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Abstract

Background/Aims—To develop parameters using a combination of optical coherence

tomography (OCT) and videokeratography to ‘early’ detect keratoconus.

Methods—We performed videokeratography, wavefront analysis and measured OCT indices on

180 normal, 46 moderate keratoconus, 54 early keratoconus, 7 ‘forme fruste’ keratoconus and 16

keratoconus ‘suspect” eyes, to determine the most sensitive parameters for separating these

groups.

Results—A combination of videokeratography and OCT indices (I-S value and Minimum

pachymetry) was statistically the most significant in separating the keratoconus groups from

normals (P<.001). Using a newly derived index, the Minimum pachymetry divided by the I-S

value (PA/I-S index) with a cut off of 100, we could identify 100% of “early” and ‘forme fruste’

keratoconus as being abnormal with 7 normals misclassified (misclassification rate of 2.7%). By

adding keratoconus ‘suspects’ to the analysis and an I-S value of 1.2 as a cut of point, we

classified 5 ‘suspects’ as normal and 11 normals as abnormal (misclassification rate 7.8%). The

PA/I-S index, with a cut of point of 100, reduced this misclassification rate to 4.4%.
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Conclusion—These results suggest that OCT combined with videokeratography may be more

useful for differentiating mild forms of keratoconus, than videokeratography alone.

INTRODUCTION

The ‘early’ detection of keratoconus is important for refractive surgery screening, the

understanding of the genetics of keratoconus; and corneal collagen cross linking

treatments1–5.

Typically Keratoconus can be diagnosed by well-recognized biomicroscopic and external

signs6. However, some patients with ‘early’ disease do not present with clinical signs and

their diagnosis requires an appreciation of subtle changes of the topography of the cornea.

Marc Amsler was the first to describe early corneal topographic changes in keratoconus

patients prior to detectable clinical signs using a photographic placido disc7,8.

Vdeokeratography provided an opportunity to replicate Amsler’s work and better define

‘early’ forms of keratoconus. Our group has described videokeratography patterns and

indices, which can be used to ‘early’ detect keratoconus9–15. However, none of these indices

are 100% accurate, in differentiating normal and ‘forme fruste’ keratoconus.

Using wavefront technology, we and others demonstrated that a combination of wavefront

and videokeratograpy indices could increase the sensitivity of ‘early’ detection of

keratoconus16,17. Videokeratography only examines the anterior surface of the cornea and it

has been suggested that a major limitation of this technology is that it does not measure the

posterior surface of the cornea, which may be important for ‘early’ keratoconus

detection18,19.

Anterior segment optical coherence tomography (OCT) of the cornea that has the potential

to address this concern. It maps the cornea in a 3 dimensional manner including accurate

imaging of the posterior corneal surface20. It has also been shown to be very accurate and

reproducible in measuring cross sectional pachymetry with broad corneal coverage and can

differentiating patients with clinical keratoconus from normals21.

In this study we sought to establish a normative database of OCT indices for future research

and to devise algorithms using a combination of videokeratography, and OCT indices for

separating mildly abnormal corneas ‘early’ keratoconus, ‘forme fruste’ keratoconus and

keratoconus ‘suspects’ from the normal population.

PATIENTS AND METHODS

Patients

This prospective comparative study included 303 eyes of patients presented to the Cornea

Genetic Eye Institute, either as part of the longitudinal evaluation of keratoconus genetics

study or for screening prior to refractive surgery. They included 180 normal eyes, 46 eyes

with moderate keratoconus, 54 eyes with early keratoconus, 7 eyes with ‘forme fruste’

keratoconus and 16 eyes keratoconus ‘suspect’ eyes. Normal eyes were selected from

patients who presented for LASIK surgery screening who were deemed suitable candidates
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based on videokeratography and clinical findings or their spouses. The study was conducted

in concordance with the provisions of the Declaration of Helsinki.

