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Chapter 1

Introduction and Literature overview

Nienke Visser, Noél J.C. Bauer and Rudy M.M.A. Nuijts
Partly published as review: Journal of Cataract & Refractive Surgery 2013; 39: 624-637



Cataract Surgery

The refractive power of the eye is determined by the cornea and lens. The crystalline
lens provides a clear medium for light transmission, refraction of light rays and
accommodation. With normal ageing, the lens increases in weight and thickness and
loses its accommodative power. Compression, hardening and chemical modifications
in the lens lead to lens opacification, or cataract, and result in a decrease in vision.
Cataract surgery, or phacoemulsification, consists of emulsification and removal of the
crystalline lens using ultrasonic energy. This is followed by implantation of an
intraocular lens in the capsular bag. Cataract surgery is the most frequently performed
surgery in the Netherlands.' Approximately 180.000 cataract surgeries were
performed in the Netherlands in 2013.” In modern cataract surgery, spectacle freedom
is becoming more and more desirable. Emmetropia can be achieved for patients with
myopic or hyperopic refractive errors by selecting the appropriate spherical lens
power. However, approximately 20% to 30% of patients who undergo cataract surgery
have a substantial amount of corneal astigmatism. In corneal astigmatism, the
horizontal and vertical meridians of the cornea have a different curvature and
therefore a different power. Not correcting the astigmatism component at the time of
cataract surgery fails to achieve spectacle independency. Toric intraocular lenses (I0Ls)
provide an opportunity to correct corneal astigmatism at the time of cataract surgery
and achieve spectacle independency for distance vision. It has been shown that the
presence of 1.0 diopter (D) or more of astigmatism in eyes with a multifocal I10L
compromised both distance and near visual acuities, indicating the importance of an
optimal astigmatism correction in these patients.3 Therefore, the introduction of
multifocal toric 10Ls offers patient with corneal astigmatism the opportunity not only
to achieve spectacle independency for distance vision, but also for near and
intermediate vision.

Toric Intraocular Lenses

Historical overview

The first toric IOL was developed by Shimizu et al. in 1992.* This three-piece IOL was
made of non-foldable poly-methyl methacrylate (PMMA) and required a 5.7 mm
incision for implantation. It was available in cylinder powers of either 2.0 D or 3.0 D.
Postoperatively, UDVA and residual refractive astigmatism outcomes were not
described, but CDVA was 20/25 or better in 77% of eyes.4 However, about 20% of the
I0Ls rotated 30 degrees or more and almost 50% of I0Ls rotated more than 10



degrees. In 1994, the first foldable one-piece toric IOL became available. This IOL was
made of silicone material and could be implanted through a much smaller incision of
3.2 mm.”® The first clinical results with this 0L were promising: 23% of patients
achieved an UDVA of 20/25 or better compared with 4% of patients with a standard
IOL.> However, a drawback of this IOL was still a relatively high postoperative rotation
rate: in 20 to 30% of eyes a rotation of more than 10 degrees occurred.”” A 10 degree
error in rotation results in a 35% residual error in the magnitude of astigmatism. Since
1994, many advancements have been made in toric I0OL technology, including
improvements in |OL material and design and refinements in surgical technique. These
advances have led to an improved postoperative rotational stability and consequently
improved visual outcomes following toric IOL implantation.

I0L material

Currently, many different monofocal and multifocal toric IOL models are available
(Table 1.1 and 1.2). Toric I0Ls are made of either hydrophobic acrylic, hydrophilic
acrylic, silicone or PMMA biomaterial. The IOL biomaterial influences possible
postoperative rotation of the IOL. After implantation in the capsular bag, the anterior
and posterior capsules fuse with the IOL, thereby preventing IOL rotation.™ Strong IOL
adhesions to the capsular bag are thought to prevent IOL rotation. Several in vitro
studies have examined the interactions between different I0L biomaterials and the
capsular bag. Lombardo et al. used atomic force microscopy to determine I0OL optic
surface adhesiveness of different IOL biomaterials and found that hydrophobic acrylic
I0Ls showed the highest adhesive properties, followed by hydrophilic acrylic I0L,
PMMA [OLs and finally silicone IoLs.” A study in rabbits who underwent
phacoemulsification with 10L implantation showed the strongest 10L-capsular bag
adhesions for acrylic I0Ls, followed by PMMA and silicone I0Ls." Linnola et al.
hypothesized that IOL biomaterials show differences in IOL adhesion due to a different
affinity to proteins in the capsular bag.13 Extracellular matrix proteins, such as
fibronectin, vitronection and collagen type 1V, are available in the aqueous humor
following cataract surgery and may be involved in IOL adhesion to the capsular bag.
Especially fibronectin is thought to play a major role in IOL-capsular bag adhesion.™
Acrylic I0Ls explanted from human autopsy eyes contained significantly more
fibronectin compared to silicone or PMMA eyes.14 These results indicate that acrylic
I0Ls generally form the strongest adhesions with the capsular bag.



I0L design
The IOL design is important in achieving stability in the capsular bag and avoiding
postoperative I0OL rotation. The overall IOL diameter and haptic design have been

shown to be a major factor in the prevention of IOL rotation.” ™"’

Chang et al.
compared two different sizes of the same silicone toric IOL: a smaller model with a
diameter of 10.8 mm and a longer model with a diameter of 11.2 mm.'® The longer
model was found to have a much better rotational stability compared to the smaller
model: 10% of the longer IOLs rotated more than 10 degrees compared to 45% for the
smaller IOLs. Currently available toric IOLs have a total IOL diameter ranging from 11.0
mm to 13.0 mm. Regarding the IOL haptics design, two different haptic designs are
available: plate haptic and loop haptic. A randomized controlled trial (RCT) has been
performed to compare postoperative rotation of plate and loop haptic silicone I0OLs.
Postoperative rotation was significantly higher in loop haptic IOLs compared to plate
haptic IOLs: 6.8 degrees versus 0.6 degrees.15 Patel et al. hypothesized that loop haptic
I0Ls may be more susceptible to rotation due to an asymmetric fusion of the capsular
bag with the IOL haptics.15 However, Prinz et al. recently compared plate and loop
haptic acrylic I0Ls and did not find a significant difference in postoperative rotation.™
This indicates that plate and loop haptics acrylic IOL demonstrate equally good
rotational stability.

Patient Selection

Toric IOLs

Patients with regular bow-tie astigmatism are most suitable for toric IOL implantation.
To detect possible irregular astigmatism, corneal topography should be performed
preoperatively in all patients. This can be performed using either placido-disk
videokeratoscopy or Scheimpflug imaging. Scheimpflug imaging is preferred since this
allows for an evaluation of both the anterior and posterior corneal surfaces and the
corneal thickness.” Some corneal ectatic disorders, such as keratoconus, present with
changes on the posterior corneal surface before any changes may be seen on the

. 20,21
anterior corneal surface.

Although toric IOLs are most effective in the correction of
regular astigmatism, these I0Ls have also been shown to be effective in patients with
irregular corneal astigmatism, including keratoconus®, pellucid  marginal
degeneration23 and post-keratoplasty eyes“’ 2 However, toric IOL implantation should
only be considered in patients with mild to moderate amounts of irregular astigmatism
who can be satisfactory corrected using spectacles. It is not a suitable option in
patients who require rigid gas permeable contact lenses to correct high levels of

. . . 26
irregular astigmatism.
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Toric IOL implantation is a suitable option in keratoconus patients only if the risk of
progression is minimal. Other pre-existent ocular pathologies may be a relative or
absolute contraindication for toric I0L implantation. Patients with Fuchs’ endothelial
dystrophy or another corneal dystrophy might need a keratoplasty in the future which
may alter corneal astigmatism. These patients are therefore not good candidates for
toric IOL implantation. Patients with potential bag instability like patients with
pseudoexfoliation syndrome or trauma induced zonulolysis are not suitable for toric
IOL implantation, since zonular weakness affects the lens stability and may result in
rotation or decentration of the toric IOL.

Multifocal toric I0Ls

Patient selection is crucial for achieving success with multifocal toric 10Ls. The ideal
patient is motivated for achieving spectacle independency for both distance and near
vision, understands the limitations of multifocal I0OLs and has realistic expectations.27
The second step is to exclude possible ocular co-morbidities. Multifocal 10Ls split the
available light between distance and near foci. Therefore, ocular co-morbidities that
affect visual acuity or quality of vision are a relative or absolute contraindication for
multifocal toric I0Ls. These include amblyopia, corneal pathologies (such as
keratoconus or a corneal scar), maculopathies (such as age-related macular

27, 28 .
An extensive

degeneration or diabetic retinopathy), glaucoma and uveitis.
preoperative ophthalmic examination is therefore required, including corneal

topography, fundoscopy and preferably optical coherence tomography.

Toric IOL Calculation

Keratometry

Preoperatively, accurate measurements of corneal astigmatism must be obtained in
order to achieve an effective astigmatism correction. Clinical studies on toric IOLs have
described various methods to measure corneal astigmatism, including automated

29, 30 31, 32

keratometry , manual keratometry , corneal topography29 and Scheimpflug

. . 33 . . .
imaging™. These devices have been shown to be comparable in measuring

37 addition, toric IOL calculations using either automated keratometry

astigmatism.
or manual keratometry resulted in comparable residual refractive astigmatism
values.*® Scheimpflug imaging has the advantage of measuring both the anterior and
posterior corneal surfaces. However, even though simulated keratometry values
obtained with Scheimpflug imaging correlated well with other devices, parameters

that are based on both the anterior and posterior corneal curvature and true refractive



indices for cornea and aqueous have been shown to result in significantly different
values compared to keratometry or topography. These values should therefore not be

. . . 37,38
used in current toric IOL calculations.

Surgically induced corneal astigmatism

Another aspect to consider when calculating a toric IOL is the (vector) change in
corneal astigmatism induced by the surgery itself. The expected amount of surgically
induced corneal astigmatism (SICA) has to be incorporated into the toric IOL power
calculation in order to select the most appropriate toric IOL model and alignment axis.
However, the amount of SICA is difficult to predict and depends on several factors. The
location of the incision is an important factor to consider, since corneal incisions lead
to both flattening of the incised meridian and steepening of the orthogonal meridian
3 %0 The size of the incision has also been shown to
4 Other

factors which may be of influence are the amount of preoperative corneal
44, 45

due to the coupling effect.
influence the amount of SICA: smaller incisions generally produce less SICA.

astigmatism, suture use and patients’ age. As shown in Table 1.1, commonly used

toric IOLs require a 1.8 to 3.4 mm incision. The amount of SICA for a 2.2 mm incision

has been reported to range from 0.19 D to 0.31 D for a temporal incision®® ¢

30, 49

and
0.40 D for a superior incision . Goggin et al. showed that the test-retest variability
of keratometry measurements may be up to 0.14 D in magnitude.50 This indicates that
a significant proportion of the SICA reported in previous studies may be due to test-

retest variation in keratometry measurements.

I0L calculation

The power of the toric IOL may be calculated using either a calculation scheme®™ !, or
using a calculator program provided by the manufacturer. The toric IOL cylinder power
is chosen based on the amount of corneal astigmatism. The effective cylinder power of
the IOL at the corneal plane is a function of the estimated lens position and
spheroequivalent power of the IOL. The IOL cylindrical and spherical power must first
be converted into the two principal lens powers, after which both lens powers are
calculated to the corneal plane using a standard vertex formula. The difference
between both lens powers at the corneal plane should be used to select the most
appropriate I0L cylinder power.52 Therefore, the relation between cylinder power at
the IOL plane and at the corneal plane is not a fixed amount, as currently used by some
manufacturers in toric IOL calculations. For example, the IOL cylinder power to correct
2 D of corneal astigmatism is 2.20 D for an |OL with a spheroequivalent of 10 D, 2.40 D
for an 10L with a spheroequivalent of 22 D and 2.60 D for an IOL with a



spheroequivalent of 30 D. Goggin et al. compared the manufacturers prediction of a
fixed corneal plane cylinder power with a calculated corneal cylinder power that takes
into account the estimated lens position (anterior chamber depth plus pachymetry)
and I0L spheroequivalent power.53 This study demonstrated that for a hydrophobic
acrylic toric I0OL, the fixed IOL cylinder power at the corneal plane was significantly
different from the calculated value.” Recently, a new toric IOL calculator became
available which considers the estimated lens position and predicts posterior corneal
astigmatism based on anterior corneal astigmatism.54

Surgical Technique

Marking technique

Exact alignment of the toric IOL at the calculated alignment axis is necessary in order
to achieve an effective astigmatism correction. Preoperatively, markings should be
performed with the patient in an upright position in order to prevent cyclotorsion in
the supine position. Cyclotorsion of the eye from the upright to supine position is
approximately 2 to 4 degrees on average, but can be up to 15 degrees in individual

55-57 . . . .
Cyclotorsion is a well-known aspect in refractive surgery and generally

patients.
compensated for during laser refractive surgery.57 Most clinical studies on toric 10Ls
describe a 3-step marking procedure for toric IOL implantation. The first step usually
consists of preoperative markings of the horizontal axis of the eye with the patient
sitting upright. This may be done with the patient seated at the slitlamp and with a

58-60

coaxial thin slit turned to 0-180 degrees. The limbus is then marked at the

horizontal position with either a sterile ink pen or a needle. Another technique to mark

the horizontal axis is by using a bubble-marker.>" ** ©

Intraoperatively, the
preoperative horizontal marks are used to position an angular graduation instrument
and mark the alignment axis. Some studies described a one-step marking technique to

directly mark the alignment axis using either a slitlamp or a gravity marker.*® %%

Surgical procedure

A standard phacoemulsification technique may be performed with a sub 2.0 to 3.4 mm
limbal incision, depending on the toric IOL model to be implanted. A well-centered
capsulorrhexis with 360 degree overlap of the IOL optic should be achieved to ensure
optimal centration of the IOL and to reduce the incidence of posterior capsule
opacification. The optic diameter is 6.0 mm for the majority of IOLs (Acrysof, AF-1
toric, AT Torbi, Lentis Tplus, Tecnis toric, LAL, MicroSil and Staar IOLs), 5.75 or 6.25 mm
for Rayner toric I0OLs and 5.0 mm for Morcher bag-in-the-lens IOLs. The ideal



capsulorrhexis diameter should be adjusted to the IOL optic diameter and ranges from
approximately 4.5 to 5.5 mm to maintain an overlap of the anterior edge of the IOL by
the capsulorrhexis. After completion of the phacoemulsification, the ophthalmic
viscosurgical device is injected and the foldable toric IOL is inserted through the limbal
incision. The marks on the toric IOL indicate the flat meridian or plus cylinder axis of
the toric I0L and should be aligned with the marked alignment axis. First, gross
alignment is achieved by rotating the I0OL clockwise while it is unfolding, until
approximately 20 to 30 degrees short of the desired position. After the ophthalmic
viscosurgical device is removed, the IOL is rotated to its final position by exact
alignment of the reference marks on the toric IOL with the alignment axis marks. In the
event of a complication during surgery that might compromise the stability of the toric
I0L, such as zonular damage, vitreous loss, capsulorrhexis tear, or capsular rupture,
conversion to a standard non-toric IOL may be required.

Literature Overview

Uncorrected distance visual acuity
Table 1.3 shows a literature overview of uncorrected distance visual acuity (UDVA)
results following toric IOL implantation. Several RCTs have been performed comparing

32, 65-68 69, 70

toric 10Ls with monofocal IOLs , other toric IOL models , relaxing incisions or

7% and photorefractive keratectomy79. Regarding the RCTs

arcuate keratotomies
comparing toric with monofocal IOLs, an UDVA of 20/25 or better was achieved in 63%
to 76% of eyes following toric IOL implantation, compared to 31% to 46% following

. . 32, 66, 67
monofocal IOL implantation.

Table 1.3 shows the pooled estimates for each 10L
model regarding an UDVA of 20/25 or better. This was achieved in 65% of eyes with an
Acrysof toric I0L, 61% of eyes with an AT Torbi IOL, 34% of eyes with a Rayner toric
I0L, and 41% of eyes with a Tecnis toric IOL. Table 1.3 also shows the mean
postoperative UDVA in LogMAR. Reported results are generally between 0.00 and 0.15
LogMAR. In one arm of the study of Waltz et al., patients with low amounts of corneal
astigmatism (0.75 to 1.50 D) were randomized for either toric or monofocal I0OL
implantation.68 Patients with more than 1.50 D of corneal astigmatism were included
in the non-randomized open label arm and all received toric IOL implantation. In the
randomized controlled arm, UDVA was significantly better in the toric group compared
to the control group (0.10 + 0.14 versus 0.16 + 0.16 LogMAR).®® Miyake et al.
performed a large (378 eyes) prospective study evaluating the long-term results (up to
2 years) of toric IOL implantation and reported a substantially lower UDVA (0.35 + 0.38
LogMAR, comparable to 0.45 Snellen).so The cause of this suboptimal UDVA is unclear:



CDVA was -0.07 + 0.11 LogMAR, misalignment rates were low and no over- or
undercorrection occurred.®® A recent meta-analysis performed by Kessel et al. shows
that toric IOL implantation results in a better UDVA compared to non-toric IOL
implantation (-0.10 LogMAR mean difference) and compared to relaxing incisions (-
0.06 LogMAR mean difference).81

Residual refractive astigmatism
RCTs comparing toric and monofocal 10Ls have reported a residual refractive
astigmatism of 1.0 D or less in 74 to 96% of eyes with toric IOLs compared to 30 to 70%

32, 66-68 . .
For each toric lens model, the pooled estimates for

of eyes with monofocal IOLs.
a residual refractive astigmatism of 1.0 D or less and 0.5 D or less are shown in Table
1.4. A residual astigmatism of 0.5 D or less was achieved in 69% of eyes with an Acrysof
toric I0L, 91% with an AT Torbi IOL, 48% with a Staar toric IOL, and 65% of eyes with a
Tecnis toric IOL.

Several studies have included a vector analysis comparing postoperative refractive
astigmatism with preoperative (corneal) astigmatism and showed a substantial

75, 82-87

astigmatism reduction following toric IOL implantation. A vector analysis

according to Alpins has been performed in several studies to determine the efficacy of

astigmatism correction. Results are varied, ranging from an undercorrection

78, 79, 88, 89 . L 48,67,
, ho under- or overcorrection (correction index 1.0)

53, 66

(correction index <1.0)
% to overcorrection (correction index >1.0) . A meta-analysis shows a lower residual
astigmatism following toric IOL implantation compared to non-toric IOL implantation (-

0.75 D mean difference) and relaxing incisions (-0.37 D mean difference).®

Spectacle independency
Spectacle use for distance vision following toric and monofocal I0L implantation has

32,6566 88 |5 the study of Waltz et al., spectacle

been evaluated in several RCTs.
independence was evaluated only for patients with bilateral study I0OL implantation.68
In the randomized controlled arm, 83% versus 71% of patients in the toric and
monofocal group achieved spectacle independence for distance vision.® In the open
label arm, 78% of patients were spectacle independent for distance vision.®® Zhang et
al. reported spectacle independence for distance vision in all patients with bilateral
toric 10Ls, compared to 67% of patients with bilateral monofocal I0Ls.® Visser et al.
found spectacle independence following bilateral toric 10L implantation in 84% of
patients in the toric group, compared to 31% in the monofocal group.66 In the RCT of
Holland et al., spectacle independence following toric IOL implantation was reported in

approximately 60% of patients implanted with a toric IOL, compared to 36% of patients



implanted with a control IOL.** However, patients in this study received unilateral toric
IOL implantation. Lane et al. offered patients from the study of Holland et al. fellow-
eye implantation with the same IOL (toric or non-toric 10L), allowing bilateral
examination of spectacle independency, but introducing a possible selection bias.*
Almost all patients (97%) with a toric IOL reported spectacle independency for distance
vision, compared to half of the patients in the control group.go

Complications

Crucial to the efficacy of toric I0Ls is the position of the IOL with regards to the
intended alignment axis, since every degree of misalignment contributes to residual
astigmatism. Currently, a misalignment of more than 10 degrees is generally regarded
as the indication for surgical repositioning. Table 1.5 shows for each I0L model the
pooled estimates for a misalignment of more than 10 degrees: 3% of eyes with an
Acrysof toric IOL, 6% with an AT Toribi IOL, 8% with a Microsil 0L, 11% with a Rayner
I0L, 17% with a Staar IOL and 2% of eyes with a Tecnis toric IOL. Regarding the Lentis
toric IOL, a misalignment of more than 10 degrees was reported in 33% of eyes. Mean
misalignment at 1 hour after surgery was 5 + 5 degrees, compared to 20 + 14 degrees
at 9 months postoperatively.74 This indicates a high postoperative rotation rate of this
toric IOL model. Consequently, it has been removed from the market. Other
complications reported in the literature are those generally associated with cataract
surgery and IOL implantation: posterior capsule opacification, cystoid macular edema,

. . . . 7,29,
peripheral vitreous detachment, macular hole, retinal tear and retinal detachment.

32, 62, 66, 68, 97

Conclusion

Toric IOL implantation seems a safe and effective treatment option to correct corneal
astigmatism at the time of cataract surgery. This statement is based on a limited
number of RCTs available in the literature including the data in this thesis, that all show
better spectacle independency after bilateral toric versus non-toric monofocal 0L
implantation.
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Table 1.4 Literature overview of residual refractive astigmatism following toric IOL implantation

Toric IOL Author Year Follow-up N Residual refractive astigmatism
(months) (eyes) <0.5D (%) <1.0D (%)
Acrysof Holland® 2010 12 242 53 88
Ahmed® 2010 6 164 71 90
Ernest” 2011 0.5 to >6 185 92 100
Dardzhikova®™ 2009 6 111 NR 94
Visser® 2014 6 82 46 74
Poll*®* 2011 1 77 77 88
Hayashi® 2015 3 66 36 79
Visser™ 2011 6 60 NR 81
Bauer™ 2008 4 43 NR 91
Lane®™ 2009 6 40 60 95
Emesz (T3, T4)” 2015 1.5 32 81 9
Emesz (T5-T9)%’ 2015 1.5 22 77 86
Nagpal” 2015 6 30 87 100
Kim™* 2010 13 30 87 100
Mingo-Botin” 2010 3 20 NR 90
Ferreira® 2012 2 20 85 95
Titiyal”® 2014 3 17 NR 100
Pooled estimate 69% (659/957)  90% (1091/1208)
AT Torbi Bascaran® 2013 6 48 95 100
Kretz® 2015 3 41 86 95
Pooled estimate 91% (81/89) 98% (87/89)
Hoya Bissen—Miyajima86 2015 12 93 53 84
Rayner Hirnschall 2014 6 30 52 96
Staar Till*® 2002 6 100 48 75
Ruhswurm® 2000 20 37 49 78
Leyland’ 2001 2 22 NR 63
Pooled estimate 48% (66/137) 74% (118/159)
Tecnis Waltz (0.75-1.50 D)*® 2015 6 102 72 94
Waltz (>1.50 D)*® 2015 6 72 53 84
Sheppard® 2013 1to2 67 NR 95
Ferreira® 2012 2 20 75 100
Pooled estimate 65% (125/192) 91% (236/259)

NR = not reported



Table 1.5 Literature overview of misalignment rates following toric IOL implantation

Toric IOL Author Year Follow-up N Misalignment
(months) >10 degrees (%)
Acrysof Miyake® 2014 24 378 22
Holland* 2010 12 243 7
Ahmed® 2010 6 217 1
Dardzhikova® 2009 6 111 5
Visser® 2014 6 82 5
Chang'®” 2008 1 100 1
Roensch® 2012 4 79 0
Hayashi® 2015 3 66 9
Visser® 2011 6 67 1
Bauer® 2008 4 53 0
Hoffmann®® 2011 3 40 3
Goggin'® 2011 2 38 0
Scialdone™ 2013 3 36 0
Emesz” 2015 1.5 54 0
Koshy> 2010 6 30 27
Kim** 2010 13 30 3
Tsinopoulos™ 2010 6 29 0
Mingo-Botin” 2010 3 20 0
Mendicute” 2009 3 20 0
Ferreira® 2012 2 20 0
Titiyal”® 2014 3 17 0
Pooled estimate 3% (49/1462)
AT Torbi Bascaran® 2013 6 48 13
Kretz* 2015 3 41 2
Scialdone™ 2013 3 36 >3
Alio® 2010 3 21 0
Pooled estimate 6% (7/110)
Hoya Bissen—Miyajima86 2015 12 93 3
Lentis Maedel” 2014 9 18 33
Microsil Dick® 2006 3 68 7
De Silva®® 2006 6 21 10
Pooled estimate 8% (7/89)
Rayner Entabi”’ 2011 4 33 9
Alberdi® 2012 3 27 7
Stewart®® 2010 1 14 21
Pooled estimate 11% (8/74)
Staar sun’ 2000 3 106 33
Chang'®” 2008 1 90 9
Chang™ 2003 1 61 13
Leyland® 2001 2 22 23
Pooled estimate 17% (48/279)
Tecnis Waltz®® 2015 6 174 3
Sheppard® 2013 1t02 67 1
Lam™ 2016 3 31 0
Lubinski®’ 2016 6 27 0
Yoo'® 2015 5 25 0
Ferreira® 2012 2 20 0

Pooled estimate 2% (6/344)




Aim and outline of this thesis

The aim of this thesis is to evaluate the safety and efficacy of toric IOLs and to evaluate
factors to further improve clinical outcomes with these 10Ls.

In Chapters 2 and 3, different technologies to measure astigmatism are compared. In
chapter 2, we compare different devices and techniques to measure corneal
astigmatism. In Chapter 3, we compare ocular aberrations and corneal aberrations
measured with different devices.

In chapter 4, the accuracy of a commonly used 3-step ink-marking method for toric IOL
alignment is evaluated.

Chapters 5, 6 and 7 evaluate the clinical use of toric 10Ls. Chapter 5 describes the
results of a randomized controlled trial comparing spectacle use following bilateral
toric versus control IOL implantation. Chapter 6 evaluates the effectiveness of toric
I0Ls in correcting high amounts of corneal astigmatism. Chapter 7 evaluates the
outcomes following toric multifocal IOL implantation.

In chapter 8 the efficacy of astigmatism correction following toric IOL and toric phakic
IOL implantation in patients with no previous ocular surgery and in post-keratoplasty
eyes is evaluated.

Chapters 9 and 10 describe the use of toric IOLs in special cases. In Chapter 9, toric I0L
implantation in cataract surgery was evaluated in patients with irregular corneal
astigmatism due to keratoconus. In Chapter 10 we evaluate possible sources for
residual astigmatism following toric IOL implantation.
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Abstract

PURPOSE: To determine the comparability and repeatability of corneal astigmatism
measurements obtained with different devices and to determine the interobserver
variability of a new automated keratometer.

SETTING: University Eye Clinic, Maastricht University Medical Centre, the Netherlands.
METHODS: Thirty healthy subjects underwent examination of the right eye with 6
devices: IOLMaster (Carl Zeiss Meditec; automated keratometry), Lenstar (Haag-Streit;
automated keratometry), Reference Unit (Sensomotoric Instruments; automated
keratometry), Javal (Rodenstock; manual keratometry), KR-1W (Topcon; corneal
topography) and Pentacam (Oculus; Scheimpflug imaging). An experienced operator
obtained 3 repeated measurements per eye. An inexperienced operator obtained 3
additional measurements with the SMI Reference Unit. Astigmatism vector analysis
was used to determine the comparability, repeatability and interobserver variability.
ResuLTs: Corneal astigmatism vectors measured by automated, manual or simulated
keratometry were comparable, except for the Pentacam equivalent K (p<0.001,
repeated-measures ANOVA). Mean differences between equivalent K and other
keratometry values were 0.18 to 0.29 D (p<0.05, Hotelling Trace MANOVA). Mean
differences between automated, manual and simulated keratometry were small (<0.12
D). The within-subject standard deviation ranged from 0.05 D @ 21 degrees (KR-1W) to
0.18 D @ 23 degrees (Lenstar). The SMI Reference Unit showed small mean differences
and a comparable repeatability between experienced and inexperienced operators.
CoNCLUSION: Vector analysis showed comparable corneal astigmatism measurements
using automated, manual or simulated keratometry. Pentacam equivalent K values
were not comparable to those of the other keratometers. The repeatability of
astigmatism magnitudes was acceptable; however the repeatability of astigmatism
meridians was moderate. The SMI Reference Unit showed good interobserver

variability.



Introduction

Toric intraocular lenses (IOLs) are increasingly used in cataract and refractive surgery.
Several factors influence the success that may be achieved with toric 10Ls, such as
accurate placement of the IOL during surgery and rotational stability of the I0L
postoperatively.l’ ’In addition, in order to achieve an effective astigmatism correction,
accurate keratometry measurements must be obtained preoperatively. Several studies
have been performed to compare corneal astigmatism measurements obtained with
different keratometers>”, Placido-disk videokeratoscopesﬁ"8 and Scheimpflug imaginge’
%9 However, these studies generally only compared astigmatism magnitudes with no
regards of the astigmatism meridian. Since astigmatism is a vector with a magnitude
and a direction, a vector analysis is required to compare astigmatism data.’® "

The purpose of this study was to use an astigmatism vector analysis to determine the
comparability and repeatability of corneal astigmatism measurements obtained with
different devices (automated keratometry, manual keratometry, corneal topography
and Scheimpflug imaging). In addition, the interobserver variability of a new
automated keratometer (SMI Reference Unit, Sensomotoric Instruments) was
evaluated.

Methods

In this prospective cohort study, healthy volunteers were recruited from Maastricht
University and the University Eye Clinic Maastricht. Informed consent was obtained
from all subjects after the nature of the experiment had been explained. The tenets of
the Declaration of Helsinki were followed and investigational review board approval
was obtained.

Exclusion criteria were a history of ocular pathology or ocular surgery. All subjects
underwent measurement of the right eye with six devices. Three repeated
measurements were obtained by an experienced operator while the subject remained
seated and positioned in a chin- and forehead rest. Subjects were instructed to fixate
at the fixation target of the device and asked to blink prior to each measurement. An
inexperienced operator obtained 3 additional repeated measurements with the SMI
Reference Unit. An experienced operator was defined as a person who had performed
a minimum of 25 measurements with the particular device. An inexperienced operator
was a medical student with basic knowledge of ophthalmology and no previous
experience with the SMI Reference Unit. They received an oral instruction and



demonstration, and were supervised to ensure that 3 good quality measurements
were obtained.

Devices

The IOLMaster (Carl Zeiss Meditec) uses automated keratometry to measure the
anterior corneal curvature. Six spots of light are projected onto the cornea in a
hexagonal pattern within a 2.3 mm diameter. A refractive index of 1.3375 is used to
convert the anterior radius of curvature (mm) into corneal power in diopters (D).

The Lenstar (Haag-Streit) measures the anterior corneal curvature using automated
keratometry. Thirty-two light spots, divided into 2 rings with a diameter of 1.65 mm
and 2.30 mm, are projected onto the cornea. The index of refraction is 1.3320.

The Surgery Guidance platform (Sensomotoric Instruments) consists of 2 units: the SMI
Reference Unit, which is used to measure the patient preoperatively, and the SMI
Surgery Pilot, which is used to align the toric IOL during surgery. In this study, only the
SMI Reference Unit was evaluated. This non-contact device acquires a digital image of
the eye and simultaneously performs automated keratometry. Corneal curvature is
measured using the optical reflections of 12 light emission diodes arranged in a ring
with a diameter of 1.9 mm. This device uses a refractive index of 1.3320.

The Javal-Schiétz keratometer (Rodenstock) is a manual keratometer that requires
subjective alignment of 2 keratometer mires (a red square and a green staircase) along
the principal meridians of the cornea. The refractive power of the cornea is
determined using the reflections from these illuminated mires from the central 3.4 mm
of the cornea, using an index of a refraction of 1.3375.

The KR-1W Wavefront Analyzer (Topcon) is a combined wavefront analyzer and
corneal topographer. Placido-disk videokeratoscopy is performed using the optical
reflections of 19 illuminated rings on the anterior surface of the cornea. Simulated
keratometry is calculated based on the central 3.0 mm of the cornea, using a refractive
index of 1.3375.

The Pentacam (Oculus Optikgerate; software version 1.17r120) consists of a rotating
Scheimpflug camera, which allows measurement of both the anterior and posterior
corneal radius. To compare Pentacam measurements to those of other devices
simulated keratometry values were used; these values are based on measurement of
the anterior central 3.0 mm zone of the cornea. A refractive index of 1.3375 is used to
calculate the corneal power. In addition, the equivalent K of the 3.0 mm zone was
used; this value is based on both the anterior and posterior corneal curvatures. This
parameter uses correct refractive indices to calculate the anterior and posterior



corneal powers (1.376 for cornea; 1.336 for aqueous) and also adjusts for the error
that standard keratometry creates regarding the anterior to posterior corneal ratio.

Sample size

A sample size calculation was performed using an a of 0.007 (0.05 divided by 7
parameters) and a power of 90%. A mean difference of 0.25 D was considered to be
clinically relevant. In a pilot study, the mean measurement error was of 0.30 D for
automated keratometry. This resulted in a minimal calculated sample size of 22.

Data analysis

For all devices the corneal powers were calculated using the same refractive index of
1.3320. Equivalent K values are not calculated using a refractive index of 1.3375 or
1.3320 and these values have not been recalculated. Corneal astigmatism data were
analyzed using a vector analysis. Individual astigmatism magnitude (D) and meridian
(degrees) values were transformed into Cartesian coordinates (x and y) according to
the method described by Holladay et al.'° These Cartesian coordinates may be used in
mathematical and statistical calculations."" After the calculations were finished, the
Cartesian coordinates were transformed back to the standard notation for corneal
astigmatism (D @ meridian).

All data were collected in a database (Excel; Microsoft Office 2003; Microsoft Inc.) and
transferred to SPSS (Version 16.0, SPSS Inc.) for data analysis. The Cartesian
coordinates (x and y) showed a normal distribution (p>0.05, Kolmogorov Smirnov). A
one-way repeated-measures analysis of variance (ANOVA) with Bonferroni correction
was used to compare astigmatism vectors (x and y coordinates) between devices.
Mean differences in measurements were calculated and evaluated for statistical
significance using a Hotelling Trace multivariate analysis of variance (MANOVA;
significant difference from zero). According to Bland and Altman, the repeatability of
devices was determined by calculating the within-subject standard deviation within
each series of three repeated measurements per eye (sw).12 The repeatability between
devices was compared using a repeated-measures ANOVA. Finally, the interobserver
repeatability of the SMI Reference Unit was determined by comparing mean
astigmatism vectors (repeated-measures ANOVA), mean difference (Hotelling Trace
MANOVA), and S, (Hotelling Trace MANOVA) of measurements obtained by
experienced and inexperienced operators. P <0.05 was considered to be statistically
significant.



Results

Thirty healthy volunteers (19 female and 11 male) with a mean age of 26.6 + 9.0 years
(range 20 to 64 years) were included.

Comparability

Table 2.1 shows the vector mean of corneal astigmatism measurements obtained with
the devices. Significantly lower astigmatism values were measured with the Pentacam
equivalent K, compared to all other devices (p<0.001, repeated-measures ANOVA).
Automated, manual and simulated K values were comparable (p>0.05, repeated-
measures ANOVA).

Table 2.2 shows the mean magnitudes of differences in corneal astigmatism vectors
between devices. Mean difference between the Pentacam equivalent K and other K
values ranged from 0.18 + 0.27 D to 0.29 + 0.31 D in magnitude and were significantly
different from zero (p<0.001, Hotelling Trace MANOVA). In addition, the mean
difference between the SMI Reference Unit and KR-1W (0.11 + 0.19 D) was
significantly different from zero (p=0.030, Hotelling Trace MANOVA). Other mean
differences ranged from 0.00 + 0.23 D (SMI Reference Unit versus Javal) to 0.12 + 0.26
D (SMI Reference Unit versus Pentacam simulated K), and were not significantly
different from zero (p>0.05, Hotelling Trace MANOVA).

Repeatability

Table 2.1 shows the repeatability. A smaller s, indicates a better repeatability. The s,,
of the KR-1W was significantly lower compared to all other devices. The s, ranged
from 0.05 + 0.04 D @ 21 + 12 degrees (KR-1W) to 0.18 + 0.12 D @ 23 + 11 degrees
(Lenstar).

Refractive index

Table 2.3 shows the mean differences between corneal powers calculated with a
refractive index of 1.3320 and 1.3375. For all devices, this mean difference was 0.01 *
0.01 D in magnitude (p<0.005 compared to zero; Hotelling Trace MANOVA).

Interobserver variability of the SMI Reference Unit

The astigmatism vector mean of measurements obtained by experienced and
inexperienced operators was 0.54 £+ 0.58 D @ 90 + 28 degrees and 0.50 £ 0.58 D @ 90
+ 30 degrees, respectively, which was not significantly different (p=0.377, repeated-
measures ANOVA). Mean difference between these measurements was 0.04 + 0.15 D



(p=0.139 compared to zero, Hotelling Trace MANOVA). Finally, the s,, of measurements
obtained by experienced and inexperienced operators was comparable: 0.14 + 0.08 D
versus 0.21 + 0.14 D, respectively (p=0.062, Hotelling Trace MANOVA).

Discussion

The purpose of this study was to compare corneal astigmatism measurements
obtained by automated keratometry, manual keratometry, corneal topography and
Scheimpflug imaging. This comparison was done using a vector analysis which accounts
for both astigmatism magnitude and astigmatism meridian. As described by Holladay

10,11
A vector

et al. and Alpins, astigmatism is a vector with a magnitude and a direction.
analysis is therefore required to compare astigmatism data. We compared devices that
have been reported to be most commonly used in toric IOL power calculations:

13, 14 13, 15

automated keratometry , manual keratometry , corneal topography16 and

Scheimpflug imaging”' 18

Anterior corneal curvature in this study is measured using different techniques and
different measurement zones of the anterior cornea. The SMI Reference Unit uses the
smallest measurement zone (1.9 mm), followed by the IOLMaster and Lenstar (both
2.3 mm), the KR-1W and Pentacam (both 3.0 mm) and finally the Javal (3.4 mm).
Because the normal cornea is aspheric, the central cornea is steeper than the
peripheral cornea. In theory, these different measurement zones may lead to
differences in the measurement of corneal power. In our study, mean differences
between devices that measure the anterior corneal power were relatively small (< 0.12
D in magnitude), and we believe that they are not clinically relevant.

Few studies have used a vector analysis to compare corneal astigmatism
measurements between devices. Santodomingo-Rubido et al. compared mean
differences in corneal curvature measurements between the |IOLMaster, Javal and a
corneal topographer using a spherocylindrical power vector analysis according to
1929 Mean differences between the IOLMaster and Javal (Jo: 0.00
mm and J45: 0.01 mm) were found to be comparable to mean difference between the

Thibos and Horner.

IOLMaster and corneal topographer (J0: 0.01 mm and J45: 0.03 mm).

Read et al. also used power vectors according to Thibos and Horner to analyse corneal
astigmatism measurements obtained with the Pentacam and a corneal topographer.21
Mean differences between both devices were found to be small: -0.04 D for JO and
0.03 D for J45. In addition, Kobashi et al. compared autokeratometry and corneal
topography and found comparable power vectors and a small mean difference of 0.01
D for both JO and J45.% Finally, Shirayama et al. found no significant differences in
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Table 2.3 Mean differences in corneal astigmatism between refractive indices of 1.3320 and
1.3375

Device Method Astigmatism Vector Mean P value *
(D £ SD @ degrees + SD)

|0LMaster Automated K 0.01+0.01 @5+ 26 0.015
Lenstar Automated K 0.01+0.01@3+24 0.004
SMI Reference Unit Automated K 0.01+0.01 @ 180+ 21 0.010
Javal Manual K 0.01+0.01 @ 180+ 20 0.007
KR-1W Simulated K 0.01+0.01 @422 0.014
Pentacam Simulated K 0.01+0.01 @ 6+23 0.008
Pentacam Equivalent K - -

* Hotelling Trace multivariate analysis of variance; P value of the significant difference from zero.

mean corneal astigmatism measured by IOLMaster automated keratometry, manual
keratometry, corneal topography or a dual Scheimpflug system with Placido-disk
imaging; mean differences were below 0.11 D.”

Many studies have compared astigmatism magnitudes (K values) without taking the
astigmatism meridian into account and generally found a good agreement of
measurements obtained by automated keratometry, manual keratometry, corneal

4,7,9, 19, 24-26 .
However, some studies have found

topography and Scheimpflug imaging.
significant differences between devices. Salouti et al. showed that Lenstar automated
keratometry measurements were 0.60 to 0.65 D lower than those determined by
IOLMaster automated keratometry or manual keratometry.5 Significantly lower mean
simulated K values have also been reported for Scheimpflug imaging compared with
corneal topography or automated keratometry.ﬁ’ ” Elbaz et al. found a mean
difference of 0.47 D between Scheimpflug imaging and IOLMaster automated
keratometry.3 A recent study by Mddis et al. reports mean differences of 0.30 D (flat
meridian)/ 0.50 D (steep meridian) between Scheimpflug imaging and corneal
topography and of 0.60 D (flat meridian)/ 0.60 D (steep meridian) between
Scheimpflug imaging and automated keratometry.8

Corneal power can also be determined based on both the anterior and posterior
corneal surface. The Pentacam equivalent K is a parameter which is based on both the
anterior and posterior corneal curvature. In our study, this parameter was found to be
significantly different from all automated, manual and simulated K values. In addition,
mean differences were large (0.18 to 0.29 D in magnitude) and clinically relevant. Ho
et al. used a vector analysis and found that incorporating the posterior corneal
curvature into corneal power calculations resulted in a significantly different value
compared to simulated keratometry.28 Several other studies have compared
equivalent K values to simulated or automated K values, but did not use a vector
analysis.g’ 2231 Two of these studies indicated that the magnitude of the equivalent K



30,31
value was comparable to automated keratometry.

However, Symes et al. showed a
significant difference of 0.53 D (p<0.001) in astigmatism measurement between
equivalent and automated K values. We believe that even though equivalent K values
represent a more exact description of the true corneal shape, this parameter should
not be used in the calculation of toric IOL cylinder power. A recent study by Goggin et
al. showed that the manufacturer’s toric IOL calculation results in a magnitude of error
of +0.21 + 0.70 D (Alpins analysis), indicative for an overcorrection of astigmatism.32
Using equivalent K values in toric IOL calculation would result in the calculation of toric
I0Ls with a lower cylinder power. More research is needed to determine whether this
may decrease the overcorrection of astigmatism.

The devices in this study determine corneal astigmatism based on either 6, 12 or 32
light spots (IOLMaster, SMI Reference Unit and Lenstar, respectively), two illuminated
mires (Javal), 19 illuminated rings (KR-1W) or a rotating Scheimpflug camera
(Pentacam). Since the KR-1W and Pentacam gather more data points, we expected
that the repeatability of these devices would be superior to the others. We assessed
the repeatability using the (vector) s,, which is an estimation of the size of the
measurement error.'> With all devices, the s,, was below 0.20 D with a mean meridian
of approximately 20 degrees. The KR-1W had a significantly better repeatability
compared to the other devices. However, in our opinion, a maximum repeatability of
0.20 D in measuring corneal astigmatism magnitude is acceptable and of little clinical
relevance. However, with all devices, the repeatability of the astigmatism meridian
was approximately 20 degrees, which may be clinically relevant when calculating toric
IOL power and implantation axis. Read et al. determined the repeatability of the
Pentacam and a corneal topographer using power vectors.” The repeatability
coefficients of the individual power vectors JO and J45 were 0.15 D and 0.14 D,
respectively, for the Pentacam and 0.12 D and 0.12 D, respectively, for the corneal
topographer, indicating a good repeatability. Other studies have measured the s,, of K
values, without regarding the astigmatism meridian. The s, has been reported to be
0.04 D (3 repeated measurements) for the IOLMaster and 0.02 D (3 repeated

4, 23, 24
For

measurements) to 0.14 D (5 repeated measurements) for the Lenstar.
manual keratometry, reported s, range from 0.08 D (3 repeated measurements) to
0.10 D (10 repeated measurements).23’ ** The s, of the Pentacam in measuring the
anterior corneal radius has been reported to be 0.02 mm (3 repeated measurements),
which corresponds to a s, of 0.8 D.** To our knowledge, no previous studies have
examined the repeatability of measurements obtained with the SMI Reference Unit or
KR-1W corneal topographer. Ideally, before calculating the toric IOL cylinder power in

each patient, a series of repeated measurements should be obtained to ensure that



the repeatability of both the astigmatism magnitude and meridian is acceptable. In our
opinion, the repeatability of the magnitude should be below 0.25 D and for the
meridian below 5 degrees.

The devices tested in this study use different indices of refraction to calculate the
corneal power: 1.3375 (IOLMaster, Lenstar, KR-1W, Pentacam) and 1.3320 (Lenstar,
SMI Reference Unit). Traditionally, a refractive index of 1.3375 is used. However, Olsen
recommends using a refractive index of the cornea of 1.3315, based on the schematic
eye model of Gullstrand.®®> One should realize which index of refraction is used, since
this may result in different corneal powers. For example, using refractive indices of
1.3375 and 1.3320, an anterior radius of curvature of 7.50 mm is converted into
corneal powers of 45.0 D and 44.3 D, respectively. However, in our study, refractive
indices of 1.3375 and 1.3320 resulted in small differences in the overall astigmatism
magnitude (mean 0.01 + 0.01 D). Even though this value was statistically significant, we
do not believe it is clinically relevant. We also performed all analyses with the true
refractive indices and found comparable astigmatism measurements for all devices,
except the Pentacam equivalent K (results not shown).

An additional purpose of this study was to evaluate the keratometry measurements
obtained with the SMI Reference Unit. This unit is part of a new Surgery Guidance
system that can be used during surgery to align toric IOLs without the use of ink-
markings.2 In the current study, we found that corneal astigmatism measurements
obtained with the SMI Reference Unit are comparable to other commonly used
automated or manual keratometers, corneal topographers and Scheimpflug imaging.
Finally, operator experience did not influence measurements obtained with the SMI
Reference Unit.

In conclusion, using an astigmatism vector analysis we showed that corneal
astigmatism measurements obtained by automated, manual, and simulated
keratometry were comparable. However, equivalent K values obtained with the
Pentacam were not comparable to those obtained by automated, manual and
simulated keratometry. The repeatability of astigmatism magnitudes was acceptable
for all devices; however the repeatability of astigmatism meridians was moderate. This
may be clinically relevant when calculating toric IOL power and implantation axis.
Finally, the SMI Reference Unit was found to have a good interobserver variability.
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Abstract

PURPOSE: To compare total ocular aberrations and corneal aberrations measured with
four different aberrometers; and to determine the repeatability and interobserver
variability.

SETTING: University Eye Clinic, Maastricht University Medical Centre, the Netherlands.
METHODS: In this prospective comparative study, 23 healthy subjects underwent
bilateral examination with four aberrometers: the Irx3 (Imagine eyes; Hartmann-
Shack), Keratron (Optikon; Hartmann-Shack), iTrace (Tracey technologies; Ray-tracing)
and OPD-Scan (Nidek; Automated retinoscopy). Six images per eye were obtained.
Second-order, third-order and fourth-order spherical aberration were exported for 5.0
mm pupils.

ResuLTs: Significant differences in measurements were found for several total ocular
aberrations (defocus (2,0), astigmatism (2,2), trefoil (3,-3), trefoil (3,3) and spherical
aberration (4,0)) and corneal aberrations (defocus (2,0) and astigmatism (2,2)). The
Irx3 showed the highest repeatability in measuring total ocular aberrations, followed
by the Keratron, OPD-Scan and iTrace. The repeatability of corneal aberration
measurements was highest for the iTrace, followed by the Keratron and OPD-Scan. The
OPD-Scan showed a lower interobserver variability, compared with the Irx3, Keratron
and iTrace.

CONCLUSION: Total ocular and corneal aberrations are not comparable when measured
with different aberrometers. Hartmann-Shack aberrometers showed the best
repeatability for total ocular aberrations and iTrace for corneal aberrations. It would
be worthwhile in the future to evaluate aberrometers in patients with more aberrant
eyes.



Introduction

Wavefront analysis allows for a detailed evaluation of imperfections in the optical
system of the eye, caused by the refractive surfaces of the anterior and posterior
cornea and the lens. It provides an estimation of the optical quality of the eye that
extends beyond the description of spherical and cylindrical refractive errors.
Measurement of higher-order aberrations has changed from a laboratory or research
application to a clinical application and may be used for example in wavefront-guided
excimer laser surgery, lens implantation surgery and contact lens ﬁtting.l'4 Wavefront
analysis may be performed to design an ideal refractive correction, which corrects not
only lower-order aberrations (sphere and cylinder), but also higher-order aberrations.
In addition, it may be used to evaluate eyes with abnormal optics due to ageing or
corneal disorders such as keratoconus and pellucid marginal degeneration.5 However,
the success of clinical applications of wavefront analysis depends on the accuracy and
reliability of the aberrometers.

Three different wavefront measuring principles are available to measure aberrations:
(1) Hartmann-Shack, (2) Tscherning or ray-tracing, and (3) automated retinoscopy. A
Hartmann-Shack aberrometer is an outgoing wavefront aberrometer. It measures the
shape of the wavefront that is reflected out of the eye from a point source on the
fovea. An array of microlenslets is used to subdivide the outgoing wavefront into
multiple beams which produce spot images on a video sensor. The displacement of
each spot from the corresponding nonaberrated reference position is used to
determine the shape of the wavefront.” ® A Tscherning, or ray-tracing, aberrometer is
an ingoing instrument. It projects a thin laser beam into the eye, parallel to the visual
axis and determines the location of the beam on the retina by using a photodetector.
Once the position of the first light spot on the retina is determined, the laser beam is
moved to a new position and the location of the second light spot on the retina is
determined. Aberrations in the optical system cause a shift in the location of the light
spot on the retina.” ’ The third type, automated retinoscopy, is based on dynamic
skiascopy. The retina is scanned with a slit-shaped light beam and the reflected light is
captured by an array of rotating photodetectors over a 360 degree area. The time
difference of the reflected light is used to determine the aberrations.®

Total ocular aberrations are the result of corneal and internal ocular aberrations.
Combined wavefront aberrometry and corneal topography can differentiate between
aberrations caused by the anterior cornea or by the internal ocular system. In this
study, we compare 4 different wavefront aberrometers, out of which 3 are combined
with a corneal topographer. The purpose of this study is to compare measurements



obtained with 4 different wavefront aberrometers and to determine the repeatability
and interobserver variability.

Methods

In this prospective comparative study, 23 healthy volunteers were recruited from the
Department of Ophthalmology, University Hospital Maastricht. Informed consent was
obtained from all subjects after the nature of the experiment had been explained. The
study adhered to the tenets of the Declaration of Helsinki.

None of the subjects had a history of ocular surgery or ocular disease. All subjects were
measured bilaterally with 4 different aberrometers. Per eye, 6 consecutive good
quality images were obtained: 3 by an expert and 3 by a nonexpert. An expert was
defined as a person who had performed a minimum of 25 measurements with each
aberrometer. Nonexperts were medical students with basic knowledge of
ophthalmology and no previous experience with any of the aberrometers. They
received an oral instruction and demonstration of the aberrometers. To ensure good-
quality images, every nonexpert was supervised while performing the examinations.
Natural pupil dilation was obtained in all subjects under mesopic light condition (<1
lux). No extrapolation was used and subjects were excluded if the natural pupil
diameter was less than 5 mm (measured with all aberrometers). Head positioning and
eye alignment were carefully checked before every measurement. Immediately before
each measurement, subjects were instructed to blink and then hold their eyes wide
open.

Devices

The Irx3 (Imagine eyes) aberrometer (no corneal topography features) uses the
Hartmann-Shack principle to measure aberrations of the whole eye. A light source with
a wavelength of 780 nm is used. Accommodation is inhibited by automatically adding a
fogging of +0.5 diopters (D) to the measured sphere power. The Irx3 has been
described in more detail previously.’

The Keratron Onda (Optikon) is a combined Hartmann-Shack aberrometer and Placido
disc videokeratoscope. For the wavefront analysis, an infrared light beam of 840 nm is
used. Before aberrometry was performed, the defocus equivalent of the eye was
determined, using the autorefraction function of this device, and subsequently +1.0 D
of fogging was applied to inhibit accommodation. The Keratron Onda became
commercially available in spring 2010 and has not been studied previously. However,



the corneal topographer, which is incorporated in the Keratron Onda is described
elsewhere.”

The iTrace (Tracey technologies) is a combined ray-tracing aberrometer and Placido
disc videokeratoscope. It has a laser with a wavelength of 632 nm. Accommodation is
inhibited by allowing the patient to view through the device at a target image at
optical infinity. It is described in more detail elsewhere."

The OPD-Scan (Nidek) aberrometer is a combined automated retinoscope and Placido
disc videokeratoscope. It has an infrared light beam with a 808 nm wavelength.
Fogging of +1.6 D is used to inhibit accommodation. Details are available elsewhere.”™

Data Analysis

Aberrations were exported for a 5.0 mm pupil in the form of Zernike coefficients
(Z(x,x)), according to the standards of the Optical Society of America and the American
National Standards Institute."® The following total ocular and corneal aberrations were
exported: oblique astigmatism Z(2,-2), defocus Z(2,0), main axis astigmatism Z(2,2),
vertical trefoil Z(3,-3), vertical coma Z(3,-1), horizontal coma Z(3,1), horizontal trefoil
Z(3,3), and spherical aberration Z(4,0).

All data were collected in an Excel database (Microsoft Office 2003, Microsoft Inc.) and
transferred to SPSS (SPSS for Windows, version 16.0, SPSS Inc.) for data analysis. Data
were normally distributed and allowed us to use parametric tests. To determine a
relationship between measurements of 2 devices, we performed bivariate correlations
to determine the Pearson’s correlation coefficient. The agreement between two
devices was studied by using the method described by Bland and Altman.* This
method computes 95% limits of agreement (LoA), defined as the mean difference +
1.96*SD. A repeated-measures analysis of variance (ANOVA) with Bonferroni
correction was used to compare total ocular aberrations and corneal aberrations
between devices and to determine whether these are significantly different. The
repeatability of devices was determined by calculating the standard deviation within
each series of 6 repeated measurements per eye (s,). The interobserver variability of
each device was determined by comparing the correlations (Pearson’s correlation
coefficient), measurements (paired t-test) and repeatability (s,) of measurements
obtained by experts and nonexperts. A p-value less than 0.05 was considered to be
statistically significant.



Results

Twenty-three subjects (12 male and 11 female) underwent bilateral examinations with
the Irx3, Keratron, iTrace, and OPD-Scan. The mean age was 25.1 + 6.0 years (range
21.8 to 48.9 years). The total ocular aberrations could not be measured in 4 (9%) eyes
with the Irx3, 2 (4%) eyes with the Keratron, and 5 (11%) eyes with the OPD-Scan, due
to a minor nystagmus in 1 eye and continuous measurements of smaller pupil size than
5 mm in remaining eyes. All eyes could be measured with the iTrace.

Correlation of measurements

Table 3.1 shows the pair-wise correlations between measurements obtained with
different aberrometers. All four aberrometers showed significant correlations for all
total ocular aberrations, with Pearson’s correlation coefficients (r) ranging from 0.574
to 0.975. Measurements of corneal aberrations obtained with the Keratron and iTrace
correlated significantly with Pearson’s correlation coefficients ranging from 0.592 to
0.961. Measurements between the Keratron and OPD-Scan did not correlate for
defocus, trefoil Z(3,-3), trefoil Z(3,3), and spherical aberration. Pearson’s correlation
coefficients of the significant correlations ranged from 0.361 to 0.729. Corneal
aberrations obtained with the iTrace and OPD-Scan did not correlate for trefoil Z(3,3).
Other aberrations showed correlations with Pearson’s correlation coefficients ranging
from 0.309 to 0.776.

Agreement of measurements

The 95% LoA and the span of the 95% LoA of the pair-wise comparisons are shown in
Table 3.2. Most pair-wise comparisons of total ocular aberrations had 95% LoA with a
span of less than 1.0 um. All pair-wise comparisons, except the comparison of Irx3
versus iTrace, showed a span of more than 1.0 um when measuring defocus. Regarding
corneal aberrations, the 95% LoA were wider than 1.0 um for multiple aberrations in
the comparison of Keratron versus OPD-Scan, and in the comparison of iTrace versus
OPD-Scan.

Comparison of measurements

The results of the comparison of the four aberrometers are shown in Table 3.3. Total
ocular aberrations were significantly different for defocus Z(2,0), astigmatism Z(2,2),
trefoil Z(3,-3), trefoil Z(3,3), and spherical aberration Z(4,0). No significant differences
were found for astigmatism Z(2,-2), coma Z(3,-1) and coma Z(3,1). When we use the
different defocus Z(2,0) measurements to calculate the corresponding spherical error,



this corresponds to a spherical error of -0.89 D, -1.91 D, -1.29 D and -1.02 D for the
Irx3, Keratron, iTrace and OPD-Scan, respectively.

Most corneal aberrations measured with the iTrace, Keratron and OPD-Scan were not
significantly different, except for defocus Z(2,0) and astigmatism Z(2,2). When we use
the different defocus Z(2,0) measurements to calculate the corresponding spherical
error, this corresponds to a spherical error of -0.23 D, -0.66 D and -0.49 D for the
Keratron, iTrace and OPD-Scan, respectively.

Repeatability of devices

Figure 3.1 shows the repeatability results. A smaller s,, indicates a better repeatability.
The Irx3 showed the highest repeatability for all total ocular aberrations (Figure 3.1A).
The Keratron showed a significantly lower repeatability, compared to the Irx3, for
defocus Z(2,0) (p <0.001). The iTrace showed a significantly lower repeatability,
compared to the Irx3, for the following Zernikes: astigmatism Z(2,-2) (p=0.003),
defocus Z(2,0) (p=0.009), coma Z(3,-1) (p=0.002), coma Z(3,1) (p<0.001), trefoil Z(3,3)
(p=0.003), and spherical aberration Z(4,0) (p=0.015). The OPD-Scan had a significantly
lower repeatability, compared to the Irx3, for trefoil Z(3,-3) (p=0.012), coma Z(3,-1)
(p<0.001), and trefoil Z(3,3) (p<0.001).

The repeatability of corneal aberrations is shown in Figure 3.1B The iTrace showed the
highest repeatability for all Zernike coefficients. The Keratron had a significantly lower
repeatability, compared to the iTrace, for astigmatism Z(2,-2) (p=0.001), astigmatism
Z(2,2) (p=0.004), coma Z(3,-1) (p<0.001), coma Z(3,1) (p=0.011), and spherical
aberration Z(4,0) (p<0.001). As indicated in Figure 3.1B, the s,, of all corneal aberration
measurements obtained with the OPD-Scan was much higher than with the iTrace and
Keratron, indicating a lower repeatability. However, due to the large variability in
measurements obtained with the OPD-Scan, this difference did not reach statistical
significance.

Interobserver variability

To determine whether operating experience influenced measurements, we compared
the differences in measurements and the s, of measurement obtained by experts and
nonexperts. The results are shown in Table 3.4. With the Irx3, Keratron and iTrace, we
found high correlations, no significant differences and a high repeatability of
measurements obtained by experts and nonexperts. However, with the OPD-Scan we
found a significantly lower repeatability in measuring total ocular aberration, if
measurements were obtained by a nonexpert, compared to an expert. No differences
in interobserver variability were found when measuring corneal aberrations.
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Table 3.4 Interobserver variability: differences in measurements obtained by experts and non-
experts (pupil size 5 mm) (Continued on next page)

Zernike coefficients

Astigmatism Defocus Astigmatism Trefoil
7(2,-2) Z(2,0) 7(2,2) Z(3,-3)

Irx3

TOA Correlation (PCC; P) 0.968 (p<0.001) 0.994 (p<0.001) 0.998 (p<0.001) 0.962 (p<0.001)
Mean difference (um) 0.008 + 0.052 -0.025 +0.194 0.014 + 0.045 0.001 +0.022
Expert Sy, (um) 0.033 £ 0.020 0.126 +0.141 0.050 + 0.020 0.023 £ 0.015
Non-expert S, (Lm) 0.036 + 0.020 0.097 £ 0.079 0.047 £ 0.025 0.023 £0.012

Keratron

TOA Correlation (PCC; P) 0.985; p<0.001 0.981; p<0.001 0.940; p<0.001 0.752; p<0.001
Mean difference (um) 0.013 £ 0.059 0.058 + 0.362 0.028 +0.136 0.005 + 0.075
Expert Sy, (um) 0.030 £ 0.019 0.187 £ 0.196 0.040 + 0.023 0.021 £ 0.022
Non-expert S,, (Lm) 0.039 £ 0.041 0.211 +0.204 0.047 £ 0.041 0.023 £ 0.023

CA Correlation (PCC; P) 0.880; p<0.001 0.473; p<0.001 0.930; p<0.001 0.630; p<0.001
Mean difference (um) 0.031 £0.153 0.011 + 0.095 0.048 +0.195 -0.005 + 0.107
Expert Sy, (um) 0.073 £ 0.097 0.039 £ 0.053 0.088 +0.138 0.043 £ 0.065
Non-expert S,, (Lm) 0.116 + 0.180 0.059 + 0.076 0.126 £+ 0.214 0.059 +0.158

iTrace

TOA Correlation (PCC; P) 0.834; p<0.001 0.989; p<0.001 0.881; p<0.001 0.910; p<0.001
Mean difference (um) 0.033+0.102 0.042 +0.270 0.025+0.125 -0.011 £ 0.036
Expert Sy, (um) 0.064 + 0.064 0.164 +0.232 0.074 £ 0.044 0.035 +0.024
Non-expert S,, (Lm) 0.057 £ 0.040 0.131+0.119 0.067 £ 0.043 0.036 +0.027

CA Correlation (PCC; P) 0.828; p<0.001 0.688; p<0.001 0.946; p<0.001 0.765; p<0.001
Mean difference (um) 0.014 £ 0.090 -0.023 £ 0.086 -0.001 £ 0.077 -0.003 + 0.039
Expert Sy, (um) 0.090 + 0.064 0.059 + 0.038 0.184 + 0.096 0.046 + 0.031
Non-expert S,, (Lm) 0.073 £ 0.055 0.073 £+0.131 0.200 + 0.093 0.040 + 0.033

OPD-Scan

TOA Correlation (PCC; P) 0.890; p<0.001 0.958; p<0.001 0.965; p<0.001 0.934; p<0.001
Mean difference (um) -0.024 £ 0.146 0.165 + 0.484 -0.025 + 0.089 -0.013 + 0.050
Expert Sy, (um) 0.078 £0.271 0.097 £ 0.191 0.061 + 0.156 0.031 £ 0.023
Non-expert S, (Lm) 0.075 £ 0.185 0.164 +0.278 0.061 + 0.104 0.040 + 0.020*

CA Correlation (PCC; P) 0.501; p=0.001 0.415; p=0.005 0.481; p=0.001 0.182; p=0.236
Mean difference (um) 0.086 + 0.440 0.046 +0.728 -0.149 £+ 0.776 -0.049 + 0.538
Expert Sy, (um) 0.036 + 0.024 0.122 +0.110 0.048 + 0.058 0.023 £ 0.032
Non-expert S,, (Lm) 0.186 + 0.640 0.331 £ 0.983 0.299 +1.233 0.205 + 0.894

TOA = total ocular aberrations; CA = corneal aberrations; PCC = Pearson’s correlation coefficient.

Data is shown as mean % SD. S,, = within-subject SD of 3 repeated measurements per eye;
* = a significant difference between experts and non-experts (p<0.05)



Table 3.4 (continued)

Zernike coefficients

Coma Coma Trefoil Spherical
Z(3,-1) Z(3,1) Z(3,3) 7(4,0)

Irx3

TOA Correlation (PCC; P) 0.962 (p<0.001) 0.963 (p<0.001) 0.927 (p<0.001) 0.960 (p<0.001)
Mean difference (um) -0.004 £ 0.030 0.001 + 0.024 -0.002 £ 0.027 0.002 + 0.016
Expert Sy, (um) 0.022 £ 0.013 0.018 +0.011 0.020 £ 0.013 0.013 £ 0.008
Non-expert S, (Lm) 0.020 £ 0.010 0.021 £0.013 0.025 + 0.015 0.014 + 0.009

Keratron

TOA Correlation (PCC; P) 0.650; p<0.001 0.958; p<0.001 0.818; p<0.001 0.833; p<0.001
Mean difference (um) -0.011 + 0.097 0.006 + 0.026 -0.001 +0.038 -0.002 + 0.039
Expert Sy, (um) 0.027 £ 0.022 0.021 + 0.033 0.021 +0.021 0.021 + 0.045
Non-expert S,, (Lm) 0.025 +0.027 0.019 + 0.016 0.020 + 0.028 0.017 £ 0.021

CA Correlation (PCC; P) 0.804; p<0.001 0.744; p<0.001 0.494; p<0.001 0.505; p<0.001
Mean difference (um) 0.002 £ 0.075 -0.024 £ 0.165 0.015 + 0.084 0.009 + 0.069
Expert Sy, (um) 0.073 £0.104 0.050 + 0.078 0.034 + 0.050 0.030 £ 0.042
Non-expert S,, (Lm) 0.064 + 0.072 0.077 £0.132 0.041 +0.108 0.043 £ 0.055

iTrace

TOA Correlation (PCC; P) 0.921; p<0.001 0.813; p<0.001 0.856; p<0.001 0.843; p<0.001
Mean difference (um) 0.004 + 0.045 -0.012 £ 0.049 0.014 + 0.040 0.006 + 0.042
Expert Sy, (um) 0.038 £ 0.024 0.037 £ 0.026 0.032 +0.016 0.023 £0.018
Non-expert S,, (Lm) 0.037 £ 0.025 0.042 +0.038 0.027 £ 0.019 0.026 +0.20

CA Correlation (PCC; P) 0.878; p<0.001 0.694; p<0.001 0.872; p<0.001 0.738; p<0.001
Mean difference (um) 0.006 + 0.052 -0.009 + 0.045 0.006 + 0.027 0.001 £ 0.025
Expert Sy, (um) 0.042 £ 0.026 0.049 +0.039 0.038 +0.029 0.054 £ 0.026
Non-expert S,, (Lm) 0.045 +0.039 0.038 + 0.028 0.037 £ 0.027 0.059 + 0.037

OPD-Scan

TOA Correlation (PCC; P) 0.928; p<0.001 0.958; p<0.001 0.762; p<0.001 0.961; p<0.001
Mean difference (um) -0.007 £ 0.034 -0.008 + 0.022 -0.013 £ 0.062 -0.002 £ 0.018
Expert Sy, (um) 0.018 £ 0.014 0.013 £ 0.010 0.028 + 0.021 0.012 £ 0.010
Non-expert S, (Lm) 0.039 + 0.020* 0.018 £ 0.010* 0.041 £ 0.022* 0.014 + 0.007

CA Correlation (PCC; P) 0.228; p=0.137 0.626; p<0.001 -0.079; p=0.610 0.220; p=0.152
Mean difference (um) 0.061 +0.614 0.011 £ 0.146 0.029 + 0.458 0.024 +0.292
Expert Sy, (um) 0.031 £ 0.049 0.023 £ 0.023 0.027 £ 0.026 0.019 £ 0.028
Non-expert S,, (Lm) 0.208 + 0.949 0.054 +0.184 0.180 + 0.685 0.110 + 0.463

TOA = total ocular aberrations; CA = corneal aberrations; PCC = Pearson’s correlation coefficient.

Data is shown as mean % SD. S,, = within-subject SD of 3 repeated measurements per eye;
* = a significant difference between experts and non-experts (p<0.05)
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Figure 3.1 Repeatability of the Irx3, Keratron, iTrace and OPD-Scan for total ocular aberrations
(A) and corneal aberrations (B). Results are shown for 5 mm pupils.

Error bars indicate the % SD; Significant differences between devices are indicated by red
brackets (p<0.05).

Discussion

Effective correction of higher-order aberrations is only possible if high levels of
measurement accuracy are achieved. In this study we examined the correlations,
agreement, and comparison of measurements obtained with the Irx3 and Keratron
(both Hartmann-Shack aberrometers), the iTrace (a ray-tracing aberrometer) and the
OPD-Scan (automated retinoscopy). In addition, we determined the repeatability and
interobserver variability of these aberrometers. To perform an effective correction of
higher-order aberrations, it is also necessary to discriminate between aberrations
caused by the anterior cornea or the internal ocular system, such as the lens. The
Keratron, iTrace, and OPD-Scan are combined wavefront aberrometers and corneal
topographers and can therefore make this discrimination. If wavefront aberrometry
and corneal topography are performed separately using different devices, identical
head positioning and realignment of the eye may be difficult. By combining these



measurements into one device and performing measurements within a short time,
potential errors are minimized. However, the Keratron, iTrace and OPD-Scan still
require some form of realignment when switching from the aberrometry to the
topography mode. This will not be necessary in the Keratron version available since
April 2010, but was not available at the time of this study.

In this study, we compared the correlations and agreement of total ocular and corneal
aberrations measured with the Irx3, Keratron, iTrace and OPD-Scan. Even though total
ocular aberrations showed a good correlation, the agreement for measuring defocus
was low. In addition, significant differences between aberrometers were found.
Defocus, trefoil and spherical aberration values were significantly different between
most aberrometers. If we use the defocus measurements of the total ocular
aberrations to calculate the corresponding spherical error, the spherical errors range
from -0.89 D (Irx3) to -1.91 D (Keratron). In our opinion, this is a clinically relevant
difference. Corneal aberrations obtained with the OPD-Scan correlated less well with
the iTrace and Keratron and the agreement with these aberrometers was relatively
low. In addition, significant differences were found in defocus measurements. If we
use these defocus measurements of the corneal aberrations to calculate the
corresponding sphere, the sphere ranges from -0.23 D (Keratron) to -0.66 D (iTrace).
This difference is not clinically relevant in our opinion. The comparability of higher
order corneal aberration was good. Since no golden standard is available to measure
wavefront aberrations, it is unclear which device better reflects the patients’ ocular
aberrations. As far as we are aware of, only one previous study compared the same
aberrometers that we have used in this study. Won et al. compared the iTrace and
OPD-Scan and also found significant differences in total ocular spherical aberrations.*
In addition, internal aberrations (total ocular minus corneal aberrations) were
significantly different for coma and trefoil Zernike terms. Several other studies
compared other aberrometers, which were mostly not combined with a corneal
topographer. All studies show slight differences in aberrometry measurements
between devices."*™ For example, Rozema et al. 18 compared measurements obtained
by the OPD-Scan to 5 other (Hartmann-Shack, ray-tracing or automated retinoscopy)
aberrometers and found significant differences between devices when measuring
astigmatism, defocus, and coma.

The monochromatic wavelengths used by the different devices in our study varied
from red to infrared (iTrace = 650 nm, Irx3 = 780 nm, OPD-Scan = 808 nm and Keratron
= 840 nm). A previous study indicated that this might cause differences in
measurements.”’ However, since our data did not show a clear trend between the



lowest and highest wavelength aberrometers, we do not believe this difference in
wavelength causes differences in measurements.

Differences in measurements could be explained by errors in converting
measurements to smaller pupil sizes. Dai and Schwiegerling have both published
algorithms for converting Zernike expansion coefficients from one pupil size to
another.”” *! For all devices, we calculated the aberrations for a 4 mm pupil from the
aberrations of a 5 mm pupil using these algorithms. The values were than compared to
the values provided by the aberrometers for a 4 mm pupil. The two approaches
yielded the same results for the Irx3, Keratron and iTrace, as expected. However, for
the OPD-Scan the results differed significantly (data not shown). We do not have an
explanation for this disparity. We could also not get feedback on this issue from Nidek.
This issue has been discussed by Rozema et al."”> The table in the paper by
Schwiegerling has an error in the formula for calculating the first-order Zernike
coefficients.”” We therefore added Table 3.5 to this article, showing the correct
conversions up to order eight.

To study the repeatability of aberrometers, we determined the s, of 6 repeated
measurements per eye. The repeatability of aberrometers may be influenced by
microfluctuations in accommodation, instability of the tear film, and small eye
movements.”> To minimize variations in measurement conditions we took repeated
measurements in a short period, and instructed subjects to blink immediately before
each measurement. In our study, the repeatability varied considerably between
different devices. We found that the Irx3 had the highest repeatability in measuring
total ocular aberrations, followed by the Keratron, OPD-Scan and finally the iTrace. In
measuring corneal aberrations, the iTrace was found to have the highest repeatability
and the OPD-Scan the lowest. The high repeatability of the Irx3 in measuring total
ocular aberrations is in accordance with a previous study.9 Studies using other
Hartmann-Shack aberrometers generally show a high repeatability with some

16, 23, 24
No

previous study has evaluated the Keratron aberrometer. Repeated measurements

variations in aberration measurements higher than the fourth-order.

obtained with the iTrace in this study showed substantial variation in total ocular
aberrations, but an excellent repeatability of corneal aberrations. Win-Hall and Glasser
determined the repeatability of the iTrace for total ocular aberrations and found only
minor changes during repeatability testing.11 However, their study focused only on
refraction measurements and not on higher-order aberration measurements. In our
study, the repeatability of the OPD-Scan in measuring total ocular aberrations was
comparable to other aberrometers, but the repeatability in measuring corneal



aberrations was low. Previous studies have found moderate to good results for the
OPD-Scan when measuring both total ocular and corneal aberrations.'” >

We determined the interobserver variability by comparing measurements obtained by
experts and nonexperts. We found a good interobserver variability for total ocular and
corneal aberration measurements obtained with the Irx3, Keratron, and iTrace.
However, the interobserver variability for the OPD-Scan was not satisfactory, since
significant differences in repeatability were found when measuring total ocular
aberrations. We believe this may have been caused by technical properties of the OPD-
Scan, since it was generally easy for nonexperts to perform measurements, but
difficult to evaluate if the quality of measurements was satisfactory.

The iTrace was able to measure total ocular aberrations in all eyes in our study,
whereas the OPD-Scan, Irx3, and Keratron could not measure 11%, 9% and 4% of eyes,
respectively. This was mainly because of a measured pupil size of less than 5 mm.
However, one eye with a minor nystagmus could only be measured with the iTrace and
not with the Irx3, Keratron and OPD-Scan. The Hartmann-shack method uses a lenslet
array to sample a large number of points across the pupil. However, Hartmann-shack
aberrometry has been shown to be more difficult in highly aberrant eyes due to the
crossover of spots from a lenslet to a neighbouring lenslet with increasing
aberrations.™® The ray-tracing method uses sequential measurements and may
therefore be more suitable to measure highly aberrant eyes. One study showed 14% of
normal eyes and 50% of post-laser in situ keratomileusis eyes could not be measured
with the Hartmann-Shack aberrometer, whereas the ray-tracing device was able to
measure all eyes.16 Therefore, a limitation of the present study is that only young,
healthy subjects were examined. Our study population consisted of subjects with a
mean age of 25.1 + 6 years, ranging from 21.8 to 48.9 years old. In addition, only
healthy eyes with no ocular disease or previous ocular surgery were included. It would
be worthwhile to compare different wavefront aberrometers in, for example, post-
refractive surgery patients, patients with intraocular lenses, and patients with corneal
disorders such as keratoconus.

Wavefront aberrations are pupil-size dependent and generally increase with increasing
pupil diameter. Older aberrometer types generally used visible light to measure
aberrations and required pupil dilation to avoid reflex pupil constriction. However, all
aberrometers tested in this study use light wavelengths in the infrared spectrum and
do not require pupil dilation. In addition, the application of mydriatic agents may cause
differences in wavefront analysis.27’ 28 Apart from pupil size, the location of the pupil
center is also an important factor in wavefront analysis, because it may serve as a
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landmark for surgical correction of wavefront aberrations. Pharmacologic pupil dilation
may erroneously induce a shift in the location of the pupil center, whereas natural
pupil dilation resulted in minor changes in the location of the pupil center.”” We
therefore performed the wavefront analysis with natural pupil dilation in mesopic light
conditions.

Wavefront aberrations change considerably with accommodation due to the shape
changes of the crystalline lens. Aside from changes in lower-order aberrations with
accommodation, most change in higher-order aberrations is noticeable in the spherical
320t s

therefore necessary to eliminate accommodation during measurements. Eliminating

. . . . 3
aberration, which decreases and may even become negative in young adults.

accommodation by using cycloplegic agents is not preferable, because this has been
shown to significantly alter wavefront aberrations.”” *® The aberrometers tested in our
study use different methods to prevent accommodation. The Irx3, Keratron and OPD-
Scan use a fogging method that places the target out of focus, so that accommodation
will not help one to attain a sharp image. The iTrace allows the patient to view through
the device at a target image at optical infinity. In our study, we found significant
differences between the devices in spherical aberration, the indicator of
accommodation. Spherical aberration measurements obtained with the Keratron and
OPD-Scan were significantly lower than those obtained with the Irx3 and iTrace.
Hence, it is unclear whether the fogging method (Irx3, Keratron and OPD-Scan) or the
method used by the iTrace is most effective in inhibiting accommodation. Even though
pharmacologic agents alter wavefront aberrations and should preferably not be used
in the clinic, an option in future studies comparing different aberrometers is to
eliminate accommodation with cycloplegic agents. This approach would eliminate the
influence of the different methods on the inhibition of accommodation and would
allow for a more reliable comparison, without the possible influence of
accommodation on measurements.

In summary, combined wavefront aberrometry and corneal topography allows
discrimination between aberrations caused by the anterior cornea or by the internal
ocular system. We found significant differences in total ocular and corneal aberration
measurements obtained with the Irx3, Keratron, iTrace, and OPD-Scan in measuring
eyes of healthy volunteers. Hartmann-Shack aberrometers showed the best
repeatability for total ocular aberrations and the iTrace for corneal aberrations. It
would be worthwhile in the future to perform a similar evaluation of aberrometers in
more aberrant eyes.
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Abstract

PURPOSE: To determine the accuracy of a commonly used 3-step procedure for toric
pseudophakic and phakic intraocular lens (IOL) alignment.

SETTING: University Eye Clinic, Maastricht University Medical Centre, the Netherlands.
METHODS: In this analysis of toric IOL implantation, 6 preoperative images per eye and
the surgery video were obtained using a digital imaging system. All 3 steps for toric IOL
implantation were analyzed: reference axis marking, alignment axis marking and IOL
alignment. In addition, a vector analysis was used to calculate the errors in toric IOL
alignment.

REsULTS: Forty eyes (26 pseudophakic and 14 phakic) were analyzed. The mean errors
in reference axis marking, alignment axis marking and toric I0OL alignment were 2.4 +
0.8 (SD) degrees, 3.3 + 2.0 degrees and 2.6 + 2.6 degrees, respectively. Together, these
3 errors lead to a mean total error in toric IOL alignment of 4.9 + 2.1 degrees.
Subgroup analysis showed no significant difference in mean error between
pseudophakic and phakic toric IOL alignment (p=0.501). Vector analysis showed a
mean angle or error of -2 + 8 degrees (pseudophakic 10Ls) and 6 + 14 degrees (phakic
10Ls).

CoNcLusioN: A commonly used 3-step ink-marker procedure to align toric 10Ls leads to
a mean error in IOL placement of approximately 5 degrees. This error is especially
relevant in cases in which a high cylinder power I0L is implanted. Orienting the toric
IOL with great accuracy is necessary in all patients to achieve the optimum cylinder
correction.



Introduction

Toric pseudophakic intraocular lenses (IOLs) and toric phakic IOLs (plOLs) are
increasingly used in cataract and refractive surgery. They provide the opportunity to
correct preexisting astigmatism, offering patients optimum distance vision without the
use of spectacles or contact lenses. Among the options of regularly used toric
pseudophakic 10Ls are the Acrysof (Alcon Laboratories) the AT Comfort and AT Lisa
multifocal (Carl Zeiss Meditec), and the T-flex and multifocal M-flex T IOLs (Rayner).
The options for toric plOLs include the Artisan and foldable Artiflex (Ophtec) and the
toric Intraocular Collamer Lens (Staar Surgical).

Crucial to the efficacy of all toric 10Ls is the position of the IOL with regard to the
intended alignment axis, since every degree of misalignment leads to residual
astigmatism. Misalignment of the IOL may be caused by two factors: inaccurate
placement of the IOL, and/ or rotation of the IOL. Rotational stability used to be an
issue in toric pseudophakic I0Ls made of silicone.”™ However, most currently used
pseudophakic 10Ls are acrylic and the reported postoperative rotation rate of these
IOLs is less than 1 degree.5 Because of their design and fixation technique, rotation
appears not to be an issue with iris-fixated toric pIOLs.6 This indicates that with both
toric pseudophakic I0Ls and plOLs, accurate placement of the IOL is the most
important factor in avoiding misalignment.

2, 7-11
However,

There are several methods to align the toric IOL at the intended axis.
most methods follow a 3-step procedure. First, the horizontal axis (0-180 degrees) of
the eye is marked preoperatively with the patient sitting upright to correct for
cyclotorsion. This is usually done using a reference marker or a slitlamp with a rotating
slit. Next, intraoperatively, the desired alignment axis for the toric IOL is marked with
an angular graduation instrument. Finally, the toric IOL is implanted and rotated until
the I0OL markings agree with the alignment marks.

The purpose of this study was to determine the accuracy of a commonly used 3-step
ink-marker procedure for toric pseudophakic IOL and plOL alignment using a new
digital imaging system. In addition, vector analysis was performed to provide parallel

mathematic confirmation of the physical accuracy of toric IOL alignment.

Methods

Study Design and Patient Population
In this prospective study, patients underwent cataract extraction with implantation of
a toric pseudophakic 10L (Acrysof toric SN60T3-T9) or a toric plOL (Artisan or Artiflex).



Two experienced surgeons (RN and NB) performed all surgeries, between July 2009
and July 2010. All patients provided informed consent, and the tenets of the
Declaration of Helsinki were followed.

Preoperatively, patients had a complete ophthalmic evaluation including manifest
refraction, slitlamp examination, fundoscopy, applanation tonometry, partial
coherence interferometry (PCl) optical biometry (IOLMaster, Carl Zeiss Meditec),
corneal topography (Atlas, Carl Zeiss Meditec), and manual keratometry (Javal- Schibtz,
Rodenstock). Patients having toric plOL implantation, also underwent noncontact
specular microscopy (Noncon Robo SP-9000, Konan Medical Incorporation) and
anterior segment optical coherence tomography (Visante, Carl Zeiss Meditec). Three
months postoperatively, manifest refraction was performed in all patients.

Inclusion criteria for toric pseudophakic IOL implantation were regular corneal
astigmatism of 1.25 diopters (D) or more and cataract. Exclusion criteria were tear-film
abnormalities, Fuchs endothelial dystrophy (more than 2+ guttae) and extensive visual
loss due to macular disease or glaucoma. Inclusion criteria for toric plOL implantation
were a subjective refractive astigmatism of 1.50 D or more, a stable refractive error
during the previous 2 years and unsatisfactory correction with spectacles or contact
lenses. Exclusion criteria were an anterior chamber depth (ACD) of less than 3.2 mm
(measured from the epithelium to the crystalline lens), an endothelial cell count less
than 2000 ceIIs/mmz, an abnormal iris or pupil, a history of glaucoma, and chronic or

recurrent uveitis.

Toric Intraocular Lens Implantation

Toric pseudophakic 10L (Acrysof SN60T3-T9) cylinder power and alignment axis were
calculated using an online calculator (available at: www.acrysoftoriccalculator.com).
This program takes into account the patient’s keratometry (K) values, the astigmatism
meridians and the expected surgically induced corneal astigmatism. The K values
obtained by optical biometry and the astigmatism steep and flat meridians from either
the optical biometer, corneal topographer or manual keratometer were used. If the
steep meridians from the optical biometer and corneal topographer were consistent
within 5 degrees, the meridians obtained from the optical biometer were used. If the
discrepancy was more than 5 degrees, the meridians obtained with the manual
keratometer were used. An expected amount of incision-induced astigmatism of 0.5 D
(2.2 mm superior incision) was incorporated in the IOL calculation.

The refractive spherical equivalent, subjective refractive cylinder power, ACD and
corneal curvature (optical biometer) were inserted into the van der Heijde formula to
calculate the power of the toric pIOL.12 The axis of surgical enclavation was derived



from the subjective refraction. The Artiflex toric plOL was implanted through a 3.4 mm
and Artisan toric plOL through a 5.4 mm superior corneoscleral incision, as described
earlier.> ™ All power calculations were performed by Ophtec.

The marking steps for toric pseudophakic 10L and toric plOL implantation were
identical. Preoperatively, after topical anesthesia was administered, the patient was
positioned upright to correct for cyclotorsion of the eye and asked to fixate at an
object at distance. Limbal reference marks were placed at 0, 180 and 270 degrees (3, 6
and 9 o’clock, respectively) using a Nuijts/Lane toric reference marker with bubble-
level (AE-2791TBL, American Surgical Instruments Corp.). Intraoperatively, the limbal
reference marks were used to mark the alignment axis with a Mendez degree gauge
(AE-2765N, American Surgical Instruments Corp.) and a Nuijts toric axis marker (AE-
2740, American Surgical Instruments Corp.). In cases of cataract extraction with toric
pseudophakic I0L implantation, a standard phacoemulsification was performed.
Finally, the toric IOL was implanted and rotated to its final position by aligning the
marks on the toric IOL with the alignment axis marks on the cornea.

Accuracy of toric Intraocular Lens implantation

The accuracy of toric 10L implantation was evaluated using the Surgery Guidance
system (SG3000, Sensomotoric Instruments), which consists of a Reference Unit and a
Surgery Pilot. The Reference Unit is a noncontact device that acquires a digital image
of the eye (1.3 mega-pixel resolution), in which the limbal vessels, scleral vessels and
iris are shown in detail (Figure 4.1A). Simultaneously, the unit performs keratometry
using the optical reflections of 12 light emitting diodes arranged in a 1.9 mm ring. The
keratometry results (including the steep and flat meridians of the cornea), and the
position and diameter of the limbus and pupil are shown in an overlay on the digital
image (Figure 4.1B). The Reference Unit is calibrated horizontally.

At the time of this study, the Surgery Pilot consisted of a microscope camera adapter,
connected to a personal computer (PC). The preoperative image is loaded into the PC,
and the rotation angle between the preoperative image and the microscope image is
automatically detected (based on limbal and scleral vessels and iris characteristics) and
overlaid on the microscope. Intraoperatively, the eye tracker provides a real-time
update of all overlaid features relative to the camera image. The video of the surgery
was recorded using the surgery unit.

Analysis of Errors in Toric Intraocular Lens implantation
Using the Reference Unit, 6 images (3 before and 3 after limbal reference marks were
applied) were obtained per patient. Between these measurements, the patient left the



device, underwent reference axis marking, and sat down again. The accuracy of
marking the reference axis was assessed by evaluating 2 potential errors: cyclotorsion
of the eye (error A) and error in horizontal placement of the reference marks (error B).
Error A was defined as the cyclotorsion (rotation) of the eye between the preoperative
image without reference marks and the preoperative image with reference marks. The
rotation angle between these 2 images was determined manually using at least 6
reference points of blood vessel or iris landmarks on opposite sides of the pupil (error
A; Figure 4.2). Error B was defined as the deviation (in degrees) of the center of the
reference marks with regard to the calibrated horizontal line of the Reference Unit
(Figure 4.3).

The accuracy of marking the alignment axis was determined using intraoperative
images obtained from the surgery video. The angle between the marked reference axis
and the marked alignment axis was determined (Figure 4.4). Subsequently, the
difference between this angle and the intended alignment axis (obtained from the 10L
calculation) was determined (error C).

The accuracy of the IOL alignment along the marked alignment axis was evaluated
using intraoperative images from the surgery video. The angle between the center of
the 10L marks and the center of the alignment axis marks was determined (error D;
Figure 4.5).

A semiautomatic software tool was used to determine the rotation angle between 2
images (error A) and the angle between 2 lines (errors B, C and D). To determine
rotation, 2 images were shown on a monitor next to each other. The examiner (NV)
determined matching blood vessel and iris features in both images (at least 6) and
marked these features by manually clicking on them. To determine the angle between
2 lines, the examiner manually clicked on the center of the relevant axes marks or 10L
marks. The software tool automatically calculated the rotation between 2 images, or
angle between 2 lines, based on the manually marked features. The mean total error
standard deviation (SD) of the 4 individual errors (errors A, B, C and D) was calculated
using the following equations:

Mean total error: Y:\/MeanA2 +Meang? +Mean2 +Meanp?

SD of the total error:

2 2 2
Mean 5 *SD 5 Meang *SDg Mean *SD( Meanp *SDp
SDy = + + +
Y Y Y Y
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Figure 4.1 Example of an image obtained with the Reference Unit. A: Detailed image of the eye
in which the limbal vessels, scleral vessels and iris characteristics are visible. Simultaneously
when capturing the preoperative image, keratometry is performed and the keratometry results
and the position and diameter of the limbus and pupil are shown in an overlay (B).

Figure 4.2 Cyclotorsion of the eye between two measurements (error A). First, image A was
obtained. Next, the patient left the device and reference marks were applied. Image B was
obtained after the patient sat down again. The rotation angle between image A and image B was
assessed using blood vessel and iris landmarks (green dots).

Figure 4.3 The horizontal placement of the
reference axis marks was evaluated by
determining the deviation (in degrees) of
the reference marks (red arrows), with
regard to the (calibrated) horizontal line
(green arrows) of the Reference Unit (error
B).




Figure 4.4 (Left) The accuracy of marking the alignment axis was determined by calculating the
angle between the marked reference axis (blue arrow) and marked alignment axis (green arrow).
Subsequently, the difference between this angle and the intended alignment axis was calculated
(error C).

Figure 4.5 (Right) The accuracy of IOL alignment was evaluated by determining the angle
between the center of the IOL marks (green arrow) and the centre of the alignment axis marks
(blue line) (error D)

Astigmatism Analysis by Alpins Method

The overall accuracy of the astigmatism correction was calculated using a vector
analysis according to Alpins.15 Alpins method uses 3 astigmatism parameters:
preoperative astigmatism, target astigmatism and achieved astigmatism. In patients
with a toric pseudophakic I0L, the postoperative refractive astigmatism was compared
with the preoperative keratometric astigmatism from optical biometry. In patients
with a toric plOL, the postoperative refractive astigmatism was compared with the
preoperative refractive astigmatism. Target astigmatism was zero, because
emmetropia was the goal in all patients.

Refractive astigmatism data were calculated to the corneal plane by adjusting for a
back vertex distance of 12.0 mm. Individual magnitude (diopters) and axis (degrees)
values were transformed into rectangular x and y coordinates and used to calculate
the following vectors: target induced astigmatism (TIA) vector, which represents the
change (by magnitude and axis) the surgery was intended to induce; the surgically
induced astigmatism (SIA) vector, which is the astigmatic change the surgery actually
induced; and the difference vector, which represents the astigmatic change between
the achieved astigmatic outcome and the target astigmatic outcome. The difference
vector is an absolute measure of success and is preferably zero. The magnitude of
error is defined as the arithmetic difference between the magnitudes of SIA and TIA.



The magnitude of error is positive for overcorrection and negative for undercorrection.
The angle of error is the angle between the SIA and TIA vectors. The angle is positive if
the achieved correction is counterclockwise to the intended axis and negative if the
achieved correction is clockwise to the intended axis. The flattening effect is the
amount of astigmatism reduction achieved at the intended meridian (TIA meridian).
The flattening index is calculated by dividing the flattening effect by the TIA and is
preferably 1.0. The correction index was calculated by the ratio of the magnitude of
SIA to the magnitude of TIA. The correction index is preferably 1.0. It is greater than
1.0 if overcorrection occurred and less than 1.0 if undercorrection occurred. The index
of success was calculated by dividing the difference vector by the TIA. This is a relative
measure of success and is preferably zero.

Statistical Analysis

All data were collected in an Excel database (Microsoft Office 2003, Microsoft Inc.).
Data analysis using SPSS for Windows (version 16.0, SPSS Inc.) showed a normal
distribution and allowed the use of parametric tests. A P value less than 0.05 was
considered statistically significant.

Results

The study enrolled 40 eyes of 31 patients: 26 eyes had implantation of an Acrysof toric
I0L, 8 with an Artiflex toric plOL and 6 with an Artisan toric plOL. Table 4.1 shows the
patients’ demographics. Patients in the plOL subgroup were significantly younger than
patients in the pseudophakic IOL subgroup.

Table 4.1 Patient demographics and preoperative characteristics

Toric IOL subgroup

All Toric IOLs Pseudophakic Phakic

Eyes (N) 40 26 14
Patients (N) 31 18 13
Female (%) 63% 69% 93%
Age (mean years * SD) 52.3+19.1 58.8+18.2 40.1 +14.7
Corneal astigmatism (D) *

Arithmetic mean magnitude (D  SD) 2.30+1.13 2.17+0.82 2.54 £ 1.56

Vector mean (D @ degrees) 1.24 D at 93° 1.04 D at 95° 1.63 D at 90°
Refractive astigmatism (D)

Arithmetic mean magnitude (D * SD) -2.49+1.34 -2.18+1.11 -3.05 +1.58

Vector mean (D @ degrees) 1.02 D @ 94° 0.63D @ 94° 1.73 D @ 95°

* = determined by IOLMaster keratometry



Table 4.2 Physical errors in toric IOL implantation

Step in toric IOL alignment Toric IOL subgroup
All Toric IOLs Pseudophakic Phakic
(40 eyes) (26 eyes) (14 eyes)

1. Reference axis marking (error A + error B) 2.4+0.8 2.6+0.9 2004
Cyclotorsion (error A) 1.5+1.2(5.0) 1.6 +1.4(5.0) 1.2+0.8(2.4)
Horizontal placement (error B) 2.0+1.8(8.7) 2.0+1.9(8.7) 1.6+1.2(2.9)

2. Alignment axis marking (error C) 3.3+2.0(7.7) 3.5+1.8(7.7) 3.0+2.3(7.3)

3. IOL alignment (error D) 2.6 £2.6(10.5) 2.5+2.7(10.5) 3.2+2.4(6.4)

Sum of errors 49+2.1 5.0+2.1 48+2.2

Data is shown as mean degrees + SD (maximum)

Table 4.2 shows the results of the analysis of the individual steps in toric 10L
implantation. The mean cyclotorsion of the eye between images with and without
reference marks (error A) was not more than 5 degrees in any case. The reference
marks were more than 5 degrees off the calibrated horizontal axis (error B) in 1 eye.
Together, error A and B caused a mean error in reference axis marking of 2.4 + 0.8
degrees. The mean difference between the marked alignment axis and the intended
alignment axis (error C) was more than 5 degrees in 6 eyes (15%); no eye had a
difference greater than 10 degrees. The mean error in I0L alignment (error D) was
more than 5 degrees in 4 eyes (10%) and more than 10 degrees in 1 eye (2%).
Together, errors A, B, C and D led to a mean total error in toric IOL alignment of 4.9 +
2.1 degrees. There was no statistically significant difference in the mean total error
between the toric pseudophakic I0L and the toric plOL subgroups (P=0.501;
independent samples t-test).

Table 4.3 shows the results of the vectorial astigmatism analysis. The mean angle of
error indicated that the mean angle of the SIA vector was -2 + 8 degrees clockwise to
the TIA vector in the toric pseudophakic I0L group and 6 + 14 degrees
counterclockwise to the TIA vector in the toric plOL group.

Discussion

Accurate positioning of a toric I0OL is the most important factor determining the
efficacy of the astigmatism correction. In this study, we analyzed the accuracy of a
commonly used 3-step (inkmarker-based) method for toric IOL implantation. As far as
we are aware, no previous studies have examined the accuracy of positioning toric
I0Ls. Furthermore, we describe a new device that combines eye-tracking technology



with keratometry measurement, providing the opportunity to align the toric IOL in
real-time during surgery.

We found a mean total error of 4.9 + 2.1 degrees in the alignment of toric IOLs in
cataract and refractive surgery. Every degree of misalignment contributes to residual
astigmatism. At present, there are 2 views in the literature regarding the effect of toric
I0L misalignment on remaining astigmatism (Figure 4.6). The first approach is based on
the flattening effect. Vector analysis is used to determine the amount of astigmatism
reduction achieved at the intended meridian of treatment (Figure 4.6A).16 Using this
method, an error of 4.9 degrees would lead to 1.5% of preoperative astigmatism
remaining at the intended meridian of treatment (the TIA meridian). The second
approach determines the overall magnitude of astigmatism remaining. It is calculated
by determining the vector difference between the target and achieved astigmatic

17,18 Using this method, an error of 4.9 degrees would result in

outcomes (Figure 4.6B).
a remaining astigmatism magnitude of 17% of the preoperative astigmatism
magnitude. The effect of a mean error of 4.9 + 2.1 degrees is especially relevant when
implanting a high-cylinder power toric IOL. In addition, the alignment error may be
larger in individual cases due to fading out of the inkmarkings, horizontal or vertical
translocation of the inkmarks or even complete washout of the ink-marks at the time
of surgery.19 We did not have any problems with fading out or disappearing of
inkmarks because the preoperative bubblemarker also leaves slight impressions on the

cornea.

Table 4.3 Astigmatism analysis by Alpins method

Parameter Toric IOL subgroup
Pseudophakic Phakic
(26 eyes) (14 eyes)
Target induced astigmatism
Arithmetic mean magnitude (D + SD) 2.17+0.82 3.05+1.58
Vector result (D @ °) 1.04 @ 5 1.73 @ 5
Surgically induced astigmatism
Arithmetic mean magnitude (D * SD) 2.18+1.04 2.78+2.22
Vector result (D @ °) 1.25@ 3 1.74 @ 11
Difference vector
Arithmetic mean magnitude (D £ SD) 0.46 £0.40 1.00 +£0.96
Vector result (D @ °) 0.24 @ 81 0.38 @ 142
Magnitude of error (D £ SD) 0.00 £ 0.47 0.09 £0.86
Angle of error (° £ SD) -2+8 6+14
Flattening effect (D + SD) 2.11+1.04 2.46 +2.22
Flattening index 0.96 +0.28 0.86 +0.45
Correction Index 0.99+0.27 0.98 +0.40

Index of success 0.23+0.24 0.40 £0.28




We determined the physical accuracy of a commonly used 3-step method for toric IOL

implantation by examining each step. The accuracy of reference axis marking is

affected by the cyclotorsion (rotation) of the eye between 2 separate measurements

(between which the patient left the device and sat down again) (error A). The mean

cyclotorsion of the eye between 2 measurements was 1.5 + 1.2 degrees. Cyclotorsion
of the eye from the upright to supine position is a well-known aspect and generally
compensated for during refractive surgery. Studies examining upright-to-supine

cyclotorsion generally report values ranging from 2 to 4 degrees, although the value

may be Iarger.zo'22 However, cyclotorsion of the eye between 2 measurements, both

with the patient in upright position, is less well established. This was recently

examined by Wolffsohn and Buckhurst in 107 eyes using conjunctival vessels and iris

features as landmarks. They found a mean rotation of 2.2 + 1.8 degrees.23 In addition,

Viestenz et al. used standard fundus photography to examine eye rotation between 2

measurements in 400 eyes with the patient upright and found a mean rotation of 2.3 £
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Figure 4.6 Two views in the current literature regarding the effect of toric IOL misalignment on
remaining astigmatism. A. Method 1. Remaining astigmatism at the intended meridian of
treatment is determined by the amount of astigmatism reduction achieved at the intended
meridian of treatment (flattening effect). B. Method 2. Remaining astigmatism magnitude is
determined by the magnitude of the vector between achieved and target astigmatism (AE =
angle of error; SIA = surgically induced astigmatism).
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1.7 degrees.24 We found a value of 1.5 + 1.2 degrees, which is slightly lower than the
values reported by the abovementioned studies. This could be an underestimation

because we measured patients within a time frame of approximately 5 minutes,

whereas the other studies used time frames of 6 months.

23,24

In addition, patients in



our study were measured with their head fixated in a headrest and were able to look
at a fixation light binocularly, which has been shown to reduce cyclotorsion.zs’ 2
Cyclotorsion of the eye between the preoperative visit, where the biometry
measurements are performed, and the surgery visit may introduce errors in alignment
axis marking. A second factor that influences the accuracy of reference axis marking is
the horizontal placement of the marks (error B). In our study, the mean error was low
(2.0 + 1.8 degrees), indicating that the reference marker (with bubble-level) used in
this study is effective in placing the marks horizontally. The mean error in marking the
alignment axis (error C) was 3.3 + 2.0 degrees, which is relatively small considering that
the Mendez gauge used to mark the alignment axis uses 10 degree steps. The IOL
alignment along the marked alighnment axis (error D) was off axis by a mean of 2.6 £ 2.6
degrees. We believe this is reasonable considering that the marks on the IOL are
generally much smaller than the dimensions of the marks on the cornea.

We performed a vector analysis to provide a parallel mathematic confirmation to the
physical accuracy of toric IOL alignment. In this analysis, we used the postoperative
refractive astigmatism to determine the overall accuracy of toric IOLs in the correction
of astigmatism. The mean angle of error between SIA and TIA vectors was -2 £ 8
degrees in patients with a toric pseudophakic IOL and 6 + 14 degrees in patients with a
toric plOL. The angle of error obtained in the vector analysis is not directly comparable
to the physical error in toric IOL alignment because of the subjective component of the
refractive outcome, the influence of the incision and possibly the effect of other
refractive surfaces of the eye (posterior corneal surface and vitreous). However, the
relatively large SDs of the calculated angles of error indicate that this angle of error
was much larger in individual patients.

Alpins astigmatism analysis provides several indices to determine the overall success of
astigmatism correction. The correction indices in our study indicate that 99% of
astigmatism was corrected in the toric pseudophakic I0L group and 98% in the toric
plOL group. The mean flattening index was 0.96 in the toric pseudophakic IOL group
and 0.86 in the toric plOL group, indicating that the toric pseudophakic IOL was more
effective in reducing astigmatism at the intended meridian of treatment. In addition,
the index of success also showed that the toric pseudophakic IOL was more successful
in correcting astigmatism. We believe this may be the result of not incorporating the
flattening effect of the incision in the plOL power calculation. The exact effect of the
incision on corneal astigmatism is difficult to predict and depends on the amount of
preoperative corneal astigmatism, incision location, incision width, suture use and

27-29

patient age. Pseudophakic 10Ls may be implanted through a 2.2 mm sutureless

corneal incision, which has been shown to induce 0.24 to 0.52 D of flattening at the
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incised meridian.

When performing the toric pseudophakic 0L power calculation,
we incorporated an incision induced astigmatism of 0.50 D into the IOL power
calculation. Toric plOLs, however, require a much larger incision. The 3.4 mm and 5.4
mm incisions required for toric Artiflex and Artisan implantation, respectively, require
sutures for wound closure. The incision-induced astigmatism for Artisan implantation
is reported to be 0.74 D.* However, the plOL calculations are performed by the
manufacturer and the effect of the incision is not incorporated into the plOL power
calculation. Future studies should be performed to determine the effect of the 3.4 mm
and 5.4 mm incisions on corneal astigmatism to incorporate it in the plOL power
calculation.

The success of toric IOLs also depends on accurate preoperative measurements of
corneal astigmatism (pseudophakic I0Ls) and refractive astigmatism (plOLs). Our
preferred method for pseudophakic I0OLs is to measure corneal astigmatism with the
IOLMaster and a corneal topographer. If these values are consistent within 5 degrees,
we use the meridians obtained from the IOLMaster. If the discrepancy is more than 5
degrees, we use the meridians obtained by manual keratometry. For plOLs, we used
the cylinder values obtained from the subjective refraction. We believe that using the
Jackson-cross cylinder, the refractive cylinder axis can be refined with a precision of
less than 5 degrees. Digital imaging techniques using iris and blood vessel

> 192 0one report describes the

characteristics have been used in previous studies.
acquisition of a preoperative digital image of the iris, in which the horizontal axis and
the alignment axis are shown in an overlay.19 A printout of this image is used during
surgery to align the toric IOL. Wolfsohn and Buckhurst used a digital imaging technique
with blood vessel landmarks and iris features to determine the rotation and centration
of toric 10Ls.”* The repeatability of this technique was high, with a SD of intrasession
repeatability of + 0.79 degrees. The combination of iris features and blood vessel
characteristics, is in our opinion, an optimal combination. Iris features can alter
between the undilated and dilated state of the pupil. Due to the anesthesia, a
subconjunctival hemorrhage may occur, which can obliterate the vascular landmarks.
This occurred in 2 patients in our study but did not lead to problems with eye tracking.
By combining eye-tracking technology with keratometry, toric IOL alignment can be
performed in real-time during surgery, making the manual marking steps obsolete.
Furthermore, it will be possible to use the preoperative keratometry results for both
toric 10L calculation and IOL alignment during surgery. In addition, eye-tracking
technology may also be used for other aspects in IOL implantation surgery, including
planning of the incisions and capsulorrhexis and optimal centration of multifocal 10Ls.



In conclusion, a commonly used 3-step manual (inkmarker) procedure for toric IOL
alignment led to a mean error in I0L placement of approximately 5 degrees. However,
this error may be higher in individual cases as a result of suboptimal ink-marks. This
error is especially relevant in cases in which high cylinder power toric IOLs are
implanted. Orienting the toric IOL with great accuracy is necessary in all patients to
achieve the most optimum cylinder correction.
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Abstract

PURPOSE: To compare bilateral aspherical toric with bilateral aspherical control
intraocular lens (IOL) implantation in patients with cataract and corneal astigmatism.
DESIGN: Randomized controlled trial

SETTING: University Eye Clinic, Maastricht University Medical Center, and the Rotterdam
Eye Hospital, the Netherlands.

METHODS: 86 subjects with bilateral cataract and bilateral corneal astigmatism of at
least 1.25 D were randomized for either bilateral toric (Acrysof aspherical toric IOL
SN6AT3-T9; N=41) or bilateral control I0L (Acrysof aspherical control IOL SN60WF;
N=45) implantation. Main outcome measures were: spectacle independency for
distance vision, uncorrected distance visual acuity (UDVA), refractive astigmatism,
contrast sensitivity, wavefront aberrations and refractive error-related quality of life
(RQL-42 questionnaire).

RESULTS: Preoperatively, mean corneal astigmatism was 2.02 + 0.95 D and 2.00 + 0.84 D
in the toric and control group, respectively. Four patients (5%) were lost to follow-up.
At 6 months postoperatively, 70% of patients in the toric group achieved an UDVA of
20/25 or better, compared to 31% in the control group (P<0.001, odds ratio 5.23, 95%
confidence interval 2.03-13.48). Spectacle independency for distance vision was
achieved in 84% of patients in the toric group, compared to 31% in the control group
(P<0.001, odds ratio 11.44, 95% confidence interval 3.89 to 33.63). Mean refractive
astigmatism was -0.77 £ 0.52 D and -1.89 D £ 1.00 D, respectively. Vector analysis of
toric I0Ls showed a mean magnitude of error of +0.38 D, indicative of overcorrection.
No differences were found in contrast sensitivity, higher-order aberrations or
refractive error-related quality of life.

CONCLUSION: In patients with cataract and corneal astigmatism, bilateral toric 10L
implantation results in a higher spectacle independency for distance vision compared
to bilateral control IOL implantation. No significant differences were found in contrast
sensitivity, higher-order aberrations or refractive-error related quality of life following
both treatments.

Trial registration: clinicaltrials.gov, ID NCT01075542.



Introduction

In modern cataract surgery, spectacle freedom is becoming increasingly important.
Emmetropia can be achieved for patients with myopic or hyperopic refractive errors by
selecting the appropriate spherical lens power. However, approximately 20% to 30% of
patients who undergo cataract surgery have corneal astigmatism of at least 1.25
diopters (D).l’ > Not correcting the astigmatism component at the time of cataract
surgery will fail to achieve spectacle independency in these patients.

Toric IOLs have been shown to be a safe and effective treatment option for correcting
astigmatism.3"5 However, so far no randomized controlled trials (RCTs) have compared
spectacle independency and quality of vision, including contrast sensitivity or higher-
order aberrations, following bilateral toric and control I0L implantation. The main
purpose of our study was therefore to compare spectacle independency for distance
vision following bilateral toric and control IOL implantation. Secondary outcome
measures were uncorrected distance visual acuity, refractive astigmatism, contrast
sensitivity, wavefront aberrations, and refractive error-related quality of life.

Methods

This multicentre RCT was conducted at two hospitals in the Netherlands: the University
Eye Clinic of the Maastricht University Medical Center and the Rotterdam Eye Hospital.
Institutional review boards of both participating centres approved the study. Written
informed consent was obtained after the nature of the study had been explained. The
study adhered to the tenets of the Declaration of Helsinki and good clinical practice
guidelines and was registered in a clinical trial register (clinicaltrials.gov, 1D
NCT01075542). Patients were included between February 2010 and March 2012.

Subjects

Inclusion criteria were age 21 years or older, bilateral age-related cataract, and
bilateral regular corneal astigmatism of at least 1.25 D. Exclusion criteria included
irregular corneal astigmatism, Fuchs endothelial dystrophy stage 2 or highere,
glaucoma related extensive visual field loss, or an expected postoperative corrected
distance visual acuity of less than 20/40. Consecutive patients from the clinical
population with cataract and bilateral corneal astigmatism were approached to
participate in the study.



Intervention

The test lenses consisted of the Acrysof aspherical toric IOL (model SN6AT3-T9; Alcon
Laboratories) with cylinder powers from 1.50 D to 6.00 D (0.75 D steps). Available
spherical powers range from +6.00 to +30.00 D. The spherical power was calculated
using optical biometry (IOLMaster, Carl Zeiss Meditec) and the SRK/T formula (A-
constant 118.9, target emmetropia). The toric IOL was calculated using a web-based
calculator (available at: www.acrysoftoriccalculator.com). The expected surgically
induced corneal astigmatism and incision location (superior) were incorporated in the
toric 0L calculation. Astigmatism axes measurements obtained by optical biometry
and corneal topography (Atlas, Carl Zeiss Meditec; or Keratron Onda, Optikon) were
compared. In case of less than 5 degree difference, optical biometry values were used.
In case of more than 5 degree difference, manual keratometry (Javal-Schittz
keratometer, Rodenstock) values were used.

The control lens consisted of the Acrysof aspherical I0L model SN60WF (Alcon
Laboratories). Available spherical powers range from +6.0 to +30.0 D. This IOL has an
identical design compared to the Acrysof toric IOL. The spherical power was calculated
using the SRK/T formula (A-constant 118.9) and target emmetropia).

Surgical procedure

Preoperative and intraoperative marking was performed as previously described.” A
standard phacoemulsification technique was performed using a superior 2.2 mm
limbal incision. Postoperatively, patients were prescribed a fixed combination eye drop
of tobramycin 3 mg/mL-dexamethasone 1mg/mL (Alcon) and nepafenac 1 mg/mL
(Alcon) in a tapering dose for 4 weeks.

Outcome measures

Preoperatively, the following examinations were conducted: slitlamp examination,
funduscopy, Goldmann applanation tonometry, visual acuity, objective refraction
(Topcon) and subjective refraction. Uncorrected (UDVA) and corrected distance visual
acuity (CDVA) were assessed using the 100% contrast Early Treatment Diabetic
Retinopathy Study (ETDRS) chart (Precision Vision) at 4 m. ETDRS scores were
determined as follows: the log score of the last row where the patient correctly
identified all 5 letters was recorded (e.g. 0.10 log row); next 0.02 log units was
subtracted for every letter that was correctly identified beyond the last row (e.g. 0.10
log row + 3 letters on the 0.00 log row = 0.10 — (3*0.02) = 0.04 LogMAR). Corneal
topography was performed using the Atlas (Carl Zeiss Meditec) or Keratron Onda. Both
devices are Placido-disk videokeratoscopes and determine anterior corneal curvature



in the central 3.0 mm zone. Pre- and postoperative measurements were always
performed with the same device. In addition, manual keratometry (Javal-Schiotz
keratometer) and biometry (IOLMaster) were performed. Contrast sensitivity was
measured using the CSV-1000 contrast test (Vector vision), under photopic conditions
(85 cd/mz) and at 2.5 m testing distance. We compared our values to those obtained
for a normal population with a mean age of 64 years.8

Wavefront aberrometry was performed with the Keratron Onda or iTrace (Tracey
technologies). The Keratron Onda is a combined Hartmann-Shack aberrometer and
Placido-disk videokeratoscope. The iTrace is a combined ray-tracing aberrometer and
Placido-disk videokeratoscope. Pre- and postoperative measurements were always
performed with the same device. Head positioning and eye alignment were carefully
checked before each measurement. Natural pupil dilation was obtained in all subjects
under mesopic light condition (<1 lux). Aberrations were exported for a 3.5 mm pupil
as Zernike coefficients (Z(x,x)).” Root mean square (RMS) values were calculated for
lower-order astigmatism (Z(2,+2)), coma-like aberrations (Z(3,+3) + Z(5,%5)), spherical-
like aberrations (Z(2,0) + Z(4,0) + Z(6,0)) and higher-order aberrations (Z(3,-3) up to
2(7,7)).

Spectacle use for distance vision was evaluated using a questionnaire. Patients rated
spectacle use on a scale of 1 to 5: always (1), usually (2), half of the time (3),
sometimes (4), never (5). Refractive error-related quality of life was evaluated using
the National Eye Institute Refractive Error Quality of Life (RQL-42) questionnaire.10 The
RQL-42 questionnaire is a self-administered questionnaire. Each subscale is scored
from 0 to 100; a higher score indicating a better quality of life.

Postoperatively at 1 week and 1 month, the UDVA and CDVA were determined, and
slitlamp examination was performed in mydriasis to assess toric I0L alignment. Toric
IOL alignment was measured using a slitlamp with rotating slit. Accurate head
positioning and horizontal eye alignment were ensured before each measurement and
patients were asked to fixate at distance. At 3 and 6 months postoperatively, full
examinations were performed.

Sample size

Sample size calculation was based on estimated spectacle independency following
bilateral toric or control I0L implantation, based on the study of Holland et al. and
Lane et al.: estimated spectacle independence of 80% following toric IOL implantation
and 45% following control IOL implantation."’ u Sample size calculation was performed
using the PS: Power and Sample Size Calculation Software'?, based on an a of 0.05 and
a power of 90%, and resulted in a sample size of 38 patients per group. Including an



expected 10% lost to follow up, the total sample size was calculated at 86 patients.
Four patients were lost to follow-up in the toric group (Figure 5.1). The last recorded
UDVA in these patients was 0.04 LogMAR, 0.04 logMAR, 0.12 LogMAR and 0.22
LogMAR. The last patient was found to have a macular pucker. No patients were lost to
follow-up in the control group.

Randomization

Consecutive patients were randomized using an online program (TenAlea, FormsVision
BV). Patients’ gender, age and highest calculated toric IOL power for both eyes were
used as stratification factors. The surgeon received the assigned randomization by
email. The patient and investigator performing the postoperative examinations were
blinded for treatment allocation. Slitlamp examination was performed by a second
examiner. Randomization was revealed after 6 months follow-up.

356 Patients assessed for eligibility

270 Excluded:
197 Did not meet inclusion criteria
40 Refused to participate
33 Chose to receive toric IOLs by co-payment

v
86 Randomized
A
41 Randomized to receive toric IOLs 45 Randomized to receive control IOLs
41 Received assigned intervention 45 Received assigned intervention
A A
4 Lost to follow-up: 0 Lost to follow-up
2 Quit study
2 Died
A
37 Included in analysis 45 Included in analysis

Figure 5.1 Flowchart of patient screening and follow-up.



Data management and statistics

Data was collected in an online data management system (Macro, InferMed) and
analyzed using Excel (Microsoft Office 2007, Microsoft Inc.). LogMAR scores were
calculated to the approximate Snellen equivalent. Surgically induced corneal
astigmatism was calculated as the vector change between preoperative and
postoperative corneal astigmatism (measured by corneal topography).13 The
effectiveness of astigmatism correction by toric IOLs was determined using Alpins
method of vector analysis.14

Statistical analyses were performed using SPSS for Windows (version 16.0, SPSS Inc.).
Data was analyzed using an intention-to-treat analysis. Parameters showed a normal
distribution and allowed us to use parametric tests. Continuous data was analyzed
using independent T-tests (mean differences with 95% confidence intervals; Cl).
Dichotomous variables were analyzed using Chi-square tests (P-value; and odds ratio
(OR) with 95% ClI).

Results

Participant flow and patient characteristics
Eighty-six patients were enrolled in this study: 41 in the toric group and 45 in the
control group (Figure 5.1). Patient characteristics are shown in Table 5.1.

Visual acuity

At 6 months postoperatively, 26 of 37 patients (70%) in the toric group achieved an
UDVA of 20/25 (0.1 LogMAR) or better, compared to 14 of 45 patients (31%) in the
control group (P<0.001, OR 5.23, 95% Cl 2.03-13.48; Figure 5.2A). A CDVA of 20/25 or
better was achieved in 33 of 37 patients (89%) and 41 of 45 patients (91%) in the toric

Table 5.1 Preoperative patient characteristics

Toric group Control group

Eyes (N) 82 90
Age (mean years; range) 74 (50 to 88) 74 (49 to 87)
Women, (N, %) 21 (51%) 21 (46%)
CDVA (mean + SD LogMAR; range)

Monocular 0.34 +0.35 (0.00 to 3.00) 0.34 +0.36 (0.04 to 3.00)

Binocular 0.22 +0.16 (0.00 to 0.72) 0.19 +0.15 (-0.04 to 0.64)
Corneal astigmatism (mean D + SD; range) 2.02 + 0.95(1.20 to 6.15) 2.00 £ 0.84 (1.23 to 5.54)

Refractive astigmatism (mean D * SD; range) -2.27 £1.15 (-0.50 to -7.00) -2.28 £1.21 (0.00 to -6.25)
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and control group, respectively (P=0.770, OR 0.81, 95% CI 0.19-3.47, Figure 5.2B).
Within both groups, no changes were identified in UDVA and CDVA between 1, 3 and 6
months postoperatively.

Astigmatism

Preoperatively, no difference was identified in the amount of corneal astigmatism
between groups. At 6 months postoperatively, surgically induced corneal astigmatism
was -0.12 + 0.72 D at 115 degrees in the toric group and -0.12 + 0.45 D at 94 degrees in
the control group. The mean magnitude of refractive astigmatism at 6 months
postoperatively was -0.77 + 0.52 (range 0 to -2.00) D in the toric group and -1.89 D +
1.00 (range 0 to -4.50) D in the control group (mean difference 1.12 D; 95% Cl 0.87-
1.37). As shown in Figure 5.3, 55 of 74 eyes (74%) in the toric group had refractive
astigmatism of 1.0 D or less, compared to 27 of 90 eyes (30%) in the control group
(P<0.001, OR 6.75, 95% CI 3.39 to 13.46). Table 5.2 shows the vector analysis of the
effectiveness of astigmatism correction using toric IOLs. The mean magnitude of error
was +0.38 D, indicative of an astigmatism overcorrection. Twenty-six of 74 eyes (35%)
showed an overcorrection of 0.5 D or more, and 16 of 74 eyes (22%) of 1.0 D or more.
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Figure 5.2 Cumulative postoperative binocular uncorrected (A) and corrected (B) distance visual
acuity at 6 months postoperatively. * indicates P<0.01
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Table 5.2 Alpins vector analysis of the effectiveness of astigmatism correction using toric IOLs

Alpins vector Result
Target induced astigmatism, mean (+ SD) D 2.00£0.93
Surgically induced astigmatism, mean (+ SD) D 2.38+1.19
Difference vector, mean (+ SD) D 0.75+0.51
Magnitude of error, mean (+ SD) D 0.38+0.61
Angle of error, mean (+ SD) degrees 0+15
Absolute angle of error, mean (+ SD) degrees 11+10
Correction index 1.20
Index of success 0.42

Spectacle independence

At 6 months postoperatively, 31 of 37 patients (84%) in the toric group, compared to
14 of 45 patients (31%) in the control group reported never using spectacles for
distance vision (P<0.001, OR 11.44, 95% Cl 3.89 to 33.63). Thirty of 45 patients (67%) in
the control group reported always using spectacles for distance vision, compared to 5
of 37 patients (14%) in the toric group. Remaining patients reported sometimes using
spectacles for distance vision.

Contrast sensitivity

Preoperatively, contrast sensitivity levels were similar in toric and control groups, but
lower compared to the normal population at all spatial frequencies (Figure 5.4). At 6
months postoperatively, contrast sensitivity improved at all special frequencies in both
groups, up to values for a normal population. No differences were identified between
toric and control groups (Figure 5.4).

Wavefront aberrometry

Aberrometry data for a 3.5 mm pupil was available in 51 eyes in the toric group and 73
eyes in the control group. Regarding total ocular aberrations, RMS of lower-order
astigmatism was lower in the toric group compared to the control group. No
differences were identified in RMS of coma-like aberrations, spherical-like aberrations
or total higher-order aberrations (Table 5.3).

Refractive error related quality of life

At 6 months postoperatively, no differences were identified between toric and control
groups for any of the subscales, including Far vision, Dependence on correction and
Satisfaction with correction (Table 5.4).



100 +
2 Toric =

& Control

80 4

404

Percentage of patients

20 4

<0.50 <1.00 <1.50

Figure 5.3 Cumulative postoperative residual refractive astigmatism at 6 months
postoperatively. * indicates P <0.001

Table 5.3 Corneal and ocular root mean square (RMS) values at 6 months postoperatively

Aberrations RMS Toric group Control group Mean difference (95% Cl)
Mean p £ SD Mean p £ SD
Total ocular Lower-order astigmatism 0.256 + 0.217 0.490+0.272 0.233(0.143;0.324)
Coma-like 0.077 £ 0.077 0.066 + 0.038 -0.011 (-0.032;0.009)
Spherical-like 0.181 +0.150 0.171+£0.232 -0.009 (-0.083;0.064)
Total HOA 0.085 +0.128 0.061 +0.073 -0.024 (-0.060;0.011)
Corneal Lower-order astigmatism 0.525 +£0.258 0.467 £0.202 -0.057 (-0.139;0.025)
Coma-like 0.075 + 0.088 0.050 + 0.028 -0.025 (-0.046;-0.003)
Spherical-like 0.074 £ 0.048 0.060 + 0.030 -0.014 (-0.027;0.000)
Total HOA 0.045 + 0.039 0.031 +0.014 -0.014 (-0.024;-0.004)

HOA = higher order aberrations.
Data was exported for a 3.5 mm pupil.

Complications and misalignment

In the toric group, a small anterior capsule tear occurred, which still allowed toric IOL
implantation. In the control group, a zonulolysis (N=1) and a large anterior to posterior
capsule tear (N=1) occurred. In the latter patient, a three-piece IOL (type MN60AC)
was implanted in the sulcus. Postoperative complications in the toric group included
high intra-ocular pressure (N=1), cystoid macular edema (N=1), macular pucker (N=1),
and posterior vitreous detachment with a retinal defect (N=1). In the control group,
high intra-ocular pressure (N=2), cystoid macular edema (N=2), anterior uveitis (N=1)
and posterior vitreous detachment without retinal defect (N=1) occurred.

Mean toric IOL misalignment at 6 months postoperatively was 3.6 + 3.2 degrees. A
misalignment of more than 10 degrees occurred in 4 eyes. In one of these eyes an I0OL
repositioning was performed to correct a 17 degree misalignment. After IOL
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repositioning, the UDVA improved from 20/40 to 20/20 Snellen. Other patients were
satisfied and did not wish to undergo IOL repositioning.
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Figure 5.4 Contrast sensitivity preoperatively (A) and 6 months postoperatively (B).
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Table 5.4 Refractive error-related quality of life at 6 months postoperatively (scale 0-100)

Toric group Control group

Clarity of vision 90 84
Expectations 63 68
Near vision 79 81
Far vision 82 83
Diurnal fluctuations 82 82
Activity limitations 93 96
Glare 75 74
Symptoms 73 75
Dependence on correction 35 26
Worry 83 75
Suboptimal correction 92 95
Appearance 80 85
Satisfaction with correction 87 83
Discussion

This is the first RCT comparing spectacle independency for distance vision following
bilateral toric IOL and bilateral control IOL implantation. Spectacle independency was
achieved in 84% of patients with toric I0Ls compared to 31% of patients with control
I0Ls. Holland et al. reported spectacle independency in approximately 60% of patients
with toric 10Ls, compared to 36% of patients with control loLs.* However, patients in
this study underwent unilateral toric or control IOL implantation, which does not allow
for an accurate evaluation of spectacle independency. Lane et al. offered patients from
the study population of Holland et al. fellow-eye implantation with the same IOL (toric
or control I10L), allowing bilateral examination of spectacle independency.11 Almost all
patients (97%) with toric IOLs were spectacle independent for distance vision,
compared to half of the patients in the control group. However, a selection bias may
have occurred in patients who wished to undergo fellow-eye implantation with the
same IOL.

We found a better UDVA and lower refractive astigmatism following toric 10L
implantation compared to control I0L implantation. We found an UDVA of 20/25 or
better in 70% of patients in the toric group and 31% in the control group. Previous
studies reported an UDVA of 20/25 or better in approximately 60 to 80% of patients
with toric 10Ls.* "

magnitude of error of +0.38 D demonstrate a general overcorrection of astigmatism

Regarding refractive astigmatism, the correction index of 1.20 and

using Acrysof toric I0Ls. This has also been demonstrated by Goggin et al. and is



related to the manufacturers underestimation of the IOL cylinder power at the corneal
plane.18

We found no substantial differences in quality of vision following toric or control 10L
implantation. Quality of vision was evaluated using contrast sensitivity (CSV-1000
chart), aberrometry and refractive-error-related quality of life. At 6 months
postoperatively, contrast sensitivity had improved in both groups, up to values for a
normal population. Two studies compared contrast sensitivity levels under similar
illumination levels following toric IOL implantation or corneal relaxing incisions."” %
However, a direct comparison of our results with these studies is not possible due to
different contrast sensitivity tests and different testing distances. No previous studies
have compared contrast sensitivity values between toric and control I10Ls.

Wavefront analysis allows for a detailed evaluation of imperfections in the optical
system of the eye. Different measurement techniques, including Hartmann-Shack, ray-
tracing and automated retinoscopy, are available but may not be used
interchangeably.21 To minimize this effect, we measured patients pre- and
postoperatively with the same device. Both devices used in this study use light
wavelengths in the infrared spectrum and therefore do not require pupil dilation. Also,
the application of mydriatic agents may cause differences in wavefront analysis.zz’ 2
Mencucci et al. compared aberrometry (Nidek OPD Scan II) following toric or control
IOL implantation and found a higher Strehl ratio, which indicates a better image
quality.24 We identified no differences in higher-order aberrations following toric or
control IOL implantation.

We assessed refractive-error related quality of life using the RQL-42 questionnaire,
which is developed to measure the effect of refractive error correction on vision-
related functioning and weII-being.10 This questionnaire has recently been used to
evaluate multifocal 10Ls, phakic 10Ls and laser refractive surgery.z‘r"27 However,
McAlinden et al. administered this questionnaire to 100 laser refractive surgery
patients and demonstrated insufficient psychometric properties for all 13 subscales.’®
One previous study used the RQL-42 to compared toric and control 10Ls. Mencucci et
al. found a higher score for subscales Clarity of vision, Far vision, and Satisfaction with
correction in patients with toric IoLs.** In our study, we found no substantial
differences between toric and control 10Ls for any of the subscales of the RQL-42.
Aside from the limitation of this questionnaire, this may be related to a limitation of
our study. In the Netherlands, patients have the option to choose for toric IOL
implantation by means of co-payment. Therefore, patients with a strong wish for
spectacle independence were not included in this study.



Another possible limitation of this study is use of a superior incision in all patients. In
the majority of patients, this will be on-axis, thereby reducing corneal astigmatism.
However, in patients with against the rule astigmatism, a superior incision may
increase astigmatism. In the toric group, this is compensated for in the toric IOL
calculation. However, in the control group, this is not compensated for. We chose to
use a superior incision in all patients because this is the standard of care for the
majority of ophthalmologists in the Netherlands, and therefore results in a fair
comparison of treatments. In addition, we have shown in this study and a previous
study that the surgically induced corneal astigmatism of a superior 2.2 mm incision is
only about -0.1 D.”

Mean toric IOL misalignment was approximately 4 degrees, which is comparable to

. . 35, 18
previous studies.

The mean absolute angle of error was 11 degrees, which
indicates a substantial overall misalignment of treatment. Toric IOL outcomes may be
further optimized by incorporating IOL sphere power and estimated lens position in
the 10L calculation.” In addition, incorporating the effect of the posterior corneal

surface may further increase the efficacy of toric loLs.>" %

Implementation of eye-
tracking technology may improve the accuracy toric IOL alignment.7

In conclusion, in patients with cataract and corneal astigmatism, bilateral toric IOL
implantation results in a higher spectacle independency for distance vision compared
to bilateral control IOL implantation. No differences were identified in contrast
sensitivity, higher-order aberrations or refractive-error related quality of life following

both treatments.
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Abstract

PURPOSE: To evaluate the visual and refractive outcomes after toric intraocular lens
(I0OL) implantation in patients with high amounts of corneal astigmatism.

SETTING: University Eye Clinic, Maastricht University Medical Center, the Netherlands;
Oftalvist Centro Integral Ocular and Fundacién Oftalmolégica del Mediterraneo, Spain.
METHODS: This study included patients with cataract and more than 2.25 D of corneal
astigmatism who had toric Acrysof SN60T6-T9 (Alcon Laboratories) implantation. The
uncorrected (UDVA) and corrected distance visual acuities (CDVA), visual potential
index (ratio of postoperative UDVA to postoperative CDVA), residual refractive
cylinder, 10L misalignment and surgically induced corneal astigmatism (SICA) were
evaluated.

ResuLts: Mean follow-up in this study of 67 eyes (45 patients) was 6.3 months.
Postoperatively, the mean UDVA was 0.61 + 0.26 (+ SD) and the mean CDVA 0.81 +
0.21. The UDVA was 20/40 or better in 83% of eyes and 20/30 or better in 50% of eyes.
The mean visual potential index was 0.78. The residual refractive cylinder was less than
0.75 D in 62% of eyes and less than 1.00 D in 81% of eyes. The mean IOL misalignment
was 3.2 + 2.8 degrees. The mean SICA was -0.40 + 0.60 D with a superior incision and -
0.19 £ 0.78 D with a temporal incision (p=0.034).

CONCLUSION: Implantation of toric I0Ls during cataract surgery was effective and safe in
correcting high amounts of corneal astigmatism.



Introduction

Emmetropia is one of the targets in modern cataract surgery because spectacle
freedom is becoming increasingly important. Aside from spherical refractive errors,
astigmatism should be addressed at the time of cataract surgery to achieve the best
postoperative visual outcomes. Toric IOLs provide an opportunity to achieve the
optimal uncorrected distance vision and spectacle independence in patients with
cataract and corneal astigmatism.

Several toric IOL models are available; these include the Acrysof I0L (Alcon
Laboratories), the AT Comfort IOL (Carl Zeiss Meditec), and the T-flex IOL (Rayner). The
Acrysof toric IOL is one of the most commonly used toric IOLs in cataract surgery. This
I0OL has been shown to be effective in reducing refractive astigmatism and providing
good uncorrected visual outcomes and spectacle independence for distance vision.””
Even though the T-flex and AT Comfort toric IOLs are available in cylinder powers up to
11.00 D and 12.00 D, respectively, the Acrysof toric IOL was initially only available in
cylinder powers up to 3.00 D (SN60T3 to SN60T5). Therefore, in patients with more
than 2.00 D of corneal astigmatism, Acrysof toric I0Ls provided partial correction of
astigmatism. These patients required additional astigmatism correction, such as
spectacles or another surgical procedure. Surgical procedures that may be performed
during or after cataract surgery include limbal relaxing incisions, excimer laser
refractive procedures such as photorefractive keratectomy and laser in situ
keratomileusis, and toric phakic anterior or posterior chamber IOL implantation.
However, the refractive changes induced by the latter procedures may be relatively
unpredictables, and complications such as wound gape6, perforations, abnormal
wound healing7’ 8, or infection’ may occur.

The Acrysof toric IOL line now has four additional models (SN60T6 to SN60T9) with
cylinder powers up to 6.00 D at the IOL plane, corresponding to 4.11 D at the corneal
plane. These new models provide the opportunity to correct approximately 99% of
patients with corneal astigmatism.10 The purpose of this study was to evaluate the
visual and refractive outcomes after implantation of these 4 new IOL models in
patients with high amounts of corneal astigmatism.

Methods

Patient Population
This prospective clinical study was performed at the following hospitals: University Eye
Clinic Maastricht, the Netherlands; Oftalvist Centro Integral Ocular, Jerez de la



Frontera, Spain; and Fundacién Oftalmolégica del Mediterraneo, Valencia, Spain. The
study enrolled patients who had cataract surgery and implantation of a toric IOL
between July 2009 and June 2010. The study protocol adhered to the
recommendations of the Declaration of Helsinki. All patients provided written consent.
Inclusion criteria were age over 21 years, a decreased visual acuity due to cataract, and
preoperative corneal astigmatism greater than 2.25 D. Exclusion criteria were irregular
corneal astigmatism, Fuchs endothelial dystrophy, tear-film abnormalities, and a very
small pupil.

Preoperatively, all patients had an extensive ophthalmic examination consisting of
Snellen uncorrected distance visual acuity (UDVA), corrected distance visual acuity
(CDVA), autorefractometry (Nidek), subjective refraction, fundoscopy, Goldmann
applanation tonometry, corneal topography (Atlas, Carl Zeiss Meditec) and partial
coherence interferometry (PCl) optical biometry (IOLMaster, Carl Zeiss Meditec).

Intraocular Lenses

The following Acrysof toric IOL models were examined in this study: SN60T6, SN60T7,
SN60T8 and SN60T9. Cylinder powers at the IOL plane (corneal plane) were 3.75 D
(2.57 D), 4.50 D (3.08 D), 5.25 D (3.60 D), and 6.00 D (4.11 D), respectively. All toric IOL
models are hydrophobic acrylic with open-loop modified L-haptics and a 6.0 mm optic
diameter. The axis marks on the IOL indicate the flat meridian of the toric component
on the posterior surface of the IOL. The IOL is available in spherical powers ranging
from +6.00 to +30.00 D. In all patients, the spherical power was calculated using PCI
optical biometry measurements and calculated using the SRK/T formula (A-constant
118.6), target emmetropia.

The toric IOL cylinder power and alignment axis were calculated using a web-based
toric IOL calculator program (available at: http://acrysoftoriccalculator.com). In all
patients, the keratometry (K) values of the optical biometer were used for toric I0L
calculation. The incision location was according to the surgeon’s preference as follows:
temporal incision (FP and RM) and superior incision (NB and RN). The expected
amount of surgically induced corneal astigmatism (SICA) varied between 0.00 D and
0.50 D and was based on the surgeon’s personal experience.

Surgical Technique

Preoperatively, corneal reference marks were placed at 0, 180 and 270 degrees with
the patient sitting upright to correct for cyclotorsion. The marks were made using a
Nuijts/Lane toric reference marker (AE-2791TBL, American Surgical Instruments Corp.).
Intraoperatively, the implantation axis was determined using the corneal reference



marks and the alignment axis obtained from the toric calculator program. This axis was
marked using a Mendez degree gauge (AE-2765N, American Surgical Instruments
Corp.) and a Nuijts toric axis marker (AE-2740, American Surgical Instruments Corp.).
The surgeon’s standard phacoemulsification technique was performed through a 2.2
mm limbal incision. After insertion of the foldable toric I0L, the IOL was rotated to its
final position by exact alignment of the reference marks on the toric IOL with the
implantation axis marks. Postoperatively, all patients were prescribed a fixed
combination eye drop of tobramycin 3 mg/mL and dexamethasone 1 mg/mL
(Tobradex, Alcon Laboratories) in a tapering dose for the first 4 weeks and ketorolac 5
mg/mL (Acular, Allergan) for the first week.

Postoperative Examinations

Postoperative examinations were performed at 1 month, 3 months, and 6 months and
included UDVA, CDVA, subjective and objective (autorefractometry) refraction,
slitlamp evaluation and corneal topography (at 6 months only). A visual potential index
was calculated as the ratio of postoperative UDVA to postoperative CDVA. The
orientation of the toric IOL axis was determined at the slitlamp.

Statistical Analysis

Patients were divided into subgroups according to the IOL model implanted as follows:
T6 group (SN60T6); T7 group (SN60T7); T8 group (SN60T8); T9a group (SN60T9);
consisting of eyes with an expected postoperative residual cylinder of 0.75 D or less;
and T9b group (SN60T9), consisting of eyes with an expected postoperative residual
cylinder of more than 0.75 D. The expected residual cylinder was calculated using the
toric I0L calculator program. The combined group of all eyes of groups T6, T7, T8 and
T9a was designated as the TT group.

Snellen UDVA and CDVA were converted into logMAR values for the mathematic and
statistical calculations. To report the visual outcomes, the mean + standard deviation
(SD) LogMAR values were calculated back into Snellen values.

The actual amount of SICA was calculated using a vector analysis based on the
preoperative and postoperative topography keratometry values. Individual cylinder
and axis values were transformed into Cartesian coordinates (x and y) according to the
method described by Holladay et al.'! These Cartesian coordinates may be used in
mathematic and statistical calculations. The results are shown in a double-angle minus-
cylinder vector diagram. A double-angle vector diagram goes from 0 to 180 degrees in
a full cycle (360 degrees), so that 0 degree and 180 degrees are equivalent. The SD is



displayed as an ellipse surrounding the centroid (the mean SICA) in the double-angle
power plots.11

All data were collected in an Excel database (Office 2003, Microsoft Inc.). Data analysis
was performed using SPSS for Windows (version 16.0, SPSS Inc). Statistical analyses of
the astigmatism data were performed using the Hotelling Trace multivariate analysis of

variance.

Results

We evaluated 67 eyes of 45 patients. Table 6.1 shows the patients’ demographics and
preoperative data.

Comorbidity

In the T6 group, 2 patients had a history of retinal detachment (RD) treated by scleral
buckle surgery, 1 patient was amblyopic, and 1 had a manifest nystagmus. In the T7
group, 2 patients were amblyopic and 1 had a history of RD, treated by scleral buckle
surgery. In the T8 group, 1 patient was amblyopic. In the T9a group, 3 patients were
amblyopic, 1 had a vitreoretinal procedure because of a macular hole, and 1 had a RD
treated by scleral buckle surgery. In the T9b group, 1 patient had a corneal leukoma.

Visual Acuity

Figure 6.1A shows the postoperative UDVA and CDVA in relation to the preoperative
CDVA. The mean preoperative CDVA in eyes that could be fully corrected (TT group)
was 0.38 £ 0.26. Postoperatively, the mean UDVA and CDVA in the TT group were 0.61
+0.26 and 0.81 + 0.21, respectively.

Figure 6.1B shows the postoperative cumulative UDVA. In the TT group, 83% of eyes
achieved an UDVA of 20/40 or better, and 50% achieved an UDVA of 20/30 or better.
In 10 eyes (17%) in the TT group, the UDVA was worse than 20/40 due to amblyopia (5
eyes), I0L misalighment (3 eyes), and an unexpected residual refractive error (sphere
and cylinder) (2 eyes). The visual potential index was 0.78 in the TT group, 0.76 in the
T6 group, 0.71 in the T7 group, 0.71 in the T8 group, and 0.80 in the T9a group.
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Residual Refractive Cylinder

Postoperatively, the mean residual refractive cylinder in the TT, T6, T7, T8, T9a, and
T9b groups was -0.75 + 0.49 D, -0.68 £ 0.49 D, -0.71 + 0.33 D, -0.95 £ 0.63 D, -0.72
0.49 D, and -2.00 + 0.87 D, respectively. Figure 6.2 shows the cumulative residual
refractive cylinder by subgroup. In the TT group, the residual refractive cylinder was
0.75 D or less in 37 eyes (62%) and 1.00 D or less in 49 eyes (81%). In the T8 group, 2
eyes (18%) had a residual refractive cylinder of more than 1.50 D; 1 eye was amblyopic
and 1 eye had I0OL misalignment of 16 degrees. In the T9a group, 1 eye had a residual
refractive cylinder of more than 1.50 D due to an IOL misalignment of 9 degrees. The
mean reduction in refractive cylinder was 79% in the TT group, 73% in the T6 group,
80% in the T7 group, 76% in the T8 group and 84% in the T9a group.

Misalignment

The mean misalignment was 3.2 + 2.8 degrees (range 0 to 16 degrees). One eye had
more than 10 degrees of misalignment (16 degrees); however this patient did not wish
to have surgical IOL repositioning.

Surgically Induced Corneal Astigmatism

Figure 6.3 shows the amount of SICA following a 2.2 mm superior incision (29 eyes) or
2.2 mm temporal incision (19 eyes). Eyes not included in this analysis had an obliquely
located incision (n=7), or no preoperative or postoperative topography data (n=12
eyes). After a mean follow-up of 6 months, the mean SICA was significantly lower
following a 2.2 mm temporal incision (-0.19 + 0.78 D at 7 degrees) than with a 2.2 mm
superior incision (-0.40 + 0.60 D at 108 degrees) (p=0.034).

Complications

One patient developed a macular hole 1 week postoperatively for which he had a
vitreoretinal procedure. At 6 months postoperatively, the patient’s Snellen UDVA was
0.85 and the CDVA was 0.90. One patient had slight posterior capsule opacification in
both eyes, that did not compromise visual acuity or require a capsulotomy.
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Figure 6.3 Double-angle vector diagram (minus cylinder) of the mean SICA 6 months
postoperatively with an ellipse of 1 SD.

Discussion

In this study we evaluated toric IOL implantation in patients with high corneal
astigmatism. We believe this is the first study evaluating the Acrysof toric SN60T6 to
SN60T9 I0Ls with cylinder powers ranging from 2.50 to 4.00 D at the corneal plane.
These new models provide the opportunity to correct approximately 99% of all
patients with corneal astigmatism.m

Two previous studies evaluated the outcomes after implantation of high-cylinder
power toric I0Ls. Alio et al. evaluated AT Comfort toric IOL implantation in 21 eyes
with a mean corneal astigmatism of 3.73 + 1.79 D.12 The postoperative UDVA was 0.65
+ 0.22 and 76% of eyes achieved an UDVA of 20/40 or better. The mean residual
refractive cylinder was -0.45 + 0.63 D. Entabi et al. have evaluated T-flex toric IOL



implantation in 33 eyes with a mean pre-existent corneal astigmatism of 2.94 + 0.89
D.B Postoperatively, the mean UDVA was 0.28 *+ 0.23 logMAR (equivalent to 0.52
Snellen), and 70% of eyes achieved an UDVA of 20/40 or better. The residual refractive
cylinder was -0.95 + 0.66 D. Our postoperative results are comparable to those in these
2 studies. In our study, the mean UDVA was 0.61 + 0.26, with 83% of eyes having a
UDVA of 20/40 or better, and the mean residual refractive cylinder was -0.75 + 0.49 D.
Acrysof toric 10Ls with lower cylinder powers (SN60T3 to SN60TS5) have been used in
many studies to correct low to moderate corneal astigmatism during cataract surgery.
In a recent randomized controlled study of 256 eyes with a toric IOL, the UDVA was
20/40 or better in 92% of eyes and 20/30 or better in 79% of eyes.3 Approximately 90%
of eyes had a residual refractive cylinder of 1.00 D or less. In a large prospective cohort
study, Ahmed et al. examined visual outcomes after bilateral SN60T3 to SN60T5
implantation in 117 patients.1 Six months postoperatively, the binocular UDVA was
20/40 or better in 99% of patients and 20/20 or better in 63% of patients. The mean
residual refractive cylinder was 0.4 + 0.4 D, and 85% of patients achieved a residual
refractive cylinder of 1.00 D or less. Smaller cohort studies report similar results, with
an UDVA of 20/40 or better in 91% to 95% of cases and postoperative residual
24115 0 our study, the UDVA was

20/40 or better in 83% of eyes, which is comparable to results in previous studies using

refractive cylinders ranging from 0.5 D to 0.7 D.

the T3 to T5 toric IOL models. However, only 5% of patients in our study achieved an
UDVA of 20/20 or better, compared with 41% to 60% in studies evaluating these I0OL

13,5
models.

This might be related to the relatively large proportion of our patients who
had ocular comorbidities. Twenty-one percent of eyes (14/67) had an ocular
comorbidity, such as amblyopia, or a history of RD or macular hole. In addition, all eyes
in our study had high preoperative refractive errors that might have compromised the
visual acuity due to, for example, anisometropic amblyopia or astigmatism-related

%17 our preoperative screening for amblyopia was not optimal

(meridional) amblyopia.
and did not include measurement of visual acuity by isolated optotypes to avoid
possible crowding phenomena. We compensated for the limited visual potential of
patients in this study by calculating the visual potential index: ratio of postoperative
UDVA to postoperative CDVA. We found a mean visual potential index of 0.76, which
indicates that the toric I0OLs were effective in achieving 76% of the maximum CDVA in
patients with high amounts of corneal astigmatism. For example, in our previous
cohort study using low-cylinder power toric IOLs, the visual potential index was 0.83.°

Crucial to the efficacy of toric IOLs is the position of the IOL with regard to the
intended alighment axis. Misalignment of the IOL can be caused by 2 factors:

inaccurate placement of the IOL during surgery and postoperative rotation of the IOL.



Rotational stability used to be an issue with older silicone toric IOL models, which were

18,19 Acrysof

reported to rotate more than 10 degrees in 10% to more than 25% of eyes.
I0Ls have been shown to rotate less than 1 degree on average within a 6-month
period.zo This 10L is made from an acrylic material that has been shown to form
adhesions with the capsule, leading to rotational stability of the IOL in the capsular
bag, within approximately 2 weeks.”” *? In addition, the Acrysof toric IOL has open-loop
haptics, which are considered to make the IOL more stable in the first 2 weeks after
surgery.23 This indicates that accurate placement of the toric IOL during surgery is the
most important factor in preventing misalignment. If the toric IOL is misaligned from
its intended axis, the cylinder correction is less effective and a remaining astigmatism
occurs. Every degree of misalignment leads to approximately 3.5% of the preoperative
astigmatism magnitude remaining.24 Previous studies on Acrysof toric IOLs report a
mean misalignment of less than 4 degrees.l‘4 The mean misalignment in our study was
3.2 + 2.8 degrees. This corresponds to a remaining astigmatism magnitude of
approximately 11% of the preoperative magnitude. In the case of a T9 toric IOL with a
cylinder of 4.11 D at the corneal plane, this misalignment would result in a remaining
astigmatism magnitude of approximately 0.45 D. More accurate placement of toric
I0Ls during surgery might enhance their efficacy. This is especially important when
implanting toric IOLs with a high cylinder power.

When considering the use of toric I0OLs to correct corneal astigmatism during cataract
surgery, it is important to select suitable patients. Patients with Fuchs endothelial
dystrophy who might need a keratoplasty in the future are not good candidates for
toric IOL implantation. Patients with regular bow-tie astigmatism are most suitable for
toric I0L implantation. Preoperative corneal topography is therefore important to
assess the patient’s corneal astigmatism. However, recent studies show that toric IOL
implantation is also effective in patients with nonprogressive keratoconus and in post-

227 Although toric I10Ls cannot fully correct irregular

keratoplasty patients.
astigmatism, they can reduce refractive astigmatism and improve visual acuity.

Accurate preoperative corneal astigmatism power and axis measurement is important
for toric I0L power calculation. Previous studies describe various methods of
keratometry used in toric I0L power calculation, including the IOLMaster automated
keratometry2’4, manual keratometrya, autokeratorefractometry”, corneal

L2 |n this study, we determined

topographyzs, or a combination of these techniques
the keratometric power and axis using IOLMaster automated keratometry, which
minimizes problems related to human error and has been shown to be a reliable

biometric tool for spherical power calculations. Previous studies have shown that



keratometry measurements obtained with the I0LMaster are comparable to those
taken using Scheimpflug imaging and manual keratometry.3o"32

The expected amount of SICA has to be incorporated into the toric IOL power to allow
selection of the most appropriate toric IOL and alignment axis.”* However, the exact
amount of SICA is difficult to predict and is reported to depend on the amount of
preoperative corneal astigmatism, the incision location and size, suture use, and

34-36

patients’ age. In our study, a temporal 2.2 mm incision induced a significantly lower

amount of SICA than a superior 2.2 mm incision. Previous studies indicated that 2.2

mm temporal incisions induce 0.10 D to 0.31 D of sica®”

, versus 0.40 D for superior
incisions®. We recommend incorporating an expected amount of approximately 0.20
D for a temporal incision and 0.40 D for a superior incision into the toric IOL power
calculation.

In conclusion, this study shows that implantation of an Acrysof toric IOL is an effective

and safe method to correct high amounts of corneal astigmatism during cataract

surgery.
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Chapter 7

Visual outcomes and patient satisfaction after
cataract surgery with toric multifocal intraocular
lens implantation

Nienke Visser, Rudy M.M.A. Nuijts, Niels E. de Vries and Noél J.C. Bauer
Journal of Cataract & Refractive Surgery 2011; 37: 2034-2042



Abstract

PURPOSE: To evaluate visual outcomes and patient satisfaction after toric multifocal
intraocular lens (IOL) implantation in patients with cataract and corneal astigmatism.
SETTING: University Eye Clinic, Maastricht University Medical Center, the Netherlands.
METHODS: Patients with cataract, corneal astigmatism, and a motivation for spectacle
independency underwent cataract surgery with implantation of a toric diffractive
multifocal 10L (AT Lisa, Carl Zeiss Meditec). Three months postoperatively, the
uncorrected distance (UDVA), intermediate (UIVA), and near visual acuities (UNVA);
corrected distance (CDVA), intermediate (CIVA), and near visual acuities (CNVA),
residual refractive astigmatism, defocus curve, contrast sensitivity and patient
satisfaction were evaluated.

REsuULTS: Forty-five eyes of 25 patients were included. Postoperatively, the mean UDVA
was 0.04 + 0.15 logMAR and 98% of eyes achieved an UDVA of 20/40 or better. The
mean UNVA was 0.20 + 0.16 logMAR and the mean UIVA (60 cm) 0.40 + 0.16 logMAR.
Residual refractive astigmatism of -1.00 diopter (D) or less was achieved in
approximately 90% of eyes. Contrast sensitivity levels were high. Approximately 50% of
patients reported moderate glare, halos and starburst symptoms. Spectacle
independency for distance and near vision was achieved by 95% and 79% of patients,
respectively.

CoNcLusioN: Multifocal toric IOL implantation in patients with cataract and corneal
astigmatism provided good distance and near visual outcomes and acceptable
intermediate visual outcomes, allowing patients with considerable amounts of corneal
astigmatism to achieve spectacle independence at distance and near.



Introduction

The goal in modern cataract surgery is not only to restore visual acuity and reach
emmetropia but also to gain spectacle independence for distance and near vision. This
can be achieved by implantation of a multifocal I0L during cataract surgery. However,
corneal astigmatism of 1 D or more is prevalent in approximately 30% of eyes.l‘3 Not
correcting the astigmatism component at the time of cataract surgery will fail to
achieve spectacle independence. In addition, a recent study showed that
postoperative astigmatism compromised distance and intermediate visual acuities
more substantially in eyes with a multifocal IOL compared to eyes with a monofocal
IOL.* This indicates that astigmatism management is important when considering
multifocal IOL implantation.

Patients with a considerable amount of corneal astigmatism who wish to have a
multifocal IOL have several options. Limbal relaxing incisions or opposite clear corneal
incisions can be performed to reduce astigmatism during cataract surgery.s’ ® After
cataract surgery, laser refractive surgery can be used to correct residual refractive
errors, including cylinder errors.”® However, aside from the disadvantage of an
additional surgery, these procedures are associated with complications, such as limited
predictability, dry eye and wound-healing problems.lo'12
Toric multifocal I0Ls offer the opportunity to correct astigmatism and achieve
spectacle independence at all distances in patients with corneal astigmatism. The
purpose of this study was to evaluate the clinical outcomes after toric multifocal 0L
implantation in patients with cataract and corneal astigmatism. Distance, intermediate
and near visual acuities, residual astigmatism, defocus curve, contrast sensitivity and
patient satisfaction were evaluated.

Methods

Study Population

This prospective cohort study was performed at the University Eye Clinic Maastricht,
the Netherlands. Consecutive patients who wished to have toric multifocal 10L
implantation were included in the study. Institutional review board approval was
obtained and the tenets of the Declaration of Helsinki were followed.

Inclusion criteria were: visually significant cataract, corneal astigmatism of at least 1.00
D (measured by keratometry), a motivation for spectacle independence at distance
and near, and age over 21 years. Exclusion criteria were: irregular corneal astigmatism,
occupational night driver, Fuchs endothelial dystrophy, glaucoma, extensive macular



disease, a history of retinal detachment or intraocular inflammation, and an abnormal
iris or pupil configuration. Preoperatively, patients had an extensive ophthalmologic
examination, including measurement of corrected distance visual acuity (CDVA),
subjective refraction, objective refraction (Topcon), slitlamp examination, fundoscopy,
Goldmann applanation tonometry, corneal topography (Atlas, Carl Zeiss Meditec) and
optical biometry (IOLMaster, Carl Zeiss Meditec). Scotopic and photopic pupil
diameters were measured using the corneal topography device.

Intraocular Lens

All patients had implantation of an AT Lisa toric IOL (previously known as Acri.Lisa toric
466TD, Carl Zeiss Meditec) (Figure 7.1). The multifocal aspheric IOL is made of
hydrophilic acrylate with a hydrophobic surface. The single-piece plate haptic IOL has a
total diameter of 11.0 mm, an optic diameter of 6.0 mm, and O degree of haptic
angulation. The anterior surface of the IOL contains the toric component and the
posterior surface the diffractive structures. Incident light is distributed 65% to distance
focus and 35% to near focus, independent of pupil size. Available spherical powers
range from -10.00 to +32.00 D in 0.50 D increments and include a near addition of
+3.75 D. Cylinder powers range from +1.00 to +12.00 D in 0.50 D increments. The 10L
power was calculated using a online calculator (available at
https://zcalc.meditec.zeiss.com/zcalc). The IOLs are custom-made and require an
ordering time of 6 to 8 weeks. An expected amount of 0.50 D of corneal flattening at
the incised meridian was incorporated into the IOL power calculation.

| f.:.‘-[— _ |
\\J —\ // ——___/ Figure 7.1 The AT LISA multifocal toric IOL.

Surgical Technique

The same surgeon (NB) performed all surgeries. Preoperatively, corneal reference
marks were placed at 0, 180 and 270 degrees using the Nuijts/Lane toric reference
marker (American Surgical Instruments Corp.) and with the patient sitting upright to
correct for cyclotorsion. Intraoperatively, the implantation axis was determined using
the corneal reference marks and the alignment axis obtained from the IOL calculation.



This axis was marked using a Mendez degree gauge and the Nuijts toric axis marker
(both American Surgical Instruments Corp.).

A 2.2 mm limbal incision was made at the steep axis of the cornea. This was followed
by creation of a well-centered capsulorrhexis of approximately 5.0 mm and standard
divide-and-conquer phacoemulsification. After the foldable toric IOL was inserted, the
ophthalmic viscosurgical device was removed and the IOL was rotated into final
position by exact alignment of the reference marks on the toric IOL with the
implantation axis marks. Postoperatively, all patients were prescribed a fixed-
combination eye drop of tobramycin 3 mg/mL and dexamethasone 1 mg/mL
(Tobradex, Alcon Laboratories) and nepafenac 1 mg/mL (Nevanac, Alcon Laboratories)
in a tapering dose for the first 4 weeks.

Outcome Measures

Postoperative examinations were performed at 3 months. The uncorrected (UDVA)
and corrected distance visual acuity (CDVA) were assessed using the 100% contrast
Early Treatment Diabetic Retinopathy Study chart (ETDRS, Precision Vision, La Salle, IL)
at 4 m (calibrated at 85 candela (cd)/m’). Uncorrected (UNVA) and corrected near
visual acuity (CNVA) were measured using a handheld logarithmic near visual acuity
ETDRS chart (Precision Vision) at 40 cm under photopic conditions. Uncorrected (UIVA)
and corrected intermediate visual acuity (CIVA) were measured at 60 cm and 80 cm
using the logarithmic near visual acuity ETDRS chart. A binocular defocus curve was
constructed using the ETDRS chart at 4 m and adding +3.00 to -5.00 D sphere in 0.50 D
increments to the patient’s manifest refraction. The orientation of the toric IOL axis
was determined using a slitlamp.

Subjective refractive astigmatism was analyzed using a vector analysis according to
Alpins.13 Refractive astigmatism data were calculated to the corneal plane by adjusting
for a back vertex distance of 12.0 mm. Individual magnitude (diopters) and axis
(degrees) values were transformed into rectangular x and y coordinates and used to
calculate the following vectors. Target induced astigmatism (TIA) represents the
change the surgery was intended to induce. Surgically induced astigmatism (SIA) is the
astigmatic change the surgery actually induced. The difference vector represents the
vector between the achieved astigmatic outcome and the target astigmatic outcome.
The magnitude of error is the arithmetic difference between the magnitudes of the SIA
and TIA. The magnitude of error is positive for overcorrection and negative for under
correction. The angle of error is the angle between the SIA vector and TIA vector. Both
the overall residual astigmatism magnitude and the residual astigmatism at the
intended meridian of treatment (TIA meridian) were calculated.™ The correction index



is the ratio of the magnitude of SIA to the magnitude of TIA. The correction index is
preferably 1.0. It is greater than 1.0 if overcorrection occurred and less than 1.0 if
undercorrection occurred. The index of success was calculated by dividing the
difference vector by the TIA. This is a relative measure of success and is preferably
zero.

Contrast sensitivity was measured using the CSV-1000 contrast test (Vector vision).15
This system consists of a translucent chart with background illumination, calibrated at
85 cd/m’. It automatically adjusts for external light so that the testing light level is
standardized. Examinations were performed monocularly and binocularly (if
applicable) with manifest refraction in place. Absolute values of log contrast sensitivity
were obtained for a spatial frequency of 3, 6, 12 and 18 cycles per degree (cpd) at 2.5
m. In addition, the results were compared with monocular contrast sensitivities
obtained in a previous study of multifocal I0Ls with a +3.00 D or a +4.00 D add power
(Restor SN6AD1 or SN6AD3, Alcon Laboratories).16 This study used the same test chart
(CSV-1000) to measure contrast sensitivities.

In patients with binocular IOL implantation, a questionnaire was used to evaluate
patient satisfaction, spectacle use, visual disturbance items and visual lifestyle at 3
months postoperatively. Patients rated visual disturbance items (glare, halos,
starburst, blinding, ghost images, and diplopia) on a scale of 1 to 7 as follows: 1-2 = no
symptoms, 3-5 = mild symptoms, 6-7 = severe symptoms. The performance of specific
distance (D), intermediate (I) and near (N) visual lifestyle activities (without spectacle
use) was assessed on a scale of 1 to 7 (1-2 = no problems, 3-5 = mild problems, 6-7 =
severe problems). These activities were nighttime driving (D), daytime driving (D),
watching television (D/I), shopping (D/I/N), recognizing faces (I), computer work (1),
cooking (I/N), reading a book (N), and reading a newspaper (N). Spectacle use was
evaluated by asking how often patients used spectacles for distance, intermediate, and
near vision (never, rarely, on occasion, often, always). Overall patient satisfaction was
assessed by asking whether patients were satisfied with the postoperative result (yes
or no) and if they would choose this option again (yes or no).

Statistical Analysis
All data were collected in an Excel database (Microsoft Office 2003, Microsoft Inc.).
Statistical analysis was performed using SPSS for Windows (version 16.0, SPSS Inc.).



Results

Forty-five eyes of 25 patients were included. Twenty patients had bilateral toric
multifocal IOL implantation. Table 7.1 shows the patients demographics and
preoperative data.

Visual Acuity

Table 7.2 shows the distance, intermediate and near visual acuities. In 1 eye, the UDVA
was less than 20/40 as a result of a perforating trauma that occurred when the patient
was 3 years old. Figure 7.2 shows the binocular defocus curve with 2 peaks of optimum
CDVA at 0.00 D and —2.50 D.

Refraction

Table 7.3 shows the results of the astigmatism vector analysis. Almost 90% of eyes had
postoperative residual refractive astigmatism of 1.00 D or less (Figure 7.3). One eye
had a residual refractive astigmatism of more than 1.50 D (refractive astigmatism of -
1.75 D). In this eye, the toric IOL misalighment was 6 degrees. The residual refractive
astigmatism in this patient may be the result of irregular astigmatism that was not
discovered preoperatively. Postoperative corneal topography showed a band of
peripheral thinning, consistent with pellucid marginal degeneration.

Table 7.1 Patient characteristics and preoperative data

Parameter Value
Eyes (n) 45
Patients (n) 25
Age (mean + SD, years) 59+11
Female (%) 47%
CDVA (mean % SD, logMAR) 0.20+£0.23
Refractive cylinder (mean % SD, D) -2.47 £1.47
Corneal astigmatism magnitude* (mean £ SD, D) 2.55+1.19
Pupil diameter (mean + SD, mm)
Scotopic 5.26+0.81
Photopic 3.58 £ 0.65
Axial length (mean + SD, mm) 24.25 +1.37
I0L sphere power (mean * SD, D) 16.31+5.13
IOL cylinder power (mean + SD, D) 3.22+1.60
Expected residual cylinder (mean + SD, D) -0.15+0.12
Follow-up (mean % SD, months) 33+1.1

* = obtained by IOLMaster keratometry

Contrast Sensitivity
Figure 7.4 shows the monocular and binocular contrast sensitivity under photopic
conditions. The mean monocular contrast sensitivity was 1.73 + 0.24, 1.89 + 0.27, 1.45



+ 0.36 and 1.03 + 0.33 log at 3, 6, 12 and 18 cpd, respectively. In patients with
binocular IOL implantation, the mean contrast sensitivity was 1.86 + 0.18 at 3 cpd, 2.02
+0.19 at 6 cpd, 1.63 £ 0.29 at 12 cpd and 1.19 + 0.24 at 18 cpd. Figure 7.4 also shows
the monocular contrast sensitivities from the previous study of Restor +3.0 D and
Restor +4.0 D multifocal IOLs. The monocular contrast sensitivities of the AT Lisa toric
I0OL were significantly higher than those of the 2 Restor I0Ls at spatial frequencies 6
cpd (p=0.001; analysis of variance [ANOVA]), 12 cpd (p<0.001; ANOVA) and 18 cpd
(P<0.001; ANOVA).

Patient Satisfaction and Spectacle Dependency

Nineteen (95%) out of 20 patients with bilateral AT Lisa toric implantation completed
the questionnaire. Figure 7.5A shows the presence of visual disturbance items.
Approximately one half of the patients reported moderate symptoms of glare, halos,
and starburst. Symptoms of blinding, ghost-images, and diplopia were reported in a
minority of patients.

Figure 7.5B shows the percentage of patients with moderate or severe problems
performing specific distance, intermediate, and near visual lifestyle activities (without
spectacle use). The majority of patients reported problems with nighttime driving.
Approximately 30% of patients reported moderate or severe problems with computer
tasks and reading. Ten (53%) of 19 patients reported complete spectacle independency
for all distances (distance, intermediate, and near). Four patients (21%) reported
occasional use of spectacles for reading. Regarding intermediate vision, 4 patients
(21%) occasionally (n=1) or often (n=3) used spectacles for computer work. One
patient (5%) occasionally used spectacles for distance vision. Eighteen (95%) of 19
patients reported being satisfied with the postoperative results and would choose to
have a toric multifocal IOL again.

Complications

Two months postoperatively, 1 patient had a neodymium:YAG capsulotomy for
clinically significant posterior capsule opacification, after which the CDVA improved
from 20/40 to 20/17. One patient presented with anterior uveitis 1 month after
cataract surgery; she was treated for 4 weeks with corticosteroid eye drops (Pred
Forte, Allergan).

Three months postoperatively, the mean I0L misalighment was 2.3 + 2.0 degrees
(median 2.0 degrees, range 0 to 7 degrees). No IOL was misaligned by 10 degrees or

more.



Table 7.2 Distance, intermediate and near visual acuities 3 months postoperatively

Parameter Eyes logMAR >20/40 >20/25
(N) (mean + SD) (%) (%)
Distance (4 m)
UDVA 45 0.04 £0.15 98 71
CDVA 45 -0.06 £ 0.09 100 91
Binocular CDVA 20 -0.10+£0.09 100 95
Intermediate (80 cm)
UIVA 45 0.53+0.17 13 0
CIVA 45 0.52+0.19 18 2
Binocular CIVA 20 0.45+0.13 15 0
Intermediate (60 cm)
UIVA 45 0.4010.16 33 2
CIVA 45 0.4010.18 40 7
Binocular CIVA 20 0.34+0.14 40 5
Near (40 cm)
UNVA 45 0.2010.16 76 29
CNVA 45 0.09 £0.15 91 49
Binocular CNVA 20 0.03+0.11 100 70

Table 7.3 Astigmatism vector analysis according to Alpins method

Alpins vector Result
Preoperatively
Refractive astigmatism

Arithmetic mean (D + SD) 2.36+1.41

Vector mean (D @ °) 0.82 @ 172
Corneal astigmatism

Arithmetic mean (D £ SD) 2.55+1.19

Vector mean (D @ °) 1.27 @ 88
Target induced astigmatism

Vector mean (D @ °) 1.27 @ 178
Postoperatively
Refractive astigmatism

Arithmetic mean (D + SD) 0.71+0.42

Vector mean (D @ °) 0.56 @ 95
Surgically induced astigmatism (D @ °) 0.74 @ 173
Difference vector (D @ °) 0.56 @5
Magnitude of error (D £ SD) -0.18 £ 0.60
Angle of error (° £ SD) -3+17
Residual astigmatism

Mean magnitude (D + SD) 0.71+0.42

At meridian of treatment (D + SD) 0.19 £ 1.07
Correction index 0.94

Index of success

0.33
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Figure 7.4 Monocular and binocular contrast sensitivity in patients with the AT LISA toric IOL,
and in patients from a previous study of non-toric diffractive multifocal I0Ls (add power +3.0 D
or+4.0 D).16 * indicates a significant difference (p<0.05; ANOVA) between the toric IOL and the
non-toric IOL.

Discussion

In the current study we evaluated the visual and refractive outcomes, contrast
sensitivity, and patient satisfaction after toric multifocal I0L implantation in patients
with cataract and corneal astigmatism. Three months postoperatively, the mean UDVA
was 0.04 + 0.15 logMAR and the mean UNVA was 0.20 + 0.16 logMAR. At the
intermediate distances of 60 cm and 80 cm, the mean UIVA was 0.40 + 0.16 logMAR
(equivalent to 20/50) and 0.53 + 0.17 logMAR (equivalent to 20/68), respectively.
Almost 90% of eyes had a residual refractive astigmatism of 1.00 D or less.

At present, 4 different toric multifocal IOL models are available: the diffractive AT Lisa
toric IOL with a +3.75 D add power, the diffractive Restor IQ toric 10L (Alcon
Laboratories) with a +3.00 D add, the refractive M-flex T IOL (Rayner) with an add
power of +3.00 or +4.00 D, and the Lentis Mplus toric IOL (Oculentis) with a +3.00 D
sector-shaped near vision segment. So far, to our knowledge, no studies on the Restor
1Q toric I0OL, M-flex T IOL or Lentis Mplus toric IOL have been published. One case
series described refractive lens exchange with AT Lisa toric implantation in 10 eyes of 6
patients.17 In that study, postoperative UDVA was 20/40 or better in all eyes and the



mean reduction in refractive astigmatism was 95%. Near and intermediate visual
acuities were not evaluated.

Diffractive multifocal IOLs redirect incoming light into two separate foci, one for
distance vision and one for near vision. The AT Lisa toric I0L uses 65% of light for
distance vision and 35% for near vision, independent of pupil size. This concept was
developed because most patients prefer distance vision and because 35% of light for
near vision is sufficient for reading under normal lighting conditions. Nontoric AT Lisa
821 This 10L has the
same platform as the AT Lisa toric IOL. These studies showed postoperative monocular
UDVA rates ranging from 0.07 to 0.23 logMAR. We found a slightly better UDVA (0.04
logMAR) and 71% of eyes in our study achieved an UDVA of 20/25 or better versus
53% in a previous study.18 Regarding near vision, previous studies report an UNVA
ranging from 0.00 to 0.05 logMAR, compared to 0.20 + 0.16 logMAR in our study.ls’ 20
2 However, previous studies measured near visual acuity at 33 cm distance whereas

multifocal IOL implantation has been evaluated in several studies.

we used a distance of 40 cm. We believe that the mean UNVA in our study is an
effective visual acuity for reading. This is consistent with our finding that the majority
of patients did not use spectacles for near vision.

Intermediate vision with diffractive multifocal I0Ls is provided by the defocused
images of both focus points. Due to this design, objects at intermediate distances
produce images of a lesser quality than objects at distance or near. Previous studies
using non-toric AT Lisa multifocal IOLs report binocular CIVA of 0.27 to 0.34 logMAR at
70 cm.”® ?% ! This is slightly better than the CIVA in our study (0.34 + 0.14 logMAR at
60 cm and 0.45 * 0.13 logMAR at 80 cm). These results are in accordance with the
reported patient satisfaction in our study; approximately 30% of patients reported
moderate to severe problems with activities at intermediate distances (computer
work) and 21% of patients reported using spectacles for intermediate vision. This
indicates that the visual outcomes for intermediate distances were less good than
distance and near visual outcomes. For intermediate distances, multifocal I0Ls with a
+3.00 D add power have been shown to lead to better uncorrected visual outcomes
than multifocal 10Ls with a +3.75 D or +4.00 D add power.le' 223

The monofocal toric AT Comfort IOL (Carl Zeiss Meditec) uses the same platform as the
multifocal AT Lisa toric IOL. Alio et al. evaluated AT Comfort toric IOL implantation in
21 eyes of 12 patients.24 Postoperatively, the mean Snellen UDVA was 0.65 + 0.22 and
the mean residual refractive astigmatism was -0.45 + 0.63 D. In our study, Alpins
analysis showed a mean residual astigmatism of 0.19 + 1.07 D at the meridian of
treatment (steep meridian of the cornea) and an overall mean residual astigmatism
magnitude of 0.71 £ 0.42 D. Even though this was slightly higher than values reported
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by Alio et al., the UDVA in our study was better (0.04 logMAR, equivalent to 20/22
Snellen). In addition, a correction index of 94% and index of success of 33% indicate
that the AT Lisa toric I0L is effective in correcting astigmatism. Based on the slitlamp
examination, the mean misalignment of AT Lisa IOLs was 2.3 + 2.0 degrees. This is
comparable to the mean angle of error obtained from Alpins vector analysis based on
preoperative and postoperative refractive astigmatism (-3 + 17 degrees). However, the
large standard deviation of the angle of error indicates that several patients in our
study had a misalignment of treatment of much more than 3 degrees. This may be due
to errors in measurement of preoperative corneal astigmatism or errors in the
intraoperative positioning of toric IOLs. A recent study examined the accuracy of toric
I0L implantation and found a mean misalignment error of 5 degrees, which was much
larger in individual cases." Intraoperative positioning of toric I0Ls with greater
accuracy is necessary to achieve the most optimum cylinder correction in all patients.
This can be achieved using intraoperative wavefront aberrometry or eye-tracking
technology.”’25
Regarding the defocus curve, we found a V-shaped curve with 2 peaks at 0.0 D and -2.5
D and some loss of vision at the intermediate distances. The peaks correspond to the
expected near and far foci. The range of focus for a functional vision of 0.3 logMAR
(equivalent to 20/40 Snellen) extends from +2.0 D to -4.0 D (6.0 D wide). Two previous
studies of the aspheric non-toric AT Lisa IOL showed a range of focus from +1.0 D to -
4.0 D.** *° This indicates that the AT Lisa toric IOL has a wider range of focus than the
non-toric version. When considering the binocular defocus curve of other multifocal
I0Ls, the range of focus for functional vision extends from +1.0 D to -3.5 D for the
aspheric Restor +3.0 D IOL and from +1.0 D to -4.0 D for the aspheric Restor +4.0 D
|OL.22' 23,26

Multifocal IOLs split the available light between the distance focus and near focus. The
contrast of the in-focus image on the retina is affected by the out-of-focus image.
Patients with multifocal I0Ls may therefore be more sensitive to changes in contrast
and have been reported to have a lower contrast sensitivity than the normal
population.27 We measured monocular and binocular contrast sensitivities under
photopic conditions (85 cd/mz) using the CSV-1000 system. In a normal population,
contrast sensitivity levels measured with the same test chart were 1.56 + 0.15 at 3 cpd,
1.80 + 0.17 at 6 cpd, 1.50 + 0.15 at 12 cpd, and 0.93 + 0.25 cpd at 18 cpd.” This
indicates that the contrast sensitivity after AT Lisa toric IOL implantation is comparable
to that in the normal population at all spatial frequencies. We tested the contrast
sensitivity at 1 distance (2,5 m) and under 1 illumination level (85 cd/mz), because the
CSV-1000 system is standardized for these testing conditions. Montés-Micé et al.,



found a lower contrast sensitivity at near and under dim illumination in patients with a
multifocal 10L compared with results for a normal population and patients with a
monofocal 10L.” It is likely that the contrast sensitivity in our study would decrease at
near distances because less than half (35%) of the available light is used for near vision.
We do not believe that contrast sensitivity would decrease at dim illumination because
the AT Lisa IOL does not depend on pupil size. For all pupil diameters, 65% of light is
directed to a distance focus and 35% to a near focus. Other studies evaluating the non-
toric AT Lisa IOL found contrast sensitivities comparable to those in our study.ls’ 20,21
However, a direct comparison of our results with those in these aforementioned
studies is not possible because of different contrast sensitivity tests, different
illumination levels, and different testing distances.”® Thus, we compared our results to
values reported for Restor +3.0 D and Restor +4.0 D multifocal I0Ls and measured
under the same testing conditions and with the same test chart.® The AT Lisa toric IOL
showed a significantly better contrast sensitivity than the Restor multifocal IOL at most
spatial frequencies.

Diffractive IOLs require steps between the diffractive ring zones of the IOL. These steps
generally have sharp edges and produce unwanted visual phenomena, such as glare
and halos. The diffractive AT Lisa toric IOL has a soft transition of phase zones between
the main diffractive zones, which is thought to reduce disturbing light phenomena and
improve image quality. In our study, approximately one half the patients reported
moderate problems with glare, halos, starburst, and nighttime vision. Severe problems
with disturbing light phenomena were rare and were reported by 2 patients only.

In conclusion, AT Lisa toric IOL implantation in patients with cataract and corneal
astigmatism resulted in good distance and near visual acuities, high contrast
sensitivity, and high patient satisfaction. Intermediate visual performance was
acceptable. This IOL allows patients with considerable amounts of corneal astigmatism
to achieve spectacle independence for distance and near vision.
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Abstract

PURPOSE: To determine the efficacy of astigmatism correction with toric intraocular
lens (IOL) and toric phakic IOL (plOL) implantation in eyes with no previous ocular
surgery and in post-keratoplasty (PKP) eyes. In addition, changes in corneal
astigmatism were determined.

SETTING: University Eye Clinic, Maastricht University Medical Center, the Netherlands.
METHODS: Astigmatism was analyzed in 35 eyes with an Acrysof toric IOL, 35 eyes with
an Artiflex toric plOL, 50 eyes with an Artisan toric plOL and 40 PKP eyes with an
Artisan toric plOL. Refractive astigmatism was analyzed using Alpins method. Surgically
induced corneal astigmatism (SICA) was determined following a superior 2.2 mm, 3.4
mm or 5.4 mm incision. Follow-up was 12 months.

REesuLTs: Following toric 10OL implantation, the index of success was 0.14 and overall
residual astigmatism 0.37 D. Following toric plOL implantation, the index of success
was 0.32 (Artiflex) and 0.18 (Artisan), and overall residual astigmatism was
approximately 0.60 D. In PKP eyes, Artisan plOLs resulted in an index of success of 0.28
and overall residual astigmatism of 1.56 D. The SICA following a 2.2 mm, 3.4 mm, 5.4
mm (normal eyes) and 5.4 mm (PKP eyes) incisions was -0.25 + 0.42 D (p=0.108), -0.31
+0.43 D (p<0.001), -0.48 + 0.55 D (p<0.001) and -0.49 * 1.48 D (p=0.035), respectively.
CoNcLUsION: Toric 10Ls and toric plOLs provide an effective astigmatism correction.
Incorporating the SICA into the toric plOL power calculation may further increase their
effectiveness. Incorporation of 0 D, -0.30 D or -0.50 D of SICA for a 2.2 mm, 3.4 mm or
5.4 mm superior incision, respectively, is recommended.



Introduction

Toric pseudophakic intraocular lenses (I0OLs) and toric phakic 10Ls (plOLs) may be used
in cataract and refractive surgery to achieve spectacle independency for distance
vision. Toric pseudophakic IOLs correct corneal astigmatism and have been shown to
result in good visual and refractive outcomes.”™ Two types of toric plOLs are currently
available: the anterior chamber (iris-fixated) toric plOLs and the posterior chamber
toric plOLs. Both types of lenses have been shown to be effective in correcting
moderate to high amounts of refractive astigmatism.s"7 However, a vector analysis to
determine the efficacy of the astigmatism correction with these toric IOLs or toric
plOLs is not commonly performed.

Toric plOL implantation may also be performed in patients with high levels of
810 Approximately 30% of PKP
patients have more than 5 diopters (D) of astigmatism.11 High degrees of astigmatism

astigmatism due to a penetrating keratoplasty (PKP).

may not be suitable for spectacle correction due to anisometropia.12 Furthermore, due
to contact lens intolerance in PKP patients, many patients require a surgical correction
of astigmatism. An advantage of toric plOL implantation in these patients is the ability
to exchange and remove the plOL in case of a future re-keratoplasty.

An important aspect to consider in both toric IOL and toric plOL implantation is the
change in corneal astigmatism induced by the incision. Most commonly used toric IOLs
require a 2.2 mm incision, whereas foldable or rigid toric plOLs require a 3.4 mm or 5.4
mm incision, respectively. In PKP eyes the biomechanical wound healing response and
the change in corneal astigmatism may differ from normal eyes.

The purpose of this study was to evaluate the vector changes in both refractive and
corneal astigmatism following toric IOL and toric plOL implantation and to determine
the efficacy of the astigmatism correction. In addition, vector changes in refractive and
corneal astigmatism in PKP eyes were compared to those in eyes with no previous
ocular surgery.

Methods

Study design and patient population

This retrospective case series included patients who underwent toric I0OL or toric plOL
implantation between January 2001 and October 2010. All surgeries were performed
by two experienced surgeons (NB and RN) at the Maastricht University Medical Center,
the Netherlands. The tenets of the Declaration of Helsinki were followed.



Inclusion criteria for pseudophakic toric IOL implantation were regular corneal
astigmatism of 1.25 D or more and cataract. Exclusion criteria were tear-film
abnormalities, Fuchs’ endothelial dystrophy (more than 2+ guttata) or extensive visual
loss due to macular disease or glaucoma. Inclusion criteria for toric plOL implantation
in normal eyes were a subjective refractive astigmatism of 1.5 D or more, a stable
refraction during the previous 2 years and unsatisfactory correction with spectacles or
contact lenses. Exclusion criteria were an anterior chamber depth (ACD) of less than
3.2 mm (measured from the epithelium to the crystalline lens), endothelial cell density
of less than 2000 ceIIs/mmz, abnormal iris or pupil, glaucoma, or uveitis. Inclusion
criteria for toric plOL implantation in PKP eyes were spectacle intolerance due to
anisometropia and contact lens intolerance. Exclusion criteria were an ACD less than
3.2 mm, endothelial cell density less than 500 ceIIs/mmz, glaucoma, or uveitis.
Preoperatively, all patients underwent a complete ophthalmic evaluation including
subjective refraction, Snellen best-corrected distance visual acuity (CDVA), slit lamp
examination, fundoscopy, applanation tonometry, optical biometry (IOLMaster, Carl
Zeiss Meditec) and manual keratometry (Javal-Schiotz, Rodenstock). All patients
underwent corneal topography with the Atlas (Carl Zeiss Meditec) or Eye Map (Alcon
Laboratories) Placido-disk videokeratoscope. In case of plOL implantation, patients
additionally underwent noncontact specular microscopy (Noncon Robo SP-9000,
Konan Medical Incorporation) and anterior segment optical coherence tomography
(Visante, Carl Zeiss Meditec).

Intraocular lens types

The Acrysof toric IOL (Alcon Laboratories) is a foldable I0OL made of hydrophobic acrylic
material and has a 6.0 mm optic diameter. It is available in cylinder powers of 1.5 D to
6.0 D (SN60T3 to SN60T9). The IOL cylinder power and alignment axis were calculated
based on keratometry values (K values) obtained by optical biometry and using an
online calculator (available at: www.acrysoftoriccalculator.com). An expected amount
of surgically induced corneal astigmatism (SICA) of 0.5 D (superior incision) was
incorporated in the IOL calculation.

The iris-fixated Artiflex toric plOL (Ophtec) is a 3-piece foldable IOL consisting of a
silicone 6.0 mm optic and 2 rigid polymethylmethacrylate (PMMA) haptics. It is
available in cylinder powers of 1.0 D to 5.0 D. The iris-fixated Artisan toric plOL
(Ophtec) is made from non-foldable PMMA and has a 5.0 mm optic. Available cylinder
powers range from 1.0 D to 7.5 D. For both plOLs, the lens power was calculated using
the van der Heijde formula based on the mean K value, ACD, refractive spherical
equivalent and refractive cylinder power (corrected for a 12.0 mm vertex distance).



The axis of surgical enclavation was derived from the subjective refraction. All power
calculations were performed by Ophtec.

Surgical techniques

The marking steps required for both toric IOL and toric plOL implantation were
identical. Preoperatively, after administration of a topical anesthetic, the patient was
positioned upright to correct for cyclotorsion and asked to fixate at an object at
distance. Limbal reference marks were placed at 0, 180 and 270 degrees (3, 6 and 9
o’clock positions) with a Nuijts/Lane Toric Reference Marker with bubble-level
(American Surgical Instruments Corp.). Intraoperatively, the limbal reference marks
were used to mark the alignment axis. This was done with a Mendez degree gauge
(American Surgical Instruments Corp.) and a Nuijts Toric Axis Marker (American
Surgical Instruments Corp.).

In the case of cataract surgery with toric IOL implantation, a standard
phacoemulsification was performed through a 2.2 mm superior limbal incision. In the
case of refractive surgery with toric plOL implantation, a 3.4 mm (Artiflex) or a 5.4 mm
(Artisan) superior corneoscleral incision was used. Following Artiflex plOL implantation,
the wound was closed using two interrupted 10-0 nylon sutures. Following Artisan
plOL implantation, 5 interrupted 10-0 nylon sutures were used to close the incision.
Suture removal was performed between 1 and 3 months postoperatively.

Postoperative examinations

At 6 and 12 months postoperatively, all patients underwent subjective refraction,
measurement of Snellen uncorrected distance visual acuity (UDVA) and CDVA and
corneal topography. In each patient, preoperative and postoperative corneal
topography was always performed with the same device (Atlas or Eye Map).

Data analysis

The accuracy of astigmatism correction was calculated by using a vector analysis
according to AIpins.13 In patients implanted with a toric IOL, postoperative refractive
astigmatism was compared to preoperative keratometric astigmatism (IOLMaster). In
patients implanted with a toric plOL, postoperative refractive astigmatism was
compared to preoperative refractive astigmatism. Target astigmatism was zero, since
emmetropia was the goal in all patients. Refractive astigmatism data were calculated
to the corneal plane as follows. Subjective refraction at the spectacle plane was
converted into the two principal lens powers. Both lens powers were than vertexed to
the corneal plane by using equation (1) and a back vertex distance of 12 mm. The



difference between both lens powers at the corneal plane represents the amount of
astigmatism at the corneal plane.
1000 * Fg

@) k= 1000 — (Fg * d)
F. = Lens power (D) at corneal plane, F; = Lens power (D) at
spectacle plane, and d = vertex distance (mm).

Astigmatism magnitude (D) and axis (degrees) values were transformed into
rectangular x and y coordinates and used to calculate the following vectors.” The
target induced astigmatism (TIA) vector represents the change (by magnitude and axis)
the surgery was intended to induce. The surgically induced astigmatism (SIA) vector is
the astigmatic change the surgery actually induced. The difference vector (DV)
represents the vector that enables the achieved astigmatic outcome to achieve target
astigmatism. This is an absolute measure of success and is preferably zero. The
magnitude of error (ME) is the arithmetic difference between the magnitudes of the
SIA and TIA. The ME is positive for overcorrection and negative for undercorrection.
The angle of error (AE) is the angle between the SIA and TIA vectors. The AE is positive
if the achieved correction is counterclockwise to the intended axis and negative if the
achieved correction is clockwise to the intended axis. The flattening effect (FE) is the
magnitude of astigmatism reduction achieved at the intended meridian of treatment
(TIA meridian). The flattening index is calculated by dividing the FE by the magnitude of
TIA and is preferably 1.0. The correction index was calculated as the ratio of the
magnitude of SIA to the magnitude of TIA. The correction index is preferably 1.0. It is
greater than 1.0 if overcorrection occurred and less than 1.0 if undercorrection
occurred. The index of success was calculated by dividing the magnitude of DV by the
magnitude of TIA. This is a relative measure of success and is preferably zero. The
overall mean magnitude of residual astigmatism and the residual astigmatism at the
meridian of treatment were calculated.™

The SICA was defined as the vector change between preoperative and postoperative
corneal astigmatism. To calculate the SICA, corneal astigmatism data, obtained by
corneal topography, were transformed into Cartesian coordinates (x and y) according
to the method described by Holladay et al.” The SICA was calculated using a standard
vector analysis and is shown in double-angle minus-cylinder power plots. The standard
deviations (SD) of the x and y coordinates are displayed as an ellipse surrounding the
centroid (the mean SICA) in the double-angle pIots.15 After the calculations were
finished, the Cartesian coordinates were transformed back to the standard notation
for astigmatism (cylinder and meridian).



Statistics

All data were collected in an Excel database (Office 2007, Microsoft Inc.) and analyzed
using SPSS for Windows (Version 16.0, SPSS Inc.). Snellen UDVA and CDVA were
converted into LogMAR for mathematical and statistical calculations. Postoperative
changes in astigmatism vectors within each group were analyzed using a repeated
measures analysis of variance (ANOVA). A Hotelling Trace multivariate analysis of
variance (MANOVA) was used to determine if vectors were significantly different from
zero. Paired samples t-tests were used to analyze visual acuity and astigmatism
parameters within a group. A p-value of less than 0.05 was considered statistically
significant.

Results

Refractive and corneal astigmatism were analyzed in 35 normal eyes with an Acrysof
toric I0OL, 35 normal eyes with an Artiflex toric plOL, 50 normal eyes with an Artisan
toric plOL and 40 PKP eyes with an Artisan toric plOL. Patient characteristics are shown
in Table 8.1.

Visual outcomes

The preoperative and postoperative UDVA and CDVA are shown in Table 8.2. In all
subgroups, the postoperative CDVA was significantly better than the UDVA at 6
months (p<0.001) and 12 months (p=0.001) follow up. In none of the subgroups, the
UDVA or CDVA changed significantly from 6 to 12 months.

Vector analysis of refractive astigmatism

Table 8.3 shows the results of Alpins vector analysis based on postoperative refractive
astigmatism. Figure 8.1 demonstrates the variability in postoperative refractive
astigmatism within each group.

Table 8.1 Preoperative patient characteristics

Population Acrysof I0L Artiflex plOL Artisan pIOL Artisan pIOL
Normal eyes Normal eyes Normal eyes PKP eyes

Eyes (N) 35 35 50 40

Patients (N) 20 20 33 39

Age (mean years + SD) 65+ 12 4519 40+ 10 59+19

Female (%) 74 74 52 56




Table 8.2 Preoperative and postoperative LogMAR visual acuity

Acrysof I0L Artiflex plOL Artisan plOL Artisan plOL
Normal eyes Normal eyes Normal eyes PKP eyes
Preoperatively CDVA 0.41+0.31 0.04 +0.12 0.12+0.15 0.23+0.17
6 Months UDVA 0.10+0.10* 0.03 +0.11* 0.15+0.18* 0.45 +0.24*
CDVA 0.01+0.11 -0.03 +0.12 0.04 +0.11 0.16 +0.14
12 Months UDVA 0.12+0.11* 0.05+0.16* 0.13+0.13* 0.46 + 0.24*
CDVA 0.03+0.11 -0.04 +0.10 0.04 +0.10 0.17 +0.14

* = significantly different from CDVA at the same time point (paired samples t-test; P<0.05).

In the Acrysof toric IOL group, SIA was significantly different from TIA (p<0.001). The
DV was significantly different from zero at 6 months (0.21 D @ 27 degrees; p=0.008)
and 12 months (0.18 D @ 10 degrees; p=0.043). Achieved astigmatism, ME, AE,
flattening index, correction index, index of success and residual astigmatism did not
change from 6 to 12 months postoperatively.

In the Artiflex toric plOL group, the SIA was not significantly different from the TIA, and
the DV at 6 and 12 months was not different from zero. The ME (p=0.026), flattening
index (p=0.013) and correction index (p=0.029) changed significantly from 6 to 12
months follow-up, whereas achieved astigmatism, AE, index of success and residual
astigmatism did not change from 6 to 12 months follow up.

In the Artisan plOL group (normal eyes), the SIA at 6 and 12 months postoperatively
was not significantly different from the TIA. The DV at both 6 and 12 months was not
significantly different from zero. Achieved astigmatism (p=0.020), ME (p=0.013),
flattening index (p=0.020) and correction index (p=0.006) showed a significant change
from 6 to 12 months follow up. The AE, index of success and residual astigmatism did
not change significantly from 6 to 12 months follow up.

In the Artisan plOL group (PKP eyes), the SIA was not significantly different from the
TIA and the DV was not different from zero at 6 and 12 months. Achieved astigmatism,
ME, AE, flattening index, correction index, index of success and residual astigmatism
did not change from 6 to 12 months follow up. At 6 and 12 months postoperatively, all
eyes had less than 3.0 D of refractive astigmatism.

Vector analysis of corneal astigmatism

Postoperative changes in corneal astigmatism are shown in Table 8.4. Following a 2.2
mm superior incision, postoperative corneal astigmatism was not significantly different
from the preoperative value. In addition, the amount of SICA at 6 and 12 months
postoperatively was not significantly different from zero. Following a 3.4 mm and 5.4
mm superior incision in normal eyes, postoperative corneal astigmatism was
significantly lower than the preoperative value. The amount of SICA was significantly



different from zero in both the 3.4 mm incision group (12 months: -0.33 D @ 97
degrees, p<0.001) and the 5.4 mm incision group (12 months: -0.60 D @ 90 degrees,
p<0.001). Following a 5.4 mm incision in PKP eyes, postoperative corneal astigmatism
was not significantly different from preoperative astigmatism. The SICA was -0.91 D @
76 degrees (p=0.018 compared to zero) at 12 months. The SICA did not change
significantly from 6 to 12 months postoperatively in any of the subgroups. Figure 8.2
shows the mean amount of SICA with an ellipse of 1 SD for each incision group.

Complications

In the Acrysof toric IOL group, one patient developed postoperative cystoid macular
edema, which was treated with ketorolac (Acular, Allergan). In 4 eyes in the Artiflex
toric plOL group, postoperative depositions were seen on the anterior and/or posterior
surface of the plOL. Two eyes had a postoperative elevated intraocular pressure (IOP)
which was treated with timolol (Timoptol XE, Merck Sharp & Dohme). In the Artisan
toric IOL group (normal eyes), one patient had a postoperative elevated IOP which was
treated with timolol. In the Artisan toric IOL group (PKP eyes), a plOL claw
repositioning was performed at 6 weeks postoperatively. One patient developed a high
I0P, which was treated with timolol.

Discussion

The aim of this study was to determine the changes in refractive and corneal
astigmatism following toric IOL and toric plOL implantation. With a vector analysis
based on refractive astigmatism the effectiveness of the astigmatism correction was
determined. In addition, the amount of SICA following a 2.2 mm, 3.4 mm and 5.4 mm
incision was determined at 6 and 12 months postoperatively. Even though the visual
outcomes following toric IOL and toric plOL implantation were good, the postoperative
CDVA was significantly better than the UDVA in all subgroups. We believe more
knowledge about the amount of SICA can further increase the effectiveness of toric
10Ls.

To determine the effectiveness of the astigmatic correction with different toric 10Ls
and toric plOLs, a vector analysis according to Alpins was performed. Alpins
astigmatism analysis is based on 3 fundamental vectors: the TIA, SIA and DV." These
three vectors are then used to calculate different astigmatic parameters and indices
that may be used to determine overall success of the astigmatism correction (index of
success, flattening index), possible over- or undercorrection (ME, correction index),



Table 8.3 Alpins vector analysis of the refractive astigmatism outcomes following toric IOL or

toric phakic IOL implantation

Alpins vector Acrysof I0L Artiflex plOL Artisan plOL Artisan plOL
Normal eyes Normal eyes Normal eyes PKP eyes

Preoperatively
Preoperative astigmatism

Arithmetic mean (D) 2.82 1.98 3.48 6.11

Vector mean (D @ °) 1.35 @ 97 1.52 @ 180 233 @1 2.27 @ 154
TIA vector mean (D @ °) 135@7 1.52 @ 90 233 @91 2.27 @ 64
6 Months
Achieved vector mean (D @ °) 0.21 @ 117 0.04 @ 114 0.01 @ 130 0.04 @ 166
SIA vector mean (D @ °) 151@9" 1.55 @ 90 233 @91 223 @ 64
DV mean (D @ °) 021 @27 % 0.04 @ 24 0.01 @ 40 0.04 @ 76
Magnitude of error (D + SD) 0.04 +0.40 0.09 +0.49 -0.06 + 0.56 -0.38 +1.50
Angle of error (° £ SD) 2+11 014 -2+16 7+22
Absolute angle of error (° £ SD) 6+9 11+9 12+11 15+17
Flattening effect (D + SD) 2.61+1.43 1.83+0.92 2.90 £ 1.50 4.3412.66
Flattening index 0.93 0.91 0.83 0.77
Correction index 0.99 1.03 0.96 0.99
Index of success 0.15 0.31 0.21 0.30
Residual astigmatism

Overall mean (D * SD) 0.39+0.36 0.54 £ 0.45 0.64 £ 0.56 1.65+1.37

At meridian of TIA (D £ SD) 0.37+£0.59 0.41+0.39 0.61+0.55 1.37+1.33
12 Months
Achieved vector mean (D @ °) 0.18 @ 100 0.06 @ 108 0.20@95 % 0.01 @ 60
SIA vector mean (D @ °) 153@7" 1.57 @ 90 2.52 @91 2.28 @ 64
DV vector mean (D @ °) 0.18@ 10t 0.06 @ 18 020 @5 0.01 @ 150
Magnitude of error (D + SD) 0.07 £0.40 0.21+0.49% 0.14+0.54 % -0.32+1.51
Angle of error (°£SD) 2+11 1+13 -2+16 4+21
Absolute angle of error (° + SD) 5+9 10+9 12+11 15+ 16
Flattening effect (D + SD) 2.64+1.42 1.97+0.91 3.06 £ 1.52 4.40+2.74
Flattening index 0.94 1.00% 0.89 % 0.78
Correction index 1.00 111+% 1.04% 0.99
Index of success 0.14 0.32 0.18 0.28
Residual astigmatism

Overall mean (D + SD) 0.37+0.36 0.58 +0.54 0.59 +0.60 1.56+1.41

At meridian of TIA (D £ SD) 0.27 +0.31 0.44 +0.38 0.53+0.63 1.40 + 1.40

= significantly different from TIA (repeated measures ANOVA; P <0.05)
t = significantly different from zero (Hotelling Trace MANOVA,; P <0.05)
= significantly different from 6 months (repeated measures ANOVA or paired t-test; P <0.05)
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A. Acrysof toric IOL (normal eyes)
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B. Artiflex toric plOL (normal eyes)
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Figure 8.1 Double angle-vector diagrams of the preoperative and achieved refractive
astigmatism outcomes at 12 months following Acrysof toric IOL (A), Artiflex toric plOL (B) or
Artisan toric plOL implantation in normal eyes (C) or Artisan toric plOL implantation in post-

keratoplasty eyes (D).

Data is shown as an ellipse of 1 standard deviation with a center equal to the mean.
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Figure 8.2 Double-angle vector diagrams of the SICA at 12 months following a 2.2 mm (A), 3.4
mm (B), 5.4 mm incision in normal eyes (C) or a 5.4 mm incision in post-keratoplasty eyes (D).
Data presented as mean with an ellipse of 1 SD.



misalighment of treatment (AE, absolute AE), and residual astigmatism (FE, residual
astigmatism). Following Acrysof toric IOL implantation, the ME was close to zero and
the correction index was 1.00, indicating that on average no over- or undercorrection
of astigmatism had occurred. Previous studies that have performed a vector analysis
following toric 10L implantation report either a slight overcorrection™® * or an
undercorrection” *® of astigmatism. In addition, a recent study by Goggin et al. shows
that the manufacturer underestimated the IOL cylinder power at the corneal plane,
which may result in an overcorrection of astigmatism.19 In our study the absolute AE
was 5 * 9 degrees, which is in accordance with the mean misalignment reported in

. . 2,17,18,20
previous studies.

At 12 months postoperatively, the overall mean magnitude of
residual astigmatism was 0.37 £ 0.36 D, and 0.27 £ 0.31 D of astigmatism remained at
the meridian of TIA. As discussed in our previous study, two views currently exist in the
literature regarding the calculation of residual astigmatism: the overall magnitude of
residual astigmatism and the magnitude of residual astigmatism at the meridian of
treatment.” Our results indicate that both methods result in similar amounts of
residual astigmatism, although the amount of residual astigmatism at the meridian of
treatment was always slightly lower than the overall mean. None of the measured
astigmatism parameters nor the UDVA or CDVA changed significantly from 6 to 12
months follow up, indicating that visual and refractive outcomes were stable at 6
months following Acrysof toric IOL implantation.

In the Artiflex and Artisan plOL groups, the ME and correction index showed an
overcorrection of astigmatism The mean absolute AE was 10 + 9 degrees and 12 + 11
degrees in the Artiflex and Artisan plOL groups, respectively. This indicates a slightly
higher misalignment of treatment in toric plOLs compared to toric pseudophakic I10Ls.
Residual astigmatism with both plOLs was comparable: 0.58 to 0.59 D overall and 0.44
to 0.53 D at the meridian of treatment. In both plOL groups, astigmatism parameters
such as the ME, flattening index and correction index changed from 6 to 12 months
postoperatively, indicating that the refractive outcomes are not entirely stable at 6
months. However, visual outcomes did not change between 6 and 12 months follow
up.

Following Artisan toric plOL implantation in PKP eyes the variability in the achieved
astigmatic outcomes was much higher than that in normal eyes (demonstrated in
Figure 8.1). At 12 months follow-up, the ME was -0.32 + 1.51 D and the correction
index was 0.99, indicating that an undercorrection of astigmatism occurred in these
patients. The high mean absolute AE (15 + 16 degrees) resulted in large amounts of
residual astigmatism (1.56 + 1.41 D overall and 1.40 + 1.40 D at the meridian of
treatment). None of the astigmatism parameters changed significantly from 6 to 12



months follow-up. All eyes in our study achieved less than 3.0 D of refractive
astigmatism, indicating that all patients were suitable for spectacle correction.

An important aspect to consider in toric IOL calculation is the vector change in corneal
astigmatism (SICA) induced by the incision. Commonly used toric I0Ls require an
incision of 2.2 mm (Acrysof I0L) or can even be implanted through a sub 2.0 mm
incision (Rayner T-flex I0L; AT Torbi, Carl Zeiss Meditec). Following a 2.2 mm superior
incision, a SICA of -0.10 + 0.52 D @ 92 degrees was found at 12 months
postoperatively, which was not significantly different from zero. In addition,
postoperative corneal astigmatism was not significantly different from preoperative
corneal astigmatism. Studies on toric 10Ls generally incorporate a SICA, ranging in
magnitude from 0 to 0.70 D™ ******

ranging from -0.20 to -0.40 D following a 2.2 mm superior incision.” 2%’ However,

In addition, previous studies have reported a SICA

none of these aforementioned studies have examined if the amount of SICA is
significantly different from zero. In agreement with our results, Hoffmann et al. have
reported a SICA of -0.19 + 0.44 D at 3 months postoperatively following a 2.2 mm
temporal incision, which was not significantly different from zero."”® In addition, Goggin
et al. have examined the test-retest variability of keratometry measurements and have
shown that this may be up to 0.14 D in magnitude.28 This indicates that a significant
proportion of the SICA reported in previous studies may be due to test-retest variation
in keratometry measurements. We believe that no SICA should be incorporated into
the toric IOL power calculation for a superior 2.2 mm incision.

Anterior chamber iris-fixated toric plOLs require a 3.4 mm incision for foldable plOLs or
a 5.4 mm incision for rigid plOLs. A SICA of -0.31 + 0.43 D for a 3.4 mm superior incision
and -0.48 + 0.55 D for a 5.4 mm superior incision was found at 6 months follow-up in
normal eyes. This value did not change significantly from 6 to 12 months
postoperatively, indicating that the amount of SICA had stabilized at 6 months
postoperatively. In both incision groups, postoperative corneal astigmatism was
significantly different from the preoperative value and the amount of SIA was
significantly different from zero. This indicates that the amount of SICA should be
incorporated into the plOL power calculation. However, the amount of SICA is
currently not routinely incorporated into the plOL power calculation performed by the
manufacturer. Not incorporating the SICA into the plOL power calculation may have
resulted in the overcorrection of astigmatism observed in our study. In the literature,
superior incisions of approximately 3.5 mm have been reported to produce a SICA
ranging from -0.49 to -0.89 p. 2%
mm incision and have shown a SICA ranging from -0.60 to 0.74 D.

Bartels et al. have examined the SICA following a 5.5

32, 33
Our



recommendation is to incorporate a SICA of -0.30 D for a 3.4 mm superior incision and
-0.50 D for a 5.4 mm superior incision.

In PKP eyes, the SICA following a 5.4 mm incision was found to be -0.49 + 1.48 D, which
is comparable to the SICA in normal eyes. However, as visible in Figure 8.2, the
variability in the amount of SICA in PKP eyes was much higher than in normal eyes. We
hypothesized that the large variability in SICA might be due to a different
biomechanical response of the cornea. In normal corneas, collagen fibers within the
same lamellae have a parallel orientation and the orientation of the fibers throughout
the corneal depth varies. Overall, the preferred orientation is along the horizontal
(nasal — temporal) and vertical (inferior — superior) direction, which provides
biomechanical strength.34 In PKP eyes, however, collagen fibers are cut and the donor
cornea button is sutured into place with no regard to the orientation of the recipient
and donor collagen lamellae. This might impair the structural integrity of the cornea
and change the biomechanical response. Since the amount of SICA in PKP eyes in this
study was found to be significantly different from zero, incorporation of a SICA of -0.50
D into the toric plOL power calculation for a superior 5.4 mm incision, is advised.

A limitation of this study is that preoperative and postoperative visual acuity was
measured with a Snellen chart, instead of an ETDRS (LogMAR) chart. However, Snellen
visual acuity was converted to LogMAR before any calculations were performed. A
possible limitation is that for some patients both eyes were included in the analysis.
Therefore, all analyses were also performed with only one eye for each patient (results
not shown). These results were similar to the results for all eyes. Another limitation is
that two different devices were used for corneal topography. To attempt to minimize
this effect, the same device was used preoperatively and postoperatively in each
patient. Finally, a limitation of this study is that corneal astigmatism data were
obtained with Placido-disk videokeratoscopy. This type of corneal topography system
reconstructs the anterior corneal surface by the reflections of light-emitting Placido
rings. This does not represent the exact corneal shape since it does not include
information about the posterior corneal surface and the corneal thickness.* It would
be worthwhile in the future to analyze astigmatism data in these patients with
Scheimpflug imaging.

In conclusion, a vector analysis of the refractive astigmatism changes showed that toric
I0Ls and toric plOLs provide an effective astigmatism correction. In case of toric IOL
implantation through a superior 2.2 mm incision, incorporation of a SICA into the toric
IOL power calculation is not necessary. In case of Artiflex or Artisan plOL implantation
through a superior 3.4 or 5.4 mm incision incorporation of a SICA of -0.30 D and -0.50
D, respectively, is recommended. In case of Artisan plOL implantation in PKP eyes,



incorporation of a SICA of -0.50 D is also recommended. Incorporating the SICA into
the plOL power calculation may further increase the effectiveness of the astigmatism
correction.
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Chapter 9

Cataract surgery with toric intraocular lens
implantation in keratoconus: A case-report

Nienke Visser, Sacha T.J.M. Gast, Noél J.C. Bauer and Rudy M.M.A. Nuijts
Cornea 2011; 30: 720-723



Abstract

PURPOSE: To present two cases in which cataract extraction with a foldable acrylic toric
intraocular lens (I0OL) implantation was used to correct (irregular) corneal astigmatism
in patients with keratoconus and cataract.

DESIGN: Case report.

METHODS: Case 1 was a 78-year old male with cataract and keratoconus in his left eye.
He underwent phacoemulsification with a toric IOL (Acrysof SN60T9; cylinder power
6.0 D) implantation. Case 2 was a 64-year old female with bilateral cataract and
keratoconus. She underwent phacoemulsification with toric IOL implantation in her
right (Acrysof SN60T9; cylinder power 6.0 D) and left eye (Acrysof SN60T5; cylinder
power 3.0 D). Postoperative follow-up in both cases was six months.

REsuLTS: In case 1, the uncorrected distance visual acuity (UDVA) increased from
20/400 to 20/50. Refractive cylinder decreased from -6.0 D to -1.5 D, which is a
reduction of 75%. In case 2, the UDVA increased from 20/400 to 20/130 in the right
eye and from 20/400 to 20/30 in the left eye. Refractive astigmatism decreased by 70%
in both eyes. No IOL misalignment or other complications occurred.

CONCLUSION: Cataract extraction with toric IOL implantation can be used to correct
(irregular) astigmatism and to improve visual functioning in patients with mild to
moderate amounts of stable keratoconus and cataract.



Introduction

Keratoconus is a progressive, non-inflammatory disease of the cornea characterized by
thinning and protrusion of the cornea. This results in high irregular astigmatism and
myopia and a reduced visual acuity. The onset is usually at puberty and progression
mainly occurs until the 3" or 4™ decade in life." Treatment of keratoconus depends on
the stage of the disease. In early to moderate keratoconus, spectacles and rigid-gas-
permeable contact lenses (RGPCLs) are the most frequently used correction methods
to achieve good visual acuity.2 Phakic toric I0Ls have been described as an effective
treatment option in patients with a stable keratoconus.> In addition, in patients with
combined cataract and keratoconus, toric pseudophakic I0Ls may be a safe and

6, 7
In

effective option to correct refractive errors in non-progressive keratoconus.
advanced cases with severe irregular astigmatism, surgical treatments such as
intracorneal ring segment implantation or penetrating or lamellar keratoplasty may be
needed.

Visually significant cataract has been shown to occur at a younger age in keratoconus
patients as compared to the general population.8 The introduction of toric
pseudophakic I0Ls with cylinder powers up to 6.0 diopters (D) offer the opportunity to
correct higher levels of corneal astigmatism in patients with keratoconus. We present
two patients who underwent cataract extraction with a high-cylinder power toric 10L

implantation to correct corneal astigmatism due to keratoconus.

Case reports

Case 1

A 78-year-old man presented to our outpatient clinic with a gradually decreased visual
acuity in both eyes due to bilateral cataract. On presentation in 2008, uncorrected
distance visual acuity (UDVA) in the right and left eye was 20/50 and 20/400,
respectively. Spectacle corrected distance visual acuity (CDVA) was 20/50 in the right
eye with $+0.75/ C-0.75 x 100° and 20/400 in the left eye with S-1.00/ C-6.00 x 85°.
Until now, this patient had been satisfied with his spectacle correction and did not use
RGPCLs. Examination showed substantial cortical and posterior capsular cataract in
both eyes. Corneal topography was performed using Scheimpflug photography
(Pentacam, Oculus Optikgerdte) and did not show irregular astigmatism or
keratoconus in the right eye. Scheimpflug photography of the left eye showed a central
corneal thickness of 475 um and an inferior-temporal displacement of the thinnest
point (446 um) (Figure 9.1), indicative of keratoconus. Keratometry (K)-values for the



steep and flat meridians were 43.9 D @6 degrees and 39.8 D @96 degrees,
respectively. Biometry was performed with the I0LMaster (Carl Zeiss Meditec) to
calculate the intraocular lens (IOL) power for emmetropia using the SRK/T formula.

Cataract extraction with a standard non-toric I0L implantation was performed in the
right eye. Following surgery, the UDVA was 20/30 and the CDVA 20/25. Since the risk
of progression of keratoconus in this 78-year-old patient in the left eye appeared
minimal, we decided to perform a phacoemulsification with toric IOL implantation in
this eye. Due to the highly irregular keratoconus, K-values obtained with the Pentacam
were used for the IOL calculation. Manual keratometry (Javal-Schiotz) was used to
obtain accurate determination of the meridians of corneal astigmatism. A web-based
toric 10L calculator program was used to determine the optimal cylinder power and

alignment axis of the IOL (available at http://www.acrysoftoriccalculator.com).

OCULUS - PENTACAM

{Sagittal Curvature [Frost]

Figure 9.1 Pentacam sagittal curvature map of the anterior corneal surface of the patient in case
1, showing an island of corneal steepening and protrusion.



Figure 9.2 Slit-lamp photograph of the left eye of a patient with keratoconus and an Acrysof toric
intraocular lens with a cylinder of 6.0 D at the IOL plane (case 1). The IOL alighment axis is at 7
degrees.

Preoperatively, limbal reference marks were placed using the Nuijts/Lane Toric
Reference Marker (American Surgical Instruments Corp.) with the patient sitting
upright to correct for cyclotorsion. Intraoperatively, the implantation axis was
determined using the corneal reference marks and the alignment axis obtained from
the toric IOL calculator program and the axis was marked using a Mendez ring and a
Nuijts Toric Axis Marker (both American Surgical Instruments Corp.). A standard
phacoemulsification was performed with a 2.2 mm limbal incision at 90 degrees. An
hydrophobic acrylic toric I0L (Acrysof SN60T9, Alcon Laboratories) with a spherical
power of 21.0 D and a cylinder power of 6.00 D at the IOL plane and 4.11 D at the
corneal plane was implanted and aligned at an axis of 9 degrees. A residual
astigmatism of 0.46 D at 9 degrees was anticipated based on the preoperative
calculation. Postoperatively, topical tobramycin 0.3% combined with dexamethasone
0.1% (Tobradex, Alcon Laboratories) and ketorolactrometamol 0.5% (Acular, Allergan)
were used four times daily for 3 weeks in a tapered regimen and three times daily for 1
week, respectively.

Six months postoperatively, the UDVA was 20/50 and the (spectacle) CDVA was 20/30
with a refraction of 5S0.00/ C-1.50 x 120°. Refractive astigmatism had decreased from -
6.00 D to -1.50 D, which is a reduction of 75%. The toric IOL alighment axis, as
determined by slit-lamp biomicroscopy, was placed at 7 degrees (Figure 9.2). Surgically
induced corneal astigmatism (SICA), as determined by vector analysis according to



Holladay et al., was -1.31 D at 100 degrees.9 No postoperative complications occurred
and the patient was very satisfied.

Case 2

A 64-year-old woman presented to our outpatient clinic with a decreased visual acuity
in both eyes. Her medical history showed high myopia and corneal astigmatism in both
eyes, for which she had been using RGPCLs for the past 38 years in both eyes. Family
history for keratoconus was negative. Slit-lamp examination showed bilateral cortical
nuclear cataract and Vogt’s striae, more prominent in the right than left eye. The
UDVA was 20/400 in both eyes and the spectacle CDVA was 20/40 with S-12.00/ C-5.00
x 40° in her right eye and 20/30 with S-8.00/ C-2.50 x 170° in her left eye. CDVA with
contact lenses was 20/40 and 20/30 in the right and left eye, respectively. Scheimpflug
photography was performed and showed a central corneal thickness of 472 um in both
eyes and an inferior-temporal displacement of the thinnest point (457 um in the right
eye and 467 um in the left eye), indicating irregular astigmatism due to keratoconus,
more prominent in the right eye. K-values for the steep and flat meridians were 47.9 D
@ 134 degrees and 44.2 D @ 44 degrees in the right eye and 46.5 D @ 66 degrees and
44.4 D @ 156 degrees in the left eye. Lens power calculation was performed as
described in case 1.

Phacoemulsification with toric IOL implantation was performed in both eyes. In the
right eye a toric I0OL (Acrysof SN60T9) with a spherical power of +6.0 D and a cylinder
power of 6.00 D was implanted at an axis of 121 degrees. In the left eye a toric IOL
(Acrysof SN60T5) with a spherical power of +6.0 D and a cylinder power of 3.00 D at
the IOL plane and 2.06 D at the corneal plane was implanted at 63 degrees. A residual
astigmatism of 0.76 D at 121 degrees in the right eye and 0.42 D at 63 degrees in the
left eye was anticipated based on preoperative I0L calculations.

Six months postoperatively, the UDVA and (spectacle) CDVA in the right eye were
20/130 and 20/40 (S-2.50/ C-1.50 x 85°), respectively. The UDVA and (spectacle) CDVA
in the left eye were 20/30 and 20/25 (S-0.25/ C-0.75 x 180°), respectively. Refractive
astigmatism had decreased by 70% in both eyes. The IOL axis was at 120 degrees in the
right eye and 60 degrees in the left eye. The SICA was -0.65 D at 109 degrees in the
right eye and -0.34 D at 134 degrees in the left eye. The patient was satisfied with
postoperative visual outcomes. No complications occurred.



Discussion

We present two cases with non-progressive keratoconus and cataract who underwent
cataract extraction and high-cylinder power toric I0L implantation. Both patients
showed a marked improvement in UDVA and a 75 to 80% reduction in refractive
astigmatism. The recent introduction of the Acrysof toric T6 to T9 I0Ls, with cylinder
powers up to 6.00 D at the IOL plane and approximately 4.00 D at the corneal plane,
makes this lens suitable for keratoconus patients with higher amounts of corneal
astigmatism.

Phakic I0Ls have been used successfully to correct high refractive errors in

3, 4,10, 11

keratoconus patients without cataract. In other cases of high amounts of

corneal astigmatism and ametropia, for example in post-keratoplasty patients, toric
phakic 10Ls have been shown to be effective in reducing the refractive error.””
Cataract surgery with a toric IOL implantation has also been performed in patients with
14, 15

"7 An

option in patients with keratoconus and a clear natural lens is refractive lens exchange

high amounts of post-keratoplasty astigmatism and showed good results.

with a toric IOL implantation in the capsular bag.6 After implantation of acrylic toric
I0Ls with a relatively low cylinder powers (2.25 and 3.00 D) in 2 patients, the UDVA
improved from 20/800 to 20/25 in both cases and refractive astigmatism was reduced
by approximately 80%.° In another case report, cataract extraction with a silicone toric
IOL implantation was performed in 2 keratoconus patients and showed similar good
results.’ However, toric IOL models made from silicone material, such as the Staar toric
IOL (Staar Surgical) and MicroSil toric I0L (HumanOptics), showed relatively high
* 17 Toric 10Ls

made of acrylic material, such as the Acrysof I0Ls, are rotationally stable due to

postoperative rotation rates and often required surgical realignment.

presumed adhesions of the acrylic material of the IOL to the anterior and posterior
capsule.18 Weinand et al. determined the rotational stability of this IOL type using
digital images taken immediately postoperatively and 6 months postoperatively and
found a mean rotation of 0.9 degrees (range 0.1 to 1.8 degrees).19

Cataract surgery with toric IOL implantation is a suitable option to correct high levels
of astigmatism and myopia in keratoconus patients if the risk of progression is
minimal. Before implanting the toric IOL, the patients’ individual risk of progression
should be analyzed. A careful history taking is needed to explore the level of spectacle
CDVA the patient had before cataract formation occurred and to determine whether
signs of keratoconus progression are present. Risk factors that have been associated
with progression of keratoconus include young age, a positive family history of
keratoconus, steep keratometric values at baseline, changes in refractive error and



20021 practice, clinical findings and corneal topography

possibly eye rubbing.
abnormalities, such as a high central K-value and an increased amount of steepening of
the inferior cornea compared with the superior cornea, may be used to assess the risk
of progression.z’ * Due to the age of the two patients in our case report, we regarded
the risk of progression to be minimal. However, if progression would occur after
cataract extraction with toric IOL implantation, collagen cross-linking may still be
performed in order to stabilize the keratoconus.

Toric 10Ls are most suitable for keratoconus patients with mild to moderate amounts
of irregular astigmatism who can be satisfactory corrected using spectacles. It is
possibly a less suitable option for patients in whom RGPCLs have been prescribed
primarily to correct high levels of irregular astigmatism.22 We have selected to implant
toric 10Ls in keratoconus patients if a spectacle CDVA level of 20/40 postoperatively
appeared achievable. If the preoperative difference between CDVA with RGPCLs and
CDVA with spectacles is high, implantation of a toric IOL may not be suitable. In
patients with keratoconus and extensive cataract, only the medical history can provide
data in this respect. Both patients that we describe in this case report were informed
about these issues and were satisfied with the postoperative visual outcomes.

The amount of SICA following a 2.2 mm incision at 90 degrees was relatively variable in
both cases: -1.31 D at 100 degrees in the first case, and -0.65 D at 109 degrees (right
eye) and -0.34 D at 134 degrees (left eye) in the second case. In normal eyes, 2.2 mm
superiorly located incisions have been shown to induce approximately 0.30 to 0.50 D

. . 23, 24
of corneal astigmatism.

We hypothesize that the SICA in keratoconus patients
might be more variable due to altered biomechanical properties of the cornea.”

IOL power calculation may be challenging in keratoconus patients with high levels of
astigmatism and myopia. Accurate axial length and corneal astigmatism measurements
must be obtained. Because of the irregular astigmatism in both patients, we have used
the K-values obtained with the Pentacam. To determine the astigmatism meridians in
these patients, we have used the manual Javal-Schiétz keratometer, which we regard
as the gold standard for astigmatism meridian determination. The spherical power of
the I0OL was calculated using the SRK/T formula. Thebpatiphat et al. have compared the
SRKI, SRKIl and SRK/T IOL calculation formulas in patients with keratoconus and
suggest that the SRKII formula might provide the most accurate IOL power in patients
with mild keratoconus.? However, in moderate and severe keratoconus, IOL
calculations were less accurate and no differences in calculation formulas could be
found. The best lens formula in these patients should therefore be further examined.
Cataract extraction with toric 0L implantation in patients with stable keratoconus and
cataract provides the opportunity to correct (irregular) astigmatism and to achieve



optimal visual outcomes. We believe that this option is most suitable for keratoconus

patients with mild to moderate amounts of irregular astigmatism. Larger case-series

should be performed to confirm the long-term efficacy and stability of toric IOL

implantation in patients with a presumably stable keratoconus.
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Abstract

PURPOSE: To present two patients with residual astigmatism following toric 10L
implantation.

DESIGN: Case report.

RESULTS: A 58-year-old woman underwent toric IOL implantation (spherical power 29.5
D, cylinder power 3.00 D) to correct 2.33 D @ 80 degrees of corneal astigmatism.
Postoperatively, the UDVA was 20/30 and the CDVA 20/22 (S0.00/ C-1.75 x 95°),
indicating an overcorrection of astigmatism. Slitlamp examination showed no IOL
misalignment. Wavefront aberrometry showed a large pupil diameter (>6 mm) and a
lower corneal astigmatism in a 6 mm zone (-1.40 D @ 174 degrees) compared to a 4
mm zone (-2.21 D @ 171 degrees). The second patient, a 60-year-old male, underwent
multifocal toric IOL implantation (spherical power 22.5 D, cylinder power 2.25 D) to
correct 1.51 D @ 173 degrees of corneal astigmatism. Postoperatively, the UDVA was
20/50 and the CDVA 20/20 (S+0.25/ C-1.00 x 102°), indicating an undercorrection of
astigmatism. Slitlamp examination showed no misalignment.

CONCLUSION: Unexplained residual astigmatism following toric IOL implantation may be
caused by multiple factors: the effect of the spherical power and anterior chamber
depth on toric I0L calculations, the effect of posterior corneal astigmatism, and the
effect of a large pupil size. The first two issues may be compensated for by improving
toric IOL calculations. The latter indicates that pupillometry is indicated in relatively
young patients who wish to undergo toric IOL implantation.



Introduction

Toric intraocular lenses (I0OLs) are increasingly used to correct corneal astigmatism at
the time of cataract surgery. Several variables are known to affect the efficacy of toric
I0Ls, including IOL calculation formulasl, IOL misalignment during surgery2 and
postoperative 0L rotation®. In this case report we present two patients with
unexplained residual refractive astigmatism following toric IOL implantation. In
addition, we show how wavefront aberrometry may be used to find the source of
residual refractive astigmatism following toric IOL implantation.

Case reports

Case 1

A 58-year-old woman was referred to our clinic with residual refractive astigmatism
following cataract surgery with toric IOL implantation in her right eye. The I0L
spherical power for emmetropia had been calculated using IOLMaster biometry (Carl
Zeiss Meditec). The toric IOL cylinder power and alignment axis were calculated using a
web-based I0L calculator (available at http://www.acrysoftoriccalculator.com) and
based on automated keratometry values obtained with the IOLMaster (2.33 D @ 80
degrees). The expected surgically induced corneal astigmatism (SICA) was -0.25 D. A
standard phacoemulsification was performed with a 2.2 mm limbal incision located at
95 degrees. An Acrysof SN60T5 (Alcon Laboratories) toric IOL with a spherical power of
29.5 D and a cylinder power of 3.00 D (2.06 D at the corneal plane) was implanted and
aligned at 78 degrees. Residual astigmatism of 0.01 D at 78 degrees was anticipated.
No intra-operative complications occurred.

Four months postoperatively, she was referred to our clinic for analysis of residual
refractive astigmatism. The UDVA in the right eye was 20/30 and the CDVA 20/22 with
a subjective refraction of S0.00/ C-1.75 x 95°, indicative of an overcorrection of
astigmatism. Slitlamp examination showed a toric IOL aligned at 80 degrees.
Scheimpflug imaging (Pentacam, Oculus) demonstrated regular bow-tie corneal
astigmatism. Postoperative anterior chamber depth (ACD) was 2.34 mm and
pachymetry 533 um (estimated lens position of 2.87 mm). The effective cylinder power
at the corneal plane, calculated using a vertex formula, was 2.55 D. Combined
wavefront aberrometry and corneal topography (KR-1W Wavefront Analyser, Topcon)
was performed to determine if the correct IOL cylinder power had been implanted.
Figure 10.1 shows the ocular, corneal and internal astigmatism values for a4 mm and a
6 mm pupil size. Internal astigmatism was -3.16 D @ 87 degrees (6 mm zone), which



corresponded with the intended toric IOL cylinder power (-3.00 D @ 78 degrees).
While performing aberrometry without mydriasis, we measured a photopic pupil
diameter of 6.2 mm. Corneal astigmatism in the 6 mm zone was -1.40 D @ 174
degrees, compared to -2.21 D @ 171 degrees in the 4 mm zone. To treat the
astigmatism overcorrection, we advised to perform an IOL exchange with a lower
cylinder power toric IOL (SN60T3, cylinder power 1.50 D). If an IOL exchange is not
possible we advised to perform a laser-assisted sub-epithelial keratectomy However,
the patient preferred to use spectacles with a cylinder correction and did not wish to
undergo surgery.

Case 2

A 60-year old male presented to our clinic with a decreased visual acuity in his right
eye due to cataract. IOLMaster biometry was performed and demonstrated 1.51 D @
173 degrees of corneal astigmatism. Corneal topography showed regular corneal
astigmatism. After discussing the available options, he wished to undergo cataract
surgery with implantation of a multifocal toric I0L. The multifocal toric IOL cylinder
power and alignment axis were calculated using a web-based IOL calculator (available
at http://www.acrysoftoriccalculator.com). The expected SICA was -0.30 D. A standard
phacoemulsification was performed with a 2.2 mm limbal incision located at 95
degrees. A Restor SND1T4 (Alcon Laboratories) multifocal toric I0L with a spherical
power of 22.5 D, an add power of 3.00 D, and a cylinder power of 2.25 D (1.50 D at the
corneal plane) was implanted and aligned at 175 degrees. Residual astigmatism of 0.24
D x 175 degrees was anticipated. No intra-operative complications occurred.

Two weeks postoperatively, the UDVA was 20/50 and the CDVA 20/20 with a
subjective refraction of S+0.25/ C-1.00 x 102°, indicating that an undercorrection had
occurred. The I0L alignment axis was 170 degrees. Postoperative ACD was 4.03 mm
and pachymetry 527 um (estimated lens position of 4.55 mm). The effective cylinder
power at the corneal plane, calculated using a vertex formula, was 1.85 D. Combined
wavefront aberrometry and corneal topography (KR-1W Wavefront Analyser, Topcon)
was performed to determine if the correct I0OL cylinder power had been implanted.
Internal astigmatism was -2.26 D @ 170 degrees (4 mm zone) which corresponded
with the intended toric IOL cylinder power (-2.25 D @ 175 degrees). Photopic pupil
diameter was 2.9 mm.
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To treat the astigmatism undercorrection, an IOL exchange with a higher cylinder
power multifocal toric IOL (SND1T5, cylinder power of 3.00 D) was performed.
Postoperatively, the UDVA was 20/20.

Discussion

In this case report, we presented two patients with residual refractive astigmatism
following toric I0OL implantation. We believe that a combination of factors is
responsible for the overcorrection and undercorrection of astigmatism that occurred
in these patients: the effect of the spherical power and ACD in toric IOL caIcuIationsl,
the effect of posterior corneal astigmatism", and the effect of a large pupil size.

Firstly, as shown by Goggin et al., the IOL spherical power and estimated lens position
(ACD plus pachymetry) determine the effective cylinder power of a toric IOL at the
corneal plane.1 In the first patient, the calculated effective cylinder power at the
corneal plane was 2.55 D, compared to an estimated power of 2.06 D used by the
manufacturer. This effect may partly explain the overcorrection of astigmatism in our
first patient.

Secondly, as shown by Koch, the posterior corneal surface affects total corneal
astigmatism. The posterior corneal surface acts as a minus lens and is generally steep
vertically. It therefore creates a plus power along the horizontal meridian and induces
against-the-rule (ATR) corneal astigmatism.4 In the first patient with WTR corneal
astigmatism, the posterior corneal surface already corrects part of the corneal
astigmatism, thereby reducing overall corneal astigmatism. In the second patient,
anterior cornea astigmatism showed an ATR configuration. We believe that in this
patient, the increase in ATR corneal astigmatism resulted in the undercorrection of
astigmatism. According to Koch, this effect may be accounted for in toric IOL
calculations by decreasing corneal astigmatism by 0.5 D in patients with WTR
astigmatism and increasing corneal astigmatism by 0.3 D in patients with ATR
astigmatism.4

Thirdly, we believe that the relatively large pupil diameter and the subsequent
influence of the prolate or aspherical shape of the cornea also contributed to the
overcorrection of astigmatism in the first patient. The normal aspherical shape of the
cornea implies that the centre of the cornea is steeper than the periphery. In this
patient, corneal astigmatism in a 6 mm pupil zone was much lower compared to a 4
mm pupil zone. As a result, the strength of the toric IOL was overpowered by
approximately 1 D. Various methods may be used to measure corneal astigmatism,
including automated keratometry, manual keratometry and corneal topography.s’ 6



However, these methods determine corneal astigmatism based on a central 2.0 to 3.0
mm zone of the cornea. This may be an effective measure of corneal astigmatism in
the majority of patients, but it may be inadequate in younger patients with larger pupil
diameters. We recommend measuring the pupil diameter in relatively young patients
before implanting a toric IOL. If the photopic pupil diameter is larger than 4 mm we
recommend using corneal astigmatism values for a larger zone of the cornea.
Combined wavefront aberrometry and corneal topography can differentiate between
aberrations caused by the cornea or by the internal ocular system7 and may help to
find the source of residual astigmatism. The advantage of the Topcon KR-1W is that
corneal topography and aberrometry measurements are performed simultaneously,
thereby minimizing potential errors that may be caused by realignment of the eye. A
previous study showed that combined aberrometry and corneal topography may be
used to determine the postoperative toric IOL alighment axis.® In addition, in our case
report, we have used aberrometry to determine the source of residual refractive
astigmatism following toric IOL implantation.

In conclusion, unexplained residual refractive astigmatism following toric I0OL
implantation was the results of multiple factors: the effect of the spherical power and
ACD on toric IOL calculations, the effect of posterior corneal astigmatism, and the
effect of a large pupil size. The first two issues may be compensated for by improving
toric IOL calculations. In addition, we recommend performing pupillometry in relatively
young patients who wish to undergo cataract surgery with toric IOL implantation. If the
photopic pupil diameter is larger than 4 mm we recommend to incorporate corneal
astigmatism values for a larger zone of the cornea into the toric IOL calculation.
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Chapter 11

General discussion



This thesis shows that toric 10Ls provide an effective treatment option to correct
corneal astigmatism at the time of cataract surgery. We showed in chapter 5 that
bilateral toric IOL implantation resulted in a better uncorrected distance visual acuity,
lower residual astigmatism and higher spectacle independency for distance vision,
compared with bilateral monofocal IOL implantation. Toric multifocal 10Ls offer good
uncorrected distance and near visual acuity in patients with cataract and corneal
astigmatism (Chapter 7). Also, toric IOLs may be a good option in selected patients
with mild to moderate irregular astigmatism due to for example keratoconus (Chapter
9). Additional refinements in preoperative measurement of corneal astigmatism, toric
IOL calculation and intraoperative toric 10L alignment may further improve the
accuracy of astigmatism correction in the future and are discussed below.

Corneal astigmatism measurement

A possible source of unexpected residual astigmatism following toric IOL implantation
is inaccurate preoperative corneal astigmatism measurement. Hirnschall et al. recently
evaluated several factors influencing residual astigmatism following toric 0L
implantation and showed that preoperative deviations between keratometric and
topographic astigmatism had the largest influence on residual astigmatism.1 We
showed in Chapter 2 that the repeatability of keratometric and topographic
astigmatism magnitude was 0.14 to 0.18 D with different devices. However, the
repeatability of astigmatism meridians was approximately 20 degrees, which is
clinically relevant when implanting a toric IOL. To ensure accurate measurements, a
series of repeated measurements should be obtained in each patient to ensure that
the repeatability of both the magnitude and meridian is acceptable.

More accurate techniques to measure corneal astigmatism preoperatively may further
increase the effectiveness of toric I0OLs. A new device, the Cassini topographer (i-
Optics), measures corneal astigmatism using the reflections of 700 multicolour light-
emitting diodes which are projected onto the cornea in an asymmetrical pattern. The
multiple colours and asymmetrical point sources may make this technique more
accurate in irregular corneas. Recent studies compared the repeatability of the Cassini
device with other Scheimpflug, Placido-disk and keratometry devices.” Regarding the
comparability of these devices, results are contradictory. Klijn et al. found no clinically
significant differences between the Cassini and other devices.’ Hidalgo et al. found
that astigmatism K-values obtained with the Cassini were about 0.4 D higher compared
to the Pentacam and limits of agreement were relatively Iarge.3 In normal eyes, the
reported repeatability in measuring astigmatism magnitude ranges from 0.1 to 0.4 D



and from 2.3 to 5.5 degrees for astigmatism meridian.”* Kanellopoulos and Asimellis
found a repeatability of 0.89 + 1.45 D in measuring the steep meridian in 95 eyes with
keratoconus, compared to 0.41 + 0.50 D in normal eyes.5 Shetty et al. evaluated the
repeatability and agreement of different Scheimpflug devices (Pentacam, Gallilei and
Sirius) in keratoconus eyes.6 The Pentacam showed the best repeatability in measuring
anterior and posterior keratometry. The Gallilei and Sirius showed comparable
repeatability results (low within-subject coefficient of variation) for lower anterior and
posterior K-values. However, in eyes with higher K-values (anterior keratometry >50 D
or posterior keratometry <-6 D), the Gallilei and Sirius resulted in a lower repeatability
compared to the Pentacam.® Flynn et al. did report a lower repeatability and
reproducibility for Pentacam keratometry values (wider range in 95% limits of
agreement) in patients with advanced keratoconus, compared to patients with early
keratoconus.’

The posterior cornea may also result in corneal astigmatism measurement errors.
Corneal astigmatism is determined by both the anterior and posterior corneal surface.
Until recently, total corneal astigmatism was estimated using light reflections or
illuminated rings on the anterior corneal surface, and assuming a fixed anterior-to-
posterior corneal ratio. It was not possible to measure the posterior corneal curvature.
Also, the influence of the posterior corneal surface was thought to be negligible since
the difference between the refractive indices of the cornea and aqueous are small.
New technologies such as the rotating Scheimpflug camera allow to measure both the
anterior and posterior corneal surface. As demonstrated by Koch, the posterior cornea
acts as a minus lens.® Although the mean magnitude of posterior corneal astigmatism
is only approximately -0.3 D, values over -0.5 D are reported in approximately 10% of
eyes.s"11 Also, the magnitude of posterior corneal astigmatism increases with
increasing magnitude of anterior corneal astigmatism.12 Not taking the posterior
cornea into account results in an overestimation in WTR and underestimation in ATR
corneal astigmatism.13 When selecting a toric IOL, a slight undercorrection should be
aimed for in patients with WTR anterior astigmatism, whereas a slight overcorrection
should be aimed for in ATR anterior astigmatism. Another option is to use a newer
generation toric IOL calculator which predicts posterior corneal astigmatism based on
anterior keratometry.14 This method has been shown to result in a lower predicted
residual astigmatism compared to toric I0OL calculations performed by the
manufacturer and also compared to calculations based on the measured amount of
posterior astigmatism.15 However, this method does not compensate for abnormally
high posterior astigmatism that may be seen in patients with high anterior
astigmatism.



The question of the minimal amount of corneal astigmatism that can be effectively
addressed with a toric IOL is not answered yet. Several toric IOL models are currently
available with low cylinder powers (Chapter 1). Toric IOLs with a cylinder power of at
least 1.50 D have shown to be effective and result in a better UDVA and lower

16-20 .
In the randomized

spectacle independence compared to monofocal 10Ls.
controlled arm of the study of Waltz et al., patients with low amounts of corneal
astigmatism (0.75 to 1.50 D) were randomized for either toric or monofocal IOL
implantation.19 Postoperatively, UDVA was significantly better in the toric group
compared to the control group (0.10 + 0.14 versus 0.16 + 0.16 LogNIAR).19 However,
Spectacle independency was comparable in the toric (83%) and control groups (71%).19
Toric I0Ls are probably less effective in patients with less than 1.25 D of corneal
astigmatism due to variations in surgically induced corneal astigmatism, age-related
changes from WTR to ATR astigmatism, errors in corneal astigmatism measurement
(including the effect of the posterior cornea), errors in toric I0L calculation due to not
incorporating the effect of the sphere and estimated lens position.s’ 1221 Based on
current evidence, it appears that a minimal amount of corneal astigmatism of

approximately 1.25 D should be present before toric IOL implantation is considered.

Toric IOL power calculation

The power of the toric IOL may be calculated using a calculation scheme published in
the literature®” > or onIine14, but is most commonly calculated using a calculator
program provided by the manufacturer. Most manufacturers currently use a fixed ratio
between cylinder power at the IOL plane and corneal plane. However, as shown by
Goggin et al, the effective cylinder power of the IOL at the corneal plane is determined
by the estimated lens position and spheroequivalent power of the loL.* Therefore, the
relation between cylinder power at the IOL plane and at the corneal plane is not a
fixed amount.”* *® To calculate the effective cylinder power at the corneal plane, the
I0OL spherical and cylindrical power are first converted into the two principal lens
powers, after which both lens powers are calculated to the corneal plane using a
standard vertex formula. The difference between both lens powers at the corneal
plane is then used to select the most appropriate I0L cylinder power.26 Especially in
patients with high myopia or high hyperopia the fixed ratio used by manufactures is
incorrect and may result in overcorrection and undercorrection, respectively.27

Another factor to consider in toric IOL calculation is the expected (vector) change in
corneal astigmatism induced by the incision. As shown in Chapter 1, most toric I0Ls
require a 2.2 mm incision for implantation. In our study (Chapter 8), the change in



corneal astigmatism following a 2.2 mm superior incision was -0.10 + 0.52 D at 12
months postoperatively. This amount was not significantly different from zero. Other
studies using a vector analysis to analyse SICA have found values ranging from -0.10 to
-0.40 D 18, 23, 28, 29
the relatively large standard deviation indicates a large variability. It is not possible to

Even though the mean amount of SICA in our study was only -0.10 D,

estimate the exact SICA preoperatively, since the patients’ biomechanical response of
the cornea is unpredictable and depends on many factors including incision location
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and size, amount of corneal astigmatism, suture use and patient age.
accurate method for surgeons is to determine their own SICA based on (vector)
changes in corneal astigmatism. In patients with irregular astigmatism due to, for
example, keratoconus, the SICA may be more unpredictable (Chapter 9). Finally, the
test-retest variability of measuring astigmatism magnitudes is 0.14 to 0.18 D, which
indicates that a proportion of the SICA may be due to test-retest variations (Chapter

2).36

Toric IOL alignment

Every degree of toric IOL misalignment leads to residual astigmatism. Misalignment
may be caused by 2 factors: inaccurate alignment of the I0OL during surgery; and
postoperative rotation of the IOL. The total misalignment of acrylic toric IOLs is

1618 p misalignment of more than 10 degrees is an indication

generally 2 to 4 degrees.
for re-alignment and has been reported in 3 to 11 % of eyes for currently used toric IOL
models (Chapter 1). In Chapter 4 we showed that the alignment error of a commonly
used ink-marking method for toric IOL alignment is 4.9 degrees with a maximum of 11
degrees. Popp et al. compared the accuracy of 4 manual marking techniques and
showed an error ranging from 2.3 to 4.7 degrees.37 Other disadvantages of ink-marking
techniques include possible fading out of the ink marks, horizontal or vertical
translocation of the marks or washout of the ink marks at the time of surgery.
Currently, new techniques have become available to improve the accuracy of toric IOL
alignment. Real-time eye tracking based on iris and blood-vessel characteristics may be
used to align toric IOLs. Preoperatively, a detailed image of the eye is captured in
which blood-vessels and iris-characteristics are visible.*® Simultaneously, keratometry
is performed and the location of the steep corneal meridian is shown in this image.
Intraoperatively, the preoperative image is matched with the live surgery image from
the operating microscope, based on blood-vessel and iris characteristics. An overlay
showing the alignment axis is visible in the operating microscope. Elhofi and Helaly
have performed a randomized controlled trial comparing this eye-tracking based



technology with manual ink markings (pendulum marker at the slitlamp).39

Postoperatively, the mean misalignment was 2.4 + 2.0 versus 4.3 + 2.7 degrees,
respectively.39 Vector analysis showed a lower residual astigmatism in the eye-tracking
group, however, no significant difference was found in postoperative UDVA: 0.12 +
0.12 versus 0.18 + 0.14 LogMAR.39 A prospectively study performed by Bachernegg et
al. reported a mean error of O degrees (range 0 to 5 degrees) in aligning toric 10Ls
using eye-tracking technology.‘w

Intraoperative wavefront aberrometry enables intraoperative measurement of
residual refraction. In theory, it allows accurate positioning of toric IOLs, based on live
intraoperative residual refractive cylinder results. Fram et al. recently used aphakic
intraoperative refractive measurements to estimate IOL sphere power during cataract
surgery in patients with a history of refractive laser correction.* They showed
promising results with IOL power prediction errors comparable to those obtained with
the Haigis-L formula in patients without historical data. However, some issues remain.
Huelle et al. could only obtain repeatable intraoperative aberrometry measurements
of sufficient quality in 47% (32/68) eyes during cataract surgery.42 In addition, limits of
agreement for repeated measurements were large: +0.66 to -0.69 D.* Based on the
acquired intraoperative aberrometry results, only 41% and 70% of eyes would achieve
a postoperative spherical equivalent of +0.50 and 1.00, respectively.42 A
retrospective study recently compared toric IOL implantation with and without
intraoperative aberrometry.43 Aphakic measurements were taken during surgery to
determine IOL sphere and cylinder power and pseudophakic measurements were
taken to refine axis pIacement.43 Postoperative residual astigmatism was lower in the
aberrometry group compared to the non-aberrometry group (0.46 £ 0.42 D versus 0.68
+ 0.34 D, respectively) and more patients achieved an UDVA of 20/25 or better (67%
versus 39%, respectively).43 However, this retrospective study does not address any
problems regarding measurement quality or repeatability. Use of an eyelid speculum
has been shown to result in clinically significant changes in cylinder magnitude and
axis.** Other factors that may affect intraoperative aberrometry are: corneal wound
integrity, corneal hydration, intraocular pressure and anterior chamber depth
variations.* Intraoperative spherical equivalent correlated only moderately with
refraction obtained one week postoperatively (Pearson’s correlation coefficient
0.56.).45 These results indicate that currently, the quality and accuracy of
intraoperative aberrometry in measuring residual refractive cylinder magnitude and
axis is insufficiently to be used to align toric IOLs.

Toric I0L misalignment may also be due to postoperative IOL rotation. Exact
postoperative IOL rotation can be evaluated using digital images obtained immediately



postoperatively and several months postoperatively. Weinand et al. showed that the
rotation of acrylic IOLs at 6 months postoperatively was 0.9 degree on average with a
maximum of 1.8 degrees.46 Shah et al. evaluated postoperative IOL rotation using
digital images and found a linear correlation between axial length and 10L rotation.”’
This may be clinically relevant in patients with high axial lengths and presumably large
capsular bags. For example, an axial length of 27 mm was associated with a mean
postoperative rotation of 2.5 degrees.47 Miyake et al. evaluated toric IOL rotation using
digital photographs during a follow-up period of 2 years.48 Six of 378 eyes (1.6%)
showed postoperative toric IOL rotation of 20 degrees or more; all of which were eyes
with an axial length of 25.0 mm or Ionger.48 This rotation occurred early
postoperatively: 1 day (5 eyes), 1 week (1 eye) or 10 days (1 eye) postoperatively.*
Other factors that may result in higher postoperative 0L rotation are incomplete
removal of the ophthalmic viscosurgical device at the end of surgery or a large

. 48-50
capsulorrhexis.

Conclusion

This thesis shows that toric IOLs are an effective treatment option in patients with
cataract and corneal astigmatism. Based on current evidence, it appears that a minimal
amount of corneal astigmatism of 1.25 D should be present before toric I0L
implantation is considered. Additional refinements in corneal astigmatism
measurement accuracy, toric I0OL calculation software, and toric IOL alignment may
further improve the efficacy of astigmatism correction with toric IOLs.
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Chapter 12

Valorisatie addendum



Valorisatie

Kennisvalorisatie is het proces van waarde creatie uit kennis, door kennis geschikt
en/of beschikbaar te maken voor economische en/of maatschappelijke benutting en te
vertalen in concurrerende producten, diensten, processen en nieuwe bedrijvigheid.1
Kort gezegd: kennisvalorisatie is het benutten van wetenschappelijke kennis in de
praktijk.

Cataract chirurgie

Cataract (staar) is een veel voorkomende aandoening waarbij een vertroebeling van de
ooglens optreedt. Hierdoor ontstaat geleidelijk een slechter zicht en uiteindelijk, indien
dit niet wordt behandeld, blindheid aan beide ogen. Wereldwijd is cataract de meest
voorkomende oorzaak van blindheid: de World Health Organization (WHO) schat dat
50% van de blindheid wereldwijd veroorzaakt wordt door cataract.” ® Dit komt overeen
met 20 miljoen blinde mensen wereldwijd. Naast blindheid is cataract ook een van de
meest voorkomende oorzaken van slechtziendheid (visus slechter dan 0,3).2 De
prevalentie van cataract neemt toe op oudere leeftijd. In een Nederlandse populatie is
18% van de bevolking in de leeftijd 55 tot 74 jaar slechtziend door cataract.” Bij
mensen ouder dan 74 jaar is dit zelfs 35% tot 42%." Naar schatting waren er in 2011
ongeveer 942.600 mensen in Nederland met enige vorm van cataract.’ In de periode
1991-2011 was er een sterke toename van het aantal mensen met cataract in
Nederland: in deze periode werd er een verdubbeling in het aantal patiénten met
cataract gemeten.5 Door de toenemende vergrijzing zal het aantal patiénten met
cataract waarschijnlijk verder toenemen.

Tegenwoordig kan cataract behandeld worden door de vertroebelde ooglens operatief
te verwijderen en daarvoor in de plaats een intraoculaire kunstlens te plaatsen. Door
de toenemende vergrijzing in Nederland is het aantal cataractoperaties toegenomen
van 80.000 in 1998 tot 180.000 ingrepen in 2013.° Figuur 1 laat per land in Europa het
aantal cataractoperaties zien per 100.000 inwoners. Nederland neemt met 880
cataractoperaties per 100.000 inwoners een middenpositie in binnen Europa.

Volgens de Nederlandse Zorgautoriteit bedroeg de totale omzet in de oogheelkunde in
2011 €606 miljoen waarvan €230 miljoen, ongeveer 40%, aan cataract gespendeerd
werd.” De kosten van een cataractoperatie variéren in Nederland van 800 tot 1300
euro per oog. In Figuur 2 ziet u een vergelijking van de kosten van cataractoperaties in
Nederland, vergeleken met andere landen. In 2012 was de gemiddelde kostprijs van



een cataractoperatie in Nederland ($1534, overeenkomend met €1219) laag
vergeleken met andere landen.

Naast de kostenaspecten is het ook van belang om de effecten van cataractoperaties
op de kwaliteit van leven mee te nemen. Een cataractoperatie aan het eerste oog leidt
bijvoorbeeld tot minder valincidenten op oudere Ieeftijd.s‘9

Patiénten met astigmatisme

Tegenwoordig heeft de patiént keuze uit vele verschillende intraoculaire kunstlenzen.
De keuze van de geschiktste kunstlens is afhankelijk van de voorkeur van de patiént en
de anatomie van het oog. Door het merendeel van de patiénten wordt gekozen voor
een monofocale kunstlens. Monofocaal wil zeggen dat lichtstralen tot één punt
gebroken worden op het netvlies. Meestal wordt gekozen voor een scherpe vertevisus
en zal er postoperatief een bril nodig zijn om te kunnen lezen.

Ongeveer 20% van de patiénten met cataract heeft ook een substantiéle hoeveelheid

)

. . 10, 11 .. . .
cornea astigmatisme. Bij patiénten met cornea astigmatisme heeft de cornea een
abnormale kromming, waardoor lichtstralen in één meridiaan anders worden
gebroken dan in de meridiaan loodrecht hierop. Hierdoor vallen de lichtstralen niet

samen op het netvlies en ontstaat er een onscherp beeld. De standaardbehandeling bij
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Figuur 12.1 Aantal cataractoperaties per 100.000 inwoners in Europa.
Bron: OECD Health Data 2012; Eurostat Statistics Database.
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Figuur 12.2 Kosten van cataractoperaties in verschillende landen binnen en buiten Europa.
Bron: International Federation of Health Plans — 2013 Comparative Price Report.

patiénten met cataract en astigmatisme bestaat uit het vergruizen en opzuigen van de
lens en implanteren van een monofocale kunstlens. Het astigmatisme wordt daarbij
niet behandeld. Postoperatief is er voor een scherpe vertevisus een bril nodig om het
astigmatisme te corrigeren. Patiénten hebben tevens een leesbril nodig.

Een recente innovatie op het gebied van cataractoperaties is de ontwikkeling van
torische kunstlenzen. Deze torische kunstlenzen kunnen bij patiénten met cornea
astigmatisme worden gebruikt om de vormafwijking van de cornea te compenseren.
Torische lenzen bieden patiénten met cornea astigmatisme daarom de mogelijkheid
om een optimale visus bij vertezien te behalen zonder brilcorrectie. Wij hebben een
gerandomiseerde klinische studie uitgevoerd om de effectiviteit en de veiligheid van
torische kunstlenzen te vergelijken met standaard monofocale kunstlenzen.

De resultaten van dit proefschrift laten zien dat na gebruik van torische kunstlenzen
ruim 80% van de patiénten brilonafhankelijk is voor vertezien. Patiénten met torische
kunstlenzen hebben verder een significant betere ongecorrigeerde visus bij vertezien
en een lager refractie astigmatisme. Met betrekking tot de patiéntveiligheid is het
complicatieprofiel van torische kunstlenzen vergelijkbaar met monofocale
kunstlenzen.

Bij patiénten die tijdens de cataractoperatie een torische kunstlens hebben gekregen
kan een goede leesvisus worden bereikt door het gebruik van een goedkope leesbril



(kostprijs glazen vanaf €10). Dit voorkomt de aanschaf van dure multi- of bifocale
brillen (kostprijs glazen vanaf €250) waarin een astigmatisme correctie en een
correctie voor lezen en vertezien is verwerkt. Torische kunstlenzen zijn vanwege extra
preoperatieve onderzoeken, de meerprijs van de kunstlens en extra tijd tijdens de
operatie wel een duurdere behandeling dan het gebruik van monofocale kunstlenzen.
Wij hebben daarom tevens een kosten-effectiviteitsanalyse uitgevoerd om te bepalen
of de behandeling met torische kunstlenzen kosteneffectief is ten opzicht van de
standaard behandeling met monofocale kunstlenzen.” Uit deze kosten-
effectiviteitsanalyse is gebleken dat de kosten van brilaanschaf €349 in de monofocale
groep en €179 in de torische groep waren. De kosten van het implanteren van torische
kunstlenzen waren hoger in vergelijking met monofocale kunstlenzen, waardoor het
gebruik van torische kunstlenzen niet kosteneffectief is vergeleken met monofocale
kunstlenzen.

Patiénten met cataract en cornea astigmatisme hebben tegenwoordig ook de optie om
te kiezen voor multifocaal torische kunstlenzen. Multifocale kunstlenzen zijn enkele
jaren geleden ontwikkeld om zonder brilcorrectie een scherpe vertevisus en leesvisus
te behalen. Door de speciale vorm van deze kunstlenzen worden beelden van
verschillende afstanden scherp op de retina geprojecteerd. Multifocaal torische
kunstlenzen zijn geschikt voor mensen met cornea astigmatisme die na een
staaroperatie graag brilonafhankelijk voor vertezien en lezen willen worden. Er zijn op
dit moment verschillende typen multifocale torische kunstlenzen beschikbaar. Dit
proefschrift laat zien dat na gebruik van diffractieve multifocaal torische kunstlenzen
(AT LISA kunstlens) 95% van de patiénten brilonafhankelijk was voor verte zien en 79%
voor lezen. Nadelen van dit type kunstlenzen zijn met name verlies aan contrast en
visuele bijverschijnselen als halo’s en verblinding door felle lichtbronnen.

Doelgroepen implementatie

Verzekeraars:

Het standpunt van het Zorginstituut Nederland (voorheen College voor
Zorgverzekeringen; CVZ) uit 2010 ten aanzien van torische kunstlenzen bij patiénten
met cataract en astigmatisme was dat behandeling van cataract en astigmatisme door
het plaatsen van torische kunstlenzen geen zorg was conform de stand van de
wetenschap en praktijk.13 De reden hiervoor was dat er te weinig vergelijkende
wetenschappelijke studies beschikbaar waren en de effectiviteit van torische
kunstlenzen niet was aangetoond. Wij hebben op basis van de resultaten van onze
gerandomiseerde studie (Hoofdstuk 5) het Zorginstituut Nederland aanbevolen om het



standpunt uit 2010 ten aanzien van torische kunstlenzen te actualiseren. Onze
aanbeveling was om bij patiénten met cornea astigmatisme de kosten van de
standaard cataractoperatie te vergoeden (basiszorg) en de meerprijs van torische
kunstlenzen zelf door patiénten te laten bijbetalen. Patiénten kunnen op deze manier
zelf de afweging maken tussen de hogere kosten van de torische kunstlenzen en de
besparing in de postoperatieve brilkosten. Het Zorginstituut Nederland heeft onze
aanbeveling overgenomen en constateert dat bij patiénten met cataract en
astigmatisme het gebruik van torische kunstlenzen voldoet aan de stand van de
wetenschap en praktijk. Dit standpunt is per april 2014 aangepast.14

Patiénten met cataract en een zeer hoog cornea astigmatisme (hoger dan 4,5 D) of
met keratoconus (Krumeich klasse 1 of 2) kunnen onvoldoende gecorrigeerd worden
met standaard monofocale kunstlenzen. Brilgebruik bij zeer hoog cornea astigmatisme
tast de beeldkwaliteit aan en leidt tot optische vervormingen. Patiénten kunnen
wegens een hoog cornea astigmatisme praktische problemen ervaren als zij zijn
aangewezen op een postoperatieve brilcorrectie. Het Zorginstituut Nederland heeft
daarom in de nieuwe richtlijn opgenomen dat deze patiénten ‘redelijkerwijze zijn
aangewezen’ op torische kunstlenzen voor de behandeling van cataract met
astigmatisme. De behandeling van deze patiénten wordt daarom volledig vergoed uit
de basisverzekering.14

Het gebruik van multifocale kunstlenzen tijdens cataractoperaties voldoet sinds 2011
aan de stand van de wetenschap en praktijk.15 De kosten van de cataract operatie
worden vergoed als basiszorg. De meerprijs van multifocale kunstlenzen wordt betaald
door de patiént. Patiénten kunnen op deze manier zelf de afweging maken tussen de
hogere kosten van multifocale kunstlenzen ten opzichte van brilonafhankelijkheid.

Beroepsbelangenverenigingen:

De resultaten van dit proefschrift zijn in 2012, 2013 en 2014 gepresenteerd op het
jaarlijkse congres van het Nederlands Oogheelkundig Gezelschap (NOG) en in 2012 op
het jaarlijkse congres van de Nederlandse Intraoculaire Implant Club (NIOIC). Het NOG
en het NIOIC zijn beroepsbelangenverenigingen van oogartsen in Nederland. Tevens
zijn de resultaten uit dit proefschrift in 2012, 2013 en 2014 gepresenteerd op het
congres van de European Society of Cataract and Refractive Surgeons (ESCRS).

In de huidige Cataract Richtlijn van het NOG uit 2013 wordt aanbevolen om patiénten
met cataract en cornea astigmatisme voorafgaand aan een cataractoperatie
voorlichting te geven over de keuze voor torische kunstlenzen.™ Deze richtlijn dient als
leidraad voor alle oogartsen in Nederland. Naar schatting worden torische kunstlenzen
op dit moment bij 3 tot 6% van alle cataractoperaties in Nederland gebruikt.7



Patiénten:

Alle patiénten die aan cataract geopereerd worden ondergaan preoperatief een
aslengte-meting om de benodigde sterkte van de kunstlens te bepalen. Bij deze meting
wordt ook bepaald of patiénten een substantiéle hoeveelheid (meer dan 1,25 D)
cornea astigmatisme hebben en mogelijk baat hebben bij torische kunstlenzen. Zoals
beschreven in de huidige Cataract Richtlijn krijgen patiénten voorafgaand aan de
staaroperatie voorlichting over de verschillende kunstlenzen. Indien zij een
substantiéle hoeveelheid cornea astigmatisme hebben zullen torische kunstlenzen ook
besproken worden.

Patiénten met cataract en cornea astigmatisme die kiezen voor torische kunstlenzen
hebben postoperatief meestal (in 80% van de gevallen) geen bril nodig voor vertezien.
Zonder bril zien deze patiénten significant beter in de verte dan patiénten met
standaard monofocale kunstlenzen. Met bril zien patiénten met torische kunstlenzen
even goed als patiénten met standaard monofocale kunstlenzen. Postoperatief kan na
torische kunstlens implantatie een goede leesvisus worden bereikt door het gebruik
van een goedkope leesbril (kostprijs glazen gemiddeld €179). Dit voorkomt de
aanschaf van duurdere multi- of bifocale brillen (kostprijs glazen gemiddeld €349)
waarin een astigmatisme correctie en een correctie voor lezen en vertezien is
verwerkt. Patiénten kunnen op deze manier zelf de afweging maken tussen de hogere
kosten van de torische kunstlenzen en de besparing in de postoperatieve brilkosten.
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Summary/ Samenvatting



Summary

Approximately 20 to 30% of patients with cataract have a substantial amount of
corneal astigmatism. Toric intraocular lenses (IOLs) allow to correct corneal
astigmatism at the time of cataract surgery and offer patients spectacle independence
for distance vision. The aim of this thesis is to evaluate the use of toric IOLs in cataract
surgery. In addition, we evaluated multiple factors that may further optimize
outcomes with these I0Ls.

In Chapter 1, we provide a historical overview on the development of toric IOLs. Over
the years, many improvements have been made regarding I0OL design and material. We
discuss practical issues regarding patient selection, I0L calculation and surgical
techniques for toric IOL alignment. This chapter also provides an overview of currently
available toric and multifocal toric I0OLs. Several randomized controlled studies have
shown that toric I0OL implantation is a safe and effective treatment option to correct
corneal astigmatism during cataract surgery.

In Chapter 2, we compare corneal astigmatism measurements obtained by different
methods: automated keratometry measured by three different devices (IOLMaster,
Carl Zeiss Meditec; Lenstar, Haag Streit; and SMI Reference Unit, Sensomotoric
Instruments), manual keratometry (Javal-Schiétz, Rodenstock), Placido disk
videokeratoscopy (KR-1W, Topcon) and Scheimpflug imaging (Pentacam, Oculus
Optikgerdte). Except for equivalent K values obtained by Scheimpflug imaging,
measurements obtained by different devices were comparable. The repeatability of
astigmatism magnitudes was acceptable; however, the repeatability of astigmatism
meridians was less good. We therefore advise to obtain multiple astigmatism
measurements per patient to ensure that both the astigmatism magnitude and
meridians are reproducible.

In Chapter 3 we compare ocular and corneal aberrations measured with four different
aberrometers: Hartmann-Shack technology (Irx3, Imagine eyes; and Keratron,
Optikon), ray-tracing technology (iTrace, Tracey technologies) and automated
retinoscopy (OPD-scan, Nidek). Ocular and corneal aberrations were not comparable
when measured with these different devices. Since no golden standard is available, it is
unclear which device is most accurate. Hartmann-Shack aberrometry showed the best
repeatability in measuring ocular aberrations and ray-tracing aberrometry in
measuring corneal aberrations.



Chapter 4 evaluates the accuracy of a commonly used manual 3-step procedure for
toric alignment. Orienting the toric IOL with great accuracy is necessary in all patients
to achieve the optimum astigmatism correction. We analysed all 3 steps for toric I0L
implantation: reference axis marking, alignment axis marking and IOL alignment.
Together, these 3 errors lead to a mean total error in toric IOL alignment of almost 5
degrees. This results in residual astigmatism of 17% and is especially relevant if a high
cylinder power toric IOL is used.

In the following chapters we evaluate clinical outcomes following toric 0L
implantation. Chapter 5 describes the results of a randomized controlled trial
comparing spectacle use following bilateral toric versus monofocal I0L implantation
(control group) in patients with cataract and corneal astigmatism. Following bilateral
toric IOL implantation, 84% of patients were spectacle independent for distance vision,
compared to 31% in the control group. Patients in the toric IOL group had better
uncorrected distance visual acuity (UDVA) and lower residual refractive astigmatism.
No differences were found in contrast sensitivity, higher-order aberrations or
refractive error-related quality of life.

Chapter 6 describes a clinical study in which the effectiveness of toric I10Ls in
correcting high amounts of corneal astigmatism is evaluated. Preoperatively, mean
corneal astigmatism was 3.84 D. Postoperatively, half of patients achieved an UDVA of
20/30 or better and residual refractive astigmatism was less than 1.0 D in about 80% of
eyes. These results show that toric IOLs are effective in correcting high amounts of
corneal astigmatism.

Chapter 7 evaluates the clinical outcomes following multifocal toric 0L implantation.
These I0Ls allow patients with cataract and corneal astigmatism to achieve spectacle
independency at both distance and near. Spectacle independency for distance and
near vision was achieved by 95% and 79% of patients, respectively. Multifocal toric IOL
implantation resulted in good distance and near visual outcomes and acceptable
intermediate visual outcomes.

In Chapter 8 we determine the efficacy of astigmatism correction following toric IOL
implantation using a vector analysis. We evaluate the use of toric I0Ls in 3 clinical
settings: toric IOLs in cataract surgery; toric phakic I0Ls in refractive surgery; and toric
phakic IOLs to correct post-keratoplasty (PKP) astigmatism. Use of toric IOLs in cataract



surgery resulted in a mean residual astigmatism of 0.37 D, and an index of success of
0.14. The index of success is a relative measure of success and preferably zero.
Following toric phakic 10L implantation, overall residual astigmatism was
approximately 0.60 D and the index of success was 0.32 (Artiflex phakic) and 0.18
(Artisan phakic). In PKP eyes, residual astigmatism was 1.56 D and the index of success
0.28. Incorporating surgically induced corneal astigmatism into toric phakic IOL power
calculations may further increase their effectiveness.

Chapter 9 and 10 describe the use of toric IOLs in special cases. In Chapter 9, cataract
surgery with toric IOL implantation was evaluated in two patients with irregular
corneal astigmatism due to keratoconus. We report that toric IOLs can be used to
correct irregular astigmatism and improve visual functioning in patients with mild to
moderate amounts of stable keratoconus. In Chapter 10 we present two patients with
unexpected residual astigmatism following toric 10L implantation. Residual
astigmatism following toric IOL implantation may be caused by multiple factors: IOL
misalignment, the effect of the spherical power and anterior chamber depth on toric
IOL calculations, the effect of posterior corneal astigmatism, and the effect of a large
pupil size. Improving toric IOL calculations may compensate for the effective cylinder
power and posterior corneal astigmatism. We recommend to perform pupillometry in
relatively young patients who wish to undergo toric IOL implantation.



Samenvatting

Ongeveer 20 tot 30% van alle patiénten met cataract heeft ook een substantiéle
hoeveelheid cornea astigmatisme. Torische intraoculaire lenzen (IOLs) bieden de
mogelijkheid om tijdens een cataractoperatie cornea astigmatisme te corrigeren.
Postoperatief kunnen patiénten zonder bril een optimale vertevisus bereiken. Het doel
van dit proefschrift is om het gebruik van torische I0OLs in cataractchirurgie te
evalueren. Tevens hebben we verschillende factoren geanalyseerd die de uitkomsten
met deze 10Ls mogelijk nog verder kunnen optimaliseren.

Hoofdstuk 1 geeft een overzicht van de ontwikkeling van torische IOLs. In de loop der
jaren zijn er vele aanpassingen geweest in het ontwerp en materiaal van deze lenzen.
We bespreken praktische zaken aangaande patiént selectie, IOL berekening en
chirurgische technieken voor het plaatsen van deze lenzen. Dit hoofdstuk geeft verder
een overzicht van studies in de wetenschappelijke literatuur waarin torische IOLs en
multifocale torische I0OLs zijn onderzocht. Enkele gerandomiseerde klinische studies in
de literatuur tonen aan dat torische IOL implantatie een veilige en effectieve
behandeling is om cornea astigmatisme te corrigeren tijdens cataractchirurgie.

In Hoofdstuk 2 vergelijken we verschillende methoden om cornea astigmatisme te
meten: geautomatiseerde keratometrie gemeten met drie verschillende apparaten
(IOLMaster, Carl Zeiss Meditec; Lenstar, Haag Streit; en SMI Reference Unit,
Sensomotoric Instruments), handmatige keratometrie (Javal-Schidtz, Rodenstock),
Placido disk videokeratoscopie (KR-1W, Topcon) en Scheimpflug imaging (Pentacam,
Oculus Optikgerdte). Cornea astigmatisme waardes gemeten met verschillende
apparaten waren goed vergelijkbaar, behalve equivalent K waardes gemeten met
Scheimpflug imaging. De reproduceerbaarheid in het meten van de astigmatisme
grootte was met alle apparaten acceptabel. Echter de reproduceerbaarheid in het
meten van de astigmatisme richting (meridiaan) was minder goed. Wij adviseren
daarom om per patiént meerdere metingen te verrichten en erop te letten dat de
astigmatisme grootte en meridiaan reproduceerbaar zijn.

In Hoofdstuk 3 vergelijken we verschillende aberrometers om oculaire en corneale
aberraties te meten. We vergelijken Hartmann-Shack technologie (Irx3, Imagine eyes;
en Keratron, Optikon), ray-tracing technologie (iTrace, Tracey technologies) en
geautomatiseerde retinoscopie (OPD-scan, Nidek). De resultaten van deze studie laten
zien dat oculaire en corneale aberraties gemeten met verschillende apparaten niet



goed vergelijkbaar zijn. Aangezien er geen gouden standaard is, is onbekend welk
apparaat het nauwkeurigst meet. Hartmann-Schack aberrometrie heeft de beste
reproduceerbaarheid in meten van oculaire aberraties en ray-tracing aberrometrie in
het meten van corneale aberraties.

In Hoofdstuk 4 wordt de nauwkeurigheid van een veel gebruikte handmatige
markeringstechniek voor het implanteren van torische 10Ls onderzocht. Voor een
optimale astigmatisme correctie is het van belang dat de torische IOL nauwkeurig op
de juiste as wordt geplaatst. We hebben alle stappen voor torische IOL implantatie
geanalyseerd: markeren van de referentie as, markeren van de implantatie as en
torische IOL implantatie. Deze 3 stappen leiden samen tot een gemiddelde fout van 5
graden bij het implanteren van torische 10Ls. Dit resulteert in een rest astigmatisme
van 17% en is met name van belang bij torische IOLs met een hoge cylinder sterkte.

In de volgende hoofdstukken worden klinische resultaten na torische IOL implantatie
besproken. In Hoofdstuk 5 wordt een gerandomiseerde klinische studie beschreven
waarin bilaterale torische IOL implantatie is vergeleken met bilaterale monofocale 10L
implantatie (controle groep) bij patiénten met cataract en cornea astigmatisme. Na
bilaterale torische IOL implantatie was 84% van de patiénten brilonafhankelijk voor
vertezien, vergeleken met 31% in de controle groep. Patiénten in de torische groep
hadden postoperatief een betere ongecorrigeerde vertevisus en lager refractie
astigmatisme. Er zijn geen verschillen gevonden in contrast gevoeligheid, hogere-orde
aberraties en refractie afwijking-gerelateerde kwaliteit van leven tussen de beide
groepen.

In Hoofdstuk 6 wordt een klinische studie beschreven waarin de effectiviteit van
torische 10Ls in het corrigeren van hoog cornea astigmatisme wordt onderzocht.
Preoperatief was het gemiddelde cornea astigmatisme 3,84 D. Postoperatief behaalde
de helft van de patiénten een ongecorrigeerde vertevisus van minimaal 20/30. In ruim
80% van de ogen was het rest astigmatisme minder dan 1 D. Deze resultaten laten zien
dat torische I0Ls effectief zijn in het corrigeren van hoog cornea astigmatisme.

In Hoofdstuk 7 worden de klinische resultaten na multifocaal torische I0L implantatie
beschreven. Multifocaal torische I0Ls bieden patiénten met cataract en cornea
astigmatisme de mogelijkheid om brilonafhankelijk te worden voor vertezien en lezen.
Postoperatief was 95% van de patiénten brilonafhankelijk voor vertezien en 79% voor



lezen. Multifocaal torische IOL implantatie resulteerde in een goede verte- en leesvisus
en een acceptabele intermediaire visus.

In Hoofdstuk 8 hebben we de effectiviteit van astigmatisme correctie met torische
I0Ls bepaald met behulp van een vector analyse. We hebben het gebruik van torische
I0Ls geanalyseerd in 3 klinische toepassingen: torische I0Ls in cataract chirurgie;
torische phake I0Ls in refractie chirurgie; en torische phake I10Ls ter correctie van post-
keratoplastiek (PKP) astigmatisme. Gebruik van torische I0Ls in cataract chirurgie
resulteerde in een gemiddeld rest astigmatisme van 0,37 D en een index of success van
0,14. De index of success is een relatieve maat voor success en is idealiter 0. Gebruik
van torische phake I0Ls in refractie chirurgie resulteerde in een rest astigmatisme van
ongeveer 0,60 D en een index of succes van 0,32 (Artiflex phake IOL) en 0,18 (Artisan
phake IOL). Torische phake I0Ls ter correctie van PKP astigmatisme resulteerde in een
rest astigmatisme van 1,56 D en een index of success van 0,28. Door bij torische phake
IOL calculaties rekening te houden met chirurgisch geinduceerd astigmatisme kunnen
de resultaten met deze phake IOLs verder worden verbeterd.

Hoofdstuk 9 en 10 beschrijven gebruik van torische 10Ls in speciale situaties. In
Hoofdstuk 9 beschrijven we 2 patiénten met irregulair astigmatisme door keratoconus
die een cataract operatie ondergaan met implantatie van een torische I0L. Torische
IOLs kunnen gebruikt worden om irregulair astigmatisme door keratoconus te
corrigeren, mits er sprake is van milde tot matige stabiele keratoconus. In Hoofdstuk
10 presenteren we 2 patiénten met onverwachts rest astigmatisme na torische I0L
implantatie. Mogelijke oorzaken voor rest astigmatisme zijn 10L misalignment, een
afwijkende effectieve cylinder sterkte, abnormaal posterior cornea astigmatisme en
een abnormale pupil grootte. Door torische 0L calculaties verder te optimaliseren kan
rekening gehouden worden met de effectieve cylinder sterkte en posterior cornea
astigmatisme. Wij adviseren verder om bij jonge patiénten voorafgaand aan torische
IOL implantatie ook pupillometrie te verrichten.
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