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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 



 13 

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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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.1 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.2 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.4   

 

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.5, 6 A return to Purkinje image analysis similar to that 

used by Tscherning3 occurred in the 1990s.7 This led Royston and colleagues to 

publish that the radius of curvature of the posterior cornea was steeper than previous 

estimates.8 It was in this same period that Royston, Dunne and colleagues published 

the first analyses of posterior corneal surface toricity.9-11 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.12-14 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.15  

 

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 II (Orbtek, USA) that 

incorporates Placido technology.16, 17 Two commonly used tomography devices, the 

Pentacam (Oculus Optikgeräte GmbH, Wetzlar, Germany) and the Galilei (Zeimer 

Group, Port,  Switzerland) directly measure posterior corneal astigmatism using 
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Scheimpflug imaging.18, 19 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.20 

 

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.21 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.22  

 

 

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.19 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.23 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.24 

 

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.25 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.26  

 

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.26-28  

 

 

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.19,29,30 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.26 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 IOLMaster700 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 

I 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 I 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 I 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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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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9.2 STATEMENT OF AUTHORSHIP 
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9.3 Published Article 
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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. I 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 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 I 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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10.4 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. 
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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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 51 

 



 52 
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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).1 In virgin eyes which have not 

undergone LVC, estimation methods have been shown to be very similar to TK 

involving methods.2,3 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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