Clinical diagnosis

For the purposes of this study a patient was labeled as moderate keratoconus, if they had

stromal thinning on slit-lamp evaluation, scissoring on retinoscopy, an AB/SRAX

videokeratography pattern, and an average K reading of greater than 47 Diopters but less

than 55 Diopters. Patients with any form of scarring were excluded from this study. A

patient was labeled as ‘early” keratoconus if they had scissoring on retinoscopy, an AB/

SRAX videokeratography pattern and an average K reading of less than 47 Diopters.

Patients were labeled as ‘forme fruste’ keratoconus, if they were the fellow eye of patients

with keratoconus, had an AB/SRAX videokeratography pattern and no clinical signs of

keratoconus. A patient was labeled as keratoconus ‘suspect’, if it was the fellow eye of a

patient with keratoconus, had mild inferior steepening on topography and no clinical signs

of keratoconus22 (see Table 1 for classification scheme). Any patient with an AB/SRAX

videokeratography pattern; a ‘suspicious’ inferior steepening videokeratograph or a family

history of keratoconus was excluded from the normal study pool11,22. All patients had a slit-

lamp evaluation and a detailed ophthalmological evaluation including dilated retinoscopy.

Patients also underwent the following anciliary tests: videokeratography, wavefront

aberrometry and corneal OCT pachymetry.

Videokeratography

Videokeratography was performed using the TMS-4 (Tomey Corp, Nagoya, Japan) in the

sagittal mode. All patients studied had to be out of soft contact lenses for at least 10 days

and rigid contact lenses for at least 1 month prior to being mapped. All maps were printed in

the absolute scale. Videokeratography indices studied were the IS value, Average K and

regular astigmatism9. These three variables were selected since they had been previously

described as being very sensitive for differentiating early keratoconus from normals9,10,11.

The I-S value is calculated by averaging data points on rings 14, 15, and 16 of the

videokeratographs generated by the TMS-4 instrument at approximately 3mm inferior to the

center of the cornea at thirty degree intervals (that is, 210, 240, 270, 300, and 330 degrees)

(five data points on each of the three rings). The values of these 15 data points are averaged

to give a single dioptric value, I. Averaging the data points on rings 14, 15, and 16 at 3mm

superior to the center of the cornea at 30 degree intervals (that is, 30, 60, 90,120, and 150

degrees) makes a similar calculation. These 15 points are averaged to give a single dioptric

value, S. The superior value is subtracted from the Inferior value to give the I-S value. A

positive I-S value indicates a relatively steeper inferior cornea, while a negative I- S values

indicates a relatively steeper superior cornea9,10,15. For the purposes of this study we studied

the absolute I-S values only.

Wavefront aberrometry

Hartmann-Shack aberrometry (LADARWave; Alcon Laboratories Inc, Ft Worth, TX) was

performed on all normal and early keratoconus patients, and the relevant Zernike

polynomials were recorded. For all patients, a pupil size of 6.5 mm was selected to acquire

wavefront data16.
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Corneal OCT pachymetry measurements

A pachymetry map of the cornea was acquired using a high-speed anterior segment Optical

Coherence Tomographer Rtvue (Optovue, Fremont, CA) which operates at an 840-

nanometer wavelength with a scan rate of 26,000 axial scans per second. A pachymetry scan

pattern (8 radials, approximately 800 scans each: 6mm diameter) centered at the corneal

vertex was divided into zones by octants and annular rings. Each eye was scanned 5 times

within a single visit and the pachymetry maps were calculated. The central corneal thickness

(CCT) was identified as the pachymetry reading at the center of the cornea. The maps were

divided into zones by octants: superior (S), superotemporal (ST), temporal (T),

inferotemporal (IT), inferior (I), inferonasal (IN), nasal (N), superonasal (SN), and annular

rings (2, 5, 7, and 10 mm diameter as previously described20.

Several diagnostic parameters constructed from the OCT pachymetric map with the aim of

capturing the focal and asymmetric nature of keratoconus corneal thinning were used. The

parameters were calculated from the central 5 mm diameter of the pachymetry map. The

octant values were averaged in the 2- to 5-mm diameter zone. OCT pachymetric data were

calculated based on signals obtained from both the anterior and posterior surfaces of the

cornea.

