Chapter 8

Correction of Corneal Astigmatism
with Toric IOLs

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

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

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

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

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

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

82.1 Studyl [11]

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

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

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

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

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

8.2.1.1 Data Analysis

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

8.2.2 Study?2 [12]

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

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

8.2.2.1 Corneal Astigmatism Measurements

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

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

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

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

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

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

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

8.2.2.2 Data Analysis

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

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

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

8.2.2.3 Statistical Analysis

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

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

8.3 Results

8.3.1 Studyl [11]

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

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

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

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

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

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

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

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

y years

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

8.3.2 Study 2 [12]

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

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

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

8.4 Discussion

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

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

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

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

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

Effective IOL cylinder power

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

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

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

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

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

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

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

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