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Abstract

PURPOSE—To screen for subclinical keratoconus by analyzing corneal, epithelial, and stromal 

thickness map patterns with Fourier-domain optical coherence tomography (OCT).

SETTING—Four centers in the United States.

DESIGN—Cross-sectional observational study.

METHODS—Eyes of normal subjects, subclinical keratoconus eyes, and the topographically 

normal eye of a unilateral keratoconus patient were studied. Corneas were scanned using a 

26&thinsp;000 Hz Fourier-domain OCT system (RTVue). Normal subjects were divided into 

training and evaluation groups. Corneal, epithelial, and stromal thickness maps and derived 

diagnostic indices, including pattern standard deviation (PSD) variables and pachymetric map–

based keratoconus risk scores were calculated from the OCT data. Area under the receiver 

operating characteristic curve (AUC) analysis was used to evaluate the diagnostic accuracy of the 

indices.

RESULTS—The study comprised 150 eyes of 83 normal subjects, 50 subclinical keratoconus 

eyes of 32 patients, and 1 topographically normal eye of a unilateral keratoconus patient. 

Subclinical keratoconus was characterized by inferotemporal thinning of the cornea, epithelium, 

Corresponding author: Yan Li, PhD, Casey Eye Institute, Oregon Health and Science University, 3375 Southwest Terwilliger 
Boulevard, Portland, Oregon, USA 97239. liyan@ohsu.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 

discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Presented in part at the ASCRS Symposium on Cataract, IOL and Refractive Surgery, San Francisco, California, April 2013, and the 

annual meeting of the Association for Research in Vision and Ophthalmology, Seattle, Washington, USA, May 2013.

Financial disclosures: Oregon Health and Science University and Drs. Li, Tan, and Huang have a significant financial interest in 

Optovue, Inc. Dr. Brass receives research grants from Optovue, Inc. Drs. Chamberlain and Weiss have no financial or proprietary 

interest in any material or method mentioned.

Pattern analysis performed on corneal and epithelial thickness maps measured by Fourier-domain OCT showed that corneal and 

epithelial pattern standard deviation variables detected subclinical keratoconus with high accuracy.
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and stroma. The PSD values for corneal (P < .001), epithelial (P < .001), and stromal (P = .049) 

thickness maps were all significantly higher in subclinical keratoconic eyes than in the normal 

group. The diagnostic accuracy was significantly higher for PSD variables (pachymetric PSD, 

AUC = 0.941; epithelial PSD, AUC = 0.985; stromal PSD, AUC = 0.924) than for the pachymetric 

map–based keratoconus risk score (AUC = 0.735).

CONCLUSIONS—High-resolution Fourier-domain OCT could map corneal, epithelial, and 

stromal thicknesses. Corneal and sublayer thickness changes in subclinical keratoconus could be 

detected with high accuracy using PSD variables. These new diagnostic variables might be useful 

in the detection of early keratoconus.

Unrecognized early-stage keratoconus is the leading cause of iatrogenic ectasia after laser in 

situ keratomileusis (LASIK) and remains the major challenge of preoperative refractive 

surgery screening.1–6 Moreover, the early detection of keratoconus could assist in decision-

making situations, such as when assessing the need for early intervention with corneal 

collagen crosslinking treatments.7,8 Corneal topography is currently the gold standard to 

evaluate ectatic corneal disorders such as keratoconus and pellucid marginal degeneration 

(PMD).9–13 Normal, suspicious, or abnormal topography patterns of these diseases have 

been classified. However, clinicians report eyes with normal topography and no other known 

risk factors that still developed post-LASIK keratectasia.6,14,15 It is likely that corneal 

topography does not capture all cases at risk. More recently, researchers found that the 

corneal epithelium remodels in response to underlying stromal irregularities.16–18 Therefore, 

analyzing the corneal epithelium and stroma separately might provide additional information 

for the diagnosis of keratoconus.18–22

Optical coherence tomography (OCT) is a noncontact technique that is based on the 

principles of low-coherence interferometry.23 The high axial resolution allows precise 

delineation of corneal surfaces. Previously, we showed that OCT can provide accurate 

pachymetry (corneal thickness) and corneal epithelial thickness maps.21,24–26 We also found 

that keratoconus can be detected by abnormal corneal thinning and characterized by apical 

epithelial thinning. In this study, we performed pattern analysis on pachymetric, corneal 

epithelial, and stromal thickness maps in eyes with subclinical keratoconus and in normal 

eyes to facilitate the early detection of keratoconus.