The five pachymetric diagnostic parameters were as follows: 1. Minimum-median; 2. The S-

I: The average thickness of the inferior (I) octant minus that of the superior (S) octant; 3.

The IT-SN: The average thickness of the IT octant minus that of the SN octant; 4. Minimum

(Min); 5. Vertical location of the minimum. Focal thinning was captured by the minimum–

median and minimum parameters. Asymmetric thinning was captured by the S-I and IT-SN

parameters, and by the vertical location of the minimum. The method for derivation of these

indices has previously been described in detail21.

Statistical methods

Statistical analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, NC).

Twelve videokeratography, wavefront and OCT variables were analyzed and checked by

distribution first, and then the comparisons were performed based on the distribution. The

absolute value of the I-S was used in the analysis. Comparisons between two groups were

tested by the Student t-test when variables had a normal distribution, or by the non-

parametric Wilcoxon rank test when traits deviated from normal distribution. In order to

evaluate the diagnostic performance of each variable and select sensitive indices for further

analysis, the receiver operating characteristic (ROC) curve analysis was performed using

data from groups of normals and keratoconus. The area under the ROC curve (AUC) was

calculated for variables’ selection. Thus, we generated a combination of the most significant

variables based on the highest AUC (“pachymetry/asymmetry” index or PA/I-S index which

is equal to the Minimum pachymetry derived from OCT measurements divided by 4 times

the I-S value (+.1)) and tested them using the same strategy for the single variable’s testing

of applying either t-test or Wilcoxon test depending on the distribution. Since the I-S values

of many normal eyes are close to 0, the formula with (+.1) is to make the calculation

possible for those samples. The estimated normality plot of log transformed PA/I-S was also

presented for each group. The significance level of 0.05 was used for the statistical tests.
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Initially we tested three groups of patients and controls: the normal group, the early

keratoconus group and the moderate keratoconus group, for the twelve videokeratography,

wavefront and OCT variables The normal and early keratoconus groups were compared to

determine which combination of variables were most sensitive in differentiating early

keratoconus patients from normals. When multiple comparisons were conducted, P values

were presented after adjusting for the number of multiple testing.

Once it was determined that a combination of videokeratography and OCT was more

sensitive than videokeratography and wavefront, the wavefront parameters were dropped

and the keratoconus ‘suspect’ and ‘forme fruste’ groups were analyzed with

videokeratography and OCT only.

RESULTS

In total, twelve variables based on videokeratography, wavefront and OCT measurements

were selected to perform comparisons between the study groups (Table 2). Significant

differences were identified among three groups for most tested variables. I-S was the most

significant index to separate normal controls and early keratoconus, while average K value

seems to be the best trait to distinguish keratoconus from both normal controls, and early

keratoconus. The AUC was identified for I-S value (0.99) and Minimum pachymetry (Min,

0.95), respectively. Thus, a combination of two most significant variables, I-S value and

Min pachymetry, was calculated and seems to be the best for differentiating early

keratoconus from normals demonstrating a modest improvement over our previously

reported combination of variables of vertical Coma and I-S (16, Table 3).

We have also formulated a novel index, we named the “pachymetry/asymmetry” index or

PA/I-S index, which is equal to the Minimum pachymetry derived from OCT measurements

divided by 4 times the I-S value (+.1). We estimated that 95% normals had PA/I-S value

greater than 106, and 95% early keratoconus between 10 to 57 (Figure 1, Table 4). This

index was developed retrospectively from the data presented here and is specific to this

dataset. To test sensitivity of this new index we analyzed the ‘forme fruste’ and keratoconus

‘suspect’ groups and compared them to normals and early keratoconus groups. Using a

threshold of 100 we were able to correctly classify 100% of ‘forme fruste’ keratoconus and

87.5% (14 out of 16) of keratoconus ‘suspects’ (Table 5), and successfully separate

moderate keratoconus, early keratoconus, ‘forme fruste’ keratoconus, keratoconus ‘suspects’

and normal groups (Figure 1).

Using this new PA/I-S index, we were also able to improve misclassification rate of

keratoconus ‘suspects’, an especially hard to diagnose group of patients. Using an IS value

of 1.2 we classified 5 keratoconus suspects as normal and 11 normals as keratoconus

suspects for a misclassification rate of 7.8%. However, using the new PA/IS index threshold

of 100 we misclassified 2 keratoconus suspects as normal and 7 normals as keratoconus

suspects for a reduced misclassification rate of 4.4%. The misclassification rates within

groups were 3.9% in normals and 12.5% in keratoconus suspects, respectively. Using

normal subjects as negative controls and PA/I-S threshold of 100, the positive predictive
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value and negative predictive value of keratoconus suspects were 63.2% and 97.8%,

respectively.

With the PA/I-S index, we were also able to improve diagnosis of the ‘forme fruste’

keratoconus group compared to using an I-S value alone. Using I-S value of 1.2 we would

detect only 6 out of 7 (85.7%) ‘forme fruste’ keratoconus while the new “pachymetry/

asymmetry” index threshold of 100 would detect all 7 out of 7 (100%) (Table 4). 100% of

both early and ‘forme fruste’ keratoconus groups were classified correctly by using PA/I-S

index threshold of 100 with only 7 normals misclassified as ’forme fruste’ or early

keratoconus with an overall misclassification rate of 7/257 or 2.7% (Tables 4 and 5). With

PA/I-S index threshold of 100, the positive predictive value and negative predictive value of

‘forme fruste’ keratoconus were 50% and 100% from negative normal subjects.

DISCUSSION

Most clinicians would agree that detecting moderate to advanced keratoconus with obvious

clinical signs is relatively routine. However, detection of the ‘early’ forms of the disease in

the absence of slit-lamp findings remains a challenge6,7,11,23–25.

Videokeratography has significantly enhanced our ability to detect ‘early’ disease using both

pattern recognition and a series of indices to enhance pattern recognition. In order to

enhance abnormal pattern recognition, our group published a normative database of

videokeratography patterns using sagittal topography and a classification scheme based on

videokeratography and clinical signs to bring uniformity to the study and identification of

‘early’ disease9,10,22.

In a study of families with keratoconus using videokeratography, we initially described

patterns with inferior steepening in 50% of family members15. However, in our normative

database of videokeratography patterns we demonstrated that 20% of normal patients also

had patterns with inferior steepening22. This led to the description of the term keratoconus

‘suspect’ i.e. patterns of inferior steepening that are suspicious and would need to be

followed over time to determine whether they may be at risk for developing keratoconus26.

One pattern with inferior steepening the asymmetric bowtie with skewed steep radial axis

(AB/SRAX) pattern, was found in only 1/200 (0.5%) of the normal population but in almost

100% of patients with ‘early’ keratoconus22. Longitudinal analysis of videokeratography

patterns of the normal fellow eye of unilateral keratoconus over an 8 year period followed

by our group in a previously reported study demonstrated that 50% of eyes with an AB/

SRAX pattern ultimately progress to keratoconus confirming that this videokeratography

pattern is a phenotypic marker for ‘forme fruste’ keratoconus)11,27.

To determine which eyes with inferior steepening are abnormal and develop a quantitative

phenotype for molecular genetic studies, we developed a series of quantitative indices: the I-

S value, the SRAX index and an index using both these indices the KISA% index9,10,11.

These indices are useful but have their limitations. As shown in this study the I-S value,

while extremely useful and simple to use, could detect 85.7% of patients with ‘forme fruste’

keratoconus, but has a misclassification rate of 7.8% when trying to separate ‘suspects’ from
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normals. The KISA% index is another useful quantitative phenotype). However, it works

well only in individuals who have at least 1.5D of astigmatism, which may be absent in a

significant proportion of ‘suspects’. We know that as keratoconus advances the cornea

becomes thinner, however, pachymetry alone is not sufficient in differentiating keratoconus

from normals because of the large variation in normal pachymetry28. The pachymetry/

asymmetry index is, however, derived from technologies that take into account both the

anterior(videokeratography) and posterior surface of the cornea(OCT pachymetry)29,30. It is

simple to calculate manually ((PA/(I-S(+.1)*4)). The Minimum pachymetry divided by 4

times the I-S value +0.1. It works very well on corneas with less than 1.5D of astigmatism, a

potentially critical subgroup of ‘suspects’. It also provides a good linear index which can be

used as quantitative phenotype for monitoring the progression of keratoconus and for use in

genome wide association (GWA) studies of keratoconus. Since PA/I-S index is based on

using the thinnest point on the cornea and the asymmetry of the cornea, it stands to reason

that the more advanced the keratoconus is the lower this value will be since the pachymetry

value will be lower and the I-S value will be higher. The more normal the eye the higher this

value will be since the pachymetry will be larger and the I-S value will be smaller. Figures

2, 3, 4 & 5 show examples of PA/I-S index calculated for normals, ‘forme fruste’

keratoconus and early keratoconus and for a patient with suspicious topography who

presented for the refractive surgery screening. The patient with abnormal topography(Figure

5) had a PA/I-S value of less than 100 (94) which would put her into the “forme fruste”

category and exclude her as a candidate for LASIK surgery despite a normal clinical exam,

plano − 1.50 refraction( and 20/20 correctable vision) and no scissoring on retinoscopy. In

summary, in this study we demonstrate the potential for improving differentiating

keratoconus ‘suspects’ and ‘forme fruste’ keratoconus from normal corneas by using a

combination of videokeratography and OCT. The pachymetry/asymmetry index is derived

from technologies that take into account select data points from both the anterior corneal

surface (videokeratography) and posterior surface of the cornea (OCT pachymetry), which

could be used to differentiate mild keratoconus subtypes from the normal population during

refractive surgery screening. This study does have several limitations however, these are 1)

the study group and test groups are the same; 2) we looked at individual eyes only, not

individual patients where information from both eyes could be used for ‘early’ detection and

3) the forme fruste and suspect groups were small compared to the normal group. Expanded

studies on larger numbers of eyes and testing our new algorithm on an independent test

sample may validate our preliminary findings which suggest that adding OCT to

videokeratography for refractive surgery screening will improve the detection of mildly

abnormal corneas which may be at risk for refractive surgery.
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Figure 1.
Estimated normality plot of PA/I-S among groups. Log-scaled PA/I-S values are presented on X-axis. Blue: normal controls;

Yellow: ‘Forme fruste’ keratoconus; Green: keratoconus ‘suspect’; Orange: early keratoconus; Red: moderate keratoconus. Grey

line indicates 100 threshold.
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Figure 2.
Normal cornea with high PA/I-S value (337). A: Videokeratography; B: OCT.
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Figure 3.
‘Forme fruste’ keratoconus with a lower PA/I-S value (53).

A: Videokeratography; B: OCT.
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Figure 4.
Early keratoconus with an even lower PA/I-S value (30).

A: Videokeratography; B: OCT.
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Figure 5.
Candidate for refractive surgery with a PA/I-S value of less than 100 (94):

A: Videokeratography; B: OCT
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Table 5

Ages, I-S values, Minimum pachymetry and PA/I-S index of subjects in ‘suspect’ and ‘forme fruste’ groups.

Group Age I-S value Minimum pachymetry PA/I-S†

‘Suspect’ 33 3.9 448 28

31 4.2 532 31

24 3.6 471 32

24 3 499 40

31 2.7 470 42

43 2.1 458 52

27 2.1 478 54

27 2.1 488 56

43 1.8 439 58

22 2.1 524 60

33 1.8 553 73

34 1.5 469 73

26 1.5 498 78

32 1.2 485 93

24 1.2 532 102

38 1.2 534 103

‘Forme fruste’ 58 3.9 472 30

35 2.7 467 42

27 2.1 451 51

21 2.1 466 53

18 1.8 508 67

41 1.2 437 84

33 1.5 542 85

†
 PA/I-S=minimum pachymetry/(I-S value+0.1)/4
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