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Abstract

PURPOSE—To develop an optical coherence tomography (OCT) pachymetry map based
keratoconus risk scoring system.

SETTING—This multi-center study was conducted in Doheny Eye Institute, University of
Southern California (Los Angeles, CA, USA), Department of Ophthalmology, Affiliated Eye
Hospital of Wenzhou Medical College (Wenzhou, China), and Brass Eye Center (New York, NY,
USA).

DESIGN—Prospective cross-sectional observational study.

METHODS—A Fourier-domain OCT was used to acquire corneal pachymetry map in normal and
keratoconus subjects. Pachymetric variables were: minimum, minimum-median, superior - inferior
(S-1), superonasal - inferotemporal (SN-IT), and the vertical location of the thinnest cornea
(Ymin). A logistic regression formula and a scoring system were developed based on these
variables. Keratoconus diagnostic accuracy was measured by the area under the receiver operating
characteristic curve (AROC).

RESULTS—One hundred thirty-three eyes from 67 normal subjects, 84 eyes from 52
keratoconus subjects were recruited. The keratoconus logistic regression formula = 0.543 x
minimum + 0.541 x (S-1) — 0.886 x (SN-IT) + 0.886 x (minimum-median) + 0.0198 x Ymin. The
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formula gave better diagnostic power with AROC than the best single variable (formula = 0.975,
minimum = 0.942, P < 0.01). The diagnostic power with AROC of the keratoconus risk score
(0.949) was similar to that of the formula (P = 0.08).

CONCLUSION—The OCT corneal pachymetry map based logistic regression formula and the
keratoconus risk scoring system provided high accuracy in keratoconus detection. These normal
methods may be useful in keratoconus screening.

INTRODUCTION

Keratoconus is a progressive ectatic corneal disease characterized by noninflammatory
thinning and protrusion of the cornea.! Early stage keratoconus is the primary risk factor for
post-LASIK ectasia,? 3 a serious complication of laser refractive surgeries.

Currently, Placido-disk-based corneal topography remains the predominant method for
detecting keratoconus.~’ However, topography screening methods have shortcomings.
First, topography may not detect all patients at risks. Randleman et al. reported 27% of 93
post-refractive surgery ectasia cases had normal preoperative topography and 29% of these
had borderline preoperative topography.8 Second, satisfactory topography maps may not be
available owing to cornea irregularity or tear film breakup. Third, normal eyes could be
diagnosed as keratoconus eyes due to corneal distortion like contact lens-induced warpage
and misalignment of corneal apex.% 10 Keratoconus is also characterized by focal thinning
and posterior topographic steepening.11 Pachymetric mapping may be able to identify
keratoconus cases with normal or borderline topography.12 Previous studies have shown that
using pachymetric variables is feasible in keratoconus screening.13-16 Slit scanning imaging,
Scheimpflug imaging and optical coherence tomography (OCT) are different approaches in
pachymetric mapping. Slit-scanning imaging has a tendency to underestimate corneal
thickness in presence of scar.l’ Pachymetric measurements acquired with OCT were more
repeatable than those obtained with Scheimpflug imaging in keratoconic eyes in one
study.18

Optical coherence tomography (OCT) is capable of noncontact imaging of the cornea with
micron-level high resolution. It can accurately map the corneal thickness of normal and
keratoconic eyes.1® 20 Our previous study introduced a sensitive and specific pachymetry-
based method to help screening keratoconus using a time-domain OCT system.20 Fourier-
domain OCT, a newer generation of OCT, is capable of acquiring scans 10-100 times faster
than time-domain OCT systems.21-23 |n this study, we used an 840 nm wavelength Fourier-
domain OCT system with higher resolution and scanning speed to investigate an improved
keratoconus screening strategy.

METHODS

Subjects

The subjects of this cross-sectional observational study were recruited at 3 study sites:
Doheny Eye Institute (DEI) at University of Southern California (Los Angeles, CA, USA),
Wenzhou Medical College (WMC, Wenzhou, China), and Brass Eye Center (BEC, New
York, NY, USA). This study was approved by the institutional review board of the
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universities. It followed the tenets of the Declaration of Helsinki and was in accord with the
Health Insurance Portability Act of 1996.

All eyes were classified into 2 groups: normal and keratoconus. The inclusion criteria for
normal subjects were normal topography, normal slit-lamp biomicroscopy, and best
spectacle-corrected visual acuity (BSCVA) of 20/20 or better in both eyes. Keratoconic eyes
included in this study were diagnosed clinically. Inclusion criteria were topography
characteristic of keratoconus (skewed asymmetric bow-tie, inferior steep spot, etc.)?* and
more than one clinical sign including slit lamp findings of Munson’s sign, Vogt’s striae,
Fleischer’s ring, apical thinning, Rizutti’s sign, etc. Eyes with late keratoconic changes such
as corneal scars or hydrops were excluded as they do not pose any diagnostic challenge and
have anomalous pachymetric findings. Exclusion criteria of all eyes included history of
other corneal diseases, and eyes with previous ocular surgeries.

Optical Coherence Tomography Imaging

The OCT pachymetry map scans were acquired with a Fourier-domain OCT system
(RTVue, Optovue, Inc., Fremont, CA, USA). The instrument used an 840 nm wavelength
light source. It has a scan speed of 26,000 A-scans per second. It has a transverse resolution
of 15 um and an axial resolution of 5 um (in tissue). A corneal adapter module lens (CAM)
was mounted for anterior segment imaging. The “pachymetry” scan pattern was used to map
the cornea. The pattern consists of 8 high-definition meridional scans (1024 axial scans per
meridian) that were acquired in 0.32 seconds. The scan diameter of the pachymetry map was
6 mm. The maps (Figure 1.) were divided into octant zones: superior (S), superotemporal
(ST), temporal (T), inferotemporal (IT), inferior (1), inferonasal (IN), nasal (N), superonasal
(SN), central (C) and annular rings (2, 5, and 6mm diameters). The location of the minimum
corneal thickness was marked as “x”.

Each eye was scanned 3 times during a single visit with the subject sitting. The subject’s
head was stabilized with a chin/forehead rest. The subject’s gaze was fixed with an internal
fixation target. The OCT and video camera images were displayed in real time to aid
alignment. Subjects were repositioned after each OCT scan. The pachymetry scans were
centered by pupil.

Optical Coherence Tomography Pachymetric Variables

Several diagnostic variables were constructed using the OCT pachymetric map with the aim
of capturing the focal and asymmetric nature of keratoconic corneal thinning. The variables
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. The 5 pachymetric diagnostic variables were
as follows:20

1.  Minimum: the minimum corneal thickness.

2. Minimum-median: the minimum corneal thickness minus the mean corneal
thickness averaged from central 5 mm diameter.

3. The S-I: The average thickness of the superior (S) octant minus that of the inferior
() octant.
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4. The SN-IT: The average thickness of the SN octant minus that of the IT octant.

5. Vertical location of the minimum (Ymin): Locations superior to the pupil center
had positive values and locations inferior to the vertex had negative values.

General corneal thinning was captured by the minimum variable. Focal thinning was
captured by the minimum-median variable. Asymmetric thinning was captured by the S-I
and SN-IT variables, and by the vertical location of the minimum.

Statistical Analysis

RESULTS

The repeatability of each OCT pachymetric variable was calculated by pooled standard
deviation (SD) of repeated measurements2® and the intraclass correlation coefficient (ICC).
The mean value £ SD of each pachymetric variable was calculated for each group. The
normality of the OCT diagnostic variables was confirmed by a Kolmogorov—Smirnov test
on the dataset, in which 1 eye was randomly selected from each normal subject. The
generalized estimating equation was used to account for the inter-eye correlation in the tests
to compare means. 26

A formula combining 5 pachymetric variables was derived by logistic regression based on 5
pachymetric variables data from all eyes. Clinical diagnosis of normal or keratoconus was
used to classify the eyes in the logistic regression.

A keratoconus risk scoring system table was designed based on the pachymetric
measurements of the normal subjects. The score cutoffs of each individual pachymetric
variable were 20, 5, 1 percentile of the measurements from the normal eyes. Take minimum
for example, this variable will get a score of 1, 2, 3 if its value exceeds 20, 5, 1 percentile
thresholds, respectively. A composite keratoconus risk score was calculated for each eye by
summing up the scores from all 5 variables. A five variables OR logic method was also
evaluated for keratoconus screening. The OR logic value is calculated as the minimum of
the standardized (mean will be 0 and standard deviation will be 1 after the standardization)
values of the five individual variables. It was equivalent to use the OR logic that an eye was
identified as keratoconus if any of its 5 pachymetry based variables exceeded the 5
percentile threshold.

Receiver operating characteristic analyses were performed to compare the diagnostic
performance of individual pachymetric variables, five variables OR logic, the keratoconus
risk score, and the logistic regression formula. To account for potential correlation between
the eyes from the same subject, generalized estimating equation (GEE) method?” was used
when applicable. The level of significance was set at P<0.05. All statistic analyses were
performed in SAS 9.1 (SAS Institute Inc., Cary, NC, USA).

In normal group, 133 eyes from 67 normal subjects (one eye excluded due to unanalyzable
pachymetry map) were recruited at Doheny Laser Vision Center of DEI. In keratoconus
group, 20 eyes from 12 subjects were recruited from BEC; 32 eyes from 21 subjects were
recruited from WMC, and 30 eyes from 19 subjects were recruited from DEI. The mean age
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of normal group was 38.3 + 11.5 years (range 18~61), male = 37; the mean age of
keratoconus group was 35.2 + 13.6 years (range 18~61), male = 32. The mean age was not
significantly different between groups. There were no differences in gender distribution
between groups.

Table 1 showed refractive error and corneal topographic information of the two groups.
Keratoconus group had more refractive errors comparing with normal group (P < 0.001).
Keratoconus group had steeper keratometric readings comparing with normal group (P <
0.001). The keratoconic corneas were thinner than normal corneas (P < 0.001).

The repeatabilities of the individual OCT pachymetric variables were given in Table 2. The
minimum thickness had the best intraclass correlation coefficient (1.00 for all both groups).
The ICCs of minimum-median, S-1, and SN-IT ranged from 0.88 to 0.99. Ymin had
relatively lower ICCs of 0.85 (normal) and 0.84 (keratoconus) compared with that of other
variables.

The descriptive statistics of OCT pachymetric variables were given in Table 3. Comparing
normal group with keratoconus group, all pachymetric variables were statistically
significantly different (P <0.001).

The logistic regression formula combining 5 individual pachymetric variables were derived
as follows: keratoconus logistic regression formula = 0.543 x minimum + 0.541 x (S-1) -
0.886 x (SN-IT) + 0.886 x (minimum-median) + 0.0198 x Ymin. According to the formula,
terms SN-IT and minimum-median had the greatest weight when evaluating the risk of
keratoconus.

The keratoconus risk scoring system table was presented in Table 4. The histogram of the
composite keratoconus risk score was shown in Figure 2. The cutoff of the composite
keratoconus risk score was set as follows: low risk: 0 — 3; high risk: = 4. 93.2% of normal
eyes and 8.3% of keratoconus eyes were evaluated as having low risk of keratoconus.

The diagnostic power of the pachymetric variables, keratoconus risk score, and logistic
regression formula were listed in Table 5. For keratoconus group, all individual variables
had fair to good diagnostic power to detect keratoconus eyes with AROC (0.818-0.942).
The logistic regression formula had the best overall diagnostic power with AROC of 0.975
(Figure 3). The second best was the keratoconus risk score with AROC of 0.949 (Figure 3).
The five variables OR logic gave an AROC of 0.935.

Diagnostic power with AROC were compared between single OCT pachymetric variables,
keratoconus risk score, and the logistic regression formula. No statistic significant difference
was detected comparing keratoconus risk score with minimum (P = 0.65), minimum-median
(P =0.20) and the logistic regression formula (P = 0.08). The logistic regression formula had
statistic significant better diagnostic power with AROC than all single OCT pachymetric
variables (P<0.01).
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DISCUSSION

The OCT system is capable of imaging both the anterior and posterior surfaces of the
cornea. The OCT pachymetric measurements were accurate and highly repeatable. The
Fourier-domain OCT system used in this study was capable of a speed of 26,000 axial scans
per second, which is more than 10 times faster than the time-domain OCT systems based on
original OCT technology. The 840 nm Fourier-domain OCT system also has an axial
resolution of 5 pm, which is more than 3 times better than a conventional 1310 nm time-
domain OCT system. Faster scan speed can reduce data acquisition time, minimize eye
movement during the scan, and improve repeatability of pachymetric measurements. In our
study, we measured intra-session repeatability of minimum corneal thickness, which was 1.6
um in the normal group and 3.3 pm in the keratoconus group. This was better than the intra-
session repeatability of central corneal thickness (CCT) reported by Li et al of 4.9 um and
5.8 um using 2 types of time-domain OCT.28 Qur results were similar to the result of a
previous Fourier-domain OCT study which reported an intra-session repeatability of 1.3 pm
for CCT.23

The 2 possible landmarks for centering the corneal map scans are the corneal vertex and the
pupil. In this study, we used pupil as centering landmarks for 2 reasons. First, the corneal
vertex can be altered by shape change of the corneal in keratoconic eyes. In keratoconus, the
ectasia is usually inferotemporal; therefore, the corneal vertex is also shifted
inferotemporally. Thus, using the pupil as the center might better reveal asymmetric
thinning in keratoconus.2? Second, in our previous study, we found that pupil centration
gave better repeatability than vertex centration.23

Our group first proposed using OCT pachymetric-based variables for keratoconus
screening.20 Corneal thickness had been proposed to be a useful parameter for the clinical
identification of keratoconus.29-31 Studies using ultrasound or slit scanning technologies
have found that the difference (or ratio) between the peripheral and the thinnest (or central)

corneal thickness was significantly greater in eyes with keratoconus than in normal
eyes. 14 32-34

In this study, we used 5 pachymetric variables representing different characteristics of
keratoconus as follows: general thinning: minimum; focal thinning: minimum-median;
asymmetric thinning: S-1, SN-IT, and Ymin. By combining these pachymetric variables into
one formula, we were able to improve the diagnostic power with AROC to 0.975. According
to literature, AROC values of the most widely studied topography-based KISA% for
keratoconus diagnosis is 0.91.20 There were various studies applying pachymetric variables
in detecting keratoconus. Li et al. used the diagnostic criteria of any 1 OCT pachymetric
parameter below the keratoconus cutoff and yielded an AROC of 0.99.20 Ambrosio et al.
introduced various Scheimpflug system based pachymetric variables to differentiate normal
and keratoconic corneas and yielded an AROC of 0.987.14 Saad et al. applied indices
generated from corneal thickness and curvature measurements and the discriminant function
reached an AROC of 0.99.16 Our method gave very high accuracy in keratoconus screening.
The AROC of logistic regression formula was better than all five single OCT pachymetric
variables, proving that the combined formula improved the diagnostic power of keratoconus
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detection. In our previous study, we used 1 abnormal and 2 abnormal criteria to diagnose
keratoconus.2? The 5 variables OR logic used in this study was a modification of the 1
abnormal criteria of the previous study. In this study, the 5 variables OR logic (AROC =
0.935) worked comparable well to the keratoconus risk scoring system table (AROC =
0.949) but not as good as the logistic regression formula (AROC = 0.975). This is probably
because keratoconic corneas may have changes characterized by all 5 pachymetric variables,
rather than only 1 or 2 of them.

The best overall single pachymetric variable for detecting keratoconus risks was minimum
(AROC =0.942). The second best variable was minimum-median (AROC = 0.925). This
verified that focal thinning and corneal thinning are important characteristics of keratoconus.
Variables of asymmetric thinning (S-1 0.839 and SN-IT 0.896) had lower diagnostic
accuracy in this study. It may due to the difficulties of accurately centering the OCT scan on
keratoconic eyes. A limitation of the OCT pachymetry scan was that the pupil position was
not recorded. Simultaneous capture of the pupil position would be a significant improvement
since this would allow more accurate centration of the pachymetry map on the pupil center
in post-processing, which would in turn improve the accuracy of the asymmetric thinning
indices.

Early detection of keratoconus is important for refractive surgery pre-operative screening. In
this study we designed a keratoconus risk scoring system table based on corneal pachymetric
characteristics of normal subjects for clinical evaluation. The table had similar keratoconus
detection power compared with the logistic regression formula according to our data. By
using this table, we were able to identify 91.7% of the keratoconus subjects.

Overall, the keratoconus risk scoring table and logistic regression formula both improved
sensitivity in diagnosing keratoconus. The disadvantage of the logistic regression formula is
that it was optimized for the particular group of keratoconus subjects involved in the study.
The performance of the logistic regression formula needs to be further evaluated with
another group of keratoconus subjects (evaluation group). In comparison, the keratoconus
risk scoring table has the advantage that it was simply based on the normal population
average measurements. The pachymetric variations among normal subjects are much less
than that of the keratoconus. Therefore, we expect the keratoconus risk scoring table to
provide more robust performance than the logistic regression formula.

There were several other limitations for this study. First, the OCT system used in this study
provides a limited scan diameter up to 6 mm. Thus, this corneal thickness change outside of
6 mm diameters will be missed. This may limit the sensitivity of the indices in detecting
forme fruste keratoconus (FFK). Second, although good accuracy on keratoconus diagnosis
was shown, the diagnosis power for FFK still needs to be improved. Not presented in this
paper, our results showed that OCT pachymetry map based FFK diagnosis was not
sufficient. Other pachymetric and topographic information, such as corneal epithelial
thickness and posterior corneal curvature, may be combined with whole corneal thickness
information to improve FFK and keratoconus diagnoses. We are conducting other studies on
those aspects. By combining various information of the cornea, we might be able to improve
the diagnosis power of FFK to a higher level.
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Qinetal.

Page 8

In summary, we showed that OCT pachymetry map based analysis could detect abnormal
corneal thinning in keratoconus eyes. By combining pachymetric variables into one formula,
we were able to improve the diagnosis power for keratoconus. A clinical evaluation table
scoring keratoconus risks might facilitate clinicians to screen keratoconus.
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Figure 1.
Optical coherence tomography corneal pachymetry map of a keratoconus subject showing

pachymetric variables. The five individual pachymetric variables are 1. minimum = location
of minimum corneal thickness (marked as ), 2. minimum-median = the minimum corneal
thickness minus the mean corneal thickness averaged from central 5 mm diameter, 3. The S-
I: The average thickness of the superior (S) octant minus that of the inferior (1) octant, 4.
The SN-IT: The average thickness of the SN octant minus that of the IT octant (variables 3
and 4 are measured within 2-5mm diameters, marked as red circles on the right), 5. Ymin =
vertical location of the minimum (marked as red double arrows on the left).
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Distribution of eyes evaluated with the keratoconus risk scoring system table.
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Figure 3.
Diagnostic analysis of the keratoconus logistic regression formula and the keratoconus risk

score. The keratoconus logistic regression formula had an area under the receiver operating
characteristic curve (AROC) value of 0.975. The keratoconus risk score had an AROC value
of 0.949 (P = 0.08).
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