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4. ABSTRACT

In order to calculate an appropriate intraocular lens (IOL) power for an eye
undergoing cataract surgery, the most important measurements are the axial length
of the eye and corneal shape. The cornea is a three dimensional structure and so,
although it has commonly been considered as a single refractive surface, we must
take into account that the anterior and posterior surfaces of the cornea have different
astigmatic magnitudes and axes. Total astigmatism of the cornea is determined by
the combination of both anterior corneal astigmatism and posterior corneal
astigmatism. In order to treat astigmatism of the eye during cataract surgery
precisely, total corneal astigmatism needs to be neutralised, and not just the
measured anterior corneal astigmatism. Otherwise residual astigmatism will be

present and visual quality will be impacted.

Although the contribution of posterior corneal astigmatism has been postulated for
many decades, our ability to measure it accurately, and incorporate it into a practical
surgical plan, has only become possible much more recently. While measuring
anterior corneal astigmatism accurately has been relatively straight forward,
posterior corneal astigmatism has been less simple to measure due to relative
similarity in refractive indices of cornea and the adjacent aqueous humor as well as
having a very low magnitude to detect. Our measurement of anterior corneal
astigmatism is far from perfect. Measuring a fluid surface accurately and consistently
is not easy. When the magnitude of anterior corneal astigmatism is very low, the
accuracy and consistency of measures of both magnitude and axis of astigmatism
decrease. Measurements of posterior corneal astigmatism are therefore faced with
the difficult combination of trying to measure a very low magnitude of astigmatism,

and doing so in extremely difficult optical conditions.

Modern cataract surgery has seen a shift in IOL calculation methods from using
measured anterior corneal astigmatism alone, to incorporating a population statistics
based estimation of posterior corneal astigmatism. The research published as part of
this thesis has been at the forefront of the logical next step, which is the
incorporation of individual measurement of posterior corneal astigmatism into IOL
calculation. Despite having been aware of the presence of an optical contribution of

posterior corneal astigmatism for a long time, our knowledge about the magnitude
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and variation of this contribution as well as our ability to measure it has been

relatively poorly defined.

The main objectives of this thesis are:

1) To assess whether the contribution of posterior corneal astigmatism to total
corneal astigmatism in eyes with high magnitude anterior corneal astigmatism

becomes so minor that it can be ignored.

2) To assess how measurement of posterior corneal astigmatism using optical
coherence tomography (OCT) of the IOLMaster 700 compares to previous

estimates.

3) To assess whether IOLMaster 700 measurement of total corneal astigmatism,
“total keratometry” (TK) is as accurate as Goggin nomogram adjusted

keratometry (GNAK) values.
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WTR With the rule

20



Chapter 8

Introduction

21



CHAPTER 8: INTRODUCTION
8.1 BACKGROUND
8.1.1 Measurement of posterior corneal astigmatism

Modern cataract surgery initially had a modest goal of removing an opacified
crystalline lens to clear the visual axis. Subsequently, implantation of an artificial
intraocular lens (IOL) became routine practice. This process evolved from giving
every eye the same power of IOL, to a more personalised approach where IOL
power was determined by taking into account various biometric measurements. The
most important of these were the axial length of the eye and the overall curvature
and refractive power of the cornea. This process likely still required the patient to fine
tune their post-operative visual outcome with glasses as surgical outcomes were
less predictable. This was due to a combination of larger surgical incisions, less

reliable IOL production techniques and relatively basic IOL calculation methods.

As the cataract surgery process became more refined, we saw advances in micro-
incisional surgery, improved IOL manufacturing and greatly improved methods of
IOL calculation. The introduction of toric IOLs meant that corneal astigmatism could
be neutralised also. These improvements transformed cataract surgery from simply
removing opacity, to aiming to provide a precise refractive outcome. This cycle of
incremental surgical and manufacturing improvements along with increased patient
expectations continued to drive development of improved methods of calculating an
appropriate IOL power for an individual eye. The area which saw the most major
changes and appreciation of its complexity was in the measurement of corneal
shape or keratometry. Surgeons now had the IOLs and surgical capabilities to
neutralise corneal astigmatism as well as aim for an excellent refractive outcome.
They needed precise measurements of the magnitude and axis of corneal

astigmatism to plan their treatments and deliver the desired results.

Measurement of anterior corneal curvature was first made possible with the
development of the ophthalmometer of Helmholtz in 1853. Further modification of
this instrument by Javal and Schiotz in 1881 allowed it to be more readily used in
clinical practice.! The presence of clinically important posterior corneal astigmatism

was postulated in 1890 when Javal described the relationship between refractive
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astigmatism and keratometric astigmatism.? In other words, the astigmatism
measured in the physical shape of the cornea did not account for all of the
astigmatism present when the vision of the same eye was completely treated with
glasses. It was assumed that this residual amount of astigmatism was due to the
shape of the posterior cornea. Initial published attempts at measuring the curvature
of the posterior cornea were performed using Purkinje images.3 Central posterior
corneal second Purkinje image analysis proved troublesome due to interference from
the far brighter first Purkinje images and so early estimates of posterior corneal

radius of curvature came from the peripheral cornea in a small number of eyes.*

More accurate measurements of posterior corneal curvature began to be published
in the 1970s and 1980s, initially with estimates of the radius of curvature of the
posterior cornea in the vertical meridian using slit-lamp photographic analysis, and
later, Scheimpflug photography.® & A return to Purkinje image analysis similar to that
used by Tscherning® occurred in the 1990s.” This led Royston and colleagues to
publish that the radius of curvature of the posterior cornea was steeper than previous
estimates.? It was in this same period that Royston, Dunne and colleagues published
the first analyses of posterior corneal surface toricity.®'" These were the first

practical estimates of posterior corneal astigmatism.

The next step in attempting to characterise posterior corneal astigmatism
incorporated a combination of videokeratoscopy and pachymetry.'?'* This method
was hampered by alignment errors and so with yet another adaptation of previous
methods, Dubbelmann used corrected Scheimpflug imaging to describe the shape of

the posterior corneal surface in a healthy population.’

Up until this time, measurement of posterior corneal astigmatism was completely
research oriented. The first commercially available device capable of measuring
posterior corneal astigmatism was the Orbscan (Bausch & Lomb, Rochester, USA)
which processed slit-beam images of corneal cross-sections to produce a complete
corneal map. This was quickly followed by the Orbscan Il (Orbtek, USA) that
incorporates Placido technology.'® '” Two commonly used tomography devices, the
Pentacam (Oculus Optikgerate GmbH, Wetzlar, Germany) and the Galilei (Zeimer

Group, Port, Switzerland) directly measure posterior corneal astigmatism using
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Scheimpflug imaging.'® 1® The Cassini, a novel topographer that uses multicolor
point-to-point ray tracing, combined with second Purkinje imaging technology is
capable of measuring posterior corneal astigmatism as part of its total corneal

analysis.?°

The latest revolution in imaging posterior corneal astigmatism has become possible
by using OCT. This technology enables high speed and high resolution imaging of
the cornea and has been reported as having better reproducibility of corneal
thickness measurement than scanning-slit topography.?' The IOLMaster 700 was the
first swept-source OCT biometry device. It has been positively compared to its
predecessor, the IOLMaster 500 which used partial coherence interferometry.?

8.1.2 Incorporation of posterior corneal astigmatism into IOL calculation

It was not until 2012, when Koch et al published a large series of eyes where
posterior corneal astigmatism had been measured with modern equipment and
enough consistency was found that population based statistical averages could be
used to enhance astigmatic outcomes.'® At the time, IOL formulae were treating the
cornea as though both the anterior and posterior corneal surfaces had a very fixed
relationship, without an independent contribution from the shape of the posterior
cornea. There was not currently a widely used device which could be easily used to
measure the posterior corneal astigmatism accurately, and a formula which could

incorporate this information.

The findings by Koch et al, of an average magnitude of posterior corneal astigmatism
and a very high rate of being steep vertically, led the way for a systematic
adjustment to calculations where the effect of posterior corneal astigmatism could be
added to an existing calculation. Koch’s Baylor nomogram made adjustment to the
toric IOL cylinder power at the end of the calculation.?® This involved increasing the
cylinder value of the implanted toric IOL in eyes with against the rule (ATR) anterior
corneal astigmatism and decreasing the cylinder power in eyes with with the rule
(WTR) anterior corneal astigmatism. This was a simple systematic adjustment. The

Baylor nomogram also had a preference for leaving eyes with some WTR refractive
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astigmatism due to our understanding that with age, at a population level, we know

many eyes develop ATR corneal astigmatism over time.?*

Michael Goggin took a different approach by adjusting the keratometry values prior
to toric IOL calculation. His Goggin nomogram used his own set of post-surgery eyes
to assess residual astigmatism and came to a similar conclusion that eyes with ATR
anterior corneal astigmatism were being undercorrected while astigmatism in eyes
with anterior corneal WTR astigmatism was being overcorrected.?® His nomogram,
which has continued to be refined, reduces the magnitude of keratometric
astigmatism in WTR eyes and enlarges keratometric astigmatism in ATR eyes prior

to being used as input into online toric calculators.?®

Alongside these nomogram adjustments to outputs and inputs to IOL calculation
respectively, IOL formulae developed which also took into account the presence of a
standard, typical magnitude and direction of posterior corneal astigmatism. One of

the first, most successful, and popular of these is the Barrett Universal formula.

It has been shown in multiple studies that incorporation of posterior corneal
astigmatism into IOL calculation through nomogram or formulae choice is superior to

using anterior corneal astigmatism alone.?6-28

8.2 RATIONALE AND OBJECTIVES FOR THIS THESIS

8.2.1 Need to define posterior corneal astigmatism limit of clinical relevance.

When measuring a refractive outcome for a post-operative patient after cataract
surgery, it is common to refine their astigmatism in increments of 0.25 dioptres (D).
This is generally considered a level which a healthy eye may be able to discern the
difference in vision quality and so it becomes a clinically significant level to observe.
Often, patients have difficulty discerning a difference of 0.25D and refraction can
only be tested in 0.50D steps. Previously published averages of magnitude of
posterior corneal astigmatism are around 0.3D."92%30 This is a level of astigmatic

power which becomes clinically relevant.
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When planning to treat the astigmatism of an eye, it is the total corneal astigmatism
which needs to be treated completely. That is the vector addition of the anterior
corneal astigmatism and posterior corneal astigmatism. As anterior corneal
astigmatism increases in magnitude, posterior corneal astigmatism may increase at
a much slower rate and so at some point, it is plausible that as a component of total
corneal astigmatism, the posterior component becomes irrelevant.

Finding a cut-off value where posterior corneal astigmatism is no longer relevant or
needs to be considered is important in order to provide patients with the most
accurate plan for toric IOL implantation to minimise residual refractive astigmatism.
Previous research has shown a trend towards nomogram adjustment being required
for eyes receiving toric IOLs with cylinder power 2.50D or greater but this trend did
not reach statistical significance, indicating that this may be a threshold above which
posterior corneal astigmatism could be ignored.?® The aim of this first study of this
thesis is to define whether this is a limit where nomogram adjustment is no longer

needed.

8.2.2 Assessment of IOLMaster 700 ability to measure posterior corneal astigmatism

Optical biometry is considered a necessity when performing modern cataract
surgery. One of the most common, popular and easy to use biometers has been the
IOLMaster range from Zeiss (Carl Zeiss Meditec, Jena, Germany). At the outset of
this thesis, the ability of their latest release, the IOLMaster700, to measure posterior
corneal astigmatism was not made public. This feature, along with others to come,
including central corneal topography, were released to consumers later under
licence. The IOLMaster700 was the first widely used biometry device to use OCT
imaging and this technique was incorporated into measurement of posterior corneal

astigmatism.