SUBJECTS AND METHODS

Subjects in this cross-sectional observational study were recruited at Doheny Eye Institute at 

the University of Southern California (USC), Los Angeles, California; the Brass Eye Center, 

Latham, New York; the Gordon Weiss Schanzlin Vision Institute, San Diego, California; and 

the Casey Eye Institute at Oregon Health and Science University (OHSU), Portland, Oregon. 

The study followed the tenets of the Declaration of Helsinki and was in accord with the U.S. 

Health Insurance Portability and Accountability Act of 1996. The institutional review boards 

(IRBs) of USC and OHSU and the Western IRB (Olympia, Washington, USA) approved the 

study protocol. Clinical trial registration was not required because of the observational 

nature of the study. All subjects were at least 18 year old, and all provided written informed 

consent.
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Normal subjects were recruited from volunteers and patients seeking refractive surgery or 

cataract surgery consultation. All had normal slitlamp microscopy and normal topography. 

Normal subjects were divided into a training group and an evaluation group for data-analysis 

purposes. The subclinical keratoconic eyes included in this study satisfied the following 

clinical and topographic criteria: no slitlamp findings, corrected distance visual acuity 

(CDVA) of 20/20 or better, and the presence of asymmetric bowtie with a skewed radial axis, 

central or inferior steepening, or a claw-shape pattern on topography.27–29 In addition, a 

forme fruste keratoconus30 case that was the topographically normal eye of a unilateral 

keratoconus patient was included in this study. None of the eyes had signs or a history of 

other corneal disease, and none had previous refractive or other ocular surgery.

Optical Coherence Tomography

A Fourier-domain OCT system (RTVue, Optovue, Inc.) with a corneal adaptor module was 

used. The OCT system has a working wavelength of 830 nm and operates at a scan speed of 

26&thinsp;000 axial scans per second. It has a depth resolution of 5 µm (full-width–half-

maximum) in tissue. The wide-angle (corneal long) adaptor lens used in this study provides 

a 6.0 mm long scan width. A “Pachymetry+Cpwr” scan pattern (6.0 mm scan diameter, 8 

radials, 1024 axial scans each, repeated 5 times) centered at the pupil center was used to 

map the cornea (Figure 1). Each eye was scanned 2 or 3 times during a single visit. Subjects 

were repositioned after each OCT scan.

Fourier-domain OCT image data were exported and processed with purpose-designed 

software (Matlab, version 7.10, the Mathworks, Inc.). The air–tear interface, epithelium– 

Bowman layer, and posterior corneal boundaries were automatically identified with software 

algorithms.A Corneal OCT images were dewarped to remove the distortion caused by light 

refraction at the interface and transition in the tissue.25,31 Corneal thickness was measured 

as the distance between the air–tear and cornea–aqueous interfaces. Corneal epithelial 

thickness was measured as the distance between the air–tear and the epithelium–Bowman 

interfaces. Both thicknesses were acquired perpendicular to the anterior surface at the point 

of measurement. Corneal stromal thickness was calculated by subtracting the epithelial 

thickness from the corneal thickness. Thickness profiles were generated from each 

meridional cross-section.

Six-millimeter diameter corneal and epithelial thickness maps were generated by 

interpolating corneal and epithelial thickness meridional profiles, respectively. The stromal 

thickness map was calculated by subtracting the epithelial thickness map from the corneal 

thickness map. The minimum epithelial, corneal, and stromal thicknesses inside the central 

5.0 mm diameter area were recorded.

The study used a previously developed a pachymetric map–based keratoconus risk score for 

keratoconus detection.32 The risk score is a summation of 5 component scores derived from 

5 pachymetric variables: the minimum, minimum–median, superior–inferior, superonasal–

inferotemporal, and vertical location of the thinnest cornea. A component variable would 

have a score of 1, 2, or 3 if its value exceeded the 20th, 5th, or 1st percentile measurements 

in normal subjects. An OCT pachymetry map–based keratoconus evaluation table was 

developed to record this risk score32 (worksheet available at the Center for Ophthalmic 
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Optics and Lasers websiteB). This score was presented for comparison with newer 

diagnostic variables introduced in this paper.

Pattern Standard Deviation Variables

Pachymetric, epithelial, and stromal pattern standard deviation (PSD) variables were 

calculated using the central 5.0 mm diameter pachymetric, epithelial, and stromal thickness 

maps.

Pattern Deviation Maps

Pattern deviation maps were generated to evaluate the difference between an individual 

pattern map and the average pattern map of normal subjects. The pattern deviation maps 

were designed to highlight abnormal thickness patterns. Zero or near zero pattern deviation 

values indicate normal thickness pattern and are shown in green. Negative pattern deviation 

values indicate relative thinning compared with the normal values and are shown in blue or 

purple. Positive pattern deviation values indicate relative thickening and are shown in yellow 

or red.

Below, the epithelial pattern deviation map (PDE) is used as an example to describe the 

process step-by-step.

First, the epithelial pattern map of the normal reference population PNE was calculated by

(1)

where TNE is the average epithelial thickness map of all normal subjects in the training 

group and TNE is the average thickness of map TNE.

The individual epithelial pattern map PE was calculated as

(2)

where TE is the individual epithelial thickness map and TE is the average thickness of the 

map.

Next, the epithelial pattern deviation map (PDE) was calculated by subtracting the average 

normal epithelial pattern map (PNE) from the individual epithelial pattern map (PE) as 

follows:

(3)

Similarly, the pachymetric (corneal thickness) pattern map (PDP) and stromal pattern map 

(PDS) were calculated using pachymetry maps and stromal thickness maps.

Pattern Standard Deviation Variables

Furthermore, the epithelial thickness map PSD (PSDE) variable was calculated from the 

epithelial pattern deviation map as
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(4)

where PDE(x,y) is the epithelial pattern deviation value at map location (x,y) and N is the 

total number of the map points inside the analytic zone (central 5.0 mm diameter).

The pachymetric PSD variable (PSDP) and stromal PSD variable (PSDs) were calculated in 

a similar manner.

Topography

Corneal topography was obtained using the Orbscan II (Bausch & Lomb) or Pentacam 

(Oculus Surgical, Inc.) for all study subjects. The steep keratometry (K) reading of the 

simulated K reading was recorded. The topography-based keratoconus percentage index 

(KISA%)12 was calculated for subjects recruited at the OHSU site.

Statistical Analysis

Normal subjects older than 65 years were excluded from data analysis to match the age of 

the subclinical keratoconus group. Descriptive statistics and other statistical analyses 

including t tests were performed using Medcalc 12.0 software (Medcalc Software bvba). 

Mean ± standard deviation (SD) values of the minimum thickness, pachymetric map– based 

keratoconus risk score, and PSD variables were calculated for the normal group and the 

subclinical keratoconus group. The repeatability of PSD variables was assessed by the 

intraclass correlation (ICC) and pooled SD obtained from the multiple measurements of 

each eye. Measurements from repeated scans were averaged for each eye for statistical 

analysis except for the repeatability evaluation. The normality of the variables was 

confirmed by a Kolmogorov-Smirnov test on the dataset from which 1 eye was randomly 

selected from each normal subject.

To compare PSD variables and the pachymetric map–based keratoconus risk score measured 

in normal eyes and subclinical keratoconic eyes, 2-tailed t tests were performed. If both eyes 

of a subject were involved in the study, a randomly selected eye was chosen for the t test to 

avoid the correlation between the 2 eyes of the same patient. A P value less than 0.05 was 

considered statistically significant.

Receiver operating characteristic (ROC) curve analyses were performed to evaluate the 

diagnostic performance of the PSD variables and the pachymetric map–based keratoconus 

risk score. Normal subjects in the evaluation group and all subclinical keratoconic subjects 

were involved in the ROC curve analyses. If both eyes of a subject were involved in the 

study, a randomly selected eye was chosen for the ROC curve analyses. The area under ROC 

curve (AUC) was calculated for each variable. The diagnostic power of the variables was 

compared by the area under different ROC curves. A cutoff value of each variable was 

selected with the highest average of sensitivity and specificity. Corresponding sensitivity and 

specificity values were recorded. Venn diagrams were used to illustrate the overlap between 

abnormal PSD measurements in normal eyes and subclinical keratoconus eyes. To assess the 
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diagnostic power of the OCT-based PSD variables in subclinical keratoconus patients with a 

normal topographic KISA% index, separate ROC curve analyses were performed for OHSU 

subjects with KISA% measurements less than 60.

The pachymetric, epithelial, and stromal PSD cutoff values obtained in the ROC analysis 

were used to evaluate the abnormality of the forme fruste keratoconic cornea.

RESULTS

Data were analyzed for 150 eyes of 83 normal subjects (38 men, 45 women), 50 subclinical 

keratoconic eyes of 32 patients (17 men, 15 women), and the topographically normal eye of 

a unilateral keratoconus patient (right eye of a 22-year-old man). The mean age was 47.2 

years ± 14.1 (SD) (range 19 to 65 years) in normal subjects and 42.7 ± 14.5 years (range 20 

to 63 years) in subclinical keratoconus patients (P = .093). Table 1 shows the steep K, visual 

acuity, minimum pachymetry, epithelial, and stromal thicknesses readings.

