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The purpose of this review is to evaluate the usefulness of corneal topography to select premium intraocular
lenses (IOLs), including aspherical IOLs, toric IOLs, and multifocal IOLs, in refractive cataract surgery. Corneal
topography can detect corneal regular astigmatism, corneal irregular astigmatism (higher-order aberrations
[HOAs]) including spherical aberration, and corneal shape abnormalities after corneal refractive surgery. Surgeons
can explain to the patients with significant corneal HOAs about its effect on postoperative visual function before
surgery. Multifocal IOLs should not be selected for such eyes. For eyes with abnormal corneal shape, appropriate
IOL power calculation formulae can be applied. In the case of toric IOLs, regular astigmatism and corneal HOAs
should be checked. Before implanting an aspheric IOL, it is ideal to confirm spherical aberration of the cornea is
not below the normal range. Because corneal HOAs, abnormal corneal shape after corneal refractive surgery,
corneal regular astigmatism, and corneal spherical aberration increase postoperative refractive errors and poor
vision quality with premium IOLs, corneal topography before cataract surgery is helpful in screening patients who
are not appropriate candidates for premium IOLs. Ophthalmology 2021;128:e142-e152 ª 2020 by the American
Academy of Ophthalmology
In the 21st century, the introduction of premium or new
technology intraocular lenses (IOLs), such as aspherical
IOLs, toric IOLs, and multifocal/extended depth of focus
(EDOF) IOLs, has resulted in a paradigm shift in cataract
surgery from just treating the disease to optimizing the
refractive outcome as refractive surgery. It is now possible to
minimize refractive errors and improve the quality of vision
without spectacle dependency after surgery. The number of
choices for IOLs has expanded, and as a result, planning for
cataract surgery has become complicated. Furthermore, there
is the risk of patient dissatisfaction after the surgery, even if a
surgeon provides technically beautiful surgery.

Corneal topography is considered an essential examination
before corneal refractive surgery.1,2 This is because it enables
surgeons to exclude mild ectatic corneal disorders that are
contraindicated and undetectable with conventional
examinations from the candidates of corneal refractive
surgeries.3,4 Corneal topography has been used preoperatively
for the calculation of IOL power and in planning the location
and size of the incision in some cases.5 Corneal topography
might also be a powerful screening tool that helps determine
the indication or contraindications for premium IOLs before
refractive cataract surgery. We review the value of
preoperative assessment with corneal topography in the
selection of a premium IOL.
Principles of Corneal Topography and
Tomography

In general, manual or automated keratometer has been used for
taking the keratometric readings (K readings) in the clinic. The
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keratometer projects a ring light onto the corneal surface. The
image created by the reflection of the ring illumination from the
tear film on the corneal surface is the first Purkinje-Sanson
image and is called the mire (Fig 1A). The radii of the
corneal curvature and the axis of astigmatism are determined
by analyzing the size and toricity of the mire while keeping
the working distance constant and the eye fixed. The
keratometer measures only the corneal radii of the front
surface and estimates the total corneal power of the anterior
and posterior surfaces, not with the true refractive index of
the corneal stroma (1.376), but with the keratometric index
(1.3375 or 1.3315) based on the assumption that there is a
constant ratio between the anterior and posterior corneal
curvature. This is called the Gullstrand ratio in the Gullstrand
exact schematic eye.6,7

The keratometer uses a single mire that provides informa-
tion on the values at the paracentral zone only (w3 mm in
diameter), whereas a corneal topographer covers a large area of
the cornea with a Placido disc that comprises multiple coaxial
ring illuminations (Fig 1A).8,9 Corneal topography provides a
color-coded topographic map based on the power across an
extensive area of the cornea and topographic indices based on
the mires.10,11 Corneal topography enables us to diagnose
corneal shape abnormalities and to evaluate irregular
astigmatism or higher-order aberrations (HOAs) qualitatively
by the visual inspection of a color-coded map and quantita-
tively by the topographic indices.12

The advantage of a Placido-based corneal topographer is
that it uses the same principle as a keratometer for measure-
ment; simulated K readings can be shown as the compatible
index of K readings, although these 2 indices are not always
interchangeable. Placido-based corneal topography obtains the
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Figure 1. Principles of corneal topography and corneal tomography. A, Placidoebased corneal topography. B, Scheimpflug camera. C, OCT.
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image created at the precorneal tear film quickly in a single
shot, which contributes to the good reproducibility of the data.
However, caution should be heeded with the errors associated
with changes in the tear film such as dry eye and prior contact
examinations.13

An aberrometer or wavefront sensor is a device for
measuring the ocular HOAs of the eye. Some aberrometers
simultaneously measure corneal topography and can deter-
mine not only ocular cylinder and ocular HOAs but also
corneal cylinder, corneal HOAs, internal cylinder, and in-
ternal HOAs (Fig 2).14 Furthermore, one of the aberrometers
can adopt full gradient corneal topography where the
illumination was modified from Placido disc to a grid
pattern, and it is expected to improve the reproducibility
by reducing segmentation errors.15,16

Different from corneal topography, corneal tomography
uses a series of optical cross-section images of the anterior
segment of the eye that are then reconstructed as a
3-dimensional image. The slit-scanning corneal tomogra-
pher,17 the rotating Scheimpflug camera (Fig 3),18-21 and the
anterior segment OCT (Fig 4A and B) are included.22-27 As
the lens of the Scheimpflug camera is tilted to the image
plane based on the Scheimpflug principle, the obtained
cross-section image has a sharper focus in a wider range,
compared with the image that is taken with the usual camera
where image plane, lens plane, and subject plane are parallel
(Fig 1B). OCT can also provide a sharper cross-section
image with less distortion than the Scheimpflug camera
using infrared light (Fig 1C). By analyzing the
3-dimensional images of the cornea, the elevation maps
and the power maps of the anterior and posterior corneal
surfaces, as well as the pachymetric map, can be obtained.

The advantages of corneal tomography over corneal
topography are that cylinder and HOAs of the posterior
corneal surface and the corneal thickness profile can be
obtained in addition to anterior corneal topography.
Furthermore, there is less influence of precorneal tear film
on the data. However, attention is needed to capture images
with good quality and high repeatability because the
Scheimpflug camera or OCT requires a longer time to scan
multiple images than the Placido disc topographer.
Evaluation of Corneal Irregular Astigmatism

In general, corneal irregular astigmatism has been qualita-
tively evaluated with the visual inspection of color-coded
maps and quantitatively evaluated with the inductive
topography/tomography indices. Wavefront technology
enabled us not only to quantify lower order aberrations that
can be corrected with spectacles (defocus and regular
astigmatism) but also to measure HOAs that cannot be
corrected with spectacles, including coma, spherical aber-
ration, and other terms with the use of Zernike polynomials
(Fig 5). Although the aberrometer analyzes ocular
aberrations, we can quantify corneal irregular astigmatism
e143



Figure 2. Intraocular lens (IOL) selection map in a HartmanneShack aberrometer (KRe1W, Topcon Corp.) after toric IOL implantation. Topographic
map reveals with-the-rule (WTR) astigmatism. Total cornea higher-order aberration (0.144 mm) and spherical aberration (0.248 mm) are within normal
ranges. The corneal cylinder (e3.07 D @ 13 degrees) was compensated by the internal cylinder (e2.88 D @ 103 degrees), and the misalignment of the toric
IOL was zero. D ¼ diopter; HOA ¼ higher-order aberration; SA ¼ spherical aberration.
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as corneal HOAs by applying the Zernike expansion to the
corneal elevation data.

First, surgeons need to evaluate the corneal irregular
astigmatism and the optical quality of the cornea in patients
with cataracts to determine the indication for cataract surgery
and the selection of IOL. This is because visual recovery after
cataract surgery for the eye with irregular corneal astigmatism
may not be as good as the surgeon and the patient expected
because of the preexisting corneal irregular astigmatism. The
surgeon should inform the patient with corneal irregular
astigmatism about the partial recovery of vision after surgery.
This would be more critical for the multifocal/EDOF and toric
IOL candidates. Excellent uncorrected visual acuity cannot be
expected in patients with corneal irregular astigmatism.

Routine examinations with a slit-lamp and keratometer
are not enough to evaluate corneal irregular astigmatism
associated with mild ectatic corneal disorders, mild corneal
diseases, and eyes after corneal refractive surgeries and
keratoplasty. In addition, the IOL power calculation remains
challenging in eyes after corneal transplantation28 or eyes
with keratoconus.29-31 The surgeon also needs to explain
to such patients about the higher risk of postoperative errors
from attempted refraction before surgery (Fig 3).

Corneal topography is also helpful in detecting ocular sur-
face diseases, because mires are sensitive to irregularities of the
precorneal tear film.32 K values of poor reproducibility are a
leading cause of IOL power calculation prediction errors. In
e144
this context, patients with dry eye are considered as high-risk
candidates for unsatisfied visual outcome after cataract sur-
gery.32Serialmeasurements of ocularHOAshave indicated that
aqueous deficiency or evaporating dry eyemay underlie poor or
fluctuating visionquality.33,34 This is one of the reasonswhy the
American Society of Cataract and Refractive Surgery proposed
the practical diagnostic ocular surface disorders algorithm to
diagnose and treat visually significant ocular surface disorders
before performing any refractive surgeries.35

In addition to the corneal HOAs, the size and location of the
pupil should be within the normal range to avoid postoperative
symptoms such as halo, glare, and dysphotopsia. The axis of
the cornea does not coincide with the axis of the crystalline
lens, and there are some variations in the angle between the
corneal axis and crystalline lens even in the normal eyes. One
can easily expect the deterioration of visual function due to the
tilt and decentration of the IOL relative to the corneal axis,
especially when the multifocal IOL was implanted in the eye
with a large angle between the corneal and lenticular axis.36-38

For these reasons, preoperative corneal topography should be
performed on all refractive cataract surgery candidates.
Evaluation for Toric Intraocular Lens

Approximately 30% and 10% of patients who have under-
gone cataract surgery have a preoperative corneal



Figure 3. Precataract display in a Scheimpflug camera (Pentacam HR, OCULUS Optikgeräte GmbH) for keratoconus. Axial power map shows localized
steepening. Total higher-order aberration (0.796 mm) is high. The multifocal intraocular lens is not recommended with the informed consent for the effects
of corneal irregular astigmatism on quality of vision. D ¼ diopter.
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astigmatism of 1.00 diopters (D) or higher and 2.00 D or
higher, respectively.39 Toric IOLs offer patients the
opportunity to correct corneal regular astigmatism at the
time of the cataract surgery and achieve spectacle
independence for distance vision or near vision when the
eye has no significant irregular astigmatism.

Toric IOLs are generally avoided in the case of keratoconus
with significant irregular astigmatism.40 This is because the
quality of vision cannot be guaranteed because of corneal
irregular astigmatism, and the astigmatism of toric IOLs will
be prominent with the use of the rigid gas permeable lens
after surgery. Toric IOL implantation should be considered
only in patients who do not plan to wear a rigid gas
permeable lens after surgery. On the contrary, toric IOLs have
been reported to be effective in patients with mild irregular
corneal astigmatism, including keratoconus,41,42 pellucid
marginal degeneration,43,44 and postkeratoplasty eyes.28

The preoperative assessment of corneal topography is
critical to exclude irregular corneal astigmatism cases (Fig 3).
The corneal topographic map is useful to qualitatively assess
whether the cornea has only regular astigmatism (orthogonal
and symmetric bowtie pattern) or a certain degree of
irregular astigmatism (asymmetric or skewed bowtie
pattern). In addition, corneal topographic indices such as
simulated K readings, Surface Regularity Index,11 Fourier
analysis,45,46 and corneal HOAs are helpful in evaluating the
regular and irregular astigmatism quantitatively (Figs 2e4).
Posterior corneal astigmatism also exerts errors in astig-
matism correction after toric IOL implantation.47 Although
anterior corneal astigmatism tends to shift from with-the-
rule (WTR) astigmatism to against-the-rule (ATR) astig-
matism with age, posterior corneal astigmatism remains
ATR throughout life in many cases.40 Selecting a toric IOL
based on only anterior corneal measurements using a
keratometer or Placido-based topographer could lead to an
overcorrection in WTR eyes and an undercorrection in ATR
eyes.48 Therefore, Koch et al49 proposed that in the case of
WTR astigmatism, the calculated corneal astigmatism can
be decreased by 0.5 D, and in the case of ATR
astigmatism, it should be increased by 0.3 D. The Barrett
toric calculator, which adjusts the cylindrical power and
axis of alignment for the IOL according to a mathematic
model of the posterior corneal surface, yields lower
astigmatic prediction errors than the Holladay toric
calculator, which uses the keratometric cylinder without
adjusting the cylinder due to the posterior corneal
surface.50,51 The direct measurement of the total corneal
cylinder using the anterior and posterior cylinder from
corneal tomography will be expected as an alternative
method that does not need the WTR/ATR adjustment.

Because the cataract surgery tends to render both regular
and irregular astigmatism neutral, the evaluation of preoper-
ative corneal astigmatism for reducing postoperative astig-
matism and the role of toric IOLs in cataract surgery have
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Figure 4. Preoperative cataract display in an anterior-segment OCT (CASIA2, Tomey Corp.) for post-LASIK eye. A, Axial power map shows the central
flattening, and pachymetricmap shows corneal thinning in the center. Total cornea higher-order aberration (HOA, 0.17mm) is within normal range, and spherical
aberration (0.95mm) is relatively high.Monofocal aspherical intraocular lens (IOL) is recommendedwith IOL formulas for postmyopic LASIK.B,Axial powermap
indicates the decentered ablation. Total cornea HOA (0.47 mm) is relatively high, and spherical aberration (1.13 mm) is also high. The simulated retinal image of
Landolt ring is blurry. The surgeon should consider the effect of corneal HOAs on the preoperative and postoperative visual function. HOA ¼ higher-order
aberration; IOL ¼ intraocular lens; SA ¼ spherical aberration.
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Figure 5. Terms of lower-order aberrations (second) and higher-order aberrations (HOAs, third and fourth) in Zernike polynomials. Because each term is
independent in Zernike polynomials, complex wavefront can be quantified separately to these terms. ATR ¼ against-the-rule; WTR ¼ within-the-rule.
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become increasingly important in conjunction with the
surgical guidance system and the intraoperative aberrom-
etry.52-55
Evaluation for Aspherical Intraocular Lens

The aspherical IOL was designed with a fixed amount of
negative spherical aberration that is intended to compensate
for the average positive spherical aberration of the
cornea.56,57 At an optical zone of 6.0 mm, the spherical
aberration of the healthy cornea is approximately þ0.27 �
0.09 mm.58-60 To leave the ocular spherical aberration at
the level of normal young adults (þ0.1 mm) or minimize
ocular spherical aberration, the aspherical IOL was adjusted
by mostly �0.17 to �0.27 mm.

Aspherical IOLs are likely to provide more accurate
refractive results than spherical IOLs.61,62 The quality of
vision, especially with respect to contrast sensitivity and
mesopic vision, has been improved.63-65 In most cases of
multifocal IOLs, the aspherical optical design is used to
reduce the loss of contrast sensitivity due to the increase in
spherical aberration by the spherical IOLs in addition to the
corneal spherical aberration.66

Although the superiority of aspherical IOLs over spherical
IOLs remains controversial, 2 systematic reviews with meta-
analysis exist that demonstrate that aspheric monofocal IOL
implantation results in less ocular spherical aberration and
ocular HOAs than spherical IOLs, and that aspherical IOLs can
provide better contrast sensitivity than spherical IOLs.67,68

However, the reduction of total spherical aberration after
aspherical IOL implantation may degrade distance-corrected
near, intermediate visual acuity, and depth of focus.69,70

In eyes with LASIK/advanced surface ablation or radial
keratotomy for myopia, corneal spherical aberration tends to
increase as the cornea becomes oblate in shape due to
central flattening (Fig 4A and B).71,72 Aspherical IOLs will
be more effective than spherical IOLs in such eyes.73,74 On
the other hand, keratoconus and LASIK or advanced surface
ablation for hyperopia tend to decrease the spherical
aberration.75 Selecting spherical instead of aspherical IOLs
when the cornea has such a negative spherical aberration
is reasonable.

Theoretically, aspherical IOLs will work best for eyes
with an average range of corneal spherical aberration
without the other forms of corneal HOAs. Total corneal
HOAs increase with age,76 but corneal spherical aberration
showed no significant change with age.77-79 Whether or
not corneal coma increases with age remains controversial.
Therefore, it is ideal not only to check the spherical aber-
ration but also to determine total HOAs with corneal
topography or tomography before cataract surgery.

Attention also should be paid to the postoperative tilt and
decentration of the aspherical IOL that might induce more
coma than those of the spherical IOLs, especially in eyes
with pseudoexfoliation syndrome, angle-closure glaucoma,
and possible conditions with zonular weakness or severe
capsule construction.80,81
e147
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Table 1. Four Steps in Corneal Topography for Screening before
Cataract Surgery

Step 1: Corneal higher-order aberration (HOAs)
If corneal HOA is abnormal, multifocal or toric intraocular lens (IOLs)
should be avoided and informed consent should be conducted for
irregular astigmatism.

Step 2: Topographic pattern
If topographic pattern indicates postrefractive surgery, special IOL formula
should be used in place of routinely used formula.

Step 3: Corneal astigmatism
If topographic pattern indicates regular astigmatism without asymmetry for
both surfaces, toric IOL can be considered.

Step 4: Corneal spherical aberration
If corneal spherical aberration shows negative values, spherical IOLs should
be considered.
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Evaluation for Multifocal Intraocular Lens
and Extended Depth of Focus Intraocular
Lens

There have been remarkable advances in the technology of
multifocal IOLs,82,83 and various concepts of multifocal IOLs
are available.84,85 In addition, EDOF IOLs that have a longer
depth of field than monofocal IOLs and have less halo and
glare than multifocal IOLs are currently available.86 Both
IOLs may increase the risk of reduced contrast sensitivity
and photic phenomena such as glare and halo, especially
when the eye or the contralateral eye has anterior or
posterior segment pathologies besides cataract.87-89

It is well known that the increase in corneal HOAs de-
creases contrast sensitivity.64,65,90 As explained previously,
corneal topography may play an important role in the
indication of multifocal/EDOF IOLs by detecting
abnormal corneal HOAs associated with mild keratoconus
(Fig 3), mild pterygium, or other corneal disorders.91-93

Currently, we set the tentative cutoff values for the indica-
tion of themultifocal IOL transplantation as less than 0.3mm in
corneal HOAs within a 4-mm diameter, because the blurring
effect of 0.5 D defocus theoretically corresponds to the root
mean square (mm) value of 0.29 mm for a 4-mm diameter.94,95

One study found that anterior coma values greater than 0.32
mm might result in intolerable dysphotopsia in the presence
of a diffractive multifocal IOL (Hamza I, Aly MG, Hashem
KA. Multifocal IOL dissatisfaction in patients with high
coma aberrations, Presented at the ASCRS Symposium on
Cataract, IOL and Refractive Surgery, San Diego, California,
March 25e29, 2011). Although there are no other guidelines
regarding the cutoff values of HOAs in the implantation of
multifocal IOLs, eyes with abnormal corneal HOAs should
be considered as the contraindication,89 and the routine
assessment of abnormal corneal HOAs may be helpful to
choose premium IOLs.
Intraocular Lens Power Calculation for Eyes
after Refractive Surgery

The IOL power calculation should be performed differently
in patients with abnormal corneal shape, including those
who have undergone previous corneal refractive surgery
such as radial keratotomy,96 advanced surface ablation, or
LASIK.97-99 If standard IOL power formulae are used for
these eyes, a refractive surprise can occur because advanced
surface ablation and LASIK alter the Gullstrand ratio, which
makes the keratometric index invalid and induces errors in
K readings.100-102 Moreover, if the effective lens position is
calculated based on K readings in a particular IOL formula,
the effective lens position is often erroneous and results in
postoperative refractive errors.97 Since 2000, more than 30
formulae have been published for eyes after laser
refractive surgery; the most recent studies have shown that
better refractive outcomes can be achieved if appropriate
formulae are selected.103

Corneal topography or tomography is useful in identi-
fying the history of myopic or hyperopic corneal laser
e148
refractive surgeries through the topographic pattern even if
the patient did not state a history of surgery. Also, it allows
estimating whether the optical zone is centered or decen-
tered and whether the corneal HOAs are low or high based
on the corneal topography or tomography (Fig 4A and
B).104-106 The instantaneous power map is valuable in
evaluating the displacement of the optical zone.105,107

When corneal topography screening reveals eyes with
normal corneal shape, K readings with an optical biometer
or keratometer should be used for the IOL power calcula-
tion. Keratometry-style values, such as simulated K-read-
ings in Placido-based corneal topography, Scheimpflug
camera, and anterior segment OCT, can be used as alter-
natives for K readings as the corneal power in some IOL
formulae. Some of these indices are not always inter-
changeable to K readings and sometimes lead to less ac-
curate refractive outcomes in normal eyes with 2-variable
vergence formulas or third-generation IOL power formulae,
such as Holladay 1, SRK/T, and Hoffer Q.108,109

For the eyes with an abnormal corneal shape, K readings
are not always available. Moreover, they do not always
minimize postoperative refractive errors, especially when
there is a considerable disparity between corneal power at the
center and the paracentral area.110 In such cases, the corneal
power calculated by the ray tracing based on Snell’s law
using both anterior and posterior curvatures may be one of
the theoretical alternatives to K readings.111,112

Some investigators reported good refractive outcomes for
eyeswith a history of refractive surgery usingOCT to calculate
IOL power.111-114 However, corneal power calculated by ray
tracing with a normal corneal shape is lower than K readings
with the keratometric index by approximately 0.5 to 0.9
D.108,109,115 Therefore, these values should not be usedwithout
modification for eyes with normal corneas in most of the IOL
power formulae. Because existing vergence IOL power
calculation formulas were developed in the 1990s, these are
completely compatible with keratometry values.

In conclusion, with the increasing use of technically
advanced IOLs, systematic preoperative assessment with
corneal topography is critical for preventing postoperative
refractive errors and poor vision quality. Patients who are not
appropriate candidates for premium IOLs due to abnormal
corneal conditions, such as irregular corneal astigmatism,
negative spherical aberration, and proportional abnormalities

j.iwanczuk
Hervorheben



Goto and Maeda � Corneal Topography for Cataract Surgery
in power or astigmatism between the anterior and posterior
corneal surface, should be identified before surgery.

To ensure efficient screening of corneal topography in
candidates of cataract surgery, we propose 4 steps for the
interpretation of the results (Table 1). First, check for
corneal irregular astigmatism. If corneal HOAs are high,
informed consent should be performed for insufficient
visual recovery due to corneal irregular astigmatism and
the higher risk of refractive error after surgery. Multifocal
IOLs should be avoided. Second, check the abnormal
corneal shape after laser refractive surgery. In cases with a
topographic pattern after refractive surgery, confirm the
surgical history with the patient and use the correct IOL
formula for postrefractive surgery. Third, check for regular
astigmatism and make sure the bowtie pattern is not
asymmetric or skewed. Fourth, check for corneal spherical
aberration and consider the selection of the spherical or
aspherical IOLs based on the corneal spherical aberration.
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