Posterior corneal astigmatism is difficult to measure accurately and reliably. We do

not have a gold standard device to compare measurements against to assess a new
technique. With the IOLMaster700 being a widely used device and being aware of its
ability to measure posterior corneal astigmatism, it was important to assess whether

measurement in a very large set of eyes would produce statistics similar to previous
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large scale studies. This was important to know prior to this measuring ability
becoming available to the public. The aim of this second study of this thesis was to
consider how measurement of posterior corneal astigmatism with the IOLMaster700
compares to our historical knowledge and see whether it raises any new information

to refine current IOL calculation techniques.

8.2.3 Comparing individual measurement to estimation of posterior corneal

astigmatism

The I0OLMaster700 allows individual measurement of anterior and posterior corneal
astigmatism. It also performs vector addition to provide a measure of total corneal
astigmatism or “total keratometry” (TK). This means that an individual eye is
measured and the individual refractive power of their cornea can be used to
calculate a toric IOL suitable for that eye. This is a very different scenario to any of
the population statistic based methods of nomogram or formulae prior to TK where a
population estimate of the impact of posterior corneal astigmatism was in some way
added into the calculation along with actual individual biometry of the anterior
cornea. It would therefore make sense that this individual TK measurement
technique would provide superior results in every case. The potential benefits
include reduction in outliers where the posterior cornea is very different to the
population average, as well as providing more refined individual results even in those

which are closer to the average.

It is important to perform a comparison of TK individual measurement method vs an
estimation method to assess for this expected improvement. The Goggin nomogram
was chosen as the estimation method comparison as it is one of the only toric IOL
calculation methods with consistent, published, prospective results. It was therefore
chosen as a gold standard to compare against. The aim of this third study of this
thesis was to compare whether total keratometry using individual measurement of
posterior corneal astigmatism differed from the gold standard of Goggin nomogram

adjusted anterior keratometry (GNAK) values.
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8.3 FORMAT AND OUTLINE OF THIS THESIS

| have structured this thesis to provide insight into the thought process while planning

each related study and to discuss the impact of each of the three published articles.

The next three chapters each centre around one of the published articles | have
authored. Each publication is preceded by a brief summary and followed by a
discussion of the impact each article had in the research space. Each summary will
only be brief as | have already introduced the rationale for each work and the article

itself already contains a succinct discussion.

Chapter 12 summarises the research findings and discusses future directions that
these publications are taking my own research as well as others research in this
field.
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Assessing the Likely Effect of Posterior Corneal Curvature on
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CHAPTER 9: Assessing the Likely Effect of Posterior Corneal Curvature on Toric
Intraocular Lens Calculation for IOLs of 2.5 Dioptres cylinder power or
more.

9.1 SUMMARY

This study aimed to assess whether posterior corneal astigmatism could be treated
as being relatively insignificant as anterior corneal astigmatism increased in
magnitude. Eyes were chosen for this study if they required a toric IOL with cylinder
value 2.50D or greater as previous studies had indicated a statistically insignificant
trend for nomogram adjustment requirement at this level. Refractive assessment of
these eyes, showed that nomogram adjustment indeed was not required and so, the
Goggin nomogram officially had a refined cut-off value where if an unadjusted IOL
calculation indicated a toric IOL cylinder power of 2.50D or greater, no adjustment

was recommended.

This differs from other methods where the posterior corneal astigmatism contribution
continues to have a recommended impact despite magnitude of any biometric
measurements. The Baylor nomogram where IOL cylinder power is adjusted, makes
no cut-off value above which adjustment is not recommended, and the Barrett
Universal formula continues to make adjustments to recommended toric IOL cylinder
power and axis of implantation regardless of anterior corneal astigmatism

magnitude.

This article has been cited 15 times since publication.
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9.3 Published Article

ORIGINAL ARTICLE

Assessing the Likely Effect of Posterior
Corneal Curvature on Toric IOL Calculation
for IOLs of 2.50 D or Greater Cylinder Power

Benjamin R. LaHood, MBChB, PGDipOphth, FRANZCO; Michael Goggin, FRCSI(Ophth), FRANZCO, MS;

Adrian Esterman, PhD, AStat

ABSTRACT

PURPOSE: To establish whether average refractive
overcorrection or undercorrection of corneal astigma-
tism based on the orientation (rule) of the astigmatism
occurs if toric intraocular lenses (IOLs) are calculated
on the basis of anterior comeal measurements in eyes
requiring toric IOL cylinder power of 2.50 diopters (D)
or greater.

METHODS: One hundred thirteen consecutive eyes with
anterior corneal keratometric astigmatism requiring 0L
cylinder power of 2.50 D or greater underwent phaco-
emulsification with IOL powers calculated using anterior
corneal curvature data alone. Eyes were grouped as ei-
ther “with-the-rule” (WTR) or “against-the-rule” (ATR) on
the basis of the steep anterior corneal meridian. Target-
ed and achieved astigmatic outcomes were compared.
The main outcome measure was the postoperative re-
fractive astigmatic prediction error.

RESULTS: A mean overcorrection occurred in anterior
WTR eyes of 0.16 + 0.57 D and a mean undercorrec-
tion of ATR eyes of -0.14 + 0.53 D. These were sig-
nificantly different from the ideal value of zero (WTR: P
= .04, ATR: P = .05). Although statistically significant,
the effect sizes of these prediction errors were 0.40 for
WTR and 0.36 for ATR and the error values fell below a
clinically significant value of 0.25 D.

CONCLUSIONS: In eyes requiring toric 10Ls of cylinder
power 2.50 D or greater, an overcorrection occurs in
anterior WTR eyes and an undercorrection in ATR eyes.
This probable posterior corneal astigmatism effect is not
clinically significant. IOL cylinder powers are sufficiently
accurately calculated using unadjusted anterior kera-
tometry values in these eyes.

[J Refract Surg. 2017;33(11):730-734.]

ntil recently, IOL power was routinely calculated us-
ing methods that only incorporated anterior kerato-
metric curvature data. Posterior corneal astigmatism

and its effect on total corneal astigmatism has long been de-
scribed.!? The assumption that anterior keratometric curvature
data were adequate to describe total corneal refractive power
has been shown to be a source of system error in astigmatism
correction with toric IOLs. This error can be improved by in-
corporating information about the posterior corneal astigmatism
into IOL calculations.®s Variations in correlation between ante-
rior and posterior corneal astigmatism show that such adjust-
ments will not always be correct or appropriate but do overall
yield better astigmatic corrections than using unadjusted val-
ues.? Some online calculators and IOL calculating formulas cur-
rently incorporate an estimated adjustment for the posterior cor-
neal astigmatism based on measurements of the anterior corneal
surface. While we await an accurate method of measurement of
posterior corneal astigmatism, methods have been described to
estimate its effect and adjust toric IOL cylinder power calcula-
tion appropriately. However, further improvement in this area
is warranted to optimize visual outcomes in cataract surgery.*®

There is a documented population tendency for the steep me-
ridian of the posterior cornea to be aligned vertically.?%° This
induces a negative effect on total corneal power of the vertical
meridian predicted by anterior corneal measurements alone.
Failure to take this posterior corneal effect into account leads
to overestimation of vertical meridian power. Conversely, the
horizontal meridian power will be underestimated. Predicted
overestimation and underestimation when correcting corne-
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al astigmatism with toric IOL choices based purely on
anterior corneal curvature has been reported.’® Statisti-
cally significant overcorrection and undercorrection was
seen in subgroup analysis of eyes requiring IOL cylinder
power of 2.00 diopters (D) or less. Subsequent applica-
tion of a coefficient of adjustment to anteriorly measured
keratometric cylinder values based on the “rule” of the
eye led to improved astigmatic outcomes.® Eyes requiring
IOL cylinder of 2.50 D or greater trended toward similar
overcorrection and undercorrection, but this trend did
not reach statistical significance.®

The purpose of this study was to establish whether
there was an average overcorrection or undercorrec-
tion of corneal astigmatism based on the “rule” of an-
terior corneal astigmatism in patients with toric IOLs
of cylindrical power of 2.50 D or greater calculated on
the basis of anterior corneal measurements alone, and,
if appropriate, to calculate a coefficient of adjustment
to avoid systematic error for toric IOLs in this cylinder
power range subsequently implanted.

PATIENTS AND METHODS

Approval for this study was obtained from the Cen-
tral Adelaide Local Health Network Human Research
Ethics Committee.

Retrospective data were collected for 113 consecutive
eyes of 101 patients with anterior corneal surface astigma-
tism requiring implantation of a toric IOL with cylinder
power of 2.50 D or greater. They all underwent cataract
surgery between November 2009 and November 2016, re-
ceiving AT TORBI 709M or 709MP toric IOLs (Carl Zeiss
Meditec, Jena, Germany). Eyes with oblique keratometric
astigmatism were excluded because the number of pa-
tients was too small for analysis. Demographic data for
patients with with-the-rule (WTR) and against-the-rule
(ATR) astigmatism were similar (Table 1), except the av-
erage age of patients with ATR astigmatism was 16 years
older than those with WTR astigmatism. This is consis-
tent with population data showing a shift from WTR to
ATR anterior keratometry with age.!*"'?

Preoperative IOL calculations were performed using
the IOLMaster 500 (Carl Zeiss Meditec) prior to No-
vember 2016 and the IOLMaster 700 from December
2016 onward for keratometry and biometry. IOL pow-
ers (sphere and cylinder) were calculated using the Carl
Zeiss Meditec online calculator (https://zcalc.meditec.
zeiss.com/zcalc/), which provides predicted postop-
erative refraction values. This calculator incorporates
anterior chamber depth and axial length to minimize
prediction error but does not make any adjustment for
posterior corneal curvature.

All eyes underwent micro-incision phacoemulsifica-
tion using a 1.9-mm temporal clear corneal incision on

TABLE 1
Demographic Data
Demographic Data Total WTR ATR
Patients 113 53 60
Male bl 23 28
Female 62 30 32
Mean age (y) 68 60 76
Left eye 85 28 27
Right eye 58 25 33
WTR = with-the-rule astigmatism; ATR = against-the-rule astigmatism

the horizontal meridian performed by four surgeons us-
ing identical techniques. This incision technique is as-
tigmatically neutral, allowing the use of preoperatively
measured keratometric values in the IOL calculations
and obviating the necessity to predict postoperative kera-
tometric astigmatism using previously established surgi-
cally induced corneal astigmatism.'* For all eyes studied,
the surgically induced astigmatism summated vector
mean (or centroid) of the corneal incisions was 0.16 D.
The mean surgically induced corneal astigmatism axis
was 96° + 44° (range: 7° to 179°).

To exclude further the possibility of corneal shape
change due to our cataract incision, we compared astig-
matic prediction error on the same eyes using preopera-
tive keratometric astigmatism versus postoperative kera-
tometric astigmatism as the targeted error for correction
with the toric implant. Using preoperative astigmatism
as the error to be corrected, the mean signed astigmatism
prediction error was -0.003 D (95% confidence interval:
-0.11 to 0.10 D). Using the postoperative astigmatism as
the error to be corrected (avoiding the effect of any inad-
vertent corneal astigmatic change), the mean signed astig-
matism prediction error was -0.037 D (95% confidence
interval: -0.15 to 0.08 D). The 95% confidence interval of
the difference between these means (-0.013 to 0.082 D)
falls within a range of +0.25 D and can consequently be
considered not only not significantly different but statis-
tically equivalent.® This equivalence of values strongly
supports our assertion that overall corneal astigmatism
was unchanged by the incision (ie, that our technique is
astigmatically neutral). As a consequence, keratometric
surgically induced corneal astigmatism was not included
in our calculation of prediction error.

The inferior end of the vertical corneal meridian
was marked preoperatively using a previously de-
scribed technique.'® The incision and IOL toric me-
ridians were planned from this mark using a Mendez
ring. Postoperative review was performed at 6 weeks
by one of four surgeons and included subjective refrac-
tion, keratometry, and anterior chamber depth on the
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TABLE 2
Maghnitude of Error: Two Sample t Tests With Equal Variances

Rule N Mean * SD (Range) P Effect Size 95% CI Effect Size
ATR 60 -0.14 + 0.53 D (-1.72 to 0.96 D) .005 0.54 0.16 to 0.92
WTR 53 0.16 + 0.57 D (-2.94 t0 1.26 D)

induced astigmatism).

rule = designated using anterior keratometric astigmatism; SD = standard deviation; Cl = confidence interval; ATR = against-the-rule; D = diopters; WIR = with-the-rule
Magnitude of error is presented as a negative value for undercorrection and a positive value for overcorrection (surgically induced astigmatism minus target

TABLE 3
Maghnitude of Error: One-Sample t Test Comparing Means to Zero

Rule N Mean + SD (D) 95% CI Mean P Effect Size 95% CI Effect Size

ATR 60 -0.14 + 0.53 -0.27 to 0.00 .05 0.36 0.00 to 0.72

WTR B3 0.16 = 0.57 0.01 to 0.32 .04 0.40 0.01 to 0.78

rule = designated using anterior keratometric astigmatism; SD = standard deviation; D = diopters; Cl = confidence interval; ATR = against-the-rule; WTIR = with-the-rule

IOLMaster (Carl Zeiss Meditec) and observation of the
toric axis of the IOL.

Eyes were grouped according to the “rule” of ante-
rior corneal astigmatism (WTR: anterior keratometric
astigmatism with steep meridian between 60° and 120°;
ATR: anterior keratometric astigmatism with steep me-
ridian between either 0° and 30° or 150° and 180°). Eyes
with steep meridians outside of these classifications
were considered “oblique” and excluded. The small
number of oblique eyes would not allow adequate anal-
ysis. Vector analysis was used to compare preoperative
anterior keratometric astigmatism with postoperative
targeted refractive astigmatism provided by the online
toric IOL calculator and the achieved postoperative re-
fractive astigmatism, the latter two values being correct-
ed to the corneal plane.!” Target induced astigmatism
and surgically induced astigmatism vector values for
IOL insertion were thus derived for each eye. The arith-
metic difference of vector powers (magnitude of error),
subtracting the target induced astigmatism power from
the surgically induced astigmatism power, established
whether overcorrection (positive value) or undercorrec-
tion (negative value) had occurred for each eye.

The ratio of surgically induced astigmatism power to
target induced astigmatism power expresses the propor-
tion of astigmatism corrected. The inverse of this ratio
can be used as a coefficient of adjustment for subsequent
calculations. A coefficient of adjustment was derived
for each eye and geometric means of these coefficients
were calculated. WTR eyes were compared with ATR
eyes. To establish whether the magnitude of error for
WTR and ATR eyes represented real prediction error,
one-sample t tests were used to demonstrate whether
the values differed significantly from zero. Two-sample
t tests with equal variances were used to compare means
between the groups. A probability of less than 5% or a

P value of less than .05 was considered statistically sig-
nificant. Analysis of statistical equivalence conforms to
the extension of the Consort 2010 statement.*®

RESULTS

One hundred thirteen eyes with anterior keratometric
astigmatism indicating the use of a toric IOL with cylin-
der power of 2.50 D or greater were analyzed (Table A,
available in the online version of this article).

Postoperative refractive astigmatism and targeted
refractive astigmatism were both corrected to the cor-
neal plane for analysis (Table B, available in the online
version of this article).

Table 2 shows the comparison of the magnitude of er-
ror between WTR and ATR eyes to assess whether there
is a difference in refractive outcome between these two
groups. As expected, there was a significant difference
between the two groups and the effect size was medium.?®

Table 3 shows the magnitude of error in WTR and
ATR eyes analyzed using a one-sample ¢ test to exam-
ine whether the values differed significantly from zero
(ie, if there were significant errors in outcome predic-
tion). Both comparisons reach statistical significance
but have small to medium effect sizes.

Estimations of astigmatism correction index and
coefficient of adjustment for WTR and ATR eyes are
presented in Table 4 as geometric means.

Figure 1 illustrates the low trend to overcorrection
in WTR eyes and undercorrection in ATR eyes suggest-
ed by the mean values we report. Limited data in eyes
with high anterior corneal astigmatism make comment
on trends in such eyes problematic.

DISCUSSION
Clinically and statistically significant refractive over-
correction and undercorrection of corneal astigmatism

Copyright © SLACK Incorporated
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TABLE 4

Astigmatism Correction Index and
Coefficient of Adjustment for Eyes With
IOL Cylinder of 2.50 Diopters or Greater

Astigmatism Coefficient of
Rule Correction Index Adjustment
ATR 0.94 1.06
WTR 1.07 0.93

I0L = intraocular lens; rule = designated using anterior keratometric astig-
matism; ATR = against-the-rule; WTR = with-the-rule

based on the orientation or rule of the astigmatism has
previously been shown to occur if toric IOLs are calculat-
ed on the basis of anterior corneal measurements alone in
eyes requiring an IOL cylinder power of 2.00 D or less.*®
Subsequent adjustment of the toric IOL cylinder power
by the application of a coefficient of adjustment (0.75 for
WTR and 1.41 for ATR anterior keratometric astigmatism)
to anteriorly measured keratometric cylinder values led
to a significant improvement in refractive astigmatic out-
come in eyes requiring a toric IOL cylinder power of 2.00
D or less.® Whereas eyes requiring an IOL cylinder power
of 2.50 D or greater trended toward similar overcorrec-
tion and undercorrection, previous analysis in this IOL
power range did not reach statistical significance.

By comparison, the current study analyzed a larger
number of eyes requiring an IOL cylinder power of
2.50 D or greater. The data presented show that aver-
age refractive astigmatism overcorrection and under-
correction also occurs, although on a smaller scale,
in eyes requiring an IOL cylinder power of 2.50 D or
greater when the IOL cylinder power is calculated on
the basis of anterior corneal astigmatism alone.

This overcorrection and undercorrection of astigma-
tism by IOLs related to “rule” is likely to be due to the
finding that the steep meridian of the posterior cornea
is vertically oriented in most eyes.? Because the steepest
meridian of the posterior cornea is not vertically oriented
in all eyes, the universal use of a coefficient of adjustment
may not lead to an optimal outcome. A more appropriate
solution would be to measure the posterior cornea reli-
ably in every eye with the assistance of a corneal tomog-
rapher. We have shown that one of these devices (Pen-
tacam; Oculus Optikgerite, Wetzlar, Germany) at least
has demonstrable test-to-test variability that may make
it unreliable for this purpose, meaning an adjustment of
the keratometry on the basis of observed refractive results
in a population of eyes is currently legitimate and likely
to improve toric IOL refractive outcome in most eyes."?

In eyes requiring an IOL cylinder power of 2.50 D or
greater, we report a mean + standard deviation predic-
tion error analyzed by “rule” of -0.14 + 0.53 (an under-
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Figure 1. Magnitude of the emor compared to anterior cormeal astigma-
tism. D = diopters; ATR = against-the-rule; WTR = with-the-rule

correction) for ATR eyes and +0.16 + 0.57 (an overcor-
rection) for WTR eyes. These values are small in clinical
terms and any adjustment based on these values to at-
tempt to decrease the overcorrection and undercorrec-
tion would be small (coefficients of adjustment of 1.06
for ATR and 0.93 for WTR). Given the small magnitude
of adjustment to anterior corneal data indicated by these
coefficients of adjustment for this level of astigmatism
(IOLs of 2.50 D cylinder power or greater), as well as the
small effect size, our recommendation is that, despite
being statistically significant, the clinical significance
is too small to warrant use in practice. Current stan-
dard available steps in toric IOL cylinder power mean
that the effect of application of such small adjustments
would more likely manifest as small adjustments in the
astigmatic refractive target rather than a change in rec-
ommended IOL cylinder power for a given eye.

Also, this study confirms that eyes requiring a toric
IOL cylinder power of 2.50 D or greater require differ-
ent coefficients of adjustment. It would seem anatomi-
cally unlikely that there is a precise cut-off value above
which posterior corneal astigmatism ceases to affect to-
tal corneal astigmatism. It would be more plausible that,
in common with most biological variables, there would
be a gradation of effect that might be demonstrable with
more data. The published Baylor nomogram suggests
slightly less than 1.00 D of reduction in the implanted
IOL cylinder powers versus the power calculated us-
ing anterior corneal power data alone in the cylinder
power range of 1.00 to 4.00 D for WTR eyes and an aug-
mentation of slightly more than 0.45 D for ATR eyes of
the same range.* In principle, this will lead to greater
proportional adjustment of lower powered cylinders.°
However, it adjusts IOL cylinder power for eyes in
which we would suggest the IOL cylinder power based
on unadjusted keratometric data is currently adequate
to achieve close to full astigmatism correction (with IOL
cylinder powers of 2.50 D or greater).

Vector analysis allowed calculation of the effect of
the toric IOL cylinder power (regardless of orienta-
tion) at the corneal plane accurately in each eye using
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the known postoperative anterior chamber depth. The
larger remaining prediction errors could conceivably
be accounted for by the posterior cornea or the inher-
ent failure of prediction with any IOL power calcula-
tion up to values of 1.50 or 1.75 D.

Ongoing refinement in precision and repeatability
of measurement of the posterior cornea will undoubt-
edly eventually mean that anatomical analysis will re-
place mathematical adjustments. Early studies of new
methods for measuring total corneal power, taking
into account the posterior corneal surface, are showing
promise but are not yet ideal.?’ To optimize outcome
prediction in cataract surgery requiring toric IOLs, we
recommend that eyes be divided into two groups: those
requiring a toric IOL with cylinder power of 2.00 D or
less (lower power toricity) and those eyes requiring an
IOL cylinder power of 2.50 D or greater (higher power
toricity). For lower power toric IOLs, a coefficient of
adjustment can be applied to the anterior keratometry
values via an online calculator (www.goggintoric.com)
and the new, adjusted keratometry values can be used
in any IOL calculator that does not already make an al-
lowance for the posterior cornea. For higher power toric
IOLs, we recommend not adjusting anterior keratometry
values in the knowledge that the anticipated adjustment
for these eyes would not be clinically significant.

Our study indicates that the effect of posterior cor-
neal astigmatism on total corneal astigmatism is propor-
tionally lower as anterior corneal astigmatism increases.
It is not possible from our analysis to deduce whether
posterior corneal astigmatism stays at a consistent low
value or whether it increases in magnitude as anterior
corneal astigmatism increases but to a lesser extent. It
would seem implausible that there exists a defined as-
tigmatic cut-off value below which posterior corneal
astigmatism is significant and above which it is not. It
is far more likely that there is a gradual decrease in rel-
evance from low to high anterior corneal astigmatism.
Further studies with a greater number of eyes requiring
higher power toric IOLs will allow for a more precise
breakdown of what coefficient of adjustment would be
most suitable for each step of IOL cylinder power.
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9.4 DISCUSSION OF INFLUENCE OF PUBLICATION

This article provided clinical evidence of a theorised limit to clinical significance for
posterior corneal astigmatism as a portion of total corneal astigmatism. This
solidified the refinement of the Goggin nomogram. It also provided published,
prospective data for outcomes in eyes requiring high cylinder power toric IOLs.
Prospective data publication of astigmatic outcomes in cataract surgery are relatively
rare with most studies comparing hypothetical, calculated outcomes rather than
actual visual and refractive findings. | would hope that in the future, more research
teams also publish their own prospective data, as this is the best evidence we have

to evaluate a method.

The main finding of this research that there is a point where posterior corneal
astigmatism stops being clinically relevant has influenced the direction of my
collaborators research in this area. It would seem unlikely or biologically implausible
that there is simply a hard cut-off value above and below which nomogram
adjustment is ignored or applied in a black or white fashion. Theoretically it would be
much more likely that there is some reduction in nomogram adjustment magnitude
before this adjustment being reduced to zero. Our aim is to collect enough surgical
cases with a range of anterior corneal astigmatism magnitudes so that we can

assess whether this theorised gradation in nomogram adjustment should be applied.
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Chapter 10

Measurement of Posterior Corneal Astigmatism by the
|OLMaster 700
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CHAPTER 10: Measurement of Posterior Corneal Astigmatism by the IOLMaster
700.

10.1 SUMMARY

The IOLMaster700 biometry device was released with the main advertised benefits
being much faster measurement acquisition, the ability to acquire axial length
measurements even through very densely opaque cataracts and OCT imaging of the
whole eye allowing the user to visualise the fovea to make sure alignment was
correct. There was no mention from the manufacturer that this device would have the
ability to measure posterior corneal astigmatism and incorporate this into a total
corneal astigmatism measurement. My co-author and | were offered the opportunity
to be provided with early access to measurements of posterior corneal astigmatism

due to our previous publications in astigmatism analysis.

The most interesting findings from this analysis, which was the first published review
of the IOLMaster700’s ability to measure posterior corneal astigmatism, were that
the percentage of eyes where the posterior corneal steep axis was oriented vertically
was lower than previous studies using other devices, and that in eyes with ATR
anterior corneal astigmatism, the likelihood of vertical orientation of the posterior
corneal steep axis was even lower. The magnitude of average posterior corneal
astigmatism appeared similar to previous studies using a multitude of devices which
was reassuring to indicate that the IOLMaster700 OCT measurements were likely to

be accurate.

This article has been cited 28 times since publication.
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10.3 Published Article

ORIGINAL ARTICLE

Measurement of Posterior Corneal
Astigmatism by the IOLMaster 700

Benjamin R. LaHood, MBChB, PGDipOphthBS, FRANZCO; Michael Goggin, FRCSI(Ophth), FRANZCO, MS

ABSTRACT

PURPOSE: To provide the first description of posterior
corneal astigmatism as measured by the |I0LMaster 700
(Carl Zeiss Meditec, Jena, Germany) and assess how
its characteristics compare to previous measurements
from other devices.

METHODS: A total of 1,098 routine IOLMaster 700 bio-
metric measurements were analyzed to provide magni-
tudes and orientation of steep and flat axes of anterior
and posterior corneal astigmatism. Subgroup analysis
was conducted to assess correlation of posterior corneal
astigmatism characteristics to anterior corneal astigma-
tism and describe the distribution of posterior corneal
astigmatism with age.

RESULTS: Mean posterior corneal astigmatism was
0.24 + 0.15 diopters (D). The steep axis of posterior
corneal astigmatism was vertically oriented in 73.32%
of measurements. Correlation between the magnitude
of anterior and posterior corneal astigmatism was great-
est when the steep axis of the anterior corneal astig-
matism was oriented vertically (r = 0.68, P < .0001).
Vertical orientation of the steep axis of anterior corneal
astigmatism became less common as age increased,
whereas for posterior corneal astigmatism it remained
by far the most common orientation.

CONCLUSIONS: This first description of posterior cor-
neal astigmatism measurement by the I0LMaster 700
found the average magnitude of posterior corneal astig-
matism and proportion of vertical orientation of steep
axis was lower than previous estimates. The I0LMaster
700 appears capable of providing enhanced biometric
measurement for individualized surgical planning.

[J Refract Surg. 2018;34(5):331-336.]

oth anterior and posterior corneal astigmatism con-
tribute to total corneal astigmatism. However, “total”
corneal astigmatism traditionally has been calculated

based on anterior corneal measurements alone using a fixed ra-
tio describing the relationship between the anterior and poste-
rior corneal surfaces. Precise and reliable measurement of to-
tal corneal astigmatism and its simple incorporation into lens
formulas is the holy grail of biometry. Calculating intraocular
lens (IOL) powers by incorporating additional knowledge of the
precise shape of the posterior corneal surface would potentially
enhance surgical outcome accuracy. Currently, most ophthal-
mologists rely on various formulas or nomograms to calculate
estimates of total corneal astigmatism when attempting to cor-
rect refractive errors completely during cataract surgery.

A growing number of devices claim to be able to measure
posterior corneal astigmatism and provide total corneal astig-
matism values. Many such devices are impractical because
they do not provide other biometric measures such as axial
length or are not capable of using their output to provide
calculated IOL recommendations. The IOLMaster 700 (Carl
Zeiss Meditec, Jena, Germany) is a widely used biometry de-
vice that uses swept-source optical coherence tomography
(OCT) to produce measurements of anterior corneal curvature
and other required biometric measurements to provide im-
mediate lens calculations. Its capability to measure posterior
corneal astigmatism has just recently been released and we
present the first description of these data.

The IOLMaster 700 is the first swept-source OCT biometry
device. It has been positively compared to its predecessor, the
IOLMaster 500, which used partial coherence interferometry.’
OCT technology enables high-speed and high-resolution imag-
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ing of the cornea and has been reported as having better
reproducibility of corneal thickness measurement than
scanning-slit topography.? The IOLMaster 700 has not
yet incorporated posterior corneal astigmatism into its
output or interface options, but it is capable of taking
such measurements. The purpose of this study was to
examine posterior corneal astigmatism as measured by
the IOLMaster 700 and assess how its characteristics
compare to previous measurements from other devices.

PATIENTS AND METHODS

Biometric measurements included in the study
comprised those from eyes scheduled for cataract sur-
gery and eyes after cataract surgery because these data
are routinely gathered at our institution. This study
followed the tenets of the Declaration of Helsinki and
local ethics approval for the study protocol was given.
All measurements on the IOLMaster 700 at two sites
(private ophthalmology clinic and public hospital
ophthalmology department) in South Australia were
included in the initial data analysis. Measurements
were taken prospectively between October 2016 and
March 2017 and de-identified data were analyzed by
Zeiss in Germany using proprietary methods.

Inclusion criteria were IOLMaster 700 measurements
with good-quality data from both the anterior and poste-
rior corneal surfaces. Because all measurements under-
went analysis, our study population represented a stan-
dard, urban population including measurements taken
from eyes with no previous ocular surgery, those that had
undergone surgery, eyes that may have had undiagnosed
forme fruste keratoconus, and a small number of patients
with keratoconus. In total, 1,186 measurements were
taken on the IOLMaster 700, of which 76 were excluded
due to failed anterior or posterior corneal surface mea-
surement acquisition and a further 12 were excluded due
to previous laser keratorefractive surgery because these
surgically altered measurements would be inappropriate
to include in a study assessing the relationship between
anterior and posterior corneal astigmatism.

Routine IOLMaster 700 measurements were taken
from each eye, including axial length, anterior cham-
ber depth, anterior corneal power and anterior corneal
astigmatism, lens thickness, and white-to-white dis-
tance. From these measurements, Zeiss provided mea-
surements of magnitudes and orientation of steep and
flat axes of anterior and posterior corneal astigmatism
in radii of curvature and calculated total corneal power
and astigmatism in diopters (D). We chose to present
our results in diopters rather than radii of curvature for
readers’ ease of understanding and comparison to previ-
ous publications. The traditionally and most commonly
used keratometric refractive index of 1.3375 was cho-

sen only for convenience, rather than for optical signifi-
cance. It is used for calculating anterior corneal refrac-
tive power. The refractive indices used for calculating
the refractive power of the posterior cornea were 1.376
and 1.336 for cornea and aqueous humor, respectively.
The mean posterior corneal astigmatism magnitude
and distribution of orientation of steep axis was calcu-
lated and correlation with basic demographics recorded.
The correlation of magnitude and alignment of astigma-
tism of the anterior and posterior corneal surfaces was
evaluated with categorization of steep axes into “verti-
cal” (60° to 120°), “oblique” (31° to 59° or 121° to 149°),
and “horizontal” (0° to 30° or 150° to 180°). Note that we
did not use the traditional astigmatic descriptive terms
“with-the-rule” and “against-the-rule” because the nega-
tive dioptric power of the posterior cornea can cause con-
fusion in nomenclature. Subgroup analysis was conduct-
ed to assess correlation of posterior corneal astigmatism
to age at the time of measurement and changes in orien-
tation of the steep axis of the posterior cornea over time.
Statistical analysis was done using SPSS software for
Windows (version 20; SPSS, Inc., Chicago, IL). A P value
of less than .05 was considered statistically significant.

RESULTS

A total of 1,098 measurements were included in the
study, of which 893 were phakic, 202 were pseudopha-
kic, and 3 were aphakic. Right eyes were measured 547
times and left eyes were measured 551 times. The aver-
age age was 73.4 + 10.7 years (range: 24 to 95 years) at
the time of measurement in the 1,092 eligible measure-
ments where age was recorded accurately.

Mean posterior corneal astigmatism was 0.24 + 0.15
D (range: 0 to 1.21 D). Posterior corneal astigmatism was
0.25 D or less in 59.7% of measurements, 0.50 D or less in
94.8% of measurements, 0.75 D or less in 98.9% of mea-
surements, and 1.00 D or less in 99.6% of measurements.

The steep axis of posterior corneal astigmatism was ver-
tically oriented in 73.32% of measurements (Table 1). The
steep anterior corneal astigmatism axis was horizontally
oriented most commonly (43.65%). Mean anterior corneal
astigmatism was 1.19 + 0.96 D (range: 0.00 to 8.37 D).

The steep axis of posterior corneal astigmatism was
most commonly oriented vertically in eyes with a ver-
tically oriented axis of anterior corneal astigmatism
(Figure 1). There was a similar trend in orientation
but a lower proportion of vertical posterior steep axes
when the anterior cornea was steepest obliquely, and
an even lower proportion when the anterior steep axis
was oriented horizontally (Table 2).

Subgroup analysis of average astigmatic power by
age (Table 3) shows that the highest proportion of
measurements were taken in the age range of 70 to 79
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TABLE 2 TABLE 3
Orientation of Steep Axis of Anterior Average Astigmatic Power of the
and Posterior Corneal Astigmatism Anterior and Posterior Corneal
Anterior Posterior Surface by Age GI'OIIP
Corneal Corneal No. of
- ; Average Average
Orientation Orientation Measurements % IRTarioT Posterior
Vertical Vertical 378 91.75% Astigmatic Astigmatic
Vertical Horizontal 8 1.94% Age Group () No. Power (D) Power (D)
. . 20 to 29 10 2.80747 0.536744
Vertical Oblique 26 6.31%
. . 30 to 39 5 2.504532 0.345089
Horizontal Vertical 275 57.65%
. . 40 to 49 19 1.337004 0.265237
Horizontal Horizontal 89 18.66%
. . 50 to 59 74 1.222665 0.260095
Horizontal Oblique Gk} 23.69%
60 to 69 223 1.0927 0.265038
Oblique Vertical 155 74.16% °
. . 70 to 79 408 1.15257 0.240181
Oblique Horizontal 8 3.83%
. . 80 to 89 328 1.204335 0.213983
Oblique Oblique 46 22.01%
- - - - 90 to 99 25 1.369004 0.176217
3Percentages of measurements are in relation to groupings by anterior cor-
neal astigmatism orientation. D = diopters

years, which is consistent with the average age of pa-
tients undergoing cataract surgery in our study region.

Correlation between the magnitude of anterior and
posterior corneal astigmatism (Figure A, available in
the online version of this article) was moderate when
all measurements were combined (r = 0.46, P < .0001)
and statistically significant. The correlation was great-
er (Figure B, available in the online version of this ar-
ticle) when the steep axis of the anterior corneal astig-
matism was oriented vertically (r = 0.68, P < .0001).
The correlation was extremely weak (Figure B) when
the steep axis of the anterior corneal astigmatism was
oriented horizontally (r = 0.05, P < .0001).

Trends in astigmatic axis orientation with age dif-
fered between anterior and posterior corneal astigma-
tism. As age increased, the steep axis of anterior corneal
astigmatism oriented vertically became a smaller per-
centage, whereas the horizontal orientation greatly in-
creased (Figure 2). On the posterior corneal surface, the

orientation of the steep axis of astigmatism was more
consistent, with vertical orientation remaining by far
the most common throughout all age groups (Figure 2).

DISCUSSION

The importance of posterior corneal astigmatism
in attaining accurate surgical outcomes is gaining
recognition. This is emphasized by both a new revo-
lution of IOL calculators and nomograms incorporat-
ing posterior cornea estimates and a growing number
of devices aimed at accurately assessing total corneal
power. The IOLMaster 700 is one such device that has
recently revealed that it is able to measure posterior
corneal astigmatism and provide a value for total cor-
neal power and astigmatism. To our knowledge, this
is the first description of measurements of posterior
corneal astigmatism from the IOLMaster 700 and the
first comparison to previous assessments of posterior
corneal astigmatism by other devices.
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Figure 2. Distribution of orientation of steep axis of (A) anterior and (B)
posterior corneal astigmatism by age group.

Posterior corneal astigmatism was analyzed in the
first modern case series in 1990 when 5 eyes had their
corneas measured in three meridians using Purkinje
images.” The average magnitude of posterior corneal
astigmatism was 0.38 D (range: 0.17 to 0.78 D). It was
found that relatively steep or flat anterior keratometry
gave rise to similarly relatively steep or flat posterior
corneal meridians in this series (ie, there was correla-
tion between the magnitude of anterior and posterior
corneal astigmatism, as we found in our study). Us-
ing similar methods, Dunne et al.* studied 60 eyes of
young patients and found that the posterior cornea was
steepest in the vertical meridian in 81.7% of cases and
the average magnitude of posterior corneal astigma-
tism of 0.26 D contributed an average of 0.15 D to total
corneal astigmatism.* Similar analysis in a wider de-
mographic cross-section was performed on 80 eyes the
following year. This found that average posterior cor-
neal astigmatism was greater than that of the anterior
surface and that males displayed greater posterior cor-
neal astigmatism than females. The shape of the poste-
rior corneal surface was found to be greatly influenced
by the anterior surface and the steep meridian of the
posterior cornea was on average vertically oriented.®

Using Scheimpflug imaging, Dubbelman et al.® found
posterior corneal astigmatism to average 0.62 D, which
is similar to results obtained with an indirect measure-

ment technique using a combination of videokeratos-
copy and pachymetry by Patel et al.” (0.64 D) and Ed-
mund® (0.65 D). They found a significant relationship
between magnitude of anterior and posterior corneal
astigmatism, as well as between posterior corneal astig-
matism and age of the eye. A later study by Dubbel-
man et al.? aimed to assess this relationship between
posterior corneal astigmatism and age in more detail.
They found the average posterior corneal astigmatism
in a wide age range of eyes to be 0.31 D, steepest at 97°.
Posterior astigmatism appeared to increase with age and
this occurred to a greater degree in the vertical merid-
ian compared to the horizontal meridian. Although this
study found a similar magnitude and axis of posterior
corneal astigmatism, our study found the opposite pat-
tern in that posterior astigmatism appeared to decrease
in average magnitude with increasing age.

The first analysis of posterior corneal astigmatism
that used a large number (9,000) of data points from
each cornea used Orbscan scanning-slit topography.
Forty eyes were measured to find a mean posterior cor-
neal astigmatism value of 0.66 D (range: 0.32 to 1.38
D).’ A similar assessment of 88 healthy corneas using
the Orbscan found central posterior corneal cylinder
values between 0.75 and 0.78 D, values far higher than
our current findings.'* In 2009, Ho et al.'? analyzed pos-
terior corneal measurements from 493 eyes using the
Pentacam device. This rotating Scheimpflug imaging
method collects data from 25,000 data points across the
cornea and has been shown to be repeatable in measur-
ing the posterior cornea.'® Ho et al.’? found the anterior
cornea to be steepest vertically in 71.8% of eyes and the
posterior surface to be steepest vertically in 96.1% of
eyes. The relationship of posterior to anterior corneal
astigmatism magnitude had an r value similar to the
current study (0.481). Taking average posterior corneal
astigmatism of 0.33 D into account, on average total cor-
neal astigmatism was reduced by 0.21 D.

In 2012, interest in posterior corneal astigmatism was
refreshed with the publishing of a study by Koch et al.,**
where 715 corneas had their posterior corneal astigma-
tism analyzed using the dual Scheimpflug and Placido
disc combined technology of the Galilei device. They
found that average posterior corneal astigmatism was
0.30 D. The anterior cornea was steepest vertically in
51.9% of eyes and the posterior cornea was steepest ver-
tically in 86.6% of eyes. They found that although the
anterior cornea steep meridian tended to change from
vertical to horizontal with age, the steep posterior cor-
neal meridian did not move. Unlike previous studies,
they found that anterior and posterior corneal astigma-
tism magnitude only correlated when the anterior cor-
neal astigmatism was “with-the-rule.” These findings
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are similar to those presented in this study. Although
we found that a slightly lower percentage of eyes had
a steep posterior surface axis oriented vertically, there
was a consistent posterior astigmatic axis with increas-
ing age and similar correlation between anterior and
posterior astigmatic magnitude depending on orienta-
tion of anterior astigmatism steep axis.

The Pentacam HR high-resolution version of the Pen-
tacam was used to measure the corneal astigmatism of
608 eyes in 2015.%° The mean magnitudes of anterior and
posterior corneal astigmatism were 1.14 and 0.37 D, re-
spectively, and average orientation of the steepest axis
was vertical in 68% and 91% of anterior and posterior
surfaces, respectively. There was a significant (P < .001)
correlation between the magnitudes of anterior and pos-
terior corneal astigmatism (r=0.4739) overall, but in eyes
with horizontally oriented anterior corneal astigmatism
there was no significant correlation between the magni-
tudes of anterior and posterior corneal astigmatism. The
steep axis of the posterior cornea was vertically oriented
in 96.6% of eyes where the anterior corneal steep axis
was vertically oriented and in 73.9% of eyes where the
anterior cornea steep axis was oriented horizontally.
This study also confirmed a tendency for anterior cor-
neal astigmatism to have its steep axis swing from verti-
cal to horizontal predominance with aging, whereas the
orientation of the posterior cornea did not change. The
rotation of the anterior corneal steep axis with age has
previously been described.'® Minimal change in magni-
tude was noted in the posterior corneal astigmatism with
aging, again indicating that it is stable throughout life.

The Pentacam HR was also used to analyze posterior
corneal astigmatism in a study comparing astigmatism
in 256 healthy eyes to keratoconic eyes.'” Regarding the
healthy eyes only, the average posterior corneal astig-
matism was 0.30 D and the magnitude of corneal astig-
matism of the anterior and posterior corneal surfaces
correlated. The anterior corneal astigmatism steep axis
was vertically oriented in 85.7% of healthy eyes and,
of this group, 97.2% had posterior corneal astigmatism
with the steep axis also oriented vertically.

Another device capable of measuring posterior corneal
astigmatism, the Cassini, uses the reflections of 679 col-
ored light-emitting diodes (LEDs) to describe the anterior
corneal surface, and the reflections of seven additional
infrared LEDs to measure the curvature of the posterior
corneal surface. In a study of 91 eyes, the median poste-
rior corneal astigmatism magnitude was 0.35 D.18

Overall, measurements of posterior corneal astigma-
tism by the IOLMaster 700 appear consistent with stud-
ies using other devices. We found that the average magni-
tude of posterior corneal astigmatism was 0.24 D, which
is a mildly lower value than that found by other large

studies (Table A, available in the online version of this
article). Our finding of 73.32% of measurements show-
ing the posterior corneal steep axis to be vertical was also
mildly lower than previous estimates (Table B, available
in the online version of this article). However, although
these values are both slightly lower than anticipated,
they are relatively close and remain plausible values.

Currently, no agreed upon gold standard exists to
compare measurements of posterior corneal astigmatism
against, making it difficult to validate the accuracy of any
new device. The best that can be achieved at the cur-
rent stage is to compare values and correlations between
studies and the IOLMaster 700 appears to perform well
in this regard. Our study is one of the largest analyses of
measurements of posterior corneal astigmatism and our
consistency with other large groups of data from other
devices is reassuring that its measuring capabilities are
highly likely to be accurate. Our correlation statistics as-
sessing the relationship between anterior and posterior
corneal astigmatism magnitude were similar to previous
studies using other devices and the pattern of distribu-
tion of posterior and anterior astigmatism axis with age
matches well with those of Koch et al.**

In addition to being directly measured, posterior
corneal astigmatism has been calculated and this may
be considered the closest we currently have to a gold
standard. The presence of undercorrection and over-
correction in the treatment of astigmatism with toric
IOL implantation without taking into account posterior
corneal astigmatism has been proven.'®?® Many theo-
retical studies employing back-calculation of potential
outcomes have been published that consider methods
of adjusting toric IOL cylinder power to allow for the
effect of the posterior cornea.?"** Prospective data have
also been published, proving that such adjustments are
effective.?? Validation of the IOLMaster 700 in measur-
ing posterior corneal astigmatism will likely come from
this type of calculation in the near future.

In terms of the general population, our findings must
be interpreted in the knowledge that our age distribu-
tion was heavily skewed toward older age groups. Our
study population reflects the typical patients undergo-
ing cataract surgery who require precise measurement
of their posterior corneal astigmatism for optimal out-
comes. So, although our measurements of posterior
corneal astigmatism magnitude and axis may not pre-
cisely represent the general population, they remain a
good representation of the typical population undergo-
ing routine cataract surgery.

The implications of our study are two-fold. First, be-
cause we have shown that the IOLMaster 700 appears to
be able to measure posterior corneal astigmatism consis-
tent with other estimates, we are likely witnessing the
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next evolution in biometry and lens calculation. With
other tomography devices having been shown to have
significant variability, there has been an understandable
reluctance by many ophthalmologists to stray from using
a single biometry device in their surgical planning to cre-
ate individualized treatment plans. For example, the Orb-
scan has been shown to be less reliable than the Pentacam
HR or Galilei devices, and there is significant variability
between measurements of the posterior cornea for all of
them.?425 The IOLMaster 700 is widely used and trust-
ed, so if it is able to measure posterior corneal astigma-
tism accurately and calculate total corneal power, there
would be no need to use either a secondary tomography
device or lens calculation formulas that merely estimate
the impact of posterior corneal astigmatism. Second, and
perhaps most important, our study found a lower over-
all proportion of eyes with a vertically oriented posterior
corneal steep axis of astigmatism compared to previous
studies. Formulas, nomograms, and calculators that esti-
mate the impact of posterior corneal astigmatism in plan-
ning cataract surgery apply population generalizations to
individual patients. If that generalization that the poste-
rior cornea is always treated as being steepest vertically
is correct for fewer individuals than originally thought,
then a higher proportion of patients may receive inac-
curate plans for their cataract surgery. Truly individual-
ized, precise biometric measurement and planning are
surely the future for cataract surgery and the IOLMaster
700 appears capable of achieving this goal.
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10.4 DISCUSSION OF INFLUENCE OF PUBLICATION

This publication created a lot of interest in the practical incorporation of individual
measurement of posterior corneal astigmatism into toric IOL calculation. The
published graphs were presented in multiple international talks and introduced the
concept that we now had an easy to use, widely owned device capable of providing

a potentially improved level of accuracy in surgical planning.

Finding that the average magnitude of posterior corneal astigmatism matched
historical methods was reassuring and soon, the feature became available to
IOLMaster700 owners worldwide, although methods to incorporate individual
measurement of posterior corneal astigmatism into IOL calculation was still not
available. At this stage, measurement of posterior corneal astigmatism was mainly
useful to check that an eye did fall into the typical population based statistical

average range rather than actually using this data for an individual surgical plan.

The most important outcome of this study being published was that it appeared to
indicate the end of an era for toric IOL calculation methods which used population
based estimates of posterior corneal astigmatism. Fewer eyes than expected had a
vertical steep axis to their posterior corneal astigmatism than had been expected
from previous studies and it was mainly in eyes with WTR anterior corneal
astigmatism where the vertical posterior steep axis predominated. This appeared to
indicate that there must be a large number of eyes where individual measurement

should do better in terms of refractive outcome prediction.

47



Chapter 11

Comparing Total Keratometry Measurement on the |IOLMaster
700 with Goggin Nomogram Adjusted Anterior Keratometry

48



CHAPTER 11: Comparing Total Keratometry Measurement on the IOLMaster 700
with Goggin Nomogram Adjusted Anterior Keratometry.

11.1 SUMMARY

After the newly released IOLMaster 700 unveiled its ability to measure posterior
corneal astigmatism, the next available feature was that it could provide a measure
of total corneal astigmatism or “total keratometry” (TK). This was a vector addition
taking into account the anterior corneal curvature, corneal thickness and posterior
corneal curvature. In order to assess whether these TK values were accurate, a
comparison needed to be made to an existing standard for total corneal astigmatism.
The Goggin nomogram derived total corneal astigmatism values were chosen as a
gold standard given their excellent published, prospective results. This comparison
showed that both TK values and Goggin nomogram adjusted anterior keratometry
values (GNAK) were found to be suitably similar that TK values could be used safely.

This article has been cited 9 times since publication.
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ORIGINAL ARTICLE

Comparing Total Keratometry Measurement
on the IOLMaster 700 With Goggin
Nomogram Adjusted Anterior Keratometry

Benjamin R. LaHood, MBChB, PGDipOphth, FRANZCO; Michael Goggin, FRCSI(Ophth), FRCOphth, FRANZCO;
Simone Beheregaray, MD, PhD; Nicholas H. Andrew, MBBS; Adrian Esterman, PhD, AStat

ABSTRACT

PURPOSE: To compare “total keratometry” measure-
ments with Goggin nomogram adjusted anterior kera-
tometry (GNAK) for toric intraocular lens calculation.

METHODS: Routine biometry provided measured total
keratometry values from which astigmatism was derived.
The Goggin nomogram was applied to anterior keratometry
values on the same eyes to provide nhomogram-adjusted
anterior keratometry values (GNAK) that estimate total cor-
neal astigmatism. The agreement between total keratom-
etry and GNAK was analyzed.

RESULTS: Overall, in 46 eyes there was no statistically
significant difference between median GNAK and total
keratometry power values (P = .746). No statistically
significant difference remained in against-the-rule and
oblique subgroup analyses. Absolute and signed steep
axis of astigmatism was statistically significantly different
for GNAK and total keratometry in the overall analysis (P
< .001 and = .029, respectively) and for against-the-
rule and oblique subgroup analyses. The with-the-rule
subgroup showed a statistically significant difference in
astigmatic power and no significant signed steep axis
difference between GNAK and total keratometry.

CONCLUSIONS: Total keratometry appears able to
measure total corneal astigmatism to match closely
(clinically and statistically) GNAK estimation of that pa-
rameter. This indicates that it would be safe and rea-
sonable to use total keratometry data for planning of
cataract surgery with toric IOLs.

[J Refract Surg. 2018;34(8):521-526.]

he IOLMaster700 (Carl Zeiss Meditec, Jena, Germa-
ny) uses swept-source optical coherence tomography
to provide a detailed analysis of corneal curvature

and power. The significant contribution of posterior corneal
astigmatism to total corneal astigmatism is well recognized* and
the ability of this device to measure both anterior and posterior
corneal surfaces could potentially simplify surgical planning
and improve visual outcomes from cataract surgery. Recently,
the manufacturer has incorporated these new measurements of
posterior corneal astigmatism and total corneal power or “total
keratometry” into the IOLMaster 700 user interface.

Given that this device has produced posterior corneal astig-
matism measurements consistent with previous studies,? one
could expect it to measure total corneal astigmatism more
accurately than current estimations based on population av-
erage statistics. If total keratometry is found to be accurate,
it would allow individualized measurement of total corneal
power, negating the need for external calculation, adjust-
ment, and potential transcription errors. Total keratometry
would be expected to be of most benefit to patients who fall
outside the population average in terms of posterior corneal
astigmatic power and axis orientation that are not considered
in current formulas, calculators, and nomograms that apply
population average statistics to individual patients.

Goggin nomogram adjusted anterior keratometry (GNAK)
is a population average-based keratometry adjustment algo-
rithm.® It was chosen as the gold-standard comparison meth-
od for total corneal astigmatism estimation in this study for
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four reasons. First, it is the only method of adjusting
keratometry to allow for posterior corneal astigmatism
with published, prospective validating data.* Second,
it has recently been confirmed as being accurate in
eyes with high levels of astigmatism requiring IOLs of
cylinder power greater than 2.50 diopters (D).% Third,
it allows a more direct comparison of keratometric val-
ues rather than comparison to the IOL recommenda-
tion output of “black-box” formulas that use popula-
tion average-based statistics to estimate total corneal
power. Fourth, it is our currently used method of cata-
ract surgical planning at our surgical centers.

The Goggin nomogram adjusts the magnitude of an-
terior keratometric astigmatism to estimate total cor-
neal astigmatism, but makes no adjustment to the axis
of astigmatism. This latter strategy may be wrong if the
posterior corneal astigmatism is not closely aligned
with the anterior astigmatism. Toric calculators that
do adjust the axis of anterior corneal astigmatism pre-
sumably assume that the steep axis of posterior corneal
astigmatism is acting at a vertical meridian and make
a vector addition accordingly. Although it is correct
that most eyes have a steep axis of posterior corneal
astigmatism in the vertical range, this covers an arc
from 60° to 120° and is not always precisely at 90°. It is
apparent that a biometric technique that can measure
total corneal astigmatism power and axis accurately
should offer more accurate results.

The aim of this study was to provide the first com-
parison of the new IOLMaster 700 total keratometry
measurement of total corneal astigmatism with validat-
ed GNAK estimates of total corneal astigmatism. This
would determine whether it was safe and reasonable to
use total keratometry measurements prospectively to
plan cataract surgery. To the best of our knowledge, this
will be the first published assessment of the accuracy of
total keratometry values.

PATIENTS AND METHODS

Ethical approval was obtained for this study from
the Human Research Ethics Committee of the Central
Adelaide Local Health Network, and the study was
conducted in accordance with the tenets of the Decla-
ration of Helsinki.

Routine biometric measurements were taken using
the IOLMaster 700 on all patients planning to under-
go cataract surgery at two sites (The Queen Elizabeth
Hospital and Ashford Advanced Eye Care) in Adelaide,
Australia. A total of 46 eyes were included in the study.
Inclusion criteria consisted of having had biometry
measured on the IOLMaster 700 between October 2016
and March 2017 with good quality measurements of all
parameters including total keratometry, had cataract

surgery with implantation of a toric IOL, and had their
final, stable 6-week review. Patients were excluded if
there was either a failure to acquire good quality mea-
surement of any biometric parameter, previous laser
keratorefractive surgery, previous ocular surgery of any
type, or if the patient could not attain an unaided or cor-
rected visual acuity of 20/25 (logMAR 0.1) or better due
to any ocular or systemic reason postoperatively.

Each surgery was planned using GNAK derived from
the same preoperative biometry measurement on the
IOLMaster 700 on the same date as total keratometry
acquisition. Adjustments to anterior keratometry mea-
surements were made depending on the steep axis of
measured anterior keratometry and the cylinder power
of the intended toric IOL to be implanted (see below for
a detailed explanation of the principles of the Goggin
nomogram). Patients underwent standard microinci-
sion phacoemulsification cataract surgery via a 1.9-mm
main incision. All eyes were implanted with a Zeiss AT
TORBI 709MP monofocal toric IOL (Carl Zeiss Meditec)
calculated using the Carl Zeiss Meditec online calcula-
tor (https://zcalc.meditec.zeiss.com/zcalc/) aiming for
minimal postoperative residual astigmatism regardless
of whether the predicted residual astigmatic axis was
flipped from the preoperative state.

GNAK and total keratometry astigmatism values
were derived and compared to assess whether there
was any significant difference in power and steep
axis orientation. Eyes were further divided into three
subgroups for analysis: “with the-rule” (WTR) if the
anterior keratometric steep meridian was oriented be-
tween 60° and 120° (n = 15), “against-the-rule” (ATR)
if the steep meridian was oriented between 0°and 30°
or 150° and 180° (n = 20), and “oblique” if the steep
meridian was oriented between 31° and 59° or 121°
and 149° (n = 11).

Given that this study has real life implications and
we aimed to provide a practical analysis of whether
new planning techniques incorporating total keratom-
etry will be safe and accurate to use, we also consid-
ered clinical significance in our analysis. We chose an
astigmatic value of 0.25 D as a threshold for clinical
significance because this is typically the smallest step
used in subjective refraction. We chose an axis differ-
ence of 10° or greater to signify clinical significance
because toric IOL misalignment by 10° or more is con-
sidered to cause significant loss of astigmatic correc-
tion and is a threshold above which IOL re-rotation is
most commonly considered.®

TOTAL KERATOMETRY
Measurements taken between October 2016 and
March 2017 also included data about the shape and
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power of the posterior corneal surface, although this
additional information was not accessible to the sur-
geons and did not influence surgical planning. These
measurements were de-identified and analyzed by Carl
Zeiss Meditec using proprietary methods to provide
a value for total corneal power. This value has since
been named “total keratometry” and is now available
for use on the IOLMaster 700.

Although precise total keratometry values were de-
rived using proprietary methods and undisclosed re-
fractive indices, the basic principles of total keratome-
try calculation appear to be relatively straightforward.
To the best of our knowledge, swept-source optical
coherence tomography provides keratometry measure-
ments and pachymetry from points around the clock-
face of the cornea to describe the shape of the poste-
rior cornea. The combination of anterior and posterior
corneal surface shapes along with pachymetry then
allows calculation of total corneal power and total cor-
neal astigmatism. The two principal total keratometry
axes (flat and steep) can be used to plan surgery and
make IOL choices. Total corneal astigmatism values
used for analysis were derived from the difference be-
tween the steep and flat total keratometry axes. Given
that total keratometry is a measured value rather than
an estimate, the steep axis of total keratometry may dif-
fer from that of anterior keratometry alone.

GOGGIN NOMOGRAM

All patients undergoing cataract surgery at both re-
search sites had their procedures planned using the
Goggin nomogram.? This method makes adjustments
to anterior keratometry values to allow for the contri-
bution of population average posterior corneal astig-
matism, which has been shown consistently to have a
steep vertical axis in most eyes.»?7:8 The Goggin nomo-
gram was initially developed by analyzing the refrac-
tive outcomes of a large number of patients who had
undergone cataract surgery with implantation of a toric
IOL.? Vector analysis showed a consistent, systematic
error where eyes with ATR anterior corneal astigma-
tism on average had their astigmatism undercorrected
and eyes that had WTR anterior corneal astigmatism
were overcorrected. Posterior corneal astigmatism with
a vertically orientated steep axis in most cases was the
cause of this error. The average undercorrection and
overcorrection of ATR and WTR eyes, respectively,
was used to create a correction coefficient for each
group of eyes. To keep this adjustment as simple to
use and transparent as possible, adjusted keratometry
values rather than changes in IOL cylinder power are
provided by the nomogram. The prescribed increase
or decrease in astigmatic power provides the surgeon

with new steep and flat keratometry values that can be
used in any standard toric IOL calculator if required.

The Goggin nomogram originally recommended
that such keratometry adjustments be made when a to-
ric IOL cylinder power of 2.00 D or less was required
following IOL calculation with unadjusted keratom-
etry values. It was found that there was no significant
astigmatic refractive error in outcome based on the
rule of the corneal astigmatism in eyes receiving IOLs
of 2.50 D cylinder or greater.® In view of this finding,
a recommendation that such eyes should not undergo
adjustment was made. This initial Goggin nomogram
was subsequently validated in a prospective study.*
More recently, using a greater number of patients, a
statistically significant result confirmed that eyes re-
quiring a toric IOL cylinder power of 2.50 D or greater
should not undergo adjustment of their keratometry.®
The relatively small effect of posterior corneal astigma-
tism on these greater magnitudes of anterior astigma-
tism was found to be neither statistically or clinically
significant.

RESULTS

Overall, there was no statistically significant dif-
ference between GNAK and total keratometry at as-
sessing magnitude of total corneal astigmatism in all
eyes (Table 1). This similarity remained in the ATR
and oblique subgroups, but there was a statistically
significant difference in mean magnitude in the WTR
subgroup. All comparisons of mean and median as-
tigmatic values for GNAK and total keratometry were
clinically significant within 0.25 D, except for median
values in WTR eyes that fell just outside this value at
0.26 D after rounding to two decimal places (Table 1).

It is difficult to assess the difference in astigmatic
magnitude in the absence of any assessment of direc-
tionality. Vector analysis combines both of these factors.
Analysis of the vector differences between GNAK and
total keratometry values and the summated vector mean
(0.10 D at 138°) of this difference provides a clearer
overview of individual contributions (Figure 1). There
does not appear to be any perceptible difference in the
tightness of the spread of data or a clear directional bias
when all eyes are looked at together. The WTR and ATR
eyes appear to have a similar tightness of spread and no
particular directional bias. However, the oblique sub-
group does appear to be more tightly grouped to one
side of the centroid chart, indicating a consistent dif-
ference in measurement of these eyes between GNAK
and total keratometry in terms of both magnitude and
orientation of astigmatism.

The difference in steep axis identification between
GNAK and total keratometry is the same as the differ-
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TABLE 1

Comparison of GNAK and TK Including
Test of Statistical Significance for
Difference in Mean Value (D)

Parameter GNAK TK

All eyes (N = 46)
Mean 1.36 1.37
Median 1.10 1.19
95% CI of median 0.89 to 1.32 1.08 to 1.31
Minimum 0.61 0.59
Maximum 3.25 3.40
Mean difference -0.012
95% Cl of difference -0.086 to 0.062
P .746

ATR eyes (n = 20)
Mean 1.75 1.63
Median 1.62 1.49
95% ClI of median 1.27 to 1.96 1.18 to 1.81
Minimum 0.82 0.60
Maximum 2.85 3.40
Mean difference 0.122
95% ClI of difference -0.009 to 0.253
P .066

WTR eyes (n = 15)
Mean 1.06 1.24
Median 0.84 1.10
95% ClI of median 0.68 to 1.00 0.89 to 1.31
Minimum 0.61 0.74
Maximum 3.25 3.11
Mean difference -0.179
95% ClI of difference -0.273 to -0.085
[? .001

Oblique eyes (n = 11)
Mean 1.05 1.08
Median 0.95 0.99
95% CI of median 0.85 to 1.05 0.80 to 1.18
Minimum 0.74 0.59
Maximum 1.94 2.00
Mean difference -0.028
95% ClI of difference -0.106 to 0.050
P 440

astigmatism

GNAK = Goggin nomogram adjusted anterior keratometry; TK = total
keratometry; D = diopters; Cl = confidence interval; ATR = against-the-
rule astigmatism; WTR = with-the-rule astigmatism; oblique = oblique
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Figure 1. Centroid plot of vector differences between Goggin nomogram
adjusted anterior keratometry and total keratometry values for each eye
separated into anterior keratometry subgroups. WTR = with-the-rule
astigmatism; ATR = against-the-rule astigmatism; SVM = summated
vector mean

ence between the anterior keratometric steep axis and
total keratometry because GNAK makes no change to
the axis. Signed axis difference was analyzed using a
one-sample t test comparing to the null hypothesis that
there was no difference in mean axis measurements.
The absolute axis difference data were highly skewed,
and a signed rank test was used instead of a t test, com-
paring to the null hypothesis that there was no differ-
ence in median absolute axis (Table 2).

There was a statistically significant difference in
steep axis assessment of GNAK and total keratometry
when considering absolute axis differences in all eyes
and all subgroups. Results were similar when compar-
ing signed axis difference other than in the WTR sub-
group, where the 95% confidence interval just strad-
dled zero difference between the mean axes (Table 2).

DISCUSSION

Posterior corneal astigmatism is currently one of
the most important factors determining postoperative
refractive error following cataract surgery with toric
IOL implantation.® Nearly half of ophthalmologists
responding to the most recent clinical survey by the
American Society of Cataract and Refractive Surgeons
stated that they did not factor posterior corneal astig-
matism into their IOL calculations because they do not
think there is a good way to measure it.® Clearly, many
ophthalmologists find the currently available tech-
niques to estimate or measure posterior corneal astig-
matism inadequate in some respect. Physically mea-
suring the posterior cornea has indeed proven difficult
and often unreliable in terms of repeatability between
devices! and sessions.
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TABLE 2

Analysis of Axis Difference Between GNAK and TK Measurements in Degrees?®
Rule Measure No. Mean/Median Difference 95% Cl P
Overall Signed axis difference 46 1.654 0.173 to 3.134 .029
Overall Absolute axis difference 46 3.611 1.724 to 5.497 < .001
ATR Signed axis difference 20 1.721 0.615 to 2.827 .004
ATR Absolute axis difference 20 1.589 0.187 to 2.990 < .001
Oblique Signed axis difference 11 5.941 1.427 to 10.456 .015
Oblique Absolute axis difference 11 8.896 6.111 to 11.681 < .001
WITR Signed axis difference 15 -1.580 -3.680 to 0.519 .129
WTR Absolute axis difference 15 1.273 0.000 to 4.431 < .001

rule astigmatism

GNAK = Goggin nomogram adjusted anterior keratometry; TK = total keratometry; Cl = confidence interval; ATR = against-the-rule astigmatism; WTR = with-the-

3Mean difference used for signed axis difference and median difference for absolute difference.

Methods that estimate the effects of the posterior
cornea using population-derived statistics have al-
ways had a limited lifespan while we await accurate
measurement of total corneal astigmatism. Population-
based methods have performed well and continue to
do so for most cases. Many current methods can be
used to incorporate posterior corneal astigmatism into
IOL calculations. Nomograms allow adjustment of ker-
atometry (GNAK) or IOL choice (Baylor nomogram).*?
Regression formulas based on anterior keratometry
have also been developed to estimate the effects of the
posterior cornea.’® Calculators, both online and in de-
vice software, have evolved to incorporate such formu-
las and be able to make similar estimations, although it
can be difficult to know exactly how these adjustments
are made.'*15

Interestingly, these estimation methods have out-
performed actual measurement of total corneal power
when comparing prediction error for toric IOL implan-
tation in a retrospective study.'® In our study, total
keratometry using actual measurement of the poste-
rior cornea provided measurements of total corneal
astigmatism magnitude similar to the validated GNAK
estimation method. Overall, there was no statistically
or clinically significant difference between the two
methods. Subgroup analysis of WTR eyes did show
a statistically significant difference in magnitude and
the median difference did just breach our threshold for
clinical significance. Overall, it is promising that to-
tal keratometry provides a good comparative measure
to GNAK. The WTR result is surprising because it is
generally considered that the steep axis of posterior
corneal astigmatism is more consistently aligned with
anterior astigmatism in WTR and less correlated in
ATR." We would have assumed that this would make
estimations of total corneal astigmatism in WTR eyes

using GNAK more similar to measured total keratom-
etry results and have perhaps expected this significant
difference in the ATR subgroup instead. One interpre-
tation of this result would be that total keratometry is
providing a measure of total corneal astigmatism more
accurately than GNAK has estimated and that the dif-
ference is that the steep axis of the posterior cornea is
not aligned vertically as often as previously thought.
This theory does have some merit given that exactly
this finding was recently reported using the same de-
vice in a large number of eyes.? However, GNAK has
consistently been shown to be accurate, and this result
may indicate that the IOLMaster 700 is less accurate at
assessing the magnitude of total corneal astigmatism
in WTR eyes. This matter will likely be resolved by
larger, future studies.

Although it would be somewhat inaccurate to com-
pare total keratometry directly to other predictive
methods used in other studies, summated vector mean
values for total keratometry versus GNAK difference
could be considered similar enough to summated vec-
tor mean values for predictive error of residual astig-
matism in previous studies. In which case, the over-
all summated vector mean power of 0.10 D compares
favorably with published centroid errors in predicted
residual astigmatism where the best method achieved
was 0.17 D (Barrett calculator) and the next best was
0.19 D (Alcon calculator).?”

The accuracy of astigmatism axis identification
should be considered as important as magnitude when
analyzing a biometry device. Anecdotally, uncertainty
about steep axis location, inconsistency between de-
vices, and subsequent fear of managing an astigmatic
refractive surprise may inhibit toric IOL uptake by
some surgeons. As expected, there was a statistically
significant difference in the absolute and signed axis
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between GNAK and total keratometry in all analyses
other than for WTR signed axis difference. This is un-
derstandable given that GNAK makes no change to the
anterior keratometric steep axis. The more important
question is whether this is of clinical significance and
would affect visual outcomes for patients. Overall, the
difference was small and could be considered insig-
nificant. However, the upper range of the overall 95%
confidence interval for median absolute axis difference
does reach 5°. Although this difference in itself is not
clinically significant, an error of toric IOL alignment
on top of this difference of just 5° could reach a clini-
cally significant level. Even with perfect intraopera-
tive alignment, rotation, particularly in the first hour
postoperatively, commonly reaches close to 5°.’® Both
signed and absolute axis difference 95% confidence in-
tervals for oblique eyes reached a clinically significant
level. These findings combined suggest that the differ-
ence between GNAK and total keratometry identifica-
tion of steep axis of total corneal astigmatism is statis-
tically significantly different and could be considered
of clinical significance in certain circumstances.

We are aware that our study is limited by low num-
bers. However, we believed that it was important for
this first comparison to be done to assess whether it
would be safe and reasonable to proceed with a pro-
spective comparison. Overall, it appears that total kera-
tometry compares well to the validated GNAK method
of assessing total corneal astigmatism. The similarities
of magnitude of astigmatism are comforting and the
differences in axis seem logical. This combination of
findings appears adequate evidence to consider using
total keratometry in a prospective trial. Total keratom-
etry analysis on the IOLMaster 700 offers benefits in
terms of time efficiency, decreased risk of transcription
error, and potentially more precise individual refrac-
tive outcomes. It provides an easy-to-use measure of
total corneal astigmatism that will add no more com-
plexity than a standard IOL calculation using anterior
keratometry. Prospective total keratometry users will,
of course, have to use toric IOL calculators that do
not already employ another form of posterior corneal
astigmatism adjustment. Adoption of this technology
should be a step toward reducing residual astigmatism
and providing more patients with excellent unaided
visual acuity.
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11.4 DISCUSSION OF INFLUENCE OF PUBLICATION

This study showed that using TK values in an appropriate formula should be safe to
use to calculate toric IOL powers, and in doing so, opened the door to numerous
comparison studies assessing whether using TK and individual measurement of
posterior corneal astigmatism would be more accurate than using population
estimates of posterior corneal astigmatism in the current standard of estimation

methods.

As previously mentioned, researchers in this field of astigmatism management, had
generally expected that using TK values would significantly improve individual
refractive outcomes. This has not been the case at all. What we have actually seen
in publications since this article, have been comparisons showing benefit in using TK
values only in eyes post laser vision correction (LVC).! In virgin eyes which have not
undergone LVC, estimation methods have been shown to be very similar to TK
involving methods.?3 So instead of easily accessible, individual measurement of
posterior corneal astigmatism bringing an end to estimation methods, it has indicated
that estimation methods were already doing a very good job, and has focused

research efforts into looking for why the expected benefits have not been found.
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CHAPTER 12: SUMMARY, FUTURE DIRECTIONS AND CONCLUSIONS
12.1 SUMMARY OF FINDINGS

The overall objective of this thesis was to provide a more in depth understanding of
posterior corneal astigmatism, from how it should be incorporated into estimation
methods for IOL calculation, to assessment of the most modern, clinically useful
technique for measurement, and comparing this individual measurement to an
existing gold standard. The publications in included in this thesis have been
instrumental in enhancing our understanding of the topic and have also led to new
areas of focus for future research as outlined in the next section. The key findings

can be categorised by each of the three main objectives:

1) To assess whether the contribution of posterior corneal astigmatism to total
corneal astigmatism in eyes with high magnitude anterior corneal astigmatism

becomes so minor that it can be ignored.

We found that there is a threshold for anterior corneal astigmatism, above which, the
contribution of posterior corneal astigmatism becomes of no clinical relevance. This
was important in confirming a refinement to the Goggin nomogram as a method for
calculating toric IOL power. It is also an important piece of evidence that can be used
to assess future measurements of posterior corneal astigmatism as we can interpret
this result as indicating posterior corneal astigmatism magnitude in normal eyes
does not increase in magnitude greatly despite anterior corneal astigmatism
increasing significantly. Without a gold standard for measurement of posterior

corneal astigmatism, observations such as this are vital.

2) To assess how measurement of posterior corneal astigmatism using optical
coherence tomography (OCT) of the IOLMaster 700 compares to previous

estimates.

The measurements of posterior corneal astigmatism that we found in the first, and
largest study of the IOLMaster 700 are in keeping with previous measurements from
a range of other modern devices. This is reassuring as this was the first widely used

biometry device to use OCT in this manner and going forward, is likely to be one of
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the key devices used for practical application of posterior corneal astigmatism

incorporation into toric IOL calculation.

Our findings that posterior corneal astigmatism has a vertical steep axis less
commonly than previously thought implies that individual measurement of posterior
corneal astigmatism should yield better refractive results than what we have
achieved with population based statistical estimates of average posterior corneal

astigmatism.

3) To assess whether IOLMaster 700 measurement of total corneal astigmatism,
“total keratometry” (TK) is as accurate as Goggin nomogram adjusted
keratometry (GNAK) values.

Individual measurement of posterior corneal astigmatism and incorporation of this
into a measure of total corneal astigmatism on the IOLMaster 700 provides similar
results to a current gold standard of Goggin nomogram adjusted keratometry values.
Given the excellent published, prospective results attained with GNAK values, this

shows it would be safe to use TK values with appropriate formulae.
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12.2 FUTURE DIRECTIONS OF RESEARCH

When looking at the summary of outcomes from these related studies, an obvious
progression in thinking emerges, showing that estimation methods such as the
Goggin nomogram are performing well and can continue to be refined, individual
measurement of posterior corneal astigmatism is possible with routine biometry
equipment, and provides data which is equivalent to that of estimation methods.
What interests me most about future research in the field of posterior corneal
astigmatism is that if we assume we are indeed measuring it accurately, yet more
recent research indicates no benefit over estimation methods in terms of refractive
outcomes then we must be missing something which is contributing to refractive

astigmatism.

Modern measurements of posterior corneal astigmatism have been quite consistent
in terms of magnitude. This fits with our ability to use an average value for posterior
corneal astigmatism to make a systematic adjustment and achieve excellent results.
However, study two of this thesis indicated that the axis at which posterior corneal
astigmatism acts is more variable than we had thought. Such variability should not
be able to be adjusted for in a systematic way. Goggin nomogram results in terms of
refractive outcomes as seen in study one of this thesis are some of the best, if not
the very best published results of treating astigmatism. So, we have a conundrum
where we are making a successful, systematic adjustment for posterior corneal
astigmatism, yet at the same time we are aware that posterior corneal astigmatism
when measured at an individual level is highly variable in direction and that refractive
outcomes are not enhanced by using individual posterior corneal astigmatism
measurement over estimation methods. The only logical conclusion is that there is
an additional, currently unrecognised factor responsible for the discrepancy between
measured corneal astigmatism and refractive astigmatism. This would have to be a
systematic, consistent factor that swamps the contribution of posterior corneal
astigmatism. Potential suspect factors which may be responsible include IOL tilt
relative to the visual axis of the eye, and, some type of systematic error in the axis at
which we measure biometry relative to our axis of refraction. There could of course
be other potential causes or combinations of causes. This will be a fascinating area

of research which this thesis has shown to be necessary.
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12.3 CONCLUSIONS

The three independent studies that make up this thesis add to our understanding of
posterior corneal astigmatism and how it impacts our treatment of astigmatism at the
time of cataract surgery. Each study represents an important and necessary step in
the research area of posterior corneal astigmatism, which has progressed more in
the past five years than it did in the preceding century. The included studies indicate
that individual measurement of posterior corneal astigmatism appears to be capable
of providing similar results to both estimation methods and to historical methods of
measurement. Estimation methods of working with posterior corneal astigmatism
have been further refined and there is still room for further potential refinement. One
of the most interesting points that this research has raised along with subsequent
studies, is that potentially what we are making systematic adjustments for under the
heading of posterior corneal astigmatism could be something as yet unrecognised
and this is why we have not seen the anticipated benefits of individual measurement

that we were expecting.
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14. SUPPLEMENTARY MATERIALS

Supplementary Tables from Study 1

TABLE A

Preoperative Keratometric Astigmatism and Implanted IOL Powers

Preoperative Ker tric Astigmatism Implanted IOL Sphere Power Implanted IOL Cylinder Power
Rule N (Mean = SD [Range]) (Mean * SD [Range]) (Mean = SD [Range])
WITR 53 3.18 + 1.33 D (1.70 to 9.00 D) 19.60 + 8.32 D (-6.00 to 34.00 D) 4.00 = 1.71 D (2.50 to 10.50 D)
ATR 60 2.95 + 1.32 D (1.91 to 7.41 D) 19.18 + 4.41 D (5.50 to 29.50 D) 3.64 + 1.76 D (2.50 to 9.50 D)
Both 113 3.06 = 1.32D (1 70 to 9.00 D) 19.38 + 6.51 D (-6.00 to 34.00 D) 3.81 + 1.71 D (2.50 to 10.50 D)

rule = measured anterior ker SD = deviati

i ; IOL = i
both = includes WTR and ATR but excludes oblique

lens; WTIR =

le:

ith-the-rule; D = di ATR = against-th

3

TABLE B
Postoperatlve and Targeted Refractive Astigmatism

WTR and ATR but excludes oblique
4Data include an eye with previous penetrating keratoplasty.

Post: Refractive Astigmati Targeted Refractive Astigmatism
Rule N (Mean + SD [Range]) (Mean = SD [Range])
WITR 53 +0.65 * 0.63 D (0.00 to 3.59 D?) +0.15 = 0.10 D (0.01 to 0.34 D)
ATR 60 +0.90 = 0.64 D (0.00 to 3.59 D) +0.17 = 0.12 D (0.01 to 0.55 D)
Both 113 +0.78 + 0.64 D (0.00 to 3.59 D?) +0.16 = 0.11 D (0.01 to 0.55 D)
rule = designated using anterior i ig ; SD = dard deviation; WTR = with-th: le; D = diop ATR = against-the-rule; both = includes
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Supplementary Tables and Figures from Study 2

Posterior Corneal Astigmatism Magnitude (D)

Anterior Corneal Astigmatism Magnitude (D)

Posterior Corneal Astigmatism (D)

Figure A. Correlation between anterior and posterior comeal astigmatism
maghnitude for all orientations of anterior coreal astigmatism. D = diopters

Anterior Corneal Astigmatism (D)

5

Posterior Corneal Astigmatism {D)

Anterior Corneal Astigmatism (D)

&

B

8

Figure B. Correlation between anterior and posterior comeal astigmatism
magnitude when anterior corneal astigmatism steep axis is oriented (A)
vertically and (B) horizontally.

TABLE A
Comparative Magnitude of Posterior Corneal Astigmatism
Using Different Devices in Recent Studies
Author Year Eyes Device Average Magnitude (D)
Prisant et al.*° 2002 40 Orbscan 0.66
Modis et al.** 2004 80 Orbscan 0.75
Ho et al.*2 2009 493 Pentacam 0.33
Koch et al.*® 2012 715 Gallilei 0.30
Miyake et al.*® 2015 608 Pentacam HR 0.37
Klijn et al.*8 2016 91 Cassini 0.35
Current study 2017 1098 I0LMaster 700 0.24
D = diopters
TABLE B

Comparative Percentage of Patients With Vertical Orientation of Measured Steep

Axis of Posterior Corneal Astigmatism in Recent Major Studies

Author Year Eyes Device % Vertical Posterior Cornea Steep Axis
Ho et al.12 2009 493 Pentacam 96.1%
Koch et al.*® 2012 715 Gallilei 86.6%
Miyake et al.*5 2015 608 Pentacam HR 91.0%
Current study 2017 1,098 I0LMaster 700 73.3%
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