Fifty normal eyes (32 subjects) matching the number of subclinical keratoconus cases were 

assigned to the evaluation group. The remaining 100 normal eyes (51 subjects) were 

assigned to the training group for calculating the population average normal pachymetric, 

epithelial, and stromal thickness maps (TNP, TNE, and TNS) and the average normal 

pachymetric, epithelial, and stromal pattern maps (PNP, PNE, and PNS).

Figure 2 shows the group average thickness maps. The thinnest points on the average 

pachymetric and stromal thickness maps were slightly inferotemporal to the center. The 

average subclinical keratoconic eye showed general thinning and focal inferotemporal 

thinning compared with the normal average eye. The epithelial thickness maps showed 

different patterns. The average normal epithelial thickness map was thickest at the center and 

thinner superiorly. In contrast, the average subclinical keratoconic eye showed 

inferotemporal epithelial thinning and superonasal thickening.

Figure 3 shows the pachymetric, epithelial, and stromal pattern deviation maps and 

topography maps of 1 normal eye and 2 subclinical keratoconus eyes. In a typical subclinical 

keratoconic eye (CDVA 20/20), the epithelial pattern deviation map (Figure 3, f) showed 

inferotemporal thinning and relative superior thickening and the pachymetric (Figure 3, e) 

and stromal (Figure 3, g) pattern deviation maps also showed focal thinning. In a very subtle 

subclinical keratoconic eye (CDVA 20/15); the epithelial pattern deviation map (Figure 3, j) 

again showed inferotemporal thinning and relative superior thickening, but the pachymetric 

(Figure 3, i) and stromal (Figure 3, k) pattern deviation maps did not show a significant 

variation that could be distinguished from the relatively uniform normal pattern deviation 

maps (Figure 3, a to c).

Figure 4 shows the average pachymetric, corneal epithelial, and stromal pattern deviation 

maps of subclinical keratoconic eyes. The average epithelial pattern deviation map (Figure 4, 

b) in the subclinical keratoconus group showed marked inferotemporal thinning and relative 

thickening in the surrounding area. The average pachymetric map and stromal pattern 

deviation maps (Figure 4, a and c, respectively) also showed focal inferotemporal thinning; 
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however, the location was slightly more inferior than temporal and the degree of relative 

thinning was not as significant as on the epithelial pattern deviation map.

Compared with normal eyes, subclinical keratoconic eyes had significantly higher PSD 

measurements and pachymetric map–based risk scores (Table 2). The epithelial PSD 

provided the cleanest separation between the subclinical keratoconic eyes and the normal 

eyes, with the least overlap in distribution (Table 2 and Figure 5). Analysis of the Venn 

diagrams showed that epithelial PSD identified the most abnormal cases in the subclinical 

keratoconic group and did not misidentify any abnormality in the normal group (Figure 6). 

Epithelial PSD had the highest diagnostic power (AUC = 0.985; sensitivity = 96.0%; 

specificity = 100% (Table 3). The pachymetric and stromal PSD variables also gave very 

good diagnostic power (AUC = 0.941 and AUC = 0.924, respectively). No statistically 

significant difference was found between the AUC of the pachymetric, epithelial, and 

stromal PSD variables (P > .09). In comparison, the diagnostic accuracy of the pachymetric 

map–based keratoconus risk score was significantly lower (AUC = 0.735; P < .0001).

Topography-based KISA% index measurements were obtained in 24 eyes of 19 subjects 

with subclinical keratoconus and 36 eyes of 19 normal subjects recruited at the OHSU site. 

Twenty eyes of 14 subjects with subclinical keratoconus and all normal eyes had normal 

KISA% values (<60%). The diagnostic power of the PSD variables for subclinical 

keratoconus with a normal KISA% remained very good (pachymetric PSD, AUC = 0.943 

and sensitivity = 82.4%; epithelial PSD, AUC = 0.961 and sensitivity = 88.9%; stromal PSD, 

AUC = 0.90 and sensitivity = 84.2%).

The repeatability of PSD variables was good based on ICC values (0.836 to 0.982) and 

pooled SD values (0.0018 to 0.0033) (Table 4). The epithelial PSD had the highest ICC 

values in both the normal group and subclinical keratoconus group. The pooled SD values 

were smaller than to the average subclinical keratoconus PSD measurements, with the ratio 

being 8.1% for the pachymetric PSD, 4.1% for the epithelial PSD, and 9.6% the stromal 

PSD. Again, the epithelial PSD was the most repeatable as judged by this ratio.

Noticeably, in the topographically normal eye of the unilateral keratoconus case (Figure 3, m 

to p) (CDVA 20/15), the epithelial pattern deviation map (Figure 3, n) showed an abnormal 

pattern of epithelial thinning inferiorly and thickening superiorly. However, the topography 

map (Figure 3, p) and the pachymetric and stromal pattern deviation maps (Figure 3, m and 

o, respectively) all appeared normal. The epithelial PSD measurement was abnormal 

(0.057). The pachymetric and stromal PSD values were in normal range (0.012 and 0.010, 

respectively).

DISCUSSION

In this study, we found that corneal PSD variables could accurately detect characteristic 

corneal, stromal, and epithelial thickness changes in eye with subclinical keratoconus.

Keratoconus is a noninflammatory ectatic disease characterized by progressive thinning and 

apical protrusion.33 Unidentified early stage keratoconus is the primary risk factor for post-

LASIK ectasia, a serious complication of this common vision-correction procedure. Current 
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detection of subclinical keratoconus relies primarily on corneal topography. However, 

topography may not capture all cases at risk because cases with normal preoperative 

topographies but that developed ectasia after laser vision correction were reported by 

Randleman et al.,6 Ambrósio et al.,14 Klein et al.,15 and others. One possible reason is that 

topography measures anterior topographic distortion only. However, keratoconus could also 

be characterized by posterior topographic steepening, focal corneal thinning, or focal 

epithelial thickness variation. In early keratoconus, focal steepening at the apex tends to be 

covered up by compensatory corneal epithelial thinning.18,21,34,35 Thus detecting focal 

epithelial thinning may be a more sensitive way of identifying keratoconus in its very early 

stage.

Many different terms (eg, keratoconus suspect, subclinical keratoconus, forme fruste 

keratoconus, early keratoconus, borderline keratoconus) have been used in medical literature 

to describe very early preclinical stage of keratoconus.30,36 In this study, we followed the 

keratoconus grading scheme suggested by the Collaborative Longitudinal Evaluation of 

Keratoconus Study group.18 The term subclinical keratoconus used in this paper refers to 

corneas with a topographic pattern consistent with early keratoconus but no clinical signs of 

keratoconus and with normal spectacle acuity (CDVA 20/20 or better).18,37,38 Moreover, the 

term forme fruste keratoconus in this study corresponds to the topographically normal eye 

that has keratoconus in the fellow eye.30,39

Optical coherence tomography, very-high-frequency (VHF) ultrasound (US) biomicroscopy, 

scanning-slit corneal technology, and the rotating Scheimpflug camera have enabled analysis 

of corneal thickness and posterior corneal curvature. Corneal thinning is a key pathologic 

feature of keratoconus. Many research groups, including Reinstein et al.,34 Rabinowitz et 

al.,40 and Pflugfelder et al.,41 report that keratoconic corneas were significantly thinner than 

normal corneas. In our previous studies,24,32 we used OCT pachymetric-based variables for 

keratoconus screening and yielded high diagnostic power, with AUC values of 0.975 to 0.99. 

Ambrósio et al.42 introduced various Scheimpflug system-based pachymetric variables to 

differentiate between normal corneas and keratoconic corneas and yielded an AUC of 0.987. 

More recently, Reinstein et al.34 used VHF US to measure epithelial thickness profiles and 

maps and reported epithelial thinning over the cone location and thickening in the 

surrounding area in keratoconic eyes.42,43 This keratoconic epithelial thickness pattern has 

been confirmed by several other studies.18,20–22,43 In 2015, Temstet et al.44 reported that 

epithelial thickness in the thinnest corneal zone could be used to diagnose forme fruste 

keratoconus but was not sufficient as the sole diagnostic index.

Our group first developed automatic methods to map corneal epithelium thickness with 

Fourier-domain OCT in normal eyes and keratoconic eyes.21 We proposed several epithelial 

thickness–based variables for keratoconus detection and discovered that the epithelial PSD 

variable gave excellent diagnostic power, with an AUC of 1.00.21 We further want to test the 

epithelial PSD variable on the more challenging problem of detecting subclinical 

keratoconus and forme fruste keratoconus. We also performed pattern analysis on 

pachymetric and stromal thickness maps to determine whether the PSD approach could 

improve their diagnostic performance in cases of subclinical keratoconus.
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In this study, we found that the average subclinical keratoconic eye showed inferotemporal 

epithelial thinning and superonasal thickening. In contrast, the average normal epithelial 

thickness map was thickest at the center and thinner superiorly. The pachymetry and stromal 

thickness maps had different patterns; in general, average subclinical keratoconic eyes were 

thinner and had focal inferotemporal thinning than the average normal eye. These abnormal 

thickness patterns were highlighted more in the pattern deviation maps. The average 

epithelial pattern deviation map in the subclinical keratoconus group showed marked 

inferotemporal thinning and relative thickening in the surrounding area. The average 

pachymetric and stromal pattern deviation maps also showed focal inferotemporal thinning; 

however, the location was slightly more inferior than temporal and the degree of relative 

thinning was not as significant as on the epithelial pattern deviation map.

The repeatability of 3 PSD variables was adequate compared with the population average of 

subclinical keratoconic measurements. The epithelial PSD had the best ICC, and its SD of 

repeated measurement was better than that of the pachymetric PSD by about a factor of 2 

when normalized to the PSD value in the subclinical keratoconus group. This indicates that 

the epithelial PSD has the best potential to be used for keratoconus diagnosis and staging.

Researchers have considered that the contralateral topographically normal eye of a patient 

with unilateral keratoconus might represent the mildest and earliest form of keratoconus 

(referred to as forme fruste keratoconus in the literature).39 In this study, epithelial map 

pattern analysis (Figure 3, n) and the epithelial PSD variable detected abnormality in the 

topographically normal eye of a patient with unilateral keratoconus. This suggests that 

epithelial pattern analysis might have the capability to detect corneal ectatic abnormality 

earlier than topography. More forme fruste keratoconus cases are needed to validate this 

observation in future studies.

All 3 PSD variables had a diagnostic accuracy much higher than the pachymetric map– 

based keratoconus risk score (PSD variables AUC = 0.924 to 0.985 versus keratoconus risk 

score AUC = 0.735) (P < .0001). Among them, the epithelial PSD variable had the highest 

diagnostic power (AUC = 0.985) in subclinical keratoconus detection. The corneal 

epithelium plays an important smoothing role in reducing the irregularity of the anterior 

stromal surface in keratoconus.17,34 The epithelium becomes thinner over the apex of the 

cone to reduce focal steepening. This focal thinning is more easily detectable in the 

epithelial map because the epithelium is much thinner than the entire corneal thickness. 

Assuming an epithelial thickness of 50 µm and a corneal thickness of 550 µm, 5 µm of 

thinning corresponds to a 10% change in the epithelial thickness but only a 1% change in 

pachymetry. This advantage was shown in our subclinical keratoconus group, which had a 

greater increase in the epithelial PSD than in the pachymetric and stromal PSDs. In addition 

to OCT, VHF US can measure a corneal epithelial thickness map and might benefit from the 

epithelial PSD for keratoconus screening.34 The pachymetric PSD variable also provided 

good diagnostic power (AUC = 0.941). It is particularly interesting and useful because 

pachymetry maps are commonly available. Imaging modalities having sufficient resolution 

to map the corneal thickness but not the epithelial thicknesses, such as scanning-slit corneal 

technology and rotating Scheimpflug imaging, can also benefit from the pachymetry PSD 

variable for keratoconus detection. On the other hand, the stromal PSD variable neither 
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outperformed (lowest AUC among 3 PSD variables) nor added more information to the 

epithelial and pachymetric PSD variables, as shown in the Venn diagrams in Figure 6. 

Therefore, we recommend implementing the pachymetric and epithelial PSD variables only 

when using clinical instruments.

A literature review found various recent studies focused on the detection of early 

keratoconus. Several research groups used a scanning-slit tomographer or Scheimpflug 

camera to measure posterior corneal elevation for discriminating corneas with subclinical 

keratoconus from normal corneas.45–48 Some recommended that posterior corneal elevation 

provided useful information but could not be used alone to identify eyes with subclinical 

keratoconus.45,46 Saad and Gatinel43 proposed a discriminant function using both corneal 

thickness and posterior corneal elevation measurements for identifying forme fruste 

keratoconus. Their discriminant function reached an AUC of 0.99. Wavefront technology 

has also been studied as a way to diagnose keratoconus. Bühren et al.49 found that anterior 

corneal surface aberrations could be used for subclinical keratoconus detection in their 

innovative study. Later, they showed that data from a Zernike decomposition of the anterior 

and posterior corneal surfaces in conjunction with pachymetry data was useful for the 

detection of subclinical keratoconus.37,50 Shetty et al.51 performed Zernike analyses of 

corneal thickness maps and calculated the root mean square (RMS) of the difference 

between the measured corneal thickness and the Zernike analysis–interpolated corneal 

thickness maps. They found that the 2nd-order and 3rd-order RMS values of the performed 

Zernike analysis coefficients were the best predictors of keratoconic corneas. In their 2012 

study, Saad and Gatinel39 confirmed the usefulness of total and corneal wavefront higher-

order aberrations for the detection of forme fruste keratoconus. Moreover, Arbelaez et al.52 

developed a new classification algorithm for the detection of subclinical keratoconus using a 

machine learning technique—the support vector machine—which is based on corneal 

measurements provided by a Scheimpflug camera combined with Placido corneal 

topography (Sirius, Costruzione Strumenti Oftalmici). The authors reported excellent results 

in a large data sample with 92.0% sensitivity and 97.7% specificity for detecting subclinical 

keratoconus. They showed that the use of the posterior surface and thickness parameters 

improved the sensitivity of subclinical keratoconus detection from 75.2% to 92.0%. Smadja 

et al.53 used a machine learning classifier—the classification and regression tree—to 

differentiate between normal corneas and forme fruste keratoconus corneas with corneal 

measurements acquired by a dual Scheimpflug analyzer system (Galilei, Ziemer Ophthalmic 

Systems AG). Their study achieved 93.7% sensitivity and 97.2% specificity with the large 

tree discriminating rule and 90% sensitivity and 86% specificity with the pruned tree 

discriminating rule.53 Their algorithm selected the posterior asphericity asymmetry index 

and the corneal volume to be the 2 most discriminant variables for differentiating between 

normal eyes and eyes with forme fruste keratoconus. Silverman et al.18 proposed a neural 

network machine–based method using 161 features extracted from VHF US– generated 

corneal, epithelial, and stromal thickness maps and achieved a mean specificity of 99.5% 

± 1.5% and a mean sensitivity of 98.9% ± 1.9% in identifying eyes with keratoconus from 

normal eyes. These are all promising approaches using different technologies. Our approach 

uses the high axial resolution of OCT and its capability of noncontact epithelial thickness 

Li et al. Page 10

J Cataract Refract Surg. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mapping to achieve high diagnostic accuracy. The methods are not directly comparable 

because of the different characteristics of the subjects evaluated.

Pattern standard deviation detects any deviation from the normal pattern. Thus, although we 

have shown that PSD is very accurate in detecting subclinical keratoconus in this study, we 

believe it would also detect other corneal abnormalities, such as dry eye, contact lens–

induced warpage, previous keratorefractive surgery, epithelial basement membrane 

dystrophy, Salzmann nodular degeneration, corneal edema, and corneal scars. To establish a 

diagnosis of subclinical keratoconus, the clinician should use an abnormally high PSD as a 

starting point only; this should be corroborated by specific patterns of inferotemporal 

thinning and steepening on pachymetric, epithelial, and topographic maps. A clinical history 

is useful. For example, an eye with a history of myopic LASIK would be expected to have 

central topographic flattening, pachymetric thinning, and epithelial thickening.17 The 

pachymetry-based keratoconus risk score is composed of 5 indices that characterize 

keratoconus. Although they are not as sensitive as the PSD, these other pachymetric indices 

could be useful in differential diagnosis. For example, a low minimum pachymetry is 

consistent with keratoconus; however, if it is above normal, additive pathologies (eg, 

epithelial basement membrane dystrophy, Salzmann nodular degeneration, or corneal 

edema) would be more likely to explain a high PSD. The location of the thinnest cornea is 

also informative. For example, in keratoconus the locations of corneal thinning and epithelial 

thinning on OCT thickness maps are usually inferotemporal and roughly consistent with the 

location of corneal steepening shown on the corneal topography map. In contrast, contact 

lens warpage would show flattening on the corneal topography where the epithelium is the 

thinnest. Thus, the primary role of pachymetry and the epithelial PSD parameters is to serve 

as very sensitive detectors of corneal shape abnormalities in general. The identification of 

the specific abnormality would still require the clinician to recognize the patterns on the 

OCT pachymetry and epithelial thickness maps and correlate them with corneal topography 

and clinical information.

One limitation of the technology used in this study was the limited 6.0 mm diameter size of 

the thickness maps. A larger map size will facilitate the comparison of the thickness map 

patterns for diseases involving more peripheral cornea, such as PMD. We will evaluate the 

PSD variables acquired with a larger map in future studies. Another limitation is that we did 

not have contact lens–wearing information for most study subjects except for the 20 

subclinical keratoconic patients and 1 forme fruste keratoconic subject. The forme fruste 

keratoconic subject had no history of contact lens use. Of the 20 subclinical keratoconic 

subjects, 12 had no history of contact lens wear; 3 wore rigid gas-permeable contact lenses, 

but the last wearing was at least 2 months before the OCT examination; and 5 wore soft 

contact lens, but the last wearing was at least 1 week before the OCT examination. This 

deserves more attention in future studies.

In summary, high-resolution Fourier-domain OCT was capable of mapping corneal, 

epithelial, and stromal thicknesses. Characteristic corneal and its sublayer thickness changes 

in subclinical keratoconus could be detected with very high accuracy using PSD variables. 

These new diagnostic variables might be useful in the detection of early keratoconus.
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WHAT WAS KNOWN

• The epithelial PSD variable can be used to diagnose keratoconus.

WHAT THIS PAPER ADDS

• The epithelial PSD variable detected the epithelial thickness change in 

subclinical keratoconic eyes with high accuracy.

• The corneal thickness PSD variable might also be useful in the detection of early 

keratoconus.
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Figure 1. 

a: Cross-sectional corneal OCT image (average of 5 repeated frames). b: The “Pchymetry

+Pwr” scan pattern consisted of 8 radial scans. c: Magnified section of the OCT image. d: 

Corneal axial scan.
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Figure 2. 

Average pachymetric, corneal epithelial, and stromal thickness maps of normal (a to c) and 

subclinical keratoconus eyes (d to f). Maps of the left eyes that were included were mirrored 

before averaging. The red circles overlaid on the map had diameters of 2.0 mm and 5.0 mm. 

The color scale represents the thickness in microns (I = inferior; N = nasal; S = superior; T = 

temporal).
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Figure 3. 

Pachymetric, epithelial, and stromal pattern deviation maps and topography maps of 1 

normal eye and 2 subclinical keratoconus eyes. The color scale of the pattern deviation maps 

has no units. The red circles overlaid on pattern deviation maps had diameters of 2.0 mm 

and 5.0 mm. Case 1 (top row) was a randomly chosen normal right eye of a 48-year-old 

woman. Her CDVA was 20/15. The topographic simulated K readings were 42.6 D and 43.7 

D. The KISA% was 10.3%. All 3 PSD variables had normal values (pachymetric PSDP = 

0.010; epithelial PSDE = 0.025; stromal PSDS = 0.010). The pattern deviation maps (a to c) 

were relatively uniform. The topography map (d) had a normal appearance. Case 2 (second 

row) was a 24-year-old man with subclinical keratoconus in the left eye. His CDVA was 

20/20. The simulated K readings were 41.6 D and 43.1 D. The KISA% was 41%. All 3 PSD 

variables exceeded cutoff values (PSDP = 0.031; PSDE = 0.092; PSDS = 0.027). The pattern 
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deviation maps (e to g) showed apical thinning inferotemporally. The topography map 

showed asymmetric bowtie with skewed radial axis and inferior steepening. Case 3 (third 

row) was a 53-year-old woman with subclinical keratoconus in the left eye. Her CDVA was 

20/15. The simulated K readings were 44.7 D and 45.5 D. The KISA% was 1.3%. The 

pachymetric and epithelial PSD variables were abnormal (PSDP = 0.020; PSDE = 0.072). 

The stromal PSD value appeared to be normal (PSDS = 0.017). The epithelial pattern 

deviation map (j) showed apical thinning and surrounding thickening. The topography map 

showed inferior steepening. Case 4 (bottom row) was a 22-year-old man with forme fruste 

keratoconus in the right eye. His CDVA was 20/15. The simulated K readings were 44.4 D 

and 45.2 D. The KISA% was 9.0%. The epithelial PSD variable was abnormal (PSDE = 

0.057). The pachymetric and stromal PSD values were in the normal range (PSDP = 0.012; 

PSDS = 0.010). The epithelial pattern deviation map (n) showed epithelial thinning inferiorly 

and thickening superiorly. The topography map (p) appeared normal (I = inferior; N = nasal; 

PD = pattern deviation; S = superior; T = temporal).
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Figure 4. 

Average pachymetric (a), corneal epithelial (b), and stromal (c) pattern deviation maps of 

subclinical keratoconic eyes. The color scale of pattern deviation maps has no units. The red 

circles overlaid on the map had diameters of 2.0 mm and 5.0 mm (I = inferior; N = nasal; PD 

= pattern deviation; