0.26 D, and the oblique prediction error ranged from —0.26 to +0.20 D. There
were significant WTR prediction errors of 0.5-0.6 D by all devices, except for the
Atlas and Galilei. There was a significant oblique prediction error of —0.26 D by the
Lenstar (all P < 0.05).
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In the ATR eyes, the WTR/ATR prediction errors ranged from —0.29 to +0.17 D,
and the oblique prediction errors ranged from —0.13 to +0.36 D. There were
significant WTR prediction errors of 0.2-0.3 D by the IOLMaster, Lenstar, Atlas,
and manual K and oblique prediction errors of 0.3-0.4 D by manual K (all P < 0.05).
There were no significant WTR/ATR or oblique prediction errors by the Galilei.

8.4 Discussion

The high expectation of patients regarding visual outcomes after cataract surgery and
the significant postoperative residual astigmatism seen in many patients have led
researchers to investigate the posterior corneal surface in more detail [4, 5, 11, 12]. In
the two studies discussed in this chapter, the authors used different devices to assess
anterior and posterior corneal astigmatism and to evaluate the clinical impact of
posterior corneal astigmatism on outcomes of surgeries with toric IOLs [11, 12].

In the first study, 9 % of eyes had a posterior corneal astigmatism greater than
0.50 D. The mean posterior corneal astigmatism was —0.30 D, which is within the
range of —0.26 to —0.78 D reported by other authors using different methodologies
[7, 8, 10, 14, 15].

Although there was a moderate positive correlation between the magnitude of
corneal astigmatism on the anterior and posterior corneal surfaces when the anterior
corneal steep meridian was oriented vertically, this correlation was weak when the
steep anterior corneal meridian was aligned obliquely and was not found when it
was aligned horizontally [11]. Thus, assuming magnitudes of posterior corneal
astigmatism based only on the magnitude on anterior corneal surface without taking
into account alignment is a potential source of error in planning toric IOL power
and alignment.

The anterior cornea’s steeper meridian is commonly oriented vertically in
younger individuals, but there is a shift towards the horizontal meridian as patients
get older. Similar to the anterior surface, the posterior cornea generally has a steeper
vertical meridian in young patients. However, it remains steeper vertically with
increasing age. Since the posterior cornea is a negative lens, the vertically aligned
steep meridian produces net plus refractive power along the horizontal meridian.
Thus, in general, posterior corneal astigmatism partially compensates for anterior
corneal astigmatism in young adults and increases total corneal astigmatism in
older individuals [11]. In a previous study using the Pentacam device (Oculus, Inc.,
Lynnwood, WA), a weak correlation was found between the posterior cornea’s shift
from being steep vertically to horizontally with age [16]. The percentages of eyes
with a horizontally steep posterior cornea were similar to Koch’s et al. [11]. In the
former study it increased from O % in the 21- to 30-year-old group to 9.1 % in the
71-year-old and older group. In the latter study, it increased from O % in the age
range of 20 to 29 years to 7 % in the age range of 70 to 79 years.

In the second study assessed in this chapter, the authors evaluated the prediction
errors of corneal astigmatism for five devices: four that calculate total corneal
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Table 8.3 Baylor toric IOL nomogram

Effective IOL cylinder power

at corneal plane (D) WTR (D) ATR (D)
0 <1.69 (PCRI if >1.00) <0.39
1.00 1.70-2.19 0.40*-0.79
1.50 2.20-2.69 0.80-1.29
2.00 2.70-3.19 1.30-1.79
2.50 3.20-3.69 1.80-2.29
3.00 3.70-4.19 2.30-2.79
3.50 4.20-4.69 2.80-3.29
4.00 4.70-5.19 3.30-3.79

“Especially if spectacles have more ATR. WTR with-the-rule astigmatism,
ATR against-the-rule astigmatism, D diopter

astigmatism based on anterior surface measurements only and one that measures
both anterior and posterior corneal astigmatisms to provide a total corneal astig-
matism value [12].

The IOLMaster, Lenstar, Atlas, and manual K had a mean corneal astigmatism
prediction errors of 0.5-0.6 D of WTR astigmatism in eyes with WTR corneal
astigmatism and of 0.2-0.3 D of WTR astigmatism in eyes with ATR corneal
astigmatism for both pre- and postoperative corneal measurements [12]. Based on
the first study discussed, it is known that the posterior cornea generally has a steeper
vertical meridian. In addition, the magnitude of posterior corneal astigmatism corre-
lates with the amount of anterior corneal astigmatism in WTR eyes, whereas, in ATR
eyes, the mean posterior corneal astigmatism is approximately 0.2 D and does not
change with increasing amounts of anterior corneal astigmatism [11]. Therefore, the
total corneal astigmatism prediction errors from the IOLMaster, Lenstar, Atlas, and
manual K were primarily caused by the posterior corneal astigmatism.

When considering the Galilei TCP values, the WTR group had a significant WTR
prediction error of 0.57 D using preoperative corneal astigmatism, while in the ATR
group there were no significant WTR/ATR prediction errors. This suggests that the
Galilei TCP may underestimate the posterior corneal astigmatism in WTR eyes.

In addition to ours and other studies that directly measured posterior corneal
astigmatism, several previous studies reported that the anterior corneal astigmatism
is not the only variable determining the total corneal astigmatism [6, 17-19]. The
authors from these studies observed that when the topographic astigmatism axis
was steeper vertically, the topographic astigmatism magnitude exceeded the refrac-
tive astigmatism, while when the axis was steeper horizontally, the refractive
astigmatism had a greater value. These findings support the concept that posterior
corneal astigmatism is an important contributor to refractive astigmatism.

In the second study reported in this chapter, we provide a toric IOL nomogram
that accounts for posterior corneal astigmatism, based on the mean values that we
documented clinically (Table 8.3). The refractive target of this nomogram is to
leave eyes with a small amount of WTR refractive astigmatism, since most eyes
have an ongoing ATR astigmatism shift with age (Table 8.3).
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8.5 Conclusions

In conclusion, posterior corneal astigmatism partially compensates for anterior
corneal astigmatism in young adults and increases total corneal astigmatism in
older individuals. Ignoring posterior corneal astigmatism when planning cataract
surgery may lead to overcorrection in eyes with WTR anterior corneal astigmatism
and undercorrection in eyes with ATR anterior corneal astigmatism. Devices that
calculate total corneal astigmatism based only on anterior corneal measurements
overestimate WTR astigmatism by 0.5-0.6 D and underestimate ATR astigmatism
by 0.2-0.3 D. These prediction errors are due to the posterior corneal astigmatism
and need to be considered in selecting toric IOLs. There is a clear need for
widespread availability of devices that accurately measure posterior as well as
anterior corneal astigmatism.
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Chapter 9
Corneal Astigmatic Correction
by Femtosecond Laser Incisions

Jamie Sklar, Joseph Tan, Erfan J. Nadji, and Eric D. Donnenfeld

Abstract Astigmatism management is a crucial part of ensuring good postoperative
uncorrected visual acuity and high patient satisfaction after cataract surgery. The
most commonly performed astigmatic corneal incisions include arcuate keratotomy
and limbal relaxing incisions. Although manual astigmatic incisions are inexpensive
and easy to perform, their treatment response is inherently variable and less predict-
able. Femtosecond lasers are able to provide faster, safer, easier, customizable,
adjustable, and fully reproducible astigmatic incisions. Various nomograms and
online calculators are available to aid in preoperative planning of astigmatic inci-
sions. The refractive effect of astigmatic corneal incisions created by femtosecond
lasers can be titrated both intraoperatively and postoperatively by manipulating the
incision opening, guided by intraoperative aberrometry and postoperative
keratometry. Finally, intrastromal incisions using femtosecond lasers, which are
currently under investigation, may deliver decent astigmatic correction while pre-
serving corneal stromal integrity, reducing pain, hastening postoperative recovery,
and avoiding risk of infection.
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Keywords Astigmatic incisions ¢ Cataract « Corneal astigmatism » Femtosecond
laser « Limbal relaxing incisions

9.1 Introduction

The introduction of femtosecond lasers has revolutionized cataract surgery, further
propelling modern cataract surgery into refractive surgery. This chapter will discuss
the use of femtosecond laser for management of corneal astigmatism in cataract
surgery.

9.1.1 Modern Cataract Surgery

Recent advancements have allowed surgeons to perform cataract surgery quickly,
safely, and with great visual results on a consistent basis. As a result, it has become
a refractive procedure in which patients have increasingly high expectations for
both functional visual improvement as well as spectacle independence [1, 2]. The
single most important aspect of the ability to provide good surgical outcomes,
quality of vision, and satisfaction for patients requesting refractive cataract surgery
and optimal postoperative uncorrected visual acuity is management of astigmatism.

9.2 Astigmatism Management in the Modern Era

Astigmatism is an optical phenomenon in which incoming light rays are focused at
more than one location: anterior, posterior, or directly on the retina. This causes
visual distortion and decreased visual acuity. The two main sources of astigmatism
are the cornea and the lens. When performing cataract surgery, it is important to
neutralize corneal astigmatism that may be preexisting or surgically induced.
Residual astigmatism of 0.50 diopters (D) or even less may result in glare, symp-
tomatic blur, ghosting, and halos [3]. As a result, greater emphasis has been placed
on treating corneal astigmatism at the time of cataract surgery. A recent study of
4,540 eyes of 2,415 patients showed that corneal astigmatism is present in the
majority of patients undergoing cataract surgery, with at least 1.50 D measured in
22.2 % of study eyes [4]. Approximately 38 % of eyes undergoing cataract surgery
have at least 1.00 D of preexisting corneal astigmatism, and 72 % of patients have
0.5 D or more [5].
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9.2.1 Corneal Astigmatism and Multifocal IOLs

Patients implanted with multifocal IOLs are significantly more sensitive to small
spherical and cylindrical irregularities in the cornea than those receiving traditional
monofocal IOLs. Therefore, surgeons who implant refractive I[OLs must be prepared
to sufficiently reduce corneal astigmatism in order to achieve satisfactory results.

9.2.2 The Coupling Effect of Corneal Astigmatic Incisions

Corneal incisions used to correct visually significant astigmatism are deemed
“astigmatic incisions.” When placed circumferentially at the steep corneal merid-
ian, they cause corneal flattening at that axis while inducing steepening at the
meridian 90° away. The ratio of flattening at the meridian of incision to induced
steepening at the opposite meridian is known as the coupling ratio. Various factors,
including length, depth, and position of the incisions, may influence this ratio.
Long, straight, and tangential incisions tend to induce a positive coupling ratio
(greater than 1.0), causing a hyperopic shift. A coupling ratio of 1 is ideal because
the spherical equivalent remains constant. Smaller, standardized arcuate incisions
are more likely to yield coupling ratios closest to 1 [6].

9.2.3 Types of Corneal Astigmatic Incisions

Two variations of astigmatic incisions are regularly used today: peripheral corneal
relaxing incision (PCRI) (traditionally referred to as “limbal relaxing incisions”
although they are made in the peripheral cornea and not the limbus) and astigmatic
arcuate keratotomy (AK). Astigmatic transverse keratotomy (TK) was frequently
used in the past in combination with astigmatic radial keratotomy (RK) to correct
myopic astigmatism, but both are largely obsolete. Arcuate keratotomy was also
used to correct natural corneal astigmatism, but is now used primarily to correct
post-keratoplasty astigmatism. PCRIs are the mainstay treatment today to manage
astigmatism during or after phacoemulsification and IOL implantation.

AKs (curved incisions) and TKs (straight incisions) are typically placed in the
cornea at the 7 mm optical zone, closer to the visual axis and at greater depth (90 %)
compared to PCRIs which are partial thickness incisions placed immediately
anterior to the limbus. PCRIs are set at approximately 600 pm depth or 50 pm
less than the thinnest pachymetry at the limbus. PCRIs are performed more fre-
quently due to several important advantages. These advantages include a reduced
tendency to cause axial shift, less irregular astigmatism, a 1:1 coupling ratio, a
decreased chance of visually significant scarring, and a reduced likelihood of
perforation [7].
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9.2.4 Preoperative Planning for Limbal Relaxing Incisions

Preparation for a PCRI first involves ascertaining the steep corneal meridian
at which the incision will be made. The incision length and depth are then
calculated based on the magnitude of astigmatism to be corrected. If needed,
numerous PCRI nomograms are available. There are a number of PCRI nomo-
grams for correcting small amounts of cylinder and many studies evaluating the
efficacy of PCRIs that have been performed [8—19]. In one study on the effec-
tiveness of PCRIs, there was a 60 % average reduction of cylinder [20], with
79 % of patients corrected to less than 1.00 D of cylinder and 59 % corrected to
less than 0.5 D of cylinder. The 60 % reduction in cylinder compares favorably
with the results achieved using toric IOLs, which result in a mean 58.4 %
reduction in cylinder [21].

Many nomograms are adjusted for age and cylinder axis, making them detailed
and complex and giving the impression that the procedure is extremely precise and
unforgiving. In our opinion, however, this simply is not the case. The PCRI
procedure has numerous chances for error, and the many variables that help
determine how the incision is performed can each be measured incorrectly. The
incision itself, if performed manually, is only as precise as the surgeon making the
incision and the accuracy of the blade. Any of these errors can compound and result
in suboptimal visual acuity.

In addition, the astigmatism induced by the phacoemulsification incision must be
considered when determining the final postoperative residual cylinder that is to be
treated. For example, a superior clear corneal incision flattens the incised meridian
resulting in additional against-the-rule astigmatism. In a patient with 0.5 D of
against-the-rule astigmatism, it would be appropriate to perform a PCRI at 180°
preoperatively. Conversely, in a patient with 0.5 D of preexisting with-the-rule
astigmatism, a PCRI can be avoided altogether by simply placing the clear corneal
incision superiorly. Oblique astigmatism is more complex and requires a vector
analysis [16, 22].

Vector analysis allows the surgeon to determine the proper meridian at
which to perform an astigmatic incision based on the preoperative astigmatism
and clear corneal incision. All of these factors can be calculated online at www.
PCRIcalculator.com (Fig. 9.1). This calculator uses vector analysis to calculate
where to make PCRI incisions based on preoperative patient keratometry and
the surgeon’s induced astigmatism; it also uses the Donnenfeld and Nichamin
nomogram and provides a visual map of the meridian and length of incisions that
should be performed. A printout of the PCRI calculator can be brought to the
operating room and used as a guide when marking the cornea and performing
PCRIs.
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Fig. 9.1 The Donnenfeld and Nichamin nomogram is available on the Internet at www.
LRIcalculator.com

9.2.5 Management of Potential Complications
with Limbal Relaxing Incisions

As with any surgical procedure, there are potential complications associated with
PCRIs. Most, however, are either temporary or correctable. Potential problems
include overcorrection, undercorrection, infection, perforation of the cornea,
decreased corneal sensation, dry eye disease, induced irregular astigmatism, and
discomfort. The procedure is generally not associated with glare or starbursts, as
may be seen with radial keratotomy or arcuate keratotomy. For undercorrected
patients with significant residual astigmatism, it may be necessary to redeepen or
extend the PCRI. For large overcorrections, we recommend waiting and then later
cleaning out the wound with a Sinskey hook and suturing it with 10-0 nylon if
necessary. For smaller overcorrections, an excimer laser photoablation may be
employed. We rarely recommend placing additional PCRIs in the meridian 90°
away from the original PCRISs for consecutive cylinder, as this may induce irregular
astigmatism. In the event of corneal perforation, a suture may need to be placed if
the wound does not self seal.

Suboptimal accuracy and potential complications may be the reason why the
majority of cataract surgeons choose not to perform manual astigmatic incisions. In
a survey of 233 surgeons, only 73 routinely performed PCRIs [23]. Alternative
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procedures for managing astigmatism exist including excimer laser photoablation,
toric IOL implantation, and conductive keratoplasty. These options, however, may
not be available to all cataract surgeons and their patients. In addition, toric
multifocal IOLs are currently not available in the United States.

9.2.6 Manually Performed Limbal Relaxing Incisions:
The Pros and Cons

Performing PCRIs is a necessary step in the path to becoming a good refractive
cataract surgeon. They allow the surgeon the opportunity to treat small residual
refractive errors. Manual PCRIs are easy to perform, inexpensive, and repeatable;
may be performed at the time of cataract surgery; provide rapid visual recovery; and
do not preclude future excimer laser treatments. However, there is a variable
and unpredictable treatment response due to imprecise depth, length, angulation,
and position of the incisions. This causes a shift in the coupling ratio away from
1 resulting in an incomplete correction of astigmatism as well as a change in
spherical equivalent. These concerns combined with surgeon variability make
manual PCRIs more of an art form than a science.

An alternative to manual astigmatic incisions is femtosecond laser-guided astig-
matic correction.

9.3 Femtosecond Lasers in Ophthalmology

Femtosecond lasers for ophthalmic surgery have been commercially available since
1999, and more than four million procedures have been performed for the creation
of LASIK flaps, lamellar and penetrating keratoplasties, and DSEK [24-29].
Attention has shifted towards femtosecond laser-guided procedures because they
offer a greater degree of precision, accuracy, and reproducibility than manual
methods [30].

The US Food and Drug Administration have approved 510(k) clearance for the
use of several femtosecond lasers for clinical applications in cataract surgery.
The most remarkable features of laser cataract surgery include the precision of
the performed incisions with minimal collateral damage to surrounding tissues,
accuracy of capsulotomy dimensions and diameters, enhancement of capsular edge
strength, reduction of phaco power in lens fragmentation, and improved wound
sealing and healing, all of which lead to better and more reproducible results
compared with manual, mechanical surgeries. The treatment of astigmatism during
cataract surgery with femtosecond laser astigmatic incisions is positioned to revo-
lutionize refractive cataract surgery.
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9.3.1 Femtosecond Lasers: Basic Principles

Femtosecond lasers are infrared photodisruptive lasers that generate a sequence of
adjacent cavitation gas bubbles precisely focused on the target tissue. The short pulse
durations of less than 800 femtoseconds (1 femtosecond in 107" s) directly translate
into a reduction in energy utilization when compared to previous ophthalmic lasers.
Per-pulse energies can be reduced 1,000-fold from around 1~'° mJ for nanosecond
lasers to 1~ '° uJ for femtosecond lasers. These reductions in per-pulse energy result
in substantial reductions in collateral tissue damage, shifting from a few millimeters
from the intended target for nanosecond lasers to just a few microns for femtosecond
lasers. Similar to the Nd:YAG laser systems, femtosecond laser pulses pass through
transparent tissues and can be focused at a predetermined depth [31].

9.3.2 Femtosecond Laser-Assisted Corneal Arcuate
Incisions: The Benefits

A major clinical application of the femtosecond laser is in creating corneal arcuate
incisions. It allows for precise and repeatable incisions, which are necessary for
consistent results not normally achieved through manual methods [32]. In a case
study, femtosecond laser arcuate keratotomy was used to correct astigmatism. The
refraction of the patients’ eyes was measured along with the corneal thickness.
Then the keratometry parameters were evaluated, and the femtosecond laser created
the incisions, the length and position of which were calculated individually, per eye.
OCT-controlled corneal pachymetry was performed directly in the area of the
intended incisions and then programmed into the laser, which allows for extremely
high levels of precision. The study results showed that with the femtosecond laser,
astigmatism could be better corrected with an improved best-corrected visual acuity
than was predicted in the preoperative values. Furthermore, the depth and location
of the incisions were consistent with the surgical plan. Laser technology is able to
create uniform corneal incisions precisely and predictably [33].

Femtosecond lasers allow for more efficacious and safer surgical procedures.
The corneal tissue does not absorb the laser wavelength. The photodisruption
dissipates within 100 pm of the target, which allows for a higher margin of safety
because a sizeable distance is kept from Descemet’s membrane, preventing perfo-
ration. Only one known case report describes the inadvertent perforation of the
cornea with a femtosecond laser. In this case, a gas bubble in the anterior chamber
alerted the clinician to the complication. The decision was made not to open the
incision in order to prevent the possibility of wound leak as well as postoperative
endophthalmitis [34]. Moreover, the laser can be programmed to create an ideal
wound shape for enhanced sealing and healing of the incisions with reproducible
induction of astigmatism that, in our view, cannot be achieved with the use of
manual keratomes. Femtosecond laser incisions provide superior reproducibility
and reduced variability compared with conventional manual incisions [35].
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Donnenfeld Nomogram for Limbal | Nomogram for 8 mm Arc
Relaxing Incisions Incisions

0.50 D | 1 Incision, 1 ¥ Clock Hours (45 Deg. | 1 Incision, 1 Clock Hours (30 Deg.
Each) Each)

0.75 D | 2 Incisions, 1 Clock Hour (30 Deg. 2 Incisions, 2/3 Clock Hour (20 Deg.
Each) Each)

[ 1.50 D | 2 Incisions, 2 Clock Hours (60 Deg. | 2 Incisions, 1 1/3 Clock Hours (40
Each) Deg. Each)

3.00 D | 2Incision, 3 Clock Hours (90 Deg. 2 Incision, 2 Clock Hours (60 Deg.
Each) Each)

*Use 5 degrees more for against-the-rule- 85% Depth
astigmatism

*Use 5 degrees more for younger patients

*Use 5 degrees less for older patients

Fig. 9.2 Femtosecond laser arc incision nomogram for the treatment of astigmatism at 9 mm (/eft
column) and 8 mm (right column) optical zones

In a study of initial results with the LenSx femtosecond laser, using 9 mm arcuate
incisions and a 33 % reduction of the Donnenfeld nomogram, a 70 % reduction in
astigmatism was achieved [36].

9.3.3 Planning and Performing the Femtosecond Laser
Astigmatism Correction

When performing femtosecond laser arcuate incisions, the incision length, depth,
position, and distance from the visual axis must first be determined.

We use a 33 % reduction of the Donnenfeld nomogram in conjunction with the
PCRI calculator (www.LRIcalculator.com) to determine the length and axis at
which the incision should be placed (Fig. 9.2).

We preset the depth of our incisions to 85 % of the corneal pachymetry in the
area of the incision. We set our distance from the visual axis at 9 mm.

This information is downloaded onto the femtosecond laser. The surgical pro-
cedure begins by docking the laser onto the cornea. An overlay of the incisions is
then visible on the surgical screen (Fig. 9.3).

A built-in safety measure prevents the intersection of the clear corneal and side
port incisions with the astigmatic incision. OCT imaging of the cornea in the area of
the arcuate incision is then visualized, and the depth is confirmed (Fig. 9.4).

The capsulotomy is performed first, followed by the lens disruption, and finally
the corneal incisions. Following the conclusion of the femtosecond laser treatment,
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Fig. 9.3 Overlay of the
planned sites for the arcuate
incisions done

Fig. 9.4 OCT imaging
of the cornea in the area
of the arcuate incision
provides precise
pachymetry

the patient is brought to the operating microscope, and the incisions are opened with
a Sinskey hook (Fig. 9.5).

Intraoperative aberrometry (ORA; WaveTec Vision, Aliso Viejo, CA) may then
be performed to titrate the opening of the incisions. The incisions are symmetric
and standardized at 9 mm from the visual axis (Fig. 9.6). OCT confirms the
postoperative depth of the incisions (Fig. 9.7). If needed, the arcuate incisions
may be opened postoperatively. This can be done in the office at the slit lamp,
using forceps or a Sinskey hook and topical anesthetic.
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Fig. 9.5 Sinskey hook used
to open the femtosecond
arcuate incisions

Fig. 9.6 Femtosecond
arcuate incisions being
performed

Fig. 9.7 OCT
demonstrating the depth
of the arcuate incision
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9.4 Femtosecond Laser Incisions: Pearls
and Our Experience

9.4.1 Incision Angle

Femtosecond incisions are no longer an art form but a science with reproducible, arc
length, depth, and angulation. The angulation may play a role in reducing wound
gape, which may be seen with all corneal incisions but is much more common
following incisions to reduce astigmatism following a penetrating astigmatism.
A 135° angulation was found to reduce wound gape and improve results [37].
However, while the results have improved over manual PCRIs, there continues to
be an unpredictable response to femtosecond incisions. This is due to the inherent
variable response to corneal incisions which is based on age, pachymetry, corneal
diameter and curvature, IOP, and biomechanics.

9.4.2 Titrating the Refractive Effect by Manipulation
of Energy, Spot Size, and Spot Separation

A major advantage of femtosecond arcuate incisions is that the refractive incisions
may now be made prior to cataract surgery and then modified intraoperatively
and/or postoperatively. In addition, they do not have a full refractive effect until
they are opened. We have begun to modify the energy, spot size, and separation of
the spots to further refine the titration of our results. With higher energy and small
spot size separation, the majority of the effect is achieved without opening the
incisions. With lower energy settings and greater spot size separation, the incisions
have minimal effect until they are opened. This is the case with femtosecond
LASIK flaps that, when left in place, cause no refractive change and essentially
disappear until they are opened. A good analogy is that the femtosecond laser
incisions are similar to a sheet of postage stamps bound together by serrations. Until
the serrations are manually torn apart, the stamps remain in a fixed location.

9.4.3 Utilizing Intraoperative Aberrometry
to Refine the Refractive Effect

To further refine our results, we have been performing intraoperative aberrometry
(ORA) to titrate our results in the operating room. Intraoperative aberrometry is a
type of wavefront analysis in which aberrations in the wavefront are converted into
the current refractive value [38]. We remove the cataract, place the IOL, and open
one of the femtosecond incisions with a Sinskey hook. The IOP is then raised to
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approximately 25 mmHg. Next, we perform intraoperative aberrometry, which
provides an accurate reading of the existing astigmatism. The second femtosecond
incision may then be opened partially or completely, based on the intraoperative
aberrometry reading, which, if needed, can be taken again. For surgeons who do not
have access to intraoperative aberrometry, patients can be examined with topogra-
phy and refraction, performed the day, weeks, or even months after surgery. If
needed, the remainder of the incision can be easily opened completely or partially
in the desired axis in the office to increase the effect of the incision and adjust the
residual astigmatic refractive error.

9.4.4 The Benefits of Intrastromal Sub-Bowman’s
Layer Ablations

In addition to the ability to titrate the PCRI with a femtosecond incision, this
technology offers a second advantage compared to a manual diamond knife inci-
sion: the ability to perform intrastromal sub-Bowman’s layer ablations. These
incisions are less powerful than anterior penetrating incisions and are performed
closer to the visual axis. Intrastromal incisions do not cut through Bowman’s layer,
and therefore, fewer stromal lamellae are incised. This should provide greater
corneal stromal integrity, preserve epithelial integrity, reduce pain, and provide a
faster recovery [39—41]. One reason for the increased corneal transparency is the
preservation of the epithelium, as injured epithelial cells release pro-fibrotic
TGF-B1 [40]. A small series of 16 eyes showed a mean reduction refractive
astigmatism of 76.6 % with intrastromal arcuate keratotomy with no complications
[42]. There is no need for postoperative antibiotics as the surface of the eye has not
been violated and there is less likelihood of late wound drift, although long-term
results are not available. Further clinical investigation and nomogram development
are currently underway to optimize this method, which would eliminate the need for
corneal wound manipulation on the surface.

9.5 Conclusion

In conclusion, the creation of femtosecond laser-assisted arcuate incisions is a novel
technique that utilizes the precision of image-guided laser technology. Refractive
incisions are now computer controlled and do not rely on surgeon skill or experi-
ence. The use of a femtosecond laser system will provide faster, safer, easier,
customizable, adjustable, and fully repeatable astigmatic incisions. In addition,
intrastromal ablations may increase the safety and accuracy of astigmatism man-
agement. Removing the inconsistencies in the astigmatic procedure will improve
our understanding and accuracy of astigmatic incisions and should provide
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improved refractive results and patient satisfaction. This technology offers
immense potential but will require development with different nomograms and
surgeons as well as expanded clinical experience.
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Chapter 10
Fluidics of Phacoemulsification Systems

Young Keun Han

Abstract Major manufacturers of phacoemulsification systems in the world have
improved fluidics and phacoemulsification technologies to increase the safety and
efficacy of cataract surgery. But phacoemulsification techniques have generally not
kept pace with the rapid, computerized technology explosion. Moreover, manufac-
turers are often reluctant to disclose technical information that would advance the
surgeon’s understanding but could also disclose information to the competition.
Surgeons, however, should understand the basic mechanism and characteristics of
the machines they use.

Keywords Fluidics * Phacodynamics « Phacoemulsification

10.1 Basic Concepts of Fluidics

The balance of fluid inflow and outflow is very important in phacoemulsification
cataract surgery. One of the goals of the surgery should be to maintain a stable
anterior chamber. This can be done by making sure the fluid entering the eye is
equal to the amount that exits. This will keep the anterior chamber pressurized. The
inflow fluid originates in the irrigation bottle and is a balanced salt solution. The
fluid travels from the irrigation bottle through plastic tubing, into the phaco
handpiece, through a flexible sleeve around the phaco needle, and finally into the
anterior chamber of the eye. To create a pressure gradient the bottle is placed at a
height above the patient. Meanwhile, fluid leaves the anterior chamber through the
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phaco needle and the attached tubing. This fluid egress can be increased by
increasing the aspiration flow rate. Another source of fluid loss is through wound
leakage. If the balance of inflow and out flow is altered, the anterior chamber can be
under- or over-pressurized. If under-pressurized this can lead to shallowing and/or
collapse on the anterior chamber. This will cause forward movement of the iris,
lens, and posterior capsule. This may lead to inadvertent rupture of the posterior
capsule, due to its movement towards the phaco needle. One indicator of anterior
chamber pressure imbalance is the bouncing movement of the iris and lens. Over-
pressurization (bottle height too high) can cause misdirection of aqueous fluid or
deepening of the anterior chamber with zonular stress. Both safety and efficiency of
phacoemulsification cataract surgery are directly related to fluidics. Proper settings
and use of the machine will improve the safety and efficiency of the surgery.
Improper settings can create a dangerous situation.

The term aspiration flow rate (AFR) refers to the amount of fluid exiting the eye
through the tubing. This is reported in cubic centimeters per minute (cm’/min).
With a peristaltic pump, flow is determined by the speed of the pump. As flow
increases the fluid movement in the anterior chamber increases the attraction of
particulate matter to the phaco tip, also known as “followability.”

Vacuum refers to the difference in fluid pressure between two points. Negative
pressure is measured in millimeters of mercury (mmHg). Vacuum determines
how well nuclear material will be held at the phaco tip once it is occluded
(holding power).

Compliance refers to the change in the tubing shape and volume in response to
negative pressure. When the tip of the phaco needle is occluded, negative pressure
will build in the tubing. The higher the tubing’s compliance, the higher the change
in its volume. When negative pressure is created, highly compliant tubing collapses,
reducing its inner volume. When occlusion breaks, the tubing lumen expands to its
original shape and a temporary imbalance causes rapid exit of fluid from the
anterior chamber. This is called surge. The higher the compliance, the greater the
surge amplitude during occlusion break.

10.2 Basic Principles of Phacoemulsification
Power Generation

The phaco handpiece incorporates a transducer for converting high-frequency, alter-
nating current into mechanical vibrations. Piezoelectric transducers are based on the
reversals of the piezoelectric phenomenon. Upon compression, certain crystals
produce electric current. In reverse, electric current causes the crystal to contract.
Applying current to a crystal at high frequency will cause it to oscillate at that
frequency. The advantages of piezoelectric crystals include a high grade of efficiency
and therefore little inherent heat generation, with no need for extra cooling. The
crystals’ low mass allows rapid movement and precise control. Many handpieces use
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multiple crystals (usually 2 to 4 sets) to maximize responsiveness and provide
adequate power to emulsify mature hard nuclei. Disadvantages include the connec-
tion points between crystal and electric current, the connections among the multiple
layers of crystals that are needed to provide adequate stroke amplitudes, and the
structural brittleness of the crystal itself. These properties limit the longevity of the
transducers. They are delicate and deteriorate from accidental mechanical injury and
the oscillation they produce. Modern phaco systems now have a built-in feedback
loop that constantly adjusts or tunes the oscillating frequency to an optimal reso-
nance. This is a function of the central processing unit (CPU) of the machine. It will
read the change in resistance of the phaco needle and make minute adjustments in the
stroke length or frequency. The greater the frequency of the corrections, the more
effective the emulsification will be.

Power is the product of oscillatory frequency (hertz, cycles per second) and the
work associated with a given stroke length. Frequency is defined as the speed of the
needle movement. It is determined by the manufacturer of the machine. Phacoemul-
sification needles move at a frequency between 35,000 and 60,000 cycles per
second (Hz). This frequency range is the most efficient for nuclear emulsification.
Lower frequencies are less efficient and higher frequencies create excess heat.

Stroke length is defined as the length of needle movement. This length is
generally 2—6 mil (thousandths of an inch). Most machines operate in the 2—4 mil
range. Longer stroke lengths are prone to excess heat generation. The longer the
stroke length, the greater the physical impact on the nucleus. Stroke length is
determined by foot pedal excursion in position 3 during linear control of phaco.
Although the frequency is unchanged, the amplitude of the sine wave is increased in
direct proportion to the depression of the foot pedal [1, 2].

The action of phacoemulsification can include several mechanisms, including
sonic wave propagation through the fluid medium, the tip’s axial oscillations
through its stroke length (the jackhammer effect), and implosion of microcavitation
bubbles, producing extreme yet brief instances of heat and pressure [2].

10.3 Fundamentals of Fluidics Study

10.3.1 Bottle Height

Standardization is a basic prerequisite for any comparative pressure study. To work
under reproducible conditions and make valid comparisons between techniques that
differ in their basic flow characteristics, absolute standardization of the bottle-
height-dependent infusion volume is mandatory.

To align the eye with the O mark of the IV pole (vent valve position or center of
cassette), the operating room (OR) table must be raised or lowered. Hydrostatic
pressures for each case and each system are duplicated by adjusting the OR table
height so the eye level is aligned relative to IV pole markings. Theoretically, the
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Fig. 10.1 To accurately control aspiration rates through all three probes simultaneously, two
60 cm® B-D plastic syringes were mounted onto a dual-syringe infusion/withdrawal pump (Cole-
Parmer Instrument Co.) and a third 60 cm® B-D plastic syringe was mounted onto a Model 33 twin
syringe pump (Harvard apparatus)

vent valve should correspond to the O mark on the IV pole [3]. With the transducer
positioned at eye level, the monitor should be calibrated to zero at atmospheric
pressure.

10.3.2 Flow Control

Air is highly compliant, considerably more so than water, balanced salt solution, or
aspiration-line tubing. Therefore, it is important to remove all trapped air before
laboratory testing, just as it is before surgery. Any temperature experiments must
control for flow, especially in low-flow situations, because minute differences in
flow can have a significant effect on temperature results. When trying to measure
flow with ultrasound on, flow is much less consistent than without ultrasound. It
should not be surprising that linear flow characteristics would be altered in the
presence of an ultrasound-generating tip. To accurately control low aspiration rates
through multiple probes simultaneously, 60 cm® B-D plastic syringes and syringe
infusion/withdrawal pumps can be used (Fig. 10.1) [4, 5].
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Fig.10.2 Camera calibration was verified by taking measurements in warm- and cold-water baths
by using the infrared camera and comparing the readings to those from a thermocouple at
temperatures across the experimental range

If the study is performed in vivo, repeatability is often difficult. If the study is
performed in vitro using human globes, it can also be difficult to reproduce because
of difficulties with setup, specimen change through repeated testing, variable
incision leakage, and variability between specimens.

10.3.3 Phaco Power Setting

There is no industry standard for phacoemulsification power. Thirty percent power
on one machine may be quite different than 30 % power on another machine. Not
only that, but different machines have different mechanisms for regulating power
delivery to the piezoelectric crystal.

10.3.4 Camera Calibration

Camera calibration should be verified by measuring warm- and cold-water baths
using the infrared camera and then comparing the readings with those from a
thermocouple at temperatures across the experimental range (Fig. 10.2). Temper-
ature has been measured by using a subminiature microthermister sensor in some
studies [6, 7]. The microthermister wire is glued to the phaco sleeve such that
the end of the thermocoupled sensor is positioned at a distance of 1.0 mm from
the middle of the sleeve irrigation ports. Thermal cameras have an advantage
over thermocouple thermometers for thermal imaging studies. Measuring different
manufacturers’ probes with different thermocouples may result in calibration-
and vibration-induced noise issues that can easily affect the accuracy of the
study [4, 5]. For thermal imaging studies, in vitro air environments have advantages
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over fluid environments. In water, thermal cameras are not able to record probe
temperatures directly and it is difficult to achieve strictly controlled low-flow
conditions in postmortem eyes.

10.3.5 Autoclave

Autoclave experiments have showed that residual heat can increase sleeve temperature,
especially if minimal time elapses from when the handpiece is removed from the
autoclave. Many clinicians have experienced a handpiece that was hot to the touch
following a hurried turnover, so this finding is also not surprising. Any additional heat
would be additive to ultrasound-related heat increases and could decrease the safety
margin relative to the risk for incision burn [4].

10.4 Measuring the Compliance

A major determinant of fluidic system performance is compliance. Compliance is a
measure of a system’s ability to expand or contract in response to applied fluidic
pressure. Compliance, which is the inverse of stiffness, is defined as Avolume/A
pressure, where A is the change in the parameter. In phacoemulsification systems,
compliance is a function of the mechanical properties of the aspiration-line tubing
and the cassette that mates the tubing to the pump mechanism. Highly compliant
fluidics modules are undesirable because they increase the risk of post occlusion-
break surge. At the moment a cataract fragment clears the tip of a needle and
occlusion breaks, the potential energy stored in the tubing and cassette releases and
fluid is suctioned from the eye to fill the rapidly expanded tubing lumen. Occlusion-
break surges have the potential to damage the posterior capsule, cornea, and iris [8].

Dastiridou et al. [9] measured the compliance of the living human eye and found
that the pressure/volume relation was nonlinear, with rigidity increasing at higher
IOP levels. Nejad et al. [8] compared the compliance and capacity of seven fluidics
modules used by six phacoemulsifiers from three manufacturers. They generated
compliance curves for positive and negative fluid displacement by injection and
withdrawal of balanced salt solution from the aspiration line in small aliquots. For
this analysis, they found that the volume of practical interest was 0.05 mL of
positive displacement. This corresponds to a positive pressure of approximately
100 mmHg (136 cm of water) in most cassettes, and 0.40 mL of negative displace-
ment, which corresponds to a vacuum of approximately 400 mmHg in most
cassettes. For experiments involving negative fluid displacement, aspiration-line
pressure was recorded after the injection of 0.05 mL of balanced salt solution and
the subsequent quick withdrawal of (9) 0.5 mL aliquots, for a net withdrawal of
0.45 mL. For experiments involving positive fluid displacement, aspiration-line
pressure was recorded after the withdrawal of 0.40 mL of balanced salt solution and
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the subsequent quick injection of (9) 0.5 mL aliquots, for a net injection of 0.45 mL.
In this experiment, the Infiniti intrepid system had the lowest compliance of the six
units tested, which is optimum from a surge-control perspective.

10.5 Measurements of Occlusion-Break Surge

The principle determinants of the magnitude of a surge response are the vacuum in
the aspiration line, the compliance of the tubing and cassette, and the resistance to
fluid egress from the eye at the time of occlusion break. Lesser determinants of the
occlusion-break surge response include the compliance of the eye and the dynamic
response of the inflow system that restores volume to the anterior chamber [8].

10.5.1 Measuring the Anterior Chamber Depth

Georgescu et al. [10] measured occlusion-break surge in human eye-bank eyes by
measuring the changes in anterior chamber depth. Four phaco tips (Infiniti, Legacy,
Millennium, and Sovereign) were inserted into the anterior chamber of the cadaver
eye and incisions were sealed with cyanoacrylate glue. The anterior chamber depth
was measured in real time with A-scan ultrasound. Significant differences were
found between all the machines tested with Millennium peristaltic generating the
least surge and Millennium Venturi generating the most surge. Twenty-gauge
phaco tips with a bypass hole (ABS needles, Alcon, Inc) significantly decreased
the surge for Legacy but not for Infiniti. Cruise Control (CC; Staar Surgical,
Monrovia, California, USA) had a significant effect on the Sovereign but not on
the Millennium. They also found that surge decreases with increasing bottle height
and increases with increasing aspiration rate in the Legacy and Infiniti.

10.5.2 Measuring the Surge Area

Han and Miller [11] measured the area under the occlusion-break surge curve,
examining pressure versus time, as this relationship determines fluid flow from the
eye after occlusion break. An electronic pressure transducer and a digital storage
oscilloscope were used to measure the pressure change (Fig. 10.3). After the foot
pedal was fully depressed, the aspiration line was clamped with needle-nosed pliers
to simulate tip occlusion. Then, the clamp was suddenly released to allow obser-
vation of the pressure changes inside the test chamber once the vacuum limit had
been reached. The vacuum response in the oscilloscope was recorded and the area
under the curve measured (Fig. 10.4). In this study, the Infiniti produced less
occlusion-break surge than the Signature and the Stellaris.
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10.6 Measurements of Stroke Length

Han and Miller [5] measured the stroke length using a video image marker-
measurement system. Sleeveless phaco tips were placed in a fluid tank with a
viewing window and imaged with a video microscope. When ultrasound power
was applied, the length of tip movement was measured on the monitor screen
(Fig. 10.5). Tognetto et al. [12] also measured the working frequency and the stroke
dynamics of the phaco tips using a microcamera and a micro-pulsed strobe-light
system. They found that the phaco machines perform differently in terms of
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Fig. 10.5 Stroke length was measured using a video image marker-measurement system (/eft)
experimental devices (right) measuring stroke length on video display

phaco tip elongation and phaco power. Knowledge of working frequency and stroke
dynamics is important to compare the phaco machines in terms of delivered phaco
energy and may allow the surgeon to fully use these features for lens removal.

10.7 Measurements of Actual Flow and Vacuum

A desirable characteristic of any phaco machine is the delivery of accurate and
repeatable fluidic and ultrasound results, as requested through the user interface.
But in some instances, we found significant discrepancies between the machine
readings and actual values.

Han and Miller [11] measured the vacuum accuracy using a pressure transducer
connected directly to the irrigation and aspiration lines. Occlusion was simulated by
clamping the irrigation line within 1 in. of the Luer connector using needle-nosed
pliers. After the phacoemulsification foot pedal was fully depressed, the vacuum
response on the oscilloscope was recorded and the achieved vacuum and vacuum
rise time were measured (Fig. 10.6). Among three different phacoemulsification
machines, the Infiniti Vision System (Alcon Laboratories) reached the 400 mmHg
vacuum limit 0.6 s after and the WhiteStar Signature (Abbott Medical Optics) 0.7 s
after the onset of simulated occlusion. The Stellaris Vision Enhancement System
(Bausch & Lomb) reached maximum vacuum at 1.1 s but did not achieve the preset
400 mmHg vacuum limit. When the vacuum limit was raised to 600 mmHg, the
Infiniti achieved the vacuum limit in 2.2 s and the Signature in 3.3 s. The Stellaris
did not attain 600 mmHg within 4 s.

Adams et al. [13] measured the actual flow and the machine indicated vacuum by
collecting the aspirate in a graduated cylinder in 2 phacoemulsification systems
(Advanced Medical Optics Sovereign and Alcon Legacy). They found that flow at
low vacuum levels may be much lower than indicated on the machine and marked
unoccluded vacuum may be present at higher flows with peristaltic machines.
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Fig. 10.6 Experimental setup for the vacuum rise time experiments. The arrow indicates the
location at which the irrigation line was clamped

10.8 Heat Generation Studies

Ultrasonic phacoemulsification generates heat. The primary source of heat is friction
at the tip of the probe. This friction may occur between the vibrating needle and its
silicone sleeve or between the vibrating needle and the cornea. If sufficient heat is
generated, the temperature of the phacoemulsification needle can rise high enough to
burn the tissue at the incision site. Phacoemulsification burns can be severe, making
incision closure difficult and inducing considerable astigmatism. Heat created within
the incision is affected by flow rate through the phaco tip, flow alongside the
tip within the incision (incision leakage), handpiece frequency, and stroke length.

10.8.1 Tip Position and Diameter

Bissen-Miyajima et al. [14] evaluated the thermal effects of 3 phacoemulsification
ultrasound tips on the corneal incision based on the tip’s position in postmortem
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porcine eyes. The temperature of the incision area where the tip was the closest was
measured with a thermal vision infrared camera and recorded simultaneously by
video under an operating microscope. They demonstrated that the temperature of a
vibrating ultrasonic tip increases when the tip is decentered and pressed against the
surrounding incision. Temperature elevations were greatest with a standard tip
(outer diameter 1.10 mm), somewhat less with a microtip (outer diameter
0.90 mm), and least with a dual-sleeve Mackool tip2 (diameter 0.85 mm).

10.8.2 Machine Comparison

Floyd et al. [7] continuously measured the temperature in an Alcon test chamber by
using a subminiature microthermister sensor in four phacoemulsification machines
(Alcon Infiniti and Legacy, Bausch & Lomb Millennium, and Advanced Medical
Optics Sovereign). The thermocoupled sensor was positioned at a distance of
1.0 mm from the middle of the sleeve irrigation ports. Ultrasound was set to
continuous power for all machines and tests were conducted with and without a
200-g weight. They found that the Millennium created the most heat, followed by
the Sovereign, Infiniti, and Legacy.

Mackool and Sirota [15] also demonstrated that at identical console power
settings and similar console duty cycles, the temperature elevation of ultrasonic
tips was least for the Legacy and greater for the WhiteStar and Millennium, both in
air and in human cadaver eyes. They found that tangential loading of the tip, a
technique frequently used in heat studies to simulate tight incisions, did not reduce
stroke or significantly decrease handpiece frequency.

Olson et al. [4] conducted a thermal imaging comparison of phacoemulsification
systems (Alcon Legacy AdvanTec, Bausch & Lomb Millennium, and AMO Sov-
ereign WhiteStar) in air and under conditions of precise flow control. The Millen-
nium and the Sovereign WhiteStar generated higher temperatures than the Legacy
AdvanTec. The absence of stroke regulation partly explains why the Sovereign
generated excess heat in this experiment.

10.8.3 Ultrasound Modalities

Recently, torsional ultrasound phacoemulsification has been introduced to the
market as a new energy delivery modality that minimizes chatter from nuclear
fragments that are being emulsified. Han and Miller [5] found that torsional
phacoemulsification produced less heat than longitudinal phacoemulsification at
the same displayed power setting, at the same stroke length, and at the same applied
energy. They compared two different ultrasound modalities in the same phacoemul-
sification system (Alcon Infiniti Vision System) and determined that the reduction
in temperature with torsional operation is due the reduced stroke length at the
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Fig. 10.7 The thermal imaging camera, surrounded by three phacoemulsification units (/eft).
Probes with 30.66-g weights in the same plane clamped at a right angle to the thermal camera
(middle). Obtained thermal images (right)

incision coupled with a lower operating frequency, the primary elements in the
applied energy equation.

Ryoo et al. [16] compared the heat production of longitudinal and torsional
phacoemulsification among three phacoemulsification platforms and across
selected phacoemulsification power and various flow settings. This study compared
three major manufacturers (Abbott Medical Optics WhiteStar Signature
Phacoemulsification System, Alcon Infiniti Vision System with OZil, and Bausch
& Lomb Stellaris Vision Enhancement System) (Fig. 10.7) and found that thermal
data from the 100 % torsional mode with the Infiniti was comparable to longitudinal
mode with the Signature at 80 % power and the Stellaris at 60 % power at 10 s. At
30 s, the temperature from the Infiniti at 100 % power was lower than the
temperature from the Signature at 60 % and the Stellaris at 40 % power.

Schmutz and Olson [17] determined thermal characteristics of torsional ultra-
sounds in two different machines (Signature Ellips and Infiniti OZil). They found
that OZil had greater temperature increases than Ellips and had uneven distribution
of heat around the shaft. These differences between the two machines results from
the manner in which they create needle motion.

10.9 Measurements of Flow by Imaging Technologies

High-speed video technologies, usually referring to faster than “normal” video
recording rates (where normal frame rates range between 25 and 60 frames per
second), have been successfully used to study the fluid dynamics of phacoemulsi-
fication systems [18, 19].

In a study that used neutrally buoyant beads to trace fluid flow in a test cell,
de Castro et al. [18] found that when longitudinal ultrasound was used, the majority
of the beads attempting to be aspirated were repelled and the overall aspiration
efficiency was reduced. When torsional ultrasound was activated, aspiration of the
beads occurred without repulsion.
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Zacharias and Ohl [19] described the fluidic events that occur in a test chamber
during phacoemulsification with longitudinal and torsional ultrasound modalities
using particle image velocimetry. This study supported the presence of a fluid
stream during longitudinal phacoemulsification that added a repulsive force, as
seen by bead movement and under scrutinized tip-to-tissue interaction. In addition,
they described the possibility of a weak attractive force that may result from
rearward-moving fluid streams that were only produced by torsional ultrasound.

10.10 Conclusion

The motivation for understanding phaco fluidics is to improve the safety of cataract
surgery and to avoid any trauma to surrounding tissue. It is important for cataract
surgeons to understand how to customize their power, vacuum, inflow, and aspira-
tion settings so they can optimize their surgical performance.
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Chapter 11

The Optic Edge and Adhesive Property
of an Intraocular Lens Influences Lens
Epithelial Cell Migration Under the Optic

Daijiro Kurosaka

Abstract Purpose: To reveal the factors which influence the inhibitory effect
of intraocular lens (IOL) on migration of lens epithelial cells (LECs).

Methods: Porcine LECs were cultured in a cell culture chamber insert,
containing a collagen membrane, with IOL optics fixed by the stainless weight.
To examine the extent of blocking of LEC migration by the edges of the IOL optics,
we measured and summed the angles at the center of the optic that subtended
margin portions where LECs had not migrated. The ratio of the sum of these angles
to the angle of the entire circumference (360°) was taken as a measure of blocking
ability. To examine the LEC migration under IOL optic, the area into which LECs
had migrated after removing the weight was measured. Adhesion between the
collagen membrane and the IOL optic was measured directly with a tensiometer.

Results: The blocking ability was affected by the type of the IOL (P =0.0001).
The blocking abilities of acrylic and silicone IOL with sharp edge were significantly
higher than that of acrylic IOL with rounded edge (P = 0.0015, P < 0.0001, respec-
tively). There was no difference in the blocking ability between acrylic and silicone
IOL with sharp edge (P = 0.2056). After weight removal, LECs migrated to various
extents on the collagen membrane under IOL optic. The ratio of cell-migrated area
(migration ratio) ranged from 3.1 £3.2 % for acrylic IOL to 17.1 £4.0 % for
PMMA IOL. A significant difference in maximum tensions was evident between
IOL optics (P =0.0060). The migration ratio was negatively related to maximum
tension (P =0.0476).

Conclusion: These findings suggested that the blocking ability of IOL optic is
dependent on the shape of the edge, but not on the optic material. However, LEC
migration under IOL optic was affected by the optic material.
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11.1 Introduction

Following cataract surgery, residual lens epithelial cells (LECs) proliferate and
migrate from the peripheral posterior capsular bag into the space between the
posterior capsule and an optic of the intraocular lens (IOL). These LECs produce
posterior capsule opacification (PCO) [1-5], a common complication causing
decreased visual acuity after cataract surgery [1, 2]. Patients whose PCO is treated
with an Nd: YAG laser to remove the central region of the opacified posterior
capsule usually recover their visual acuity, but this procedure may be costly and
uncommon, but severe complications such as retinal detachment and secondary
glaucoma could occur [1, 2, 6, 7].

The incidence of PCO is thought to be influenced by the design of the IOL such
as the shape of the optic edge [8-26], material of the IOL [19-30] such as
adhesiveness between the IOL optic and the posterior capsule, which in turn
might reflect adhesive properties of IOL materials [13, 31, 32], design of the
posterior convexity [33—-37], and/or the mechanical force generated by compression
of the haptics [38]. Although recent clinical studies indicated that a sharp optic edge
plays a key role in preventing PCO irrespective of optic material [§—26], the extent
of PCO in eyes implanted with a silicone IOL with a rounded optic edge was
less than that with polymethylmethacrylate (PMMA) IOL with a rounded optic
edge [17, 28-30]. The extent of PCO in eyes implanted with a hydrophobic acrylic
IOL with a sharp optic edge was less than that with a hydrophilic acrylic IOL with a
sharp optic edge [19, 20]. These findings suggest that factors in addition to
sharpness of the optic edge can influence PCO. Moreover, the shape of optic edge
is affected by the design, method, and polishing; the inhibitory effect of optic edge
may be different from each other even among groups with sharp optic edge [39, 40].
The degree of pressing the posterior capsule by optic edge may affect PCO although
the pressure between the optic edge and posterior capsule may be dependent on
design and material of the haptic.

On the other hand, in clinical studies the comparison was performed among
IOLs which differs in more than two factors. The silicone IOL with sharp optic edge
(CeeOn 911A) prevents PCO more effectively than acrylic IOL with sharp optic
edge (AcrySof MA60BM) [41]. However, optic and haptic of CeeOn 911A is made
of silicone and polyvinylidene fluoride (PVDF), and AcrySof MA60BM is of
acrylic and PMMA, respectively. Moreover, the posterior curvature of two IOLs
is different even if the optical power is equal. So it is still unclear whether the
difference of PCO among IOLs is dependent on optic material, pressure between
posterior capsule and optic edge, and/or the design of the optic edge.

Aspects of LEC migration are difficult to observe in patients by slit lamp
examination in vivo since PCO in patients and experimental animals may be
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influenced by a variety of factors such as age, surgical procedure, and postoperative
inflammation [1]. Given the limitations of in vivo studies, we developed a simple
in vitro system to facilitate quantitative examination of LEC migration under the
IOL optic [13]. To reveal whether the differences of abilities of preventing PCO by
optic edge and adhesive properties of IOL are dependent on edge design (sharp-
ness), optic material, or pressure between optic edge and posterior capsule, LECs
were cultured with IOLs using a modified in vitro system previously reported [42].

11.2 Methods

11.2.1 Cell Culture

Porcine LECs obtained as described previously [42] were cultured in a humidified
atmosphere of 5 % CO, and 95 % air at 37 °C in MED 10 medium, which consisted
of Dulbecco’s Modified Eagle Medium (Life Technologies, Gaithersburg, MD),
10 % fetal bovine serum (FBS; Bioserum, Victoria, Australia), 0.15 % sodium
bicarbonate solution (Life Technologies), 50 units/mL penicillin (Life Technolo-
gies), and 50 pg/mL streptomycin (Life Technologies). LECs in primary culture
were harvested using a solution of trypsin-EDTA (Life Technologies) for use in the
following experiments. All procedures were carried out in accordance with the
guidelines in the Association for Research in Vision and Ophthalmology Resolu-
tion on the Use of Animals in Research.

11.2.2 Assay for Blocking Assessment

Migration of LECs around the IOL optic edge was evaluated in the culture model
previously reported [13] with the following modifications (Fig. 11.1). The model
consisted of a cell culture chamber insert with a diameter of 10 mm that contained a

10L optic
collagen membrane f
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Fig. 11.1 Schematic drawing of the culture system used to evaluate migration of LECs. An insert
(10 mm in diameter) containing a collagen membrane was placed at the center of a 12-well plate.
The IOL optic pressed upon the membrane with the stainless weight (SW). To fix stainless weight,
small rubber ring was inserted between stainless weight and IOL optic
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Fig. 11.2 Measurements
of angles (@ 1_3) subtending
portions of the margin
where LECs had not
migrated at removal of IOL
optic and stainless weight.
Blocking ability was
defined as the ratio of

the sum of these angles

to the angle of the entire
circumference (360°). The
gray zone indicates LECs

collagen membrane (Koken collagen CM-24, Funakoshi Inc., Tokyo, Japan).
The collagen membrane consisted of aterocollagen that had been extracted from
the insoluble collagen of bovine dermis. Substances of low molecular weight such
as amino acids and glucose can penetrate this membrane. The insert was placed in a
12-well plate (Falcon, Lincoln Park, NJ) and 1.5 mL of MED 10 was added to the
well. A 250-puL volume of MED 10 was added to the insert. The IOL optic, of which
haptics were removed, was placed onto the center of the collagen membrane. The
IOL optic pressed collagen membrane with the stainless weight, which placed onto
the central IOL optic. We used 33, 55, 110, and 260 mg of stainless weight. Small
rubber ring was inserted between stainless weight and IOL optic to fix weight. The
extent of pressure between collagen membrane and IOL optic depended on the
stainless weight. Following incubation of this model in 5 % CO, at 37 °C for 48 h,
100 pL of a suspension of porcine LECs (15,000 cells/insert) was added to the
insert. The IOL optic and stainless weight were removed 48 h after incubation.
Migration of the LECs under the IOL optic was observed and photographed.

To examine the extent of blocking of LEC migration by the edges of the various
IOL optic, we measured and summed the angles at the center of the optic that
subtended margin portions where LECs had not migrated at the removal of the IOL
optic and stainless weight. The ratio of the sum of these angles to the angle of the
entire circumference (360°) was taken as a measure of blocking ability (Fig. 11.2).

The characteristics and physical parameters of the IOLs used in this experiment
are shown in Table 11.1. Two types of acrylic IOLs (AR40, AR40e; Abbott
Medical Optics, Irvine, CA) have almost the same optic design and material
except the shape of optic edge. The AR40e has a sharp optic edge, while the
AR40 has a rounded optic edge. The silicone IOL (ClariFlex; Abbott Medical
Optics) is the same design of optic as the AR40e. To equalize the area of collagen
membrane which was attached to the IOL optic, the posterior curvature of the IOL
was arranged. The optic of the IOLs was 6 mm in diameter. The IOLs had a
biconvex configuration.
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Table 11.1 Characteristics of implanted intraocular lenses (IOLs)

IOL model AMO Sensar AR40e AMO Sensar AR40 AMO ClariFlex
Optic material Acrylate copolymer Acrylate copolymer Silicone
Optic diameter (mm) 6.0 6.0 6.0
Configuration Biconvex Biconvex Biconvex
Power (diopters) +17.0 +17.0 +17.0
Radius of curvature of 15.7 15.5 15.7

posterior surface (mm)
Weight (mg) 25.1 22.4 25.1

10L optic

collagen membrane

Fig. 11.3 Schematic drawing of the culture system used to evaluate migration of LECs. A silicone
ring (SR) was placed at the center of a 12-well plate. An insert (10 mm in diameter) containing a
collagen membrane was placed on the silicone ring, which elevated the central collagen membrane
of the insert. The IOL optic was pressed to the membrane by a stainless steel weight (SW).
To fix the weight in place, a small rubber ring was inserted between the stainless steel weight and
the IOL optic

11.2.3 Assay for Invasion Assessment

To evaluate migration of LECs on the membrane under the IOL optic, the culture
model described above was modified as follows (Fig. 11.3). The silicone rubber ring,
used as a pedestal, had an inner diameter of 1.9 mm and an outer diameter of 6.6 mm.
After the silicone rings were placed in the centers of wells in a 12-well plate, 1.5 mL
of MED 10 was added to the well. The insert was placed upon the silicone ring, which
caused elevation of the central collagen membrane in the insert. A 200-puL volume of
MED 10 was added to the insert. After removal of the haptics, the IOL optic was
placed upon the collagen membrane elevated by the silicone ring. The periphery of
the IOL optic was not attached to the collagen membrane, since the area elevated by
the silicone ring was smaller than the area of the posterior IOL optic. The IOL optic
was pressed by a stainless steel weight as mentioned above. As a result, in this culture
model, the collagen membrane of the insert was sandwiched between the silicone ring
and the IOL optic. The degree of pressure between the collagen membrane and the
IOL optic depended on the weight applied. Following incubation of this model in 5 %
CO, at 37 °C for 48 h, 100 pL of a suspension of porcine LECs (15,000 cells/insert)
was added to the insert; then, the LECs were cultured for 48 h.
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Table 11.2 Characteristics of implanted intraocular lenses (IOLs)

Alcon AMO Pfizer
AcrySof HOYA AF-1 AMO Sensar PhacoFlex CeeOn NIDEK
IOL model MA60BM VA60BB AR40e II SI-40 911A NP-74D
Optic Acrylate Acrylate Acrylate Silicone Silicone PMMA
material copolymer copolymer copolymer
Optic diame- 6.0 6.0 6.0 6.0 6.0 6.0
ter (mm)
Configuration Biconvex Biconvex Biconvex Biconvex Biconvex Biconvex
Power +20.5 +29.5 +17.0 +17.0 +15.5 +20.0
(diopters)
Radius of 15.8 15.7 15.7 15.5 15.7 15.6
curvature
of poste-
rior sur-
face (mm)
Weight (mg) 20.5 21.6 22.3 20.8 24.1 21.5

PMMA polymethylmethacrylate

To determine a weight sufficient to almost completely prevent LEC migration
onto the collagen membrane under the IOL optic, culture was stopped in some wells
where the IOL and the stainless steel weight were removed and migration of the LECs
under the IOL optic was observed and photographed. We experimented with 55-,
110-,260-, and 510-mg stainless steel weights. The cell-free area where the LECs had
failed to migrate onto collagen membrane beneath the IOL optic was measured.

To examine whether adhesive properties of IOL materials influenced migration of
LECs on collagen membrane under the IOL optic, LECs were cultured for another
48 h after the weights were removed. If the IOL optic possessed an adhesive property
with respect to the collagen membrane, the IOL optic could remain attached to the
collagen membrane after weight removal and continue to inhibit LEC migration into
the space between the collagen membrane and the IOL optic. After incubation, IOL
optics were removed, and migration of LECs under the IOL optic was observed and
photographed. Cell-free areas 48 h after weight removal also were measured to
determine the area representing LEC migration during the 48 h after weight removal.
The cell-free area 48 h after the weight removal was subtracted from the area
immediately after the removal. The ratio of the cell-migration area to the cell-free
area immediately after weight removal (migration ratio) was determined and was
used to assess the extent of LEC migration under each IOL optic.

Characteristics and physical parameters of the IOLs used in this study are shown
in Table 11.2. The posterior curvature of the IOL was opposed to the membrane
with care to equalize the area of collagen membrane attached to the IOL optic. Each
IOL optic was 6 mm in diameter. IOLs had a biconvex configuration. Although one
type of silicone IOL (SI-40NB; Abbott Medical Optics, Irvine, CA) had an optic
consisting of an optical zone and a peripheral rim, the area of collagen membrane
attached centrally to the IOL optic was smaller than the optical zone, so the
peripheral rim did not affect the experiments.
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11.2.4 Adhesion Property

Adhesion between the collagen membrane and the IOL optic was measured directly
with a tensiometer (Instron mini-44 tensiometer; Instron, Canton, MA). The above
culture model was mounted on a tensiometer and suspended in a balanced salt
solution (BSS plus, Alcon, TX) at 37 °C. The IOL optics without haptics were
attached to the plunger of the tensiometer. The plunger descended at 1 mm/min
until the pressure between the IOL optic and the collagen membrane reached 15.3 g.
After this pressure was maintained for 1 min, the plunger was raised at 10 mm/min
until the pressure between the IOL optic and collagen membrane fell to zero. The
time course of the tension was recorded automatically (Scope Corder DL750;
Yokogawa, Tokyo, Japan). Maximum tension was measured.

11.2.5 Statistical Analysis

Data are presented as the mean =+ SD. Differences with respect to data were
evaluated by one-way or two-way analysis of variance (ANOVA) and Fisher’s
protected least significant difference test. Simple regression analysis was used to
evaluate the relationship between the stainless weight and the blocking ability.
Spearman’s rank correlation coefficient was used to evaluate the relationship
between migration ratio and maximum tension. A value of P < 0.05 was accepted
as indicating statistical significance.

11.3 Results

11.3.1 Blocking Ability of IOL Optic Edge

Within 48 h after plating, LECs migrated into the space between the collagen
membrane and the IOL optic except when the stainless weight was 260 mg.
When the stainless weight was 260 mg, the LEC migration under IOL optic was
completely inhibited regardless of IOL type and the blocking ability of each IOL
reached to 100 %. However, it was unclear whether the blocking ability of each IOL
reached the maximum (100 %) using stainless weight less than 260 mg (Table 11.3).

Table 11.3 Relationship Blocking ability (%)

between blocking ability of

IOL and stainless weight IOL (mg) 33 55 110 260
AR40 19.2+5.2 22.84+9.1 569+44 100+0

AR40e 249+144 343+£96 77.8£10.8 100£0
ClariFlex 3124165 37.7£99 8244+3.1 100+0
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Fig.11.4 The blocking ability was affected by the IOL types (P = 0.0001; two-way ANOVA) and
the weight of the stainless weight (P < 0.0001; two-way ANOVA). The blocking abilities of
AR40e and ClariFlex were significantly higher than that of AR40 (P =0.0015, P <0.0001,
respectively; Fisher’s protected least significant difference test). There was no difference in the
blocking ability between AR40e and ClariFlex (P =0.2056; Fisher’s protected least significant
difference test). The heavier weight blocked more effectively LEC migration regardless of shape
of optic edge and material (P < 0.0001; simple regression analysis). Values are the mean 4= SD of
six data. For AR40, blocking ability =0.515 X stainless weight—1.0 (1, =0.962); for AR40e,
blocking ability =0.706 x stainless weight—0.9 (r,=0.987); for ClariFlex, blocking
ability =0.693 x stainless weight +4.7 (r, =0.973)

To evaluate the relationship between the stainless weight and blocking ability of
each IOL, the data of blocking ability using the stainless weight less than 260 mg,
which did not reach to the maximum (100 %), were used.

The blocking ability was affected by the IOL types (P =0.0001; two-way
ANOVA) and the weight of the stainless weight (P < 0.0001; two-way ANOVA)
(Fig. 11.4). The blocking abilities of AR40e (acrylic with sharp edge) and ClariFlex
(silicone with sharp edge) were significantly higher than that of AR40 (acrylic with
round edge, P =0.0015, P < 0.0001, respectively; Fisher’s protected least signifi-
cant difference test). There was no difference in the blocking ability between
AR40e and ClariFlex (P =0.2056; Fisher’s protected least significant difference
test). There was no interaction between the IOL types and the weight of the stainless
weight (P =0.4773).

Three types of IOLs showed the positive relationship between the weight of
the stainless weight and the blocking ability. LEC migration was more effec-
tively blocked by the heavier weight regardless of the shape of optic edge and
material (P < 0.0001; Simple regression analysis). The estimated blocking abil-
ities of AR40, AR40e, and ClariFlex using 260 mg of stainless weight, which
was calculated with each regression line, were 133, 181, and 175 %, respectively.
On the other hand, the estimated weight of stainless weight to bring about 100 %
of blocking ability is 196 mg for AR40, 143 g for AR40e, and 138 mg for
ClariFlex.
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11.3.2 Effect of Adhesive Properties of IOL Optic
on LEC Migration

Within 48 h after plating, most LECs attached directly to and occupied the
peripheral collagen membrane where the IOL optic was not attached. When the
stainless steel weight was 55, 110, or 260 mg, LECs migrated into the space
between the collagen membrane and the IOL optic (Fig. 11.5a). However, when
the weight was 510 mg, the LECs could not migrate into this space (Fig. 11.5b). We
therefore used the 510-mg weight for subsequent experiments. Using this weight,
the cell-free areas under the IOL 48 h after plating were essentially the same
irrespective of the IOL type used (P = 0.5462, one-way ANOVA; Fig. 11.6).

After removal of the weight, LECs migrated into the space between the IOL
optic and the collagen membrane (Fig. 11.5¢). Significant differences were seen in
migration ratios between IOL types (Fig. 11.7, P =0.0001; ANOVA). Migration
ratios were 3.1 & 3.2 % for MA60BM (acrylic), 5.2 & 2.8 % for VA60BB (acrylic),
10.6 5.5 % for AR40e (acrylic), 11.2 £4.0 % for SI-40NB (silicone), 7.0 £ 3.1 %
for 911A (silicone), and 17.1 £4.0 % for NPD74D (PMMA).

Maximum tensions between the various IOL optics and the collagen membrane
were 11.94+4.7 g for MA60BM (acrylic), 12.4£4.5 g for VA60BB (acrylic),
8.2+£2.0 g for AR40e (acrylic), 5.6 £2.7 g for SI-40NB (silicone), 7.6 + 1.1 g
for 911A (silicone), and 1.1 0.5 g for NPD74D (PMMA), showing a significant
difference (Fig. 11.8, P =0.0060; ANOVA).

The migration ratio correlated negatively with maximum tension (Fig. 11.9,
P =0.0476; Spearman’s rank correlation coefficient). Stronger adhesive properties
of IOLs were associated with the narrower zones, where LECs had migrated during
the 48 h after removal of the weight, indicating more effective inhibition of LEC
migration.

11.4 Discussion

In this study, the effects of optic edge and adhesive properties of IOL on LEC
migration were examined. The blocking ability of optic edge was affected by the
IOL types. The AR40e, which has a sharp optic edge, blocked LEC migration more
effectively than AR40, which is the same material and design as AR40e except the
edge of AR40 is rounded. There was no difference in the blocking ability between
AR40e (acrylic) and ClariFlex (silicone), which were the same design. These
findings suggested that the blocking ability of IOL optic is dependent on the
shape of the edge but not on the optic material.

On the other hand, migration of LECs under the IOL optic was affected by
adhesive property of the IOL optic. The pressure from 510 mg of stainless weight
almost completely inhibited LEC migration into the space between the IOL optic and
the collagen membrane, with elimination of effects of differences in the optic edge.
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Fig. 11.5 Photographs
of LECs obtained using
a phase microscope.

(a) When the PMMA
optic was pressed to the
collagen membrane with
a 110-mg weight, LECs
had migrated into the
space between the
collagen membrane

and the IOL optic
(arrowheads). (b) When
the weight was 510 mg,
LECs could not migrate
into the space. (c¢) After
removal of the 510-mg
weight, LEC migrated
into the space
(arrowheads). Arrows
indicate the margin
between attachment

and nonattachment

of the collagen membrane
to the IOL optic

D. Kurosaka

Although the IOL optics remained attached to the collagen membrane after removal
of the weight, LECs migrated into the space between the IOL optic and the collagen
membrane to various extents. The migration ratio, indicating the extent of this
migration, differed between IOL types; the lowest ratio was seen with MA60BM
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Fig. 11.6 The areas of collagen membrane where LECs had not migrated under the IOL optic
immediately after removal of the 510-mg weight showed no significant difference between
MA60BM (MA, acrylic), VA60BB (VA, acrylic), AR40e (AR, acrylic), SI-40NB (SI, silicone),
911A (911, silicone), and NPD74D (NP, PMMA). Values are the mean + SD of for six wells
(P =0.5462; one-way ANOVA)
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Fig. 11.7 The migration ratio, an indicator of the extent of LEC migration during 48 h after
removal of an external weight, for various types of IOLs. Differences among IOLs were significant
(P =0.0001; one-way ANOVA). Considered individually, differences were significant between all
groups, except between ratios of MA60BM (MA), VA60BB (VA), and 911A (911) and between
ratios of AR40e (AR), SI-40 NB (SI), and 911A (Fisher’s protected least significant difference).
The optics of MA60BM, VA60BB, and AR40e are made of acrylic; those of SI-40NB and 911A
are silicone, and that of NPD74D (NP) is PMMA. Values are the mean £ SD for six wells

(acrylic), followed in turn by VA60BB (acrylic), 911A (silicone), AR40e (acrylic),
SI-40 (silicone), and NPD74D (PMMA; P =0.0001; ANOVA). This order was
related to the order of maximum tension (P = 0.0476; Spearman’s rank correlation
coefficient). Stronger adhesive properties of IOLs were associated with more effec-
tive inhibition of LEC migration by the IOL optic. These findings suggest that LEC
migration under the IOL optic is limited by the adhesive property of the IOL optic.
In this study, the weight of stainless weight also affected the blocking ability of
IOLs. The weight of stainless weight reflects the pressure between the collagen
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Fig. 11.8 Maximum tensions between various types of IOL optic and the collagen membrane.
Differences were significant between IOLs (P =0.0001; one-way ANOVA). Significant differ-
ences were detected between NPD74D (NP) and other types of IOLs except SI-40BN (SI),
between SI-40BN and MA60BM (MA), and between SI-40BN and VA60BB (VA; Fisher’s
protected least significant difference). The optics of MA60BM, VA60BB, and AR40e (AR) are
made of acrylic. Those of SI-40 NB and 911A are silicone, and that of NPD74D is PMMA. Values
are the mean £ SD of three wells
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Fig. 11.9 Relationship between the migration ratio and maximum tension between IOL optic and
collagen membrane. The migration ratio indicated the extent of LEC migration during 48 h after
removal of an external weight. Migration ratio was related negatively to maximum tension
(P =0.0476; Spearman’s rank correlation coefficient). The optics of MA60BM (solid triangle),
VAGOBB (open triangle), and AR40e (solid circle) are made of acrylic. Those of SI-40NB (open
circle) and 911A (solid square) are silicone, and that of NPD74D (open square) is PMMA

membrane and IOL optic in this culture model. The stronger the IOL optic pressed
collagen membrane, the more effectively LEC migration was inhibited. The forces
of pressure between IOL optic and posterior capsule in vivo are produced by
the haptic of IOL, fibrosis around optic edge, and formation of capsular bending.
When the haptics are compressed, the optic moves backward (vaulting). Vaulting
results in a force tightly applying the IOL optic to the posterior capsule [38]. The
amount of optic vaulting depends upon the IOL model. Parssinen et al. [38]
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measured this force in 28 types of IOLs, reporting that vaulting force varied
between 0 and 96 mg when haptics were compressed to a 10.0 mm diameter. The
author found no significant relationship between this force and the haptic angle. The
materials and design of haptics may affect this force. In this study, 100 mg of
stainless weight was not enough to block LEC migration completely. Even if the
IOL optic is sharp, the weight needed to block LEC migration completely was
estimated. In case of AR40 with rounded optic edge, this weight was done to
be. Although the vaulting forces of the IOLs used in this study were unclear, only
the vaulting force may not be enough to block LEC migration completely.

Oshika et al. [32] reported that the adhesive force between the IOL optic and the
collagen membrane was 1,697 mg for acrylic, 583 mg for PMMA, and 0 mg for
silicone IOLs. They examined the adhesive property of the IOL optic essentially as
we did except that we used a silicone ring as a pedestal. They used a SI-30NB IOL
as a representative silicone IOL; its optic consisted of an optical zone and a
peripheral rim like the SI-40NB in our study. The peripheral rim of this silicone
IOL optic might have precluded close contact of the IOL optic with the collagen
membrane in their study, preventing adhesion with the silicone IOL.

In conclusion, our modified in vitro model was useful in evaluating the effect of
the optic edge and the adhesive property of various IOLs on migration of LECs.
Using this model, the blocking ability of IOL optic is dependent on the shape of the
edge but not on the optic material. However, a stronger adhesive property of the
IOL was associated with more effective inhibition of LEC migration after getting
over optic edge. The material of an IOL as well as the shape of the optic edge
therefore may be important in preventing PCO.
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Chapter 12
Femtosecond Techniques
in Cataract Surgery

H. Burkhard Dick, Tim Schultz, and Ronald D. Gerste

Abstract The femtosecond laser has added a new dimension to cataract surgery in
terms of precision, reproducibility, safety, and patient satisfaction. With this tech-
nology, capsulotomies are performed with unprecedented accuracy while lens
fragmentation requires less ultrasound energy than during a conventional
phacoemulsification. In an ever-increasing number of cases, no phaco energy at
all is required which enhances the patient’s safety, particularly with regard to the
corneal endothelium. While femtosecond laser treatment is perfect for the implan-
tation of a premium IOL after routine cataract surgery, the technology can also be
used with a high success rate in challenging cases like in eyes with a small,
undilated pupil and in pediatric cataracts. In our experience, the technology pro-
vides a safe and sound approach to the highest patient satisfaction.

Keywords Bag-in-the-lens ¢ Capsulotomy « Catalys * Congenital cataract  Fem-
tosecond laser ¢ IOP ¢ Liquid interface » Phacoemulsification

12.1 Precise and Safe: Capsulotomy
and Lens Fragmentation

113

When, 260 years ago, Jacques Daviel stated his aim “...to entirely loosen the
cataract and facilitate its issue,” he probably had a technique in mind that enabled
the surgeon to operate fast, with short, precise cuts and with a high degree of safety
and postoperative vision for his patients. Modern cataract surgery—which is almost
always refractive surgery as well—has come closer to perfection than this pioneer
in our field (who lived from 1696 until 1762) could have ever imagined. In
fact, cataract surgeons in this day and age are in a position envied by colleagues
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Fig. 12.1 Non-applanating
and fluid-filled patient
interface. (a) Eye. (b) Cut
by half fluid-filled suction
ring. (¢) Non-applanating
disposable lens

in most other medical disciplines: not only will the organ in the cataract surgeon’s
crosshairs enjoy a better function than preoperatively—in some cases (one might
think of an almost lifelong myopia that is corrected by an IOL) it might work better
than ever before in the patient’s life, without refractive error, astigmatism, and, of
course, lens opacity.

The introduction of the femtosecond laser into cataract surgery, after its
successful debut in refractive surgery, is part of this success story—and gives
reason to expect further progress and unequaled patient satisfaction, particularly
in patients with premium IOL implantation. A variety of femtosecond laser plat-
forms have been introduced into cataract surgery, among those approved by the
FDA are LensAR (LensAR Inc, Winter Park, FL), LenSx (Alcon LenSx Inc, Fort
Worth, TX), Catalys (Abbott Medical Optics, Abbott Paark, Illinois, USA) and
Victus (Bauch & Lomb/Technolas Perfect Vision GmbH, Munich, Germany) [1].

Our research in the field of femtosecond laser-assisted cataract surgery is based
on our clinical experience with the Catalys system. Unique to that platform is a
liquid optics interface docking system that includes a fluid-filled suction ring and a
non-applanating disposable lens (Fig. 12.1). This docking system is engaged by the
surgeon while he or she controls the patient’s chair using video imaging for
alignment. Once suction is confirmed, the system automatically measures the
dimensions of the anterior chamber and the lens with an integrated three-
dimensional spectral-domain optical coherence tomography device. This
SD-OCT identifies the ocular surfaces and creates laser exclusion zones
(Fig. 12.2). The results are displayed to the surgeon for verification. At this point,
the surgeon has the option of using the videographic user interface to reposition
and/or redesign the corneal incisions, the capsulotomy, and lens fragmentation
procedures. The advantages of the non-applanating Liquid Optic interface are a
relatively mild rise in intraocular pressure (see below), a better optical quality for
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Treatment Zone

Fig. 12.2 Automatic 3D spectral-domain optical coherence tomography with automatic ocular
surface identification and laser exclusion zones

Fig. 12.3 3D spectral-domain optical coherence tomography of the cornea without folds using a
non-applanating fluid-filled patient interface

the surgeon, almost no corneal folds (Fig. 12.3), and fewer cosmetically challeng-
ing complications like subconjunctival hemorrhages—there is hardly any sign of
ocular discomfort like redness in most eyes even on the day of surgery.

The attempted capsulotomy diameter usually is 5.0 mm (4 pJ pulse energy). The
lens-softening pattern applied by the femtosecond laser is standardized; the grid
size is normally either 350 or 500 pm (Fig. 12.4). The femtosecond laser pulses are
focused starting at the predefined distance from the posterior capsule (posterior
safety margin) and moved in the anterior direction through the crystalline lens
(Table 12.1 and Fig. 12.2). The laser does not create planes across the lens in the
coronal plane. The gas released from cavitation bubbles creates a pneumodissection
effect that further separates the crystalline lens along the natural lamellar structure,
reducing the need for hydrodissection and most often creating cubes of softened
lens. However, the laser itself does not cut cubes but rather slices the lens.

Ultrasound phacoemulsification is performed in our clinic on the same oper-
ating chair, without moving or walking the patient through the operating room.



146 H.B. Dick et al.

Fig. 12.4 500 (a) and 350 (b) pm grid pattern

Preparing the patient for phacoemulsification and IOL implantation with the
femtosecond laser results in a considerable reduction of effective phacoemulsi-
fication time. In two groups of 80 patients each, one group receiving a 350 pm
grid pattern and the other a 500 pm grid pattern, the mean absolute phacoemul-
sification time was 0.03 and 0.21 s, respectively. Cataract surgeons have for
almost two decades evaluated ways to reduce the amount of ultrasound energy
the ocular structures are exposed to. The femtosecond laser has achieved this goal
most convincingly. There is a plethora of benefits for the patient: less energy
delivered to the eye may be associated with an earlier improvement in postoper-
ative visual acuity as a result of less endothelial cell loss and corneal edema and
less anterior chamber cells and flare caused by alteration of the blood—aqueous
barrier. The corneal swelling in the early postoperative period is less pronounced
after femtosecond laser application than after conventional phacoemulsification;
Takacs et al. described a significantly higher central corneal thickness
after phacoemulsification alone (607 pm on average) than after pretreatment
with the femtosecond laser (580 pm) in groups of 38 eyes each [2]. Less
phacoemulsification energy usually means a faster and safer visual rehabilitation
after cataract surgery [3].

12.2 Clinical Pearls

12.2.1 Three-Step Regimen for Femtosecond-Assisted
Cataract Surgery in Eyes with Small
Preoperative Pupils

There is no doubt that a large pupil is most welcome to any cataract surgeon, no
matter which technique is being used. This applies to femtosecond laser cataract
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surgery as well. A dilated pupil enables the laser system to provide an accurate
image of the anterior segment, which allows planning the treatment preoperatively.
A large pupil also allows clear visualization of the anterior segment by the surgeon
during the laser application. Furthermore, femtosecond lens fragmentation is more
effective in eyes with large pupils, decreasing ultrasound phacoemulsification
application during removal of the nucleus.

Unfortunately, it is not always this way. Among the first 850 eyes we performed
surgery upon using the Catalys femtosecond laser and using an all-comers
approach, there were 40 eyes (4.7 %) with a pupil dilatation less than 5.5 mm
after routine preoperative dilation. The mean pupil diameter achieved after preop-
erative topical dilation in this group was 4.4 + 0.42 mm (median 4.5 mm; minimum
3.2 mm, maximum 4.9 mm). The most frequent comorbidities of the non-dilating
pupils were a pseudoexfoliation of the lens capsule (30.0 %) and an intraoperative
floppy iris syndrome (12.5 %). Three eyes had glaucoma (10 %), two eyes
(6.7 %) suffered from corneal guttae, and two eyes (6.7 %) had a history of blunt
ocular trauma.

To Dilate These Pupils, a Three-Step Approach Proved Helpful

(a) Intracameral administration of a 0.1 % epinephrine solution

(b) Additional viscomydriasis with Healon GV(AMO, Santa Ana, California,
USA)

(c) Implantation of a Malyugin ring (7 mm, MicroSurgical Technology, Redmond,
Washington) (Fig. 12.5)

The application of intracameral epinephrine alone was sufficient in 7 %; in 25 %
additional viscomydriasis was necessary. The implantation of a Malyugin ring was
performed in 68 %. In the majority of cases with an implanted Malyugin ring, the
device was removed after the implantation of the IOL using the ophthalmic
viscosurgical device (OVD) to protect corneal endothelium. The trailing eyelet was

Fig. 12.5 Femtosecond laser-assisted cataract surgery with Malyugin ring in place
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disengaged first using the Frankfurt iris manipulator (Geuder, Germany). The inserter
was placed slightly at the side of the eyelet, but over the ring, and then turned in a way
that the hook was over the entire eyelet. Engaged with the eyelet, it was pulled back
into the bimanual inserter and out of the anterior chamber. OVD removal was
performed using 20 G irrigation—aspiration handpieces (Geuder, Germany).

Using this three-step approach, a mean pupil diameter of 5.8 + 0.36 mm (median
5.8 mm; minimum 5.0 mm, maximum 6.3 mm) was achieved. The capsulotomy
diameter on the Catalys instrument was set for 5.0 mm; the resulting capsulotomy
diameter was a mean of 4.8 +0.18 mm (median 4.9 mm; minimum 4.5 mm, maxi-
mum 5.0 mm). In not a single eye did severe intraoperative complications occur. The
OCT scanning was not compromised in any case and the posterior capsule had been
detected correctly. Five capsulotomies showed fine tongue-like lesions. All of the
capsule discs could be pulled out with the Koch microforceps (Geuder, Germany)
without any further manipulation of the capsulotomy. No capsular tears were
observed. One eye had a duplicate anterior capsule and it was necessary to repeat
the femtosecond laser capsulotomy procedure to achieve a complete opening of both
layers of the capsule. In all cases that were treated with a Malyugin ring, the anterior
chamber was stable during every step of the femtosecond laser-assisted procedure.
No redocking of the fixation cone on the eye had to be performed.

With the disposable liquid optics interface of the Catalys system which does not
distort the cornea and raises the intraocular pressure only minimally [4], the
surgeon has the means to separate surgical steps changing from laser capsulotomy
and lens fragmentation to manual steps such as the insertion of a Malyugin ring and
back to laser treatment easily. To create a well-sized and shaped capsulotomy in
“small pupil” cases, the use of a femtosecond laser can be a great advantage [5, 6].

12.2.2 IOP During Femtosecond Laser-Assisted
Cataract Surgery

A caveat discovered early in applying femtosecond laser technology in cataract
surgery is a significant increase in intraocular pressure (IOP) for several minutes
during the procedure. Massive IOP rises as seen in porcine eyes while using flat
applanation interfaces (for a refractive procedure, not for cataract extraction) in the
range between 130 and 180 mm Hg seem to pose a significant risk for those elderly
patients with glaucoma as a comorbidity. Even curved applanation interfaces were
associated with massive IOP rises between 65 and 205 mmHg [7].

A fluid-filled interface has been proven to lead only to comparably small IOP
increases for a short time. Similar to the ultrasonic immersion interfaces, the fluid-
filled interfaces for the laser systems overcome the optical refraction of the cornea
while avoiding the corneal deformation and associated IOP rise. In a recent
prospective clinical trial, the absolute IOP variation during femtosecond laser
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cataract surgery using the Catalys device was evaluated. With the suction ring in
place, the IOP in the study group of 100 patients increased significantly by a mean
of 10.3 mmHg—hardly on par with the aforementioned IOP increases with differ-
ent docking techniques. After a mean total suction time of 3 min and 45 s, the IOP
decreased again; 1 h postoperatively the average IOP in the study group was
14.3 mmHg, an overall decrease from a mean pressure of 15.6 mmHg shortly
before surgery. In no case did the highest IOP exceed 39 mmHg. To our knowledge,
no other study has analyzed the IOP variations in vivo during femtosecond laser-
assisted cataract surgery with a fluid-filled interface so far. The moderate short-term
IOP increase makes the procedure safe for cataract patients with ocular
comorbidities like glaucoma [4].

12.2.3 Femtosecond Laser Cataract Surgery
in Patients with Congenital Cataract

Although anterior and posterior capsulotomy in early pediatric cataract surgery is
often challenging, we see a distinct potential for the femtosecond-assisted laser
technique to enhance the quality of pediatric cataract surgery. Particularly the
primary posterior capsulotomy is a difficult but necessary step to prevent posterior
capsule opacification (PCO). Up to 100 % of young children (07 years) will develop
PCO with obstruction of vision when the posterior capsule remains intact [8]. Today
the manual posterior capsulorhexis is one possible technique [9].

Certain femtosecond laser systems for cataract surgery afford the possibility to
create a circular and correctly sized anterior capsulotomy in adult eyes, resulting in
greater capsule stability and less capsular bag shrinkage compared to manual
continuous curvilinear capsulorrhexis [5, 10]. These advantages enhance cataract
surgery in children’s eyes, especially the creation of a posterior capsulotomy.

So far we have performed seven cases of femtosecond laser-assisted cataract
surgeries in infants as an off-label usage performed under an ethics committee-
approved clinical protocol. In all three patients the non-applanating, fluid-filled
interface between the laser and the globe (outer diameter 18.0 mm, inner diameter
13.5 mm) was placed after a small lateral canthotomy—if necessary—on the sclera
and the vacuum was activated. The patient interface was then filled with balanced
salt solution (Alcon, Fort Worth, USA) and docked to the disposable sterile lens of
the system. After confirmation of the anterior and posterior capsule and iris safety
zones, the laser was activated (Fig. 12.6). Treatment time was between 4.6 and
58.2 s. In two cases the well-sized anterior and posterior capsule discs were easy to
remove and no tears occurred. In another case laser treatment and cataract removal
were possible after a Malyugin pupil expansion device was inserted. There were no
significant intra- or postoperative complications.
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Fig. 12.6 3D intraoperative spectral-domain optical coherence tomography of a 9-month-old
infant with congenital cataract

Anterior

Fig. 12.7 Anterior and posterior laser capsulotomy in an infant cataract using femtosecond laser
technology (Catalys)

It is certainly a disadvantage that the current interface version is not intended for
infants, making a lateral canthotomy necessary. Nevertheless, femtosecond cataract
surgery increases the surgeon’s chances for consistently successful anterior
and posterior capsulotomies in infants, which may lead to improved functional
outcomes compared to a manually performed capsulorhexis. Furthermore, the
bag-in-the-lens technique—described below—might be simplified by using this
approach in older children (Fig. 12.7) [11].
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12.2.4 A New Technique for Bag-in-the-Lens
Intraocular Lens Implantation

The bag-in-the lens IOL (BIL) has been used in adults and pediatric cataract
surgery. The lens was designed to prevent posterior capsule opacification. The
clinical results for this IOL are excellent, with the posterior optical pathway
remaining clear after surgery in all adult cases.

In this technique, the anterior and posterior capsules are placed in an IOL’s
groove after creation of an anterior and posterior capsulorhexis. The IOL
groove is defined by the anterior and posterior oval haptics of the IOL that are
oriented perpendicular to each other. Creating appropriately sized and centered
capsulorhexes is important in BIL implantation once the centration is dependent on
the position of the two capsulorhexes. The posterior continuous curvilinear
capsulorhexis (PCCC) in the bag-in-the-lens technique has been criticized as too
difficult to routinely manually perform.

Femtosecond laser systems for cataract surgery have been available since 2011.

Different studies showed the possibility to create a perfect anterior capsulotomy
with this new technology. With the femtosecond laser it is possible to create an
anterior and posterior capsulotomy with a properly size, centration, symmetry and
in a reproducible way, facilitating the creation of the PCCC [10, 12, 13].

Surgical Technique

For the following described technique, we used the CatalysTM Precision Laser
System (Abbott Medical Optics, Abbott Paark, Illinois, USA) in adult eyes.

Step One: Planning

For this technique two treatments are necessary. The first one includes anterior
capsulotomy, lens fragmentation (includes segmentation and softening), and cor-
neal incisions (if desired).

For the anterior capsulotomy, we use a 5.0 mm diameter and pulse energy of
4 pJ. The incision depth is 600 pm. For the lens fragmentation, a grid spacing of
350 or 500 pm and pulse energy of 9.5-10 pJ is used. For the second treatment a
4.6 mm diameter posterior capsulotomy with an energy of 9.5 pJ is planned.

Step Two: First Docking

First, the suction ring (Liquid Optics Interface) is placed to the eye and the
first vacuum is activated. Following, the suction ring is filled with balanced salt
solution. CatalysTM Precision Laser System uses a noncontact fluid-filled inter-
face. Then, a second suction is created between the suction ring and the
non-applanating immersion lens.

Step Three: Imaging

After the docking the next step is imaging. The integrated image guidance system
will determine the location and dimension of the cornea, the anterior chamber, the
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anterior capsule, and the posterior capsule, as well as the thickness of the crystalline
lens. In almost all cases the software automatically identifies the surfaces and the
surgeon needs only to confirm the treatment.

Step Four: Laser Treatment

After confirming the treatment plan, the surgeon needs to press the laser foot pedal
to initiate treatment. On this first docking the anterior capsulotomy, lens fragmen-
tation (segmentation and softening), and corneal incisions (if desired) will be
performed. After finishing the laser treatment, the surgeon will undock the eye
and proceed with the next step.

Step Five: Phacoemulsification/Lens Removal

The surgeon will proceed with the lens removal using irrigation/aspiration only or
using phacoemulsification, and if the corneal incisions were not performed with the
laser, the surgeon will have to manually create them.

Step Six: Preparation for the Posterior Laser Capsulotomy Creation

After aspirating the cortex, the posterior capsule is then punctured with a 27-gauge
self-bended needle, and sodium hyaluronate 1 % (Healon, Abbott Medical Optics)
is injected through the punctured capsule to push back the anterior vitreous surface
and elevate the posterior capsule. Sodium hyaluronate 1 % is also injected into the
anterior chamber to reform it.

Step Seven: Second Docking

The suction ring is placed on the patient’s eye under the microscope observing any
changes in the anterior chamber. Then, the patient is swiveled back to the femto-
second cataract laser for the docking. The docking is done on the same way as
previously described.

Step Eight: Imaging

The image guidance system will scan the eye and at this time the software will
indicate that modifications are required because abnormal images are taken. In this
specific situation this message should be ignored. The axial and sagittal optical
coherence tomography (OCT) images usually will show the posterior capsule in a
convex shape and the anterior hyaloid in a concave shape and a space between
them, which was filled with sodium hyaluronate 1 %. The surfaces for the treatment
need to be customized, the convex anterior image (the posterior capsule) is
interpreted as the anterior capsule, the posterior concave image (the anterior
hyaloid) is interpreted as the posterior capsule, and the space in between them as
the lens. The pupil is checked and the intended location of the posterior
capsulotomy checked to be within the diameter of the anterior capsulotomy, usually
with a 4.5—4.8 mm of diameter (Fig. 12.8).
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Fig. 12.8 3D spectral domain optical coherence tomography of the posterior capsule

Step Nine: Laser Treatment

After confirming the position of the pupil and location of the posterior capsule, the
foot pedal is pressed to begin the treatment for the posterior capsulotomy. Usually
the laser treatment time for the posterior capsulotomy is around 12-14 s.

Step Ten: Implanting the Bag-in-the-Lens IOL

After the vacuum is released and the patient undocked, the patient is positioned
under the operating microscope. The edges of the posterior capsulotomy are easily
seen due to the created air bubbles. The anterior chamber is filled with sodium
hyaluronate 1 %.

Using a microforceps (Koch microforceps, Geuder, Heidelberg), the surgeon
verifies if the capsulotomy was completed and carefully removes it. The main
incision is then enlarged to 2.75-2.8 width. Then, the Tassignon bag-in-the-lens
IOL Type 89 A (Morcher GmbH, Stuttgart, Germany), which is a foldable hydro-
philic lens, is loaded into a 2.8 mm cartridge (Medicel) and injected into the anterior
chamber. At the time of the injection, a spatula is placed underneath the IOL to
prevent injecting it into the vitreous. After the IOL is completely inserted and
unfolded into the anterior chamber, the posterior haptics are placed behind the
posterior capsule and the anterior haptics in front of the anterior capsule, keeping
the anterior and posterior capsules in the IOL’s groove.

After IOL placement, the sodium hyaluronate 1 % is aspirated. Miochol is
injected into the anterior chamber to keep the pupil in miosis. The paracentesis
and main incision are hydrated closed watertight, if necessary by stromal hydration.
Pilocarpine 2 % drop is instilled to contribute for the miosis.

In the postoperative period, the anterior and posterior capsules can be visualized
in the groove formed by the anterior and posterior haptics using an anterior segment
optical coherence tomographer.
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Fig. 12.9 Slit-lamp retroillumination picture after bag-in-the-lens implantation using the Catalys
Precision System

We have successfully performed 41 cases of femtosecond laser-assisted bag-in-
the-lens intraocular lens implantation and there were no complications during the
procedure. The Liquid OpticsTM Interface from Abbott Medical Optics has the
advantage of being a non-applanating fluid-filled interface, which does not distort
the cornea and does not induce a high increase in the intraocular pressure, which
makes it possible to perform the laser treatment after the anterior chamber had been
opened. We chose to perform a smaller posterior capsulotomy, instead of the same
anterior capsulotomy size as the original technique description, to prevent
overlapping incisions and for better treatment visualization.

Femtosecond laser-assisted cataract surgery has facilitated the bag-in-the-lens
technique and will also have an extremely important role in the development of new
intraocular lenses, including accommodative and capsulotomy-supported intraocu-
lar lenses (Fig. 12.9).

The femtosecond laser-assisted technique for performing the bag-in-the-lens
intraocular lens implantation has been an exciting experience in our hands.

No complications have occurred during the procedure. All posterior capsules
were cut and no vitreous loss occurred. The previous published advantages of the
bag-in-the-lens technique are the absence of posterior capsule opacification with
no increased incidence of postoperative glaucoma, macular edema, or retinal
detachment and no need for an anterior vitrectomy. The main advantage of the
femtosecond laser-assisted technique for performing the bag-in-the-lens intraoc-
ular lens implantation is the safety and reproducibility on creating perfect
anterior and posterior capsulotomies with the proper size, centration, and
symmetry [14].
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12.3 Conclusion

It is not surprising for a technology that was introduced into cataract surgery a mere
6 years ago that there are no long-term studies on patients who underwent
phacoemulsification and IOL implantation after pretreatment with a femtosecond
laser consisting of an automated capsulotomy and lens fragmentation. Our
ongoing clinical research on femtosecond laser-assisted cataract surgery leaves no
doubt in our minds, however, that this tool shows great promise in increasing the
accuracy and precision of the cuts compared to the manual procedure. We are also
witnessing superb refractive and functional outcomes and high safety profiles for
the benefit of our patients. In the literature, we encounter a growing number
of reports on the increased precision and reproducibility of anterior capsulotomy,
of less collateral damage to surrounding tissues, and of more stable wound archi-
tecture. The system we are using seems to be associated with less intraocular
pressure rise due to its liquid optics interface compared to solid docking femtosec-
ond laser systems [15].

Femtosecond laser-assisted cataract surgery also does not seem to have any
negative effect on the posterior segment with no difference in postoperative mac-
ular thickness compared with standard ultrasound phacoemulsification [16].

Femtosecond laser-assisted cataract surgery, a technique that does not require
the ophthalmologist to acquire new surgical skills, provides the opportunity for
safer and more accurate outcomes. It is a most rewarding method for the discerning
patient with high expectations of his or her postoperative visual function and visual
quality of life, the kind of patient generally interested in premium IOL. For the
surgeon, the technology provides a safe and sound approach to the highest patient
satisfaction.
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Chapter 13
Optical Bench Testing of IOLs

Len Zheleznyak, Scott MacRae, and Geunyoung Yoon

Abstract Optical bench testing of intraocular lenses (IOLs) enables visualization
and quantification of through-focus retinal image quality. Combining adaptive
optics with optical bench testing allows for the induction of corneal aberrations in
a pseudophakic model eye. The adaptive optics bench system described in this
study consisted of a model eye, artificial pupil, wavefront sensor deformable mirror,
and an image-capturing device. This study measured the through-focus retinal
image quality of 3 presbyopia-correcting IOLs and a monofocal control IOL with
3.0- and 5.0-mm pupils under various corneal aberration conditions. Uncorrected
corneal astigmatism and higher order aberrations in pseudophakic eyes significantly
affected through-focus image quality. Diffractive multifocal IOLs were especially
vulnerable to degradations in image quality due to corneal aberrations.

Keywords Adaptive optics * Corneal aberrations  Intraocular lens ¢ Optical bench
testing

13.1 Introduction

An understanding of the through-focus image quality and optical characteristics
of presbyopia-correcting IOLs offers the clinician the ability to properly set
patients’ expectations. As more presbyopia-correcting IOLs become available, it
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is increasingly important for the clinician to have an understanding of their features
and the challenges facing patients using these lenses. Optical bench testing of IOLs
offers an ability to objectively assess through-focus image quality. Furthermore,
incorporating adaptive optics into optical bench testing allows quantification of the
impact of corneal aberrations on through-focus image quality of presbyopia-
correcting IOLs.

13.2 Optical Bench System

The most straightforward method of assessing image quality of an IOL is to
directly capture the retinal image of a resolution target through the IOL in a
model eye on an optical bench. To assess pseudophakic image quality in real-
life conditions, corneal lower and higher order aberrations were induced in the
model eye using adaptive optics.

Our lab has developed the world’s first adaptive optics (AO) IOL metrology bench
not only to assess the through-focus image quality of presbyopia-correcting [OLs but
also to determine the influence of corneal aberrations on these IOLs. A simplified
schematic of the system is shown in Fig. 13.1. For more details, see Zheleznyak
et al. [1]. The main features of an AO-IOL metrology bench are (1) a model eye to
house the IOL, (2) an AO device for corneal aberration induction, and (3) an imaging
device to capture the retinal image.
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Fig. 13.1 Simplified schematic of adaptive optics IOL metrology system
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13.2.1 Model Eye

An IOL mounted within a wet cell and artificial cornea comprised the model eye.
The ISO 11979-2 recommends the use of an aberration-free aspheric achromatic
doublet to serve as the artificial cornea. The model eye in this system is an off-the-
shelf 40.0D achromatic doublet (Edmund Optics). The wet cell within which the
IOL was mounted consisted of a fluid-filled (balanced salt solution) compartment
between two optically flat windows. The spacing between the wet cell and artificial
cornea was set such that the ratio of the pupil diameter to the beam size at the IOL
plane is in accordance with the Gullstrand model eye. A pupil camera was used to
assure proper alignment of the IOL within the wet cell.

Three presbyopia-correcting IOLs were included in this study: Crystalens HD500
(Bausch & Lomb), ReSTOR +3D SN6AD1 multifocal (Alcon Laboratories, Inc.), and
Tecnis ZM900 multifocal (Abbott Medical Optics, Inc.). For comparison, a monofocal
IOL (AcrySof SN60AT, Alcon Laboratories, Inc.) was also included in the study.

13.2.2 Adaptive Optics

The pupil plane of the model eye was relayed to a large-stroke deformable mirror
(Mirao 52D, Imagine Eyes) [2] using a pair of achromatic lenses (not shown in
Fig. 13.1). By changing the surface profile of the deformable mirror, aberrations are
induced in the model eye, allowing for the simulation of various corneal topogra-
phies. A custom-made Shack-Hartmann wavefront sensor was used to verify the
aberration profiles generated by the deformable mirror.

13.2.3 Capturing the Retinal Image

The retinal image formed by the model eye was magnified with a microscope
objective for adequate sampling with a charge-coupled device (CCD). Retinal
images of the resolution target in white light (tumbling letter “E” acuity chart)
were presented by a computer projector (PG-M20X, Sharp) placed in the retinal
plane. A Badal optometer was used to simulate through-focus vergences and correct
for defocus. A Badal optometer is the ideal method to induce various target
vergences for through-focus image capture. Due to the telecentricity of a Badal
optometer, the magnification of the retinal image is static relative to target vergence.

13.2.4 Quantifying Through-Focus Image Quality

There are several widespread techniques for quantifying optical quality of IOLs in
an optical bench. A routine approach is measurement of the modulation transfer
function (MTF). The MTF represents an optical system’s contrast attenuation for
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individual spatial frequencies (i.e., contrast in the image plane of an object with
100 % contrast). The MTF can be calculated by Fourier transforming the captured
image of a point source or by directly measuring the contrast of gratings from a
resolution target, such as the commonly used US Air Force resolution target.

In the presence of corneal lower and higher order aberrations, the eye’s point
spread function is radially asymmetric and may be highly directional. Therefore,
measuring optical quality in only two meridians (e.g., vertical and horizontal) may
not be representative of overall image quality in all directions. We employed a
technique based on the 2-dimensional spectral analysis of the retinal image. The
benefit of this technique is that it quantifies overall image quality regardless of the
orientation of the point spread function relative to the resolution target.

Through-focus image quality was determined using the correlation coefficient
(CC). In this technique, the CC (i.e., similarity) between the captured images
through the model eye and a registered reference image (un-aberrated) quantifies
image quality. A CC value of one is indicative of a perfect match between the
un-aberrated reference and captured image and therefore represents ideal image
quality. A CC value of less than one suggests degradation in image quality.
Previous studies have found this method to be representative of subjective image
quality [1, 3] and to be well correlated with high-contrast visual acuity [4].

13.2.5 Corneal Aberrations

Images of the resolution target were captured and analyzed over a range of object
distances ranging from —1.0 to +5.0 D (beyond infinity to near) in 0.125 D steps to
obtain the through-focus CC curves. For each IOL tested, through-focus CC curves
were acquired for a variety of corneal aberration profiles. Through-focus images
were obtained for each corneal aberration condition with 3- and 5-mm pupil
diameters. To evaluate the impact of corneal astigmatism, through-focus CC curves
were acquired with horizontal astigmatism of 0, 0.25, 0.50, 0.75, and 1.00 D.

To assess the impact of corneal higher order aberrations, the deformable mirror
induced the corneal higher order aberrations measured from 21 normal asymptom-
atic post-cataract extraction patients. These patients’ postoperative corneal eleva-
tion maps were measured with an Orbscan corneal topographer (Bausch & Lomb).
The elevation maps were converted to corneal aberration profiles with a technique
described elsewhere [S5]. All patients provided informed consent prior to participa-
tion and procedures abided by the tenets of the Declaration of Helsinki. For a 5-mm
pupil, patients’ corneal higher order RMS ranged between 0.14 and 0.61 pm with a
mean of 0.29 +0.10 pm. Patients’ corneal Zernike primary spherical aberration
ranged from 0.00 to 0.44 pm with a mean of 0.15 £0.09 pm (5-mm pupil). For a
3-mm pupil, patients’ corneal higher order RMS ranged between 0.02 and 0.12 pm
with a mean of 0.06£0.02 pm. Patients’ corneal Zernike primary spherical
aberration ranged from 0.00 to 0.06 pm with a mean of 0.02 +0.01 pm (3-mm
pupil). The corneal aberrations used in this study were within the normal range of
values [6] noted in asymptomatic pseudophakes.
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13.3 Results and Discussion

Through-focus captured images of the model eye with an aberration-free cornea
and a 5-mm pupil are shown in Fig. 13.2. Through-focus image quality (CC) curves
of the IOLs under test with an aberration-free cornea are shown in Fig. 13.3 for both
3- and 5-mm pupil diameters. The AcrySof monofocal and HD500 IOLs both have
a single through-focus peak in image quality. As the pupil size decreases from 5 to
3 mm, intermediate and near image quality improves, thereby increasing their depth

intermediate

Object Distance [D] fat

40 05 0.5 1-0 15 20 25 -3“ w“
AcrySof monofocal H...."..
Crystalens HD '-...H...
-  EEEEEEEEEEEHEE
-  HEEEEEEEEEEEE

Fig.13.2 Through-focus captured images of the model eye using a 5-mm pupil and an aberration-
free cornea

SN60AT SN6AD1
0.8 1 Monofocal =% Apodized Multifocal
)
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o4+ N _
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0.8 Accommodating Multifocal
U
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Target Vergence [D] Target Vergence [D]
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Fig. 13.3 Through-focus image quality of IOLs under test with an aberration-free cornea com-
paring 3- and 5-mm pupils. The solid and dashed lines refer to 3- and 5-mm pupils, respectively
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of focus. For a 3-mm pupil, the HD500 IOL has superior intermediate image quality
at 1.5 D due to its bispheric design compared to the AcrySof monofocal IOL.

The ReSTOR 3D and ZM900 diffractive IOLs (apodized and full-aperture,
respectively) have bimodal through-focus image quality curves, as seen in
Figs. 13.2 and 13.3. Intermediate image quality improves significantly as pupil
size decreases for both of these IOLs. However, the ReSTOR 3D IOL’s distance
and near image quality are dependent upon the pupil size due to its phase-apodized
design [7]. For this IOL, larger pupils favor distance image quality at the expense of
near image quality. As pupil size decreases to 3 mm, the distance (0D) and near
(3D) have approximately equal levels of image quality. In contrast, the ZM900 is a
full-aperture diffractive IOL, in which pupil size does not have a significant impact
on the relative energy distributed to distance and near foci. However, pupil size
does have a significant impact on intermediate (1.5-2.5 D) image quality with
intermediate vision improving with the smaller 3-mm pupil.

The impact of corneal astigmatism and higher order aberrations can be seen in
Fig. 13.4. For comparison, through-focus retinal image quality with an aberration-
free cornea is shown with black lines (equivalent to data in Fig. 13.3). Through-
focus image quality with 0.25, 0.50, 0.75, and 1.00 D of corneal astigmatism is
shown with blue, green, orange, and red lines, respectively. The impact of corneal
astigmatism has been shown previously to significantly reduce depth of focus in
monofocal, accommodating, and multifocal IOLs. Specifically, Zheleznyak
et al. [1] found that with more than 0.75 D of corneal astigmatism, diffractive
multifocal IOLs lose their benefit of extended depth of focus as compared to
monofocal IOLs. Image quality is also reduced especially for distance vision in
all the IOLs studied with increasing levels of astigmatism as expected.

13.3.1 The Effects of Higher Order Aberration

Through-focus image quality with corneal higher order aberration profiles is shown
with gray lines in Fig. 13.4. For both 3- and 5-mm pupils and for all IOLs tested,
most corneal higher order aberration profiles did not affect through-focus image
quality more than 0.25 D of corneal astigmatism. However, any impact of corneal
higher order aberrations was relatively small for a 3-mm pupil due to their small
magnitude, as can be noted by the gray lines in Fig. 13.4.

For a 5-mm pupil, the degradation in distance image quality was highly corre-
lated with the magnitude of corneal higher order RMS for all IOLs, as shown in
Fig. 13.5. The correlation coefficient for distance image quality with corneal higher
order RMS was r=—0.83, —0.88, —0.90, and —0.74 for the SN60AT, HD500,
SN6ADI, and ZM900 IOLs.

Despite the negative impact on distance image quality (particularly for a 5-mm
pupil), corneal higher order aberrations led to a significant increase in through-focus
image quality for the monofocal and accommodating IOLs, as shown in Fig. 13.4.
This is a trade-off, since distance image quality decreases slightly. This effect can be
exploited by introducing a small amount of positive or negative spherical aberration.
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Fig. 13.4 Through-focus image quality of IOLs under test with 3-mm (left panel) and 5-mm (right
panel) pupil diameters with different magnitudes of astigmatism and mild corneal higher order
aberrations typical noted in asymptomatic pseudophakes
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Also, intermediate image quality of the diffractive multifocal IOLs improved in the
presence of corneal higher order aberrations.

13.4 Conclusion

Adaptive optics IOL optical bench systems are a powerful tool for assessing
the through-focus retinal image quality in vitro of various types of presbyopia-
correcting IOL designs. By inducing corneal aberrations in a model eye, it is
possible to visualize and assess, both objectively and subjectively, through-focus
retinal image quality. By revealing the characteristics and limitations of presbyo-
pia-correction IOLs through-focus image quality, clinicians can better understand
and optimize the optics of the IOLs they use and thus communicate more realistic
expectations to patients.
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Chapter 14

Image Quality in Eyes with Premium
Multifocal Intraocular Lens Simulation
of the Patients’ View

Kazuno Negishi, Kazuhiko Ohnuma, Yuki Hidaka, and Toru Noda

Abstract The results of visual simulation of the retinal images in eyes with three
different multifocal intraocular lenses (IOLs) (apodized diffractive-refractive, full
diffractive, and refractive) to evaluate optical performance and characteristics of
the IOLs using an optical bench are described in this chapter. Because the optical
characteristics of the tested multifocal IOLs differed markedly, careful consider-
ation should be given to implantation of these multifocal IOLs based on the
patients’ lifestyles.

Keywords Contrast « Depth of field « Multifocal intraocular lens

14.1 Introduction

Modern intraocular lens (IOL) implantation usually provides good visual results.
Several studies have reported on the optical performance of different types
of monofocal and multifocal IOLs using optical bench testing [1-5] and ray
tracing [6], and several clinical studies [7-9] have reported on visual performance,
mainly, visual acuity (VA) and contrast sensitivity, in patients in whom IOLs have
been implanted under various conditions. However, the image quality of the IOLs
measured by optical bench testing outside the eye and the results of ray tracing are
difficult to extrapolate to conditions in pseudophakic eyes in vivo. However,
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clinical (psychophysical) tests may be affected by nonoptical factors in the patients’
visual system, so that the tests may not reflect the optical performance of the IOL.
Therefore, there is no appropriate method for evaluating the optical performance of
an IOL objectively under various conditions. This indicates the need for a new
method of evaluating the retinal image quality in eyes with IOLs under conditions
that closely resemble clinical cases. We previously reported systems used for visual
simulation of retinal images in eyes with an IOL under conditions similar to clinical
cases and reported the differences in retinal image quality with monofocal and
multifocal IOLs [1]. In this chapter, we describe the results of visual simulation of
retinal images in eyes that had been implanted with one of three different multifocal
IOLs using a visual simulation system to evaluate the optical performance and
characteristics of the IOLs.

14.2 Methods

14.2.1 Visual Simulation System

Our visual simulation system consisted of lenses with an artificial pupil (model eye)
and a charge-coupled device (CCD) camera (EO-1312CCD, Edmund Optics Inc.,
Barrington, NJ) (Fig. 14.1). The model eye had the dimension and refractive index
of each surface that we reported previously [10]. The IOL was set in a black IOL
holder with a central circular hole that served as the iris pupil. The IOL holder was
inserted into the glass cell with the anterior surface of the IOL facing the artificial
cornea. The glass cell was filled with pure water. The corneal spherical aberration
of the model eye was set at 0.22 pm. The best focus of the model eye with the IOL

b Artificial cornea Aperture

l..p

CCD camera

[

Interference filter
(center wavelength, 564 nanometers)

10L
Grass cell

Fig. 14.1 Visual simulation system. (a) The eye model combines lenses with an artificial pupil
and a CCD camera. (b) Schema of the visual simulation system
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Fig. 14.2 Photograph of the IOLs used in this study. (a) The ReSTOR IOL (SN6AD1).
(b) The Tecnis Multifocal (ZMBO00). (¢) The Lentis Mplus (LS-313 MF30)

was set at 5 m. The chart, which consisted of various sizes of Landolt rings, was set
at various distances from 30 cm to 5 m, and the simulated retinal images were
obtained using this system through 3.0- and 4.5-mm apertures for the ReSTOR IOL
(Alcon Inc., Hunenberg, Switzerland) and the Tecnis Multifocal IOL (Abbott
Medical Optics Inc., Santa Ana, CA) and through 3.5- and 4.5-mm apertures for
the Mplus IOL (Oculentis GmbH, Berlin, Germany).

14.2.2 10Ls

The three multifocal IOLs are shown in Fig. 14.2. The AcrySof ReSTOR (SN6AD1)
is a multifocal IOL that uses apodization, diffraction, and refraction. The apodized
diffractive region is found in the inner 3.6 mm of the optic. The refractive portion is
on the outer 2.4 mm of the lens. Apodization is the unique key differentiating feature
of this IOL. The diffractive step heights decrease (apodization), which allows
control of light energy distribution and directs increasingly more light energy to
the distance focal point. This means that more energy is available for reading in
patients with smaller pupils; at night most of the energy is directed to the distance
focus for larger pupils. A diffractive lens uses only about 82 % of the energy for the
two primary images; however, for larger pupils, the outer region is solely refractive,
and the total energy use increases to over 90 % for larger pupils with this IOL. The
ReSTOR offers different add powers ranging from 0.75 diopter (D) to 4.0 D on the
IOL plane. In this study, we used +3.0 D of add power on the IOL plane (SN6AD1).

The Tecnis Multifocal IOL (ZMBO0O) is a full optic diffractive, multifocal IOL in
which the anterior prolate surface of the well-known Tecnis monofocal optic is
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Fig. 14.3 Landolt VA charts. (a) Original chart for visual simulation. The numbers beside the
Landolt rings correspond to the decimal VA values. Among them, the simulated retinal images of
the 0.70 (0.2 in the decimal VA value), 0.40 (0.4 in the decimal VA value) and 0.10 (0.8 in the
decimal VA value) logMAR charts were used to evaluate contrast levels. (b) A sample of a
simulated retinal image of the VA charts using the visual simulation system. The contrast levels of
the gaps in the Landolt VA charts in the simulated images were analyzed using Photoshop software
according to the formula: Contrast (%)= 100 * (Max—Min)/(Max + Min). Max maximal lumi-
nance of the simulated retinal image, Min minimal luminance of the simulated retinal image

combined with a posterior surface with diffractive optic. In this full optic diffractive
lens, about 41 % of the light goes to each of the two primary lens powers, and the
balance is independent of the pupillary diameter. The add power is +4.0 D on
the IOL plane.

The Lentis Mplus IOL (LS-313 MF30) is an inferior segmental, near add,
multifocal IOL containing an aspheric distance-vision zone combined with a
3.00-D posterior sector-shaped near-vision zone, allowing seamless transition
between the zones. Theoretically, light hitting the transition area of the embedded
sector is reflected away from the optical axis to prevent superposition of interfer-
ence or diffraction. The IOL has a biconvex design with a 6.0-mm optic size and an
overall length of 12.0 mm. It is made of an acrylic material, the HydroSmart
copolymer (Oculentis GmbH), which is comprised of acrylates and a hydrophobic
surface with ultraviolet-absorbing components. Another important feature of the
Lentis Mplus is its 360-degree continuous square optic and haptic edge.

14.2.3 Evaluation of Contrast Levels in the Simulated
Retinal Images

The contrast levels of the gaps in the Landolt VA charts (0.7, 0.4, and 0.1 in
logarithm of the minimum angle of resolution (logMAR), 0.2, 0.4, and 0.8 in
decimal visual acuity) were analyzed in the simulated images using Photoshop
software (Adobe, San Jose, CA) (Fig. 14.3). The average contrast level of the
vertical and horizontal gaps was defined as the contrast level of each condition.
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14.3 Results

Figure 14.4 shows examples of the simulated retinal images with three multifocal
IOLs at 0.4 m, through a 3.0-mm aperture (3.5-mm aperture for the Mplus). With
the ReSTOR and the Tecnis Multifocal IOLs, the blurring of the simulated retinal
images was symmetrical; however, the blurring of the simulated retinal images with
the Mplus was asymmetrical.

Figure 14.5 shows the contrast levels of the gaps in the Landolt rings in the
simulated retinal images at various distances through a 3.0-mm aperture (3.5-mm
aperture for the Mplus) that corresponds to a photopic condition. All three contrast
levels of the three IOLs had two peaks at far and near distances, but the best near
focus differed among the IOLs. For the ReSTOR, the contrast level was best at far
focus, worsened when approaching near focus, and was worst between 1 and 1.4 D.
The contrast level for the 0.4 logMAR (0.4 in decimal VA) chart remained over
10 % between 2.2 and 2.5 D. For the Tecnis Multifocal, the contrast level was best
at far focus, worsened when approaching near focus, and was worst between 1 and
1.4 D. The contrast level for the 0.4 logMAR chart remained over 10 % between 2.8
and 3.1 D. For the Mplus IOL, the contrast level was best at far focus (around 0.5
D), worsened when approaching near focus, and was worst between 1.6 and 2.4
D. The contrast level for the 0.4 logMAR chart never exceeded 10 % but was nearly
10 % between 2.5 and 2.8 D. For the 0.7 logMAR (0.2 in decimal VA) chart, the
drop in the contrast level at intermediate distance was the least with the Mplus.

Figure 14.6 shows the contrast levels of the gaps in the Landolt rings in simulated
retinal images at various distances through a 4.5-mm aperture that corresponds to a
mesopic condition. All three contrast levels of the three IOLs also had two peaks at
far and near distances. Compared with those through a 3.0- or 3.5-mm aperture, the
contrast levels were maintained with the Tecnis Multifocal and Mplus, although
they decreased with the ReSTOR, especially at near focus.

"C090 "c0o0 " 9H9e
@26 0o
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Fig. 14.4 Examples of the simulated retinal images charts with three multifocal IOLs at 0.4 m (2.5
D) through a 3.0-mm or a 3.5-mm aperture. (a) The ReSTOR IOL (SN6AD1) , ® = 3.0 mm. (b) The
Tecnis Multifocal (ZMBO00), ® = 3.0 mm. (c¢) The Lentis Mplus (LS-313 MF30), ® =3.5 mm
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Fig. 14.5 The contrast levels of the gaps in the Landolt rings in the simulated retinal images at
various distances through a 3.0-mm aperture (a 3.5-mm aperture only for the Mplus IOL) under
photopic conditions. (a) The ReSTOR IOL (SN6AD1). (b) The Tecnis Multifocal (ZMBO00).
(c¢) The Lentis Mplus (LS-313 MF30)
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Fig. 14.6 The contrast levels of the gaps in the Landolt rings in simulated retinal images at
various distances through a 4.5-mm aperture under mesopic conditions. (a) The ReSTOR IOL
(SN6AD1). (b) The Tecnis Multifocal (ZMBOO0). (¢) The Lentis Mplus (LS-313 MF30)
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14.4 Discussion

In this study, the retinal images in eyes with three different multifocal IOLs were
simulated objectively using a visual simulation system. The results showed that the
optical characteristics of the tested multifocal IOLs differed markedly, so that these
multifocal IOLs should be chosen for implantation based on their characteristics,
although surgeons should understand that the optical characteristics do not
completely match the visual performance of the patient.

Our results showed that the blurring of the simulated retinal images with the
Mplus was asymmetrical (Fig. 14.4) probably due to the asymmetrical design of
this IOL, an important characteristic, which differed from the other two IOLs with
symmetrical designs.

According to the results of the contrast levels of the simulated retinal images, the
best focus for near was around 42 cm for the ReSTOR, about 33 cm for the Tecnis
Multifocal, and about 37 cm for the Mplus. Thus, our results manifestly reflected
the add power of each multifocal IOL.

In this comparison of diffractive multifocal IOLs, our results confirmed that the
Tecnis Multifocal provides better image quality for near vision than the ReSTOR
under mesopic conditions. This finding results from the difference between the full
diffractive optics and the apodized diffractive-refractive optics. However, the
results suggested that the diffractive designs independent of the pupillary diameter
in the Tecnis Multifocal also can create a negative effect, in that the secondary
focus always creates higher interference over the primary focus, resulting in a
photic phenomenon under mesopic conditions. Regarding this, the ReSTOR with
an apodized diffractive-refractive optics has an advantage over the Tecnis
Multifocal. Considering these optical characteristics, the IOLs should be chosen
based on the patient’s lifestyle. For example, the ReSTOR should be recommended
especially for patients who drive at night and who attach great importance to
driving. The Tecnis Multifocal should be selected for patients who do not drive
and attach great importance to reading even under inadequate lighting conditions.

Regarding the Mplus, the contrast levels for the 0.4 logMAR chart at near focus
were worse than those with the other two diffractive multifocal IOLs; the contrast
levels for the 0.7 logMAR chart were better than those with the other two IOLs at all
distances under photopic and mesopic conditions. This suggested that the Mplus
could be indicated for most patients other than those who do minute work at near,
especially those who are concerned about decreased contrast levels.

14.5 Conclusion

The optical characteristics of the tested multifocal IOLs differed markedly. These
multifocal IOLs should be chosen for implantation based on patients’ lifestyles.
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Chapter 15

Image Quality of the Eye with a Premium
IOL: Simulation of the Retinal

Surgeon’s View

Makoto Inoue, Kazuhiko Ohnuma, Toru Noda,
and Hiroko Bissen-Miyajima

Abstract The quality of the image viewed through premium intraocular lenses
(IOLs) was evaluated. Refractive or diffractive multifocal IOLs or toric IOLs were
placed in a fluid-filled model eye. A US Air Force resolution target was placed on
the posterior surface of the model eye. A flat contact lens or a wide-angle viewing
contact lens was placed on the cornea. The contrasts of the gratings were evaluated
under endoillumination and compared to those obtained through a monofocal IOL.
The images were clear when viewed with flat contact lens through the central
far-vision zone of refractive multifocal IOLs although those through the near-
vision zone were blurred. The images observed with flat contact lens through the
diffractive area were slightly defocused in the center, but the images through
the peripheral diffractive area were very blurred. The images were less blurred
with the wide-angle viewing contact lens. The contrast of the targets viewed with
the flat contact lens through toric IOLs was lower than that viewed through
non-toric IOL but not with the wide-angle viewing lens. The vertical (against
the flat meridian axis) length of the target with a flat contact lens was longer and
the horizontal length was shorter than that through non-toric IOL, but was not
different with the wide-angle viewing lens. Based on these studies, the wide-angle
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viewing system is recommended to be used for eyes implanted with multifocal and
toric IOLs.

Keywords Multifocal intraocular lens ¢ Toric intraocular lens ¢ Vitrectomy

15.1 Introduction

Premium intraocular lenses (IOLs) have the advantage to improve quality of vision
compared to the conventional single-focus (monofocal) IOLs. The premium IOLs
consist of multifocal IOL, toric IOL, accommodative IOL, and a combination of
them. The multifocal IOLs create multiple focal points so patients are able to see
well at varied distances and accommodative IOLs are engineered to mimic the
eye’s natural process of accommodation, while the monofocal IOLs provide either
distance or near vision.

Refractive and diffractive multifocal IOLs enable the patients to achieve favor-
able far and near vision without corrections [1, 2]. A decrease of sensitivity and/or
haloes at nighttime has been reported. With the increase in the number of eyes
implanted with multifocal IOLs, the possibility of having to perform vitreoretinal
surgery in these eyes must be considered. Some surgeons concluded that the surgery
was difficult because of the design of the optics of the multifocal lenses [3—5] while
others reported no difficulties [6, 7].

Toric IOLs can compensate symmetrical corneal astigmatism to improve better
naked vision [8—10]. This has led to an increase in the number of eyes implanted
with toric IOLs which increases the probability that vitreoretinal surgery will have
to be performed on some of these eyes. Cylindrical aberrations caused by toric IOLs
could distort the image of the retina or could reduce stereopsis during the surgery.
A computer-calculated simulation of the images viewed through toric IOLs has
been reported, and the meridional aniseikonia that occurs after implantations of
toric IOLs for correction of high corneal astigmatism has been investigated [11].

We believe that knowledge of the retinal images observed during vitreous
surgery through the different types of multifocal and toric IOLs is important.
A comparison of the images viewed through different multifocal IOLs has been
reported in a model eye system [12]. To study an eye that was more comparable to
the human eye, we constructed a model eye whose corneal lens had the average
value of spherical aberration of human eyes. The aim of this study was to compare
the quality of a grating target placed in the model eye and viewed through refractive
and diffractive multifocal IOLs and toric IOLs.
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Fig. 15.1 Cross-sectional drawing of the model eye. (a) Schematic drawing of the model eye
based on the Gullstrand model eye. (b) The US Air Force (USAF) grating target is glued to the
posterior surface of the model eye. Modified and reprinted with permission from Elsevier Limited
from Inoue et al. [19]

15.2 Methods

15.2.1 Retinal Imaged Through the Multifocal IOL

Refractive (NXG1, ReZoom®, Abbott Medical Optics, or PY60MV, iSii®, HOYA
Corp.) or diffractive (ZM900, Tecnis® Multifocal, Abbott Medical Optics, or
SA60D3, ReSTOR®, Alcon Laboratories) multifocal IOLs were placed in a fluid-
filled model eye with human corneal aberrations of +0.22 pm (Fig. 15.1). A US Air
Force resolution target was placed on the posterior surface of the model eye as
targets of retinal images. A flat contact lens or a wide-field contact lens was placed
on the cornea. The images of gating targets were observed through the operating
microscope and the central images were focused. Then, the images were
photographed and the contrasts of the gratings were evaluated under endoillu-
mination supplied by vitrectomy machine and compared to those obtained through
a monofocal spherical IOL (SA60AT, Alcon Laboratories). All IOLs have the same
spherical power of +20.0 diopters.

15.2.2 Retinal Imaged Through the Toric IOL

Toric IOLs with a cylinder power of 3.0 diopters (SN6ATS5, Alcon Laboratories, or
311 TS5, HOYA Corp.) and with that of 6.0 diopters (ST6AT9, Alcon Laboratories,
or 311 T9, HOYA Corp.) were placed in the fluid-filled model eye with human
corneal aberrations. A US Air Force test target was placed internally on the
posterior surface of the model eye and a flat contact lens or a wide-angle contact
lens was placed on the cornea in a similar way of the experiment of multifocal
IOLs. The contrast and length of the grating targets perpendicular (vertical) or
parallel (horizontal) to the flat meridian axis of the toric IOL were compared to
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those obtained through aspheric IOLs (SN60OWF, Alcon Laboratories, or NY-60,
HOYA Corp., Fig. 15.2).

15.2.3 Astigmatism Aberration of Toric IOL Measured
with Wavefront Analyzer

The toric and aspheric IOLs were implanted in the model eye and the flat meridian
axis was set at 0°. A wavefront analyzer (KR-1 W, Topcon Medical System Inc.,
Tokyo, Japan) was used to measure the cylindrical aberration of the IOLs for an
image of 5 mm because the diameter of the optics of all the IOLs was 6.0 mm and
the valid optics of the toric IOLs was at least 5 mm. The internal aberrations that
represented the aberrations of the IOLs were measured with the wavefront analyzer.
In the device, the internal aberration was calculated to subtract the corneal aberra-
tion of the model eye from the aberration of the whole eye.

15.3 Results

15.3.1 Retinal Imaged Through the Multifocal IOL

The grating images were clear when viewed through flat and prism contact lens and
through the central far-vision zone of the NXGI1 and PY60MV although those
through the near-vision zone were blurred and doubled (Fig. 15.3). The images
observed through the central area of the ZM900 with flat and prism contact lens
were slightly defocused, but the images in the periphery were very blurred. The
contrast decreased significantly in low frequencies (P <0.001, Fig. 15.4).
The images observed through the central diffractive zone of the SA60D3 were
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Fig. 15.3 Image of grating target in model eye implanted with refractive multifocal intraocular
lens. (a) The central area (within the inner circle) is focused through NXG1 with flat contact lens
although the refraction-added zone (within the outer circle) for near vision is blurred and doubled.
(b) The refraction-added zone (between the inner and outer circle) is defocused and doubled
through PY60MYV with flat contact lens compared to (¢) monofocal SA60AT. (d—f) No defocused
image is observed through a wide-angle viewing lens in NXGI, PY60MV, and SAG60AT.
Reprinted with permission from Elsevier Limited from Inoue et al. [19]
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Fig. 15.4 Image of grating of model eye implanted with diffractive multifocal intraocular lens.
(a) The central area (within the circle) is focused with ZM900 through a flat contact lens although
the peripheral images (out of the circle) are doubled. The ghost images are arranged in a
centrifugal direction of the original image. (b) The central area (within the inner circle) is focused
with SA60D3 but with lower contrast than that (c) with the SAG60AT. (d) Images are not blurred
when grating is observed through the wide-angle viewing lens in ZM900, (e) SA60D3, and
(f) SA60AT although image of the SA60D3 is more focused. Reprinted with permission from
Elsevier Limited from Inoue et al. [19]
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Fig. 15.5 The central target image through the toric SN6AT9 and SN6ATS5 IOLs with flat and wide-
angle contact lenses. (a) The horizontal bars of the targets with the flat contact lens are shortened
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slightly blurred, although the images in the periphery were clearer than that of the
ZM900. The images were less blurred in all of the refractive and diffractive IOLs
with the wide-field contact lens.

15.3.2 Retinal Imaged Through the Toric IOL

The contrast of the targets viewed with the flat and prism contact lens through toric
IOLs in the vertical direction was significantly lower than that viewed through the
aspheric IOL at 16 cycle/mm (SN6AT9, P =0.002; SN6ATS, P =0.028; 311 T9,
P=0.002; 311 T5, P=0.011, Figs. 15.5 and 15.6) but not with the wide-angle
viewing lens at 16, 32, and 64 cycle/mm. The vertical length of the target viewed
with a flat contact lens was longer and the horizontal length was shorter than that
through the non-toric aspheric IOL by 1-3 % with the SN6ATS and 311 T5 IOLs
and by 3-5 % with the SN6AT9 and 311 T9 IOLs. However, the vertical and
horizontal lengths of the targets were not significantly different through the wide-
viewing lens.

15.3.3 Astigmatism Aberration of Toric IOL

The internal astigmatism caused by the toric and aspheric IOLs was measured
with a wavefront analyzer. The internal astigmatism of the toric SN6ATY,
SNO6ATS, 311 TS5, and 311 T9 IOLs along the optic axis was almost 0 pm and
less than that in the periphery (Fig. 15.7). In the more peripheral regions of
the optics toward the flat or steep meridian axis, the cylindrical aberrations of the
toric IOLs decreased or increased. However, the cylindrical aberrations of
the toric IOLs at 45 and 135° between the flat and steep meridian axes were
minimal. These results indicated that toric IOLs had wavefront aberrations that
were dominated by astigmatism and that other higher-order aberrations are
negligible. The internal astigmatism of the aspheric SN6OWF and NY-60 IOLs
was uniformly low.
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Fig. 15.5 (continued) through the toric SN6AT9 IOL and (b) the toric SN6ATS IOL. The vertical
bars of the targets are elongated in the vertical direction through these toric IOLs compared to the
image through (c) the non-toric aspheric SN6OWF IOL. These reductions and elongations are
more apparent with the toric SN6AT9 IOL. (d) The horizontal and vertical bars of the targets
viewed through the toric SNOAT9 and (e) SN6ATS IOLs with the wide-angle lens are not different
from those through (f) non-toric aspheric SN6OWF. Reprinted with permission from Elsevier
Limited from Inoue et al. [20]
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Fig. 15.6 The central target image viewed through toric 311 T9 and 311 T5 IOLs with flat and
wide-angle contact lenses. (a) The horizontal bars of the targets viewed through the flat contact
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Fig. 15.7 Internal astigmatism of toric and aspheric intraocular lens (IOL) determined by
wavefront analyses. The cylindrical aberrations of the toric IOLs are decreased or increased
more when viewed through the peripheral optics. However, the cylindrical aberrations of toric
IOLs at 45 and 135° between the flat and steep meridian axes are minimal. The internal
astigmatism of the aspheric IOLs of SN6OWF and NY-60 is uniformly low. Reprinted with
permission from Elsevier Limited from Inoue et al. [20]

15.4 Discussion

The contrast of the gratings was reduced when observed through both refractive and
diffractive multifocal IOLs with the flat and prism contact lenses. However, the
contrasts were less affected when observations were made with the wide-angle
viewing contact lens. The images of the fundus through the multifocal IOLs are
dependent on the optical designs, pupil diameter, and corneal aberrations.

The optical zones of the refractive NXG1 and PY60MYV were designed for near
and far vision under reduced illumination. However, the additional optical zones in
the peripheral zone can influence the images observed through the central NXG1
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Fig. 15.6 (continued) lens are shortened in the horizontal direction through the 311 T9 IOL and
(b) the 311 T5 IOL. On the other hand, the vertical bars of the targets are elongated in the vertical
direction through the toric IOLs compared to the bars through (c) the non-toric aspheric NY-60
IOL. These reductions and elongations are more apparent in the images through the toric 311 T9
IOL. (d) The horizontal and vertical bars of the targets viewed through the toric 311 T9 IOL and
(e) 311 T5 IOLs with wide-angle contact lens are not different from those through (f) the non-toric
aspheric NY-60 IOL. Reprinted with permission from Elsevier Limited from Inoue et al. [20]
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more than the PY60MV. Mainster et al. described the difficulties of ophthalmoscopy
and vitreoretinal surgery in patients with an ARRAY refractive multifocal IOL,
which has the same optical design as the NXG1 [13]. They evaluated the ophthal-
moscopic and intraoperative images and found the near-vision zone contributed
defocused information to the ophthalmoscopic image, and diminished the magnifi-
cation for examining and treating patients [13]. Our results on a model eye showed
similar results of defocused images from the near-vision zone. Absence of the near-
vision zone in the peripheral optical zone of the PY60MV may help reduce the effect
of the defocused images.

The ZM900 has a diffractive design in addition to its aspheric optics to create
sharply focused images of distant and near objects [14]. The SA60D3 has only a
spherical diffractive design in the central optics with apodized technology but
monofocal optics in the peripheral optics [14]. The retinal images of the model
eye with a flat contact lens were more severely affected through the ZM900 than the
SA60D3. The diffractive multifocal optical design of the peripheral optics of
ZMO900 appeared to affect the intraoperative view of the periphery with a flat
contact lens. However, we found that the wide-angle viewing system was not
affected by the optical design of the diffractive multifocal IOLs which would
indicate similar contrasts to that of the monofocal IOL.

The wide-angle viewing system provides a field of view of approximately
110-130° and permits a binocular stereoscopic view even through a pupil of
3 mm [15]. The light passes through the wide-angle viewing system and then
through the center of the IOLs to form inverted images. On the other hand with
the flat contact lens, the light passes through all the optics of the IOL depending on
the IOL and pupil diameter. This is the reason why the wide-angle viewing system
was not affected by refractive and diffractive IOLs. In addition, the SA60D3 with
the apodized diffractive steps in the central optics of 3.6 mm diameter had superior
contrast also in the wide-viewing system than ZM900.

Wavefront measurements have been made on eyes implanted with refractive
and diffractive multifocal IOLs [16, 17]. Shack-Hartmann aberrometry on eyes
with diffractive multifocal IOL has shown a doubling of the sensor image as
expected [18]. In contrast, refractive multifocal IOLs were found to create distorted
Shack-Hartmann images [18]. These results are compatible with our results of a
doubling of the images with the diffractive multifocal IOL and a blurring of the
images with the refractive multifocal IOL. When the eyes implanted with
diffractive multifocal IOLs were required laser photocoagulation for retinal breaks
or diabetic retinopathy, a wide-field lens has an advantage to observe the fundus
instead of the Goldmann three mirror lens.

Toric IOLs affected the contrast of the grating target viewed with a flat contact
lens but not through a wide-angle viewing lens. Toric IOLs have different
refractive power in each point of optics that the light passes through, and therefore
the images had different magnifications along the flat and steep meridian axes.
From the results of the wavefront analyzer, the cylindrical aberrations of the toric
IOLs along the optic axis were almost 0 pm and much less than that for the
peripheral optics. With the flat contact lens system, the light passes through all the
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optics of the IOL, but the light passing with the wide-angle viewing lens passes
only through the central optics of the toric IOLs that has less cylindrical aberra-
tions. This is the reason why the wide-angle viewing system was not affected by
the toric IOLs.

Stereopsis is important for vitreous surgery. The light reflected from the retina
that reaches the surgeon’s eyes passes through different parts of the optics of
IOLs. The spherical power at an each given point of toric IOLs is different
because of the cylindrical power of the IOL. Fusion of the disparate images can
be achieved if the difference in magnification between the two eyes does not
exceed 5 % [11]. The images through the toric SN6AT9 and 311 T9 IOLs of
higher cylindrical power with the flat contact lens were magnified or minified by
3-5 % in the direction to the steep or flat meridian of the toric IOL. On the other
hand, the images through the toric SN6ATY9 and 311 T9 IOL with wide-angle
contact lens were not magnified and minified by more than 1 % in the vertical or
horizontal to the flat meridian. Our results suggest that the commercially available
toric IOL even with the highest cylinder power will not interfere with stereopsis
during surgery.

In clinical use, the corneal astigmatism of the patients’ eyes was adjusted by
implanting toric IOL. The flat contact and wide-angle viewing contact lenses for
vitreous surgery should have cancelled the corneal astigmatism. Noncontact type
wide-angle viewing system may be more beneficial to treat patients in clinical use
with maintaining less cylinder aberration of the whole eye with toric IOL when
the toric IOL is oriented at the proper position. This effect can also occur in phakic
individuals since corneal astigmatism is often partially compensated for by lentic-
ular astigmatism.

In conclusion, a wide-angle viewing system can give a more accurate image of
the fundus and a better intraoperative view during surgery in eyes with multifocal
IOLs and toric IOLs. However, highly magnified surgery with a flat or prism
contact lens system may be affected by multifocal and toric IOLs. The wide-
angle viewing system is recommended to be used for eyes implanted with
multifocal and toric IOLs.
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Chapter 16
Glistenings and Their Influence
on Visual Function

Akira Miyata

Abstract It is known that glistenings occur in hydrophobic acrylic intraocular
lenses (IOLs). However, it is undesirable that such opacification occurs in these
IOLs which should be transparent by nature. Glistening particles are almost spher-
ical with a diameter of 10 pm; glistenings are formed where water penetrated the
lens material and is accumulated as water particles. According to clinical reports so
far, the influence on the visual function has been considered insignificant. However,
in experiments using model eyes, the glare tended to increase in IOLs in which
glistenings occurred, suggesting scattering of light due to glistenings. Meanwhile,
when diffractive multifocal IOLs with and without glistenings were compared, only
glare comparable between the lenses was observed, without any decrease in the
modulation transfer function (MTF) of the lenses, indicating little influence of
glistenings.

Keywords Diffractive multifocal IOLs ¢ Glistenings « Hydrophobic acrylic IOL

» Visual function

16.1 Introduction

16.1.1 Glistenings

Many small particles may be generated in the optic of hydrophobic acrylic intra-
ocular lenses (IOLs) after surgery [1, 2]. Since these particles appear to be shiny
when observed by a slit-lamp microscope, they are called glistenings (Fig. 16.1).
The particles are spherical or prolate spherical with a diameter of about 10 pum,
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Fig. 16.1 An optical micrograph of glistenings. Reprinted from Miyata et al. [3] with permission
from Springer

transparent in color, but may appear to be light brown when it reflects inside
the eye. They are not observed immediately after surgery, but come to be formed
after a few months postoperatively. It is known that they do not disappear once they
are formed, but that they do not increase beyond a certain level [3]. Glistenings are
formed by the condensation of water from aqueous fluid penetrating into the
material. Since small glistenings are observed in silicone lenses as well [4-6],
they are not a phenomenon peculiar to acrylic materials, but a problem of hydro-
phobic soft materials as a whole.

16.1.2 Causes of Glistenings

Plastic, the IOL’s material, absorbs a little water when immersed. The water
absorption rate (=amount of water absorption/lens weight [when dry]) is less than
1 % with hydrophobic acrylics. This water moves between the gaps of the polymer
as water vapor, which is not visible. However, when phase separation occurs for
some reason, it becomes a water molecule and accumulates and then becomes
visible by slit-lamp microscope as a water particle. If the particles are
very small, they appear to be white cloudings, and if they are large, they appear
to be granular-like glistenings [7], Temperature change is considered as one of
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the reasons for phase separation [3, 8]. From an experiment, it was found that
when IOLs are immersed in warm water, the temperature of the water decreases,
and glistenings occur [2, 3]. It is probable that a drop in temperature
causes oversaturation of water vapor in the IOL material, resulting in phase
separation [9]. In addition, some IOLs are susceptible to glistenings and others
are not. This is due to the difference in materials, and even the same acrylic resins
differ in physical properties. In general, acrylic resins which have high molecular
weight are more susceptible to glistenings because gaps are easily formed in the
material. Furthermore, materials with a larger change in water absorption rate by
temperature tend to be more susceptible to glistenings [10]. IOLs should be
transparent by nature, so it is undesirable when opacification such as glistenings
occur. There seem to be many clinicians who are concerned about the influence of
glistenings on the visual function of patients.

16.2 Influence on Visual Function

According to the studies on the influence of glistenings on visual function
examined by clinical examination, it was reported that the visual acuity of
patients does not decrease even if glistenings occur [2, 11]. While some studies
demonstrated that there is no influence on contrast sensitivity [2, 12], there are
other reports that have shown there is a partial influence [13, 14]. Meanwhile,
in the investigation in which the modulation transfer function (MTF) of the IOLs
with experimentally formed glistenings was measured and the influence of
glistenings was investigated from the optical property of the IOLs, it was found
that there was no influence of glistenings at clinically observed levels on the
optical property of the IOLs and that the influence on visual function was
slight [15].

16.2.1 Glistenings in Monofocal IOLs

A 3CCD camera was set on the retinal position of optical model eyes in which IOLs
can be incorporated, and the images of vision through the IOLs were observed.
When the vision through an acrylic IOL (AcrySof MA60BM, +20.0 D, Alcon, Inc.)
with experimentally formed glistenings was compared with that through the same
control IOLs without glistenings (Fig. 16.2), no difference was observed in the
usual scenery between the two visions. However, when light was emitted in the
model eyes using a penlight, it was observed that the glare could be strongly seen
into the IOL with glistenings (Fig. 16.3). Since the glare could be slightly seen in
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Fig. 16.2 An acrylic IOL with experimentally formed glistenings. Warm water experiment was
performed in the acrylic IOL (AcrySof MA60BM +20.0D, Alcon Inc.) and many glistenings
(arrow) were formed (below: high-power field)

the control IOL without glistenings, an increase in glare due to glistenings may not
be noticed by patients, but it is necessary to understand the possibility that glisten-
ings may cause light scattering.

16.2.2 Glistenings in Diffractive Multifocal I0Ls

Glistenings may also occur in diffractive multifocal IOLs (Fig. 16.4). There are
concerns about the influence of glistenings especially in diffractive multifocal
IOLs, which are more complex by design compared to monofocal IOLs. Glistenings
were experimentally formed in diffractive multifocal IOLs (ReSTOR SN6AD3,
+20.0 D, Alcon, Inc.) and the MTF was measured. There was no difference in the
MTF between the IOLs with glistenings and the control IOLs without glistenings
(Fig. 16.5), indicating that glistenings do not affect the optical feature of the
multifocal IOLs.



Without glistenings

With glistenings

Fig. 16.3 Vision of the light of a penlight. Reprinted from Miyata et al. [9] with permission from
the Japanese Society of Cataract and Refractive Surgery. An increase in glare was observed in the
light seen through the IOL with glistenings (below) compared with the acrylic IOL without
glistenings (above)

Fig. 16.4 Glistenings which occurred in a diffractive multifocal IOL. A slit-lamp micrograph of
the diffractive multifocal IOL (AcrySof ReSTOR SN6AD3, Alcon Inc.). Many glistenings (arrow)
are observed
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Fig. 16.5 Influence of glistenings on the MTF in a diffractive multifocal IOL. The MTF of the
multifocal IOLs (AcrySof ReSTOR SN6AD3, Alcon, Inc.) was compared in IOLs with and
without glistenings. In both distant focus and near focus, no difference was observed in the
MTF value by the presence or absence of glistenings
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Fig. 16.6 Influence of glistenings on the vision of 5-m visual acuity chart in a diffractive
multifocal IOL. There was no difference in the vision of 5-m visual acuity chart when glistenings

occurred (right) and no glistenings occurred (left) in the multifocal IOL (AcrySof ReSTOR
SN6AD3, Alcon, Inc.)

When the vision through a diffractive multifocal IOL with glistenings
was compared with that through the same multifocal IOL without glistenings
using optical model eyes, no difference was observed in the quality of the visual
acuity chart (Fig. 16.6) and the contrast indicator (Fig. 16.7) under photopic
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Without glistenings

With glistenings

Fig. 16.7 Influence of glistenings on contrast sensitivity in a diffractive multifocal IOL. There
was no difference in the vision of contrast indicator when glistenings occurred (below) and no
glistenings occurred (above) in the multifocal IOL (AcrySof ReSTOR SN6AD3, Alcon, Inc.)

conditions between the two visions. In the scotopic condition, a strong glare which
is characteristic of diffractive multifocal IOLs could be seen, but no difference in
the degree of glare was observed between the IOLs with and without glistenings,
indicating little influence on visual function (Fig. 16.8).

16.3 Conclusions

Ideally, IOLs should be transparent and free from glistenings. However, although
glistenings may cause an increase in glare due to light scattering under scotopic
conditions, its influence on visual function may not be of concern clinically. No
influence was observed when glistenings occurred in diffractive multifocal IOLs,
either. Future development of acrylic materials without glistenings is appealing and
anticipated one day.
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Without glistenings

With glistenings

Fig. 16.8 Influence of glistenings on the glare at night in a diffractive multifocal IOL. Reprinted
from Miyata et al. [7] with permission from the Japanese Society of Cataract and Refractive
Surgery. The scenery around the crossing at night was viewed through optical model eyes. The
glare was observed in the car light and the red light of the crossing alarm (arrow), but there was
little difference by the presence or absence of glistenings
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Chapter 17
IOL Surface Light Scattering
and Visual Function

Kazunori Miyata and Keiichiro Minami

Abstract Surface light scattering is observed on the surface of a particular
hydrophobic acrylic intraocular lens. Since the first report in 2003, steady investi-
gations in Japan have revealed the etiology and clinical impact of increased surface
light scattering. Unlike glistenings, the intensity increased with postoperative years.
Influences on visual acuity and contrast sensitivity were reported as not significant;
however, risks of the degradations were addressed. Scanning electron microscopy
observation of explanted AcrySof lenses revealed that surface light scattering is
caused by the development of nanometer-ordered water aggregates below the
surface. This chapter summarizes the clinical aspect of surface light scattering
and its influence on visual function and exploration of the mechanism. Experimen-
tal validation using accelerated aging is briefly introduced.

Keyword Contrast sensitivity ¢ Glistening ¢ Intraocular lens ¢ Surface light
scattering

17.1 What Is Surface Light Scattering?

Hydrophobic acrylic material has been the majority of intraocular lens (IOL) in
recent cataract surgery, since it can be inserted through smaller incisions and the
incidence of postoperative capsular opacification (PCO) is lower than other mate-
rials. Importance of the postoperative stability such as mechanical fixation within
the capsular bag and transparency of the optics has been addressed. Yaguchi
et al. first reported increased surface light scattering with a MA60BM (Alcon)
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Fig. 17.1 Slit-lamp microscope and Scheimpflug images of an eye with an AcrySof IOL
(MA60BM) for 10 years. Intensive light scattering was observed on the IOL surfaces

that had been implanted over 10 years [1]. Under slit-lamp microscopy observation,
strong scatterings are observed on both IOL surfaces. Figure 17.1 shows a typical
image of surface light scattering in a pseudophakic eye 10 years postoperatively.

Besides the surface light scattering, glistenings and optic opacification due to
calcification may be observed in a pseudophakic eye. Glistenings are usually
observed as bright spots with a size of 1-20 pm under slit-lamp microscope
observation and are distributed throughout the entire IOL optic [2]. Glistening
and surface light scattering are sometimes confused with one another, but the
appearance is different in size and location.

We investigated surface light scattering of four IOLs using a Scheimpflug-
camera anterior segment analyzer, EAS-1000 (Nidek Co., Ltd.), up to 3 years
postoperatively [3]. Light scattering intensity on the anterior IOL surface was
measured with densitometry, since the posterior surface involved the development
of PCO. In two IOLs, MA60BM and its 1-piece version SA60AT (Alcon), there
was significant increase in surface light scattering after 1-2 years postoperatively.
However, other hydrophobic acrylic AR40e and silicone ClariFlex (Abbott Medical
Optics, Inc.) did not show such an increase (Fig. 17.2). The results demonstrated
that surface light scattering occurred particularly within the AcrySof IOLs.

The long-term changes of surface light scattering were assessed by reviewing
clinical records of the patient who received AcrySof IOLs [4]. The number of eyes
assessed was 406 and the mean follow-up duration was 4.2 years +3.4 (SD),
ranging 1-15.2 years. Computer compatible tape (CCT) values with AcrySof
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I month | year

MAG60BM |

SA60AT

ClariFlex

Fig. 17.2 Representative Scheimpflug images with four types of IOLs at 1 month and 1 and
3 years postoperatively. Measurements of light scattering on the anterior IOL surface were
denoted. Intensity of surface light scattering increased in AcrySof IOLs. Reprinted from Miyata
et al. [3] with permission from B M J Publishing Group

IOLs showed a continuous increase up to 15 years postoperatively: the increasing
rate was 11.5 CCT/year. From the result, influence of increased surface light
scattering on the visual function is concerned, that will be discussed in Sect. 17.3.

17.2 Etiology of Surface Light Scatterings

Several years have been spent investigating the etiology of surface light scattering.
Explanted AcrySof IOLs had been investigated from many aspects, such as scan-
ning electron microscopy (SEM) with energy-dispersion X-ray analysis and Fourier
transform infrared spectroscopy with attenuated total reflectance [5]. However, the
etiology could not be identified, since surface light scattering is only observed when
the IOL is sufficiently hydrated [6]. It was speculated that the IOL material contains
fluid-filled vacuoles in the surface layer when the explanted AcrySof was hydrated.
Water aggregates due to this phase separation scattered light on the IOL surface.
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a Explanted MA60BM b Unused MA60BM

10L surface

Fig. 17.3 FIB-SEM observations at the surface layer of MA60BM explanted after 13 years (a)
and unused (b), with a magnification of 50,000. In the explanted IOL (a), development of
nanometer-ordered water aggregates was observed

Water aggregates located in the surface layer of the hydrated AcrySof IOL were
observed using a cryogenic focused ion-beam scanning electron microscopy
(FIB-SEM). We observed these water aggregates in an explanted MA60BM that
was implanted for 13 years. Half of the IOL was placed in a cryogenic vacuum
chamber and sputtered with FIB to create a section below the IOL anterior surface.
Immediately after the FIB treatment, sections around the IOL surface layer were
observed by SEM. SEM image shown in Fig. 17.3a (magnification of 50,000)
revealed the presence of water aggregates within the IOL surface layer. With an
unused AcrySof IOL (Fig. 17.3b), SEM images obtained in the same manner did
not present such features. Size of the water aggregates observed was in a range of
40-250 nm. The manufacturer confirmed the etiology of the surface light scattering
as phase separation of nanometer-ordered water aggregates within the IOL surface
layer [5], in which similar FIB-SEM observations of other explanted AcrySof IOLs
were presented.

Compared with glistenings, the location and size are different as illustrated in
Fig. 17.4, although both phenomena are caused by development of water aggre-
gates. In surface light scattering, water aggregates are localized below the IOL
surface, while glistenings are distributed throughout the entire optic. The sizes
range in the nanometer order. Therefore, surface light scattering is also referred
to as subsurface nano-glistenings [5]. It is also noted that surface light scattering
progressively increased over the years [4], while changes in glistenings are rela-
tively stable after the initial onset [2, 7].
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Fig. 17.4 Differences Surface light scattering Glistenings
between surface light

scattering and glistenings

in the location and size

of water aggregates

Nano-ordered aggregates Micro-ordered aggregates
in IOL surface layer in the entire IOL

17.3 Impact to Visual Function

17.3.1 Visual Acuity

Of concern is the influence of increased surface light scattering on visual acuity. In
our observation up to 3 years [3], there was no significant decline in visual acuity,
contrast sensitivity, and color sense. Monestam and Behndig assessed 103 eyes with
MAG60BM at 10 years postoperatively [8]. Higher scattering showed a trend of
declining of best-corrected distance visual acuity (CDVA); however, it was not
statistically significant (P = 0.062).

Changes in CDVA from 1 month postoperatively were analyzed using 285 eyes
with AcrySof IOLs for 4.4 years 4 3.6 (SD), ranging from 1 to 14.7 years [4]. There
was no trend toward a decrease in the CDVA resulting from increased surface light
scattering; however, CDVA decreased more when the surface light scattering
exceeded 50 CCT. The odds ratio for a decline in CDVA of 0.2 logMAR or greater
was 7.19 (95 % confidence interval, 2.30-22.45).

Previous studies demonstrated the risk of increased surface light scattering in
decrease of CDVA, while no significant impact was reported.

17.3.2 Contrast Sensitivity

Any light scattering in the ocular optics degrades contrast sensitivity, since the
image contrast on the retina reduces with intraocular straylights. Light scattering
due to nanometer-ordered particles (Mie scattering) propagates backward and
forward. It is easily anticipated that increased surface light scattering has an effect
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Fig. 17.5 Contrast sensitivities of eye with MA60BM implanted for 10 years (right) and after
replacement with PMMA IOL. Degraded contrast sensitivity was restored with the IOL
replacement

on the contrast sensitivity. However, there were limited numbers of evaluation of
contrast sensitivity of eyes with long-term AcrySof IOL implantation.

Yoshida et al. reported [9] that a case with MA60BM for 20 years showed an
observation of significant surface light scattering and significant decrease in con-
trast sensitivity. The contrast sensitivity was improved with a replacement with
PMMA IOL, CZ70BD (Alcon). The authors addressed transmittance decrease of
the explanted IOL. We also had a similar case that had the MA60BM for 10 years.
Slit-lamp and Scheimpflug images of the eye (Fig. 17.1) showed increased light
scattering on the IOL surfaces (CCT on the anterior surface was 164). Although
CDVAs retained 1.2 in decimal notation, the contrast sensitivity was degraded in all
spatial frequencies (right of Fig. 17.5). After the replacement surgery with a PMMA
IOL, contrast sensitivity was drastically improved (left of Fig. 17.5). These cases
suggested that contrast sensitivity could be degraded when surface light scattering
highly increases.

Further investigation would need to consider how much light scattering on the
IOL surface propagates to the retina. Scheimpflug image obtained with EAS-1000
and Pentacam (Oculus) has been used for evaluation of surface light scattering. In
testing with the Scheimpflug camera, backward scattering rather than forward
scattering was measured. Thus, the effect on the retina could not be measured. Use
of a Hartmann-Shack wavefront analyzer [10] or a double-pass optical analyzer [11]
is required for quantitatively evaluating the effect of the surface light scattering on
the retina.
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Fig. 17.6 Representative Scheimpflug images with three types of IOLs after accelerated aging of
1,3, 5, and 10 years. The SA60AT increased the surface light scattering (fop), while the optimized
version (SN60WF) and Tecnis did not show such an increase (middle and bottom). Reprinted from
Matsunaga et al. [13] with permission from Medical Aoi Publishers

17.4 Development of Subsurface Nano-glistenings In Vitro

With recent investigations, the manufacturer examined the AcrySof IOL production
process, and optimized the production process for reducing the postoperative phase
separation [12], that has been available in Japan since 2012. Since clinical verifi-
cation of the AcrySof requires observation over 2 years [3], development of an
in vitro examination is desirable. Aging of the IOL can be accelerated by increasing
environmental temperature. We conducted the accelerated aging of the three types
of IOLs that were AcrySof SA60AT and SN60WF manufactured before and after
the production process optimization, respectively, and ZCBO0O [13]. After the
accelerated aging corresponding to 3, 5, and 10 years of aging, the SA60AT showed
significant increase of surface light scattering (Fig. 17.6) with aged years; however,
the SN6OWF and ZCBOO did not increase as observed clinically [3]. These results
demonstrated effectiveness of the accelerated aging technique for in vitro exami-
nation, and the optimized production process had a potential to suppress surface
light scattering after implantation [14]. Further works from the experimental and
clinical aspects are necessary to confirm the suppression effect.

17.5 Summary

Surface light scattering is caused by phase separation in the IOL surface layer and
increases progressively with postoperative years. The impact on visual function is
considered to be insignificant; however, there is a risk of degraded contrast sensitivity,
rather than cosmetic issue. As a result from continuous and steady efforts for 10 years,
the mechanism and clinical influences of surface light scattering in AcrySof IOL were
well explored. Currently the improvement for this issue is forthcoming.



210 K. Miyata and K. Minami

References

1. Nishihara H, Yaguchi S, Onishi T, et al. Surface scattering in implanted hydrophobic intraocular
lenses. J Cataract Refract Surg. 2003;29:1385-8.

2. Wemner L. Glistenings and surface light scattering in intraocular lenses. J Cataract Refract
Surg. 2010;36:1398-420.

3. Miyata K, Otani S, Nejima R, et al. Comparison of postoperative surface light scattering of
different intraocular lenses. Br J Ophthalmol. 2009;93:684—7.

4. Miyata K, Honbo M, Otani S, et al. Effect on visual acuity of increased surface light scattering
in intraocular lenses. J Cataract Refract Surg. 2012;38:221-6.

5. Ong MD, Callaghan TA, Pei R, et al. Etiology of surface light scattering on hydrophobic
acrylic intraocular lenses. J Cataract Refract Surg. 2012;38:1833—44.

6. Matsushima H, Mukai K, Nagata M, et al. Analysis of surface whitening of extracted
hydrophobic acrylic intraocular lenses. J Cataract Refract Surg. 2009;35:1927-34.

7. Miyata A, Yaguchi S. Equilibrium water content and glistenings in acrylic intraocular lenses.
J Cataract Refract Surg. 2004;30:1768-72.

8. Monestam E, Behndig A. Impact on visual function from light scattering and glistenings in
intraocular lenses, a long-term study. Acta Ophthalmol. 2011;89:724-8.

9. Yoshida S, Matsushima H, Nagata M, et al. Decreased visual function due to high-level light
scattering in a hydrophobic acrylic intraocular lens. Jpn J Ophthalmol. 2011;55:62-6.

10. Mihashi T, Hirohara Y, Bessho K, et al. Intensity analysis of Hartmann-Shack Images in
cataractous, keratoconic, and normal eyes to investigate light scattering. Jpn J Ophthalmol.
2006;50:323-33.

11. Diaz-Doutén F, Benito A, Pujol J, et al. Comparison of the retinal image quality with a
Hartmann-Shack wavefront sensor and a double-pass instrument. Invest Ophthalmol Vis Sci.
2006;47:1710-6.

12. Thomes BE, Callaghan TA. Evaluation of in vitro glistening formation in hydrophobic acrylic
intraocular lenses. Clin Ophthalmol. 2013;7:1529-34.

13. Matsunaga J, Maruyama Y, Honbou M, et al. Accelerated aging model of surface light
scattering in the improved AcrySof intraocular lens. Atarashii Ganka [Japanese].
2013;30:875-7.

14. Minami K, Maruyama Y, Honbo M, et al. In vitro examination of surface light scattering in
hydrophobic acrylic intraocular lenses. J Cataract Refract Surg. 2014;40:652-6.



17 IOL Surface Light Scattering and Visual Function 211

About the Authors

Kazunori Miyata, M.D., Ph.D., graduated
from Kurume University School of Medicine,
Fukuoka, Japan in 1984 and received his doc-
toral degree in ophthalmology from University
of Tokyo in 1991. From 1986, he had been with
the Department of Ophthalmology at Tokyo
University. During 1994-1997, he undertook
research fellowship in University of California,
San Francisco. He is currently the director of
Miyata Eye Hospital, clinical professor of Uni-
versity of Miyazaki, and visiting professor of
University of Tokyo.

Keiichiro Minami, Ph.D., graduated from
Department of Applied Physics, Osaka Univer-
sity, Osaka, Japan in 1982, and received his
doctoral degree in applied physics from Osaka
University in 1993. In 1989-1994, he was an
assistant professor in Department of Applied
Physics, Osaka University. He is currently
researcher of Miyata Eye Hospital, Miyazaki,
and visiting assistant professor of Tokyo Dental
Collage Suidobashi Hospital, Tokyo.




	Preface
	Acknowledgments
	Contents
	Chapter 1: Pupil Size and Postoperative Visual Function
	1.1 Introduction
	1.2 Role of Pupil Size on Postoperative Visual Function
	1.3 Background for the Rationale for the Preoperative Assessment of Pupil Size to Predict Visual Outcomes
	1.3.1 Summary for the Clinician

	1.4 Why Is the Consideration of Pupil Size Important to Cataract Patients?
	1.4.1 Measurement Technique of Pupil Size
	1.4.2 Summary for the Clinician

	1.5 Pupil Size in Monofocal IOL-Implanted Eyes
	1.6 Pupil Size in Multifocal IOL-Implanted Eyes
	1.7 Pupil Size in Toric IOL-Implanted Eyes
	1.7.1 Summary for the Clinician

	1.8 Pupil Size in Aspheric IOL-Implanted Eyes
	1.8.1 Summary for the Clinician

	1.9 Conclusions
	References

	Chapter 2: Evaluation of Visual Function in Pseudophakic Eyes and Phakic Eyes in Various Age Groups
	2.1 Introduction
	2.2 Methods
	2.2.1 Patients
	2.2.2 Measurements
	2.2.3 Statistical Analysis

	2.3 Results
	2.4 Discussion
	2.5 Conclusions
	References

	Chapter 3: Screening Cataract Surgery Candidates with Corneal Topographer
	3.1 Introduction
	3.2 Methods
	3.3 Results
	3.4 Discussion
	3.5 Conclusions
	References

	Chapter 4: Intraocular Lens Power Calculations in Long Eyes
	4.1 Introduction
	4.2 Methods
	4.2.1 Development and Validation of Axial Length Optimization Formulas
	4.2.2 Further Validation of Axial Length Optimization and Comparison to Barrett Universal Formula

	4.3 Results
	4.3.1 Development and Validation of Axial Length Optimization Formulas
	4.3.2 Further Validation of Axial Length Optimization and Comparison to Barrett Universal Formula

	4.4 Discussion
	4.5 Conclusions
	References

	Chapter 5: Using Optical Coherence Tomography for IOL Power Calculations in Eyes with Prior Ablative Corneal Surgery
	5.1 Introduction
	5.2 Methods
	5.2.1 OCT-Based Power Calculation
	5.2.2 Statistical Analysis

	5.3 Results
	5.4 Discussion
	5.5 Summary and Conclusions
	References

	Chapter 6: Corneal Astigmatisms and Postoperative Visual Acuity
	6.1 Corneal Astigmatism and Postoperative Visual Acuity
	6.1.1 Core Messages

	6.2 Introduction: Methods and History of the Correction of Corneal Astigmatism
	6.3 Distribution of Corneal Astigmatism, Visual Performance, and Optical Characteristics
	6.4 Toric IOL
	6.4.1 Factors Affecting Postoperative Visual Acuity and Performance
	6.4.2 Axis Determination Methods

	6.5 Toric Phakic IOL
	6.6 LRIs
	6.7 Laser Correction of Astigmatism (Such as LASIK and SMILE)
	6.8 Importance of Astigmatism Research
	6.9 Conclusion
	References

	Chapter 7: Cataract Wound Size and Astigmatism
	7.1 Introduction
	7.2 Principles
	7.3 Measurement of Astigmatism
	7.4 Astigmatic Effects of 3.2-, 2.2-, and 1.8-mm Superior Clear Corneal Incisions
	7.4.1 Surgical Technique
	7.4.2 Results
	7.4.2.1 Vector Analysis
	7.4.2.2 With-the-Wound Change
	7.4.2.3 Against-the-Wound Change
	7.4.2.4 WTW-ATW Change


	7.5 Astigmatic Effects of 2.2-mm Superior and Temporal Clear Corneal Incisions
	7.5.1 Surgical Technique
	7.5.2 Results
	7.5.2.1 Vector Analysis
	7.5.2.2 With-the-Wound Change
	7.5.2.3 Against-the-Wound Change
	7.5.2.4 WTW-ATW Change


	7.6 Discussion
	7.7 Literature
	7.7.1 Astigmatic Changes After 3.00-4.00-mm Cataract Incisions
	7.7.2 Astigmatic Changes After 2.6-2.8-mm or More Cataract Incisions
	7.7.3 Astigmatic Changes After 2.0-2.2-mm Cataract Incisions
	7.7.4 Astigmatic Changes After Sub-2.0-mm Cataract Incisions

	7.8 Clinical Implications
	7.9 Conclusion
	References

	Chapter 8: Correction of Corneal Astigmatism with Toric IOLs
	8.1 Introduction
	8.2 Methods
	8.2.1 Study 1 [11]
	8.2.1.1 Data Analysis

	8.2.2 Study 2 [12]
	8.2.2.1 Corneal Astigmatism Measurements
	8.2.2.2 Data Analysis
	8.2.2.3 Statistical Analysis


	8.3 Results
	8.3.1 Study 1 [11]
	8.3.2 Study 2 [12]

	8.4 Discussion
	8.5 Conclusions
	References

	Chapter 9: Corneal Astigmatic Correction by Femtosecond Laser Incisions
	9.1 Introduction
	9.1.1 Modern Cataract Surgery

	9.2 Astigmatism Management in the Modern Era
	9.2.1 Corneal Astigmatism and Multifocal IOLs
	9.2.2 The Coupling Effect of Corneal Astigmatic Incisions
	9.2.3 Types of Corneal Astigmatic Incisions
	9.2.4 Preoperative Planning for Limbal Relaxing Incisions
	9.2.5 Management of Potential Complications with Limbal Relaxing Incisions
	9.2.6 Manually Performed Limbal Relaxing Incisions: The Pros and Cons

	9.3 Femtosecond Lasers in Ophthalmology
	9.3.1 Femtosecond Lasers: Basic Principles
	9.3.2 Femtosecond Laser-Assisted Corneal Arcuate Incisions: The Benefits
	9.3.3 Planning and Performing the Femtosecond Laser Astigmatism Correction

	9.4 Femtosecond Laser Incisions: Pearls and Our Experience
	9.4.1 Incision Angle
	9.4.2 Titrating the Refractive Effect by Manipulation of Energy, Spot Size, and Spot Separation
	9.4.3 Utilizing Intraoperative Aberrometry to Refine the Refractive Effect
	9.4.4 The Benefits of Intrastromal Sub-Bowman´s Layer Ablations

	9.5 Conclusion
	References

	Chapter 10: Fluidics of Phacoemulsification Systems
	10.1 Basic Concepts of Fluidics
	10.2 Basic Principles of Phacoemulsification Power Generation
	10.3 Fundamentals of Fluidics Study
	10.3.1 Bottle Height
	10.3.2 Flow Control
	10.3.3 Phaco Power Setting
	10.3.4 Camera Calibration
	10.3.5 Autoclave

	10.4 Measuring the Compliance
	10.5 Measurements of Occlusion-Break Surge
	10.5.1 Measuring the Anterior Chamber Depth
	10.5.2 Measuring the Surge Area

	10.6 Measurements of Stroke Length
	10.7 Measurements of Actual Flow and Vacuum
	10.8 Heat Generation Studies
	10.8.1 Tip Position and Diameter
	10.8.2 Machine Comparison
	10.8.3 Ultrasound Modalities

	10.9 Measurements of Flow by Imaging Technologies
	10.10 Conclusion
	References

	Chapter 11: The Optic Edge and Adhesive Property of an Intraocular Lens Influences Lens Epithelial Cell Migration Under the Op...
	11.1 Introduction
	11.2 Methods
	11.2.1 Cell Culture
	11.2.2 Assay for Blocking Assessment
	11.2.3 Assay for Invasion Assessment
	11.2.4 Adhesion Property
	11.2.5 Statistical Analysis

	11.3 Results
	11.3.1 Blocking Ability of IOL Optic Edge
	11.3.2 Effect of Adhesive Properties of IOL Optic on LEC Migration

	11.4 Discussion
	References

	Chapter 12: Femtosecond Techniques in Cataract Surgery
	12.1 Precise and Safe: Capsulotomy and Lens Fragmentation
	12.2 Clinical Pearls
	12.2.1 Three-Step Regimen for Femtosecond-Assisted Cataract Surgery in Eyes with Small Preoperative Pupils
	12.2.2 IOP During Femtosecond Laser-Assisted Cataract Surgery
	12.2.3 Femtosecond Laser Cataract Surgery in Patients with Congenital Cataract
	12.2.4 A New Technique for Bag-in-the-Lens Intraocular Lens Implantation

	12.3 Conclusion
	References

	Chapter 13: Optical Bench Testing of IOLs
	13.1 Introduction
	13.2 Optical Bench System
	13.2.1 Model Eye
	13.2.2 Adaptive Optics
	13.2.3 Capturing the Retinal Image
	13.2.4 Quantifying Through-Focus Image Quality
	13.2.5 Corneal Aberrations

	13.3 Results and Discussion
	13.3.1 The Effects of Higher Order Aberration

	13.4 Conclusion
	References

	Chapter 14: Image Quality in Eyes with Premium Multifocal Intraocular Lens Simulation of the Patients´ View
	14.1 Introduction
	14.2 Methods
	14.2.1 Visual Simulation System
	14.2.2 IOLs
	14.2.3 Evaluation of Contrast Levels in the Simulated Retinal Images

	14.3 Results
	14.4 Discussion
	14.5 Conclusion
	References

	Chapter 15: Image Quality of the Eye with a Premium IOL: Simulation of the Retinal Surgeon´s View
	15.1 Introduction
	15.2 Methods
	15.2.1 Retinal Imaged Through the Multifocal IOL
	15.2.2 Retinal Imaged Through the Toric IOL
	15.2.3 Astigmatism Aberration of Toric IOL Measured with Wavefront Analyzer

	15.3 Results
	15.3.1 Retinal Imaged Through the Multifocal IOL
	15.3.2 Retinal Imaged Through the Toric IOL
	15.3.3 Astigmatism Aberration of Toric IOL

	15.4 Discussion
	References

	Chapter 16: Glistenings and Their Influence on Visual Function
	16.1 Introduction
	16.1.1 Glistenings
	16.1.2 Causes of Glistenings

	16.2 Influence on Visual Function
	16.2.1 Glistenings in Monofocal IOLs
	16.2.2 Glistenings in Diffractive Multifocal IOLs

	16.3 Conclusions
	References

	Chapter 17: IOL Surface Light Scattering and Visual Function
	17.1 What Is Surface Light Scattering?
	17.2 Etiology of Surface Light Scatterings
	17.3 Impact to Visual Function
	17.3.1 Visual Acuity
	17.3.2 Contrast Sensitivity

	17.4 Development of Subsurface Nano-glistenings In Vitro
	17.5 Summary
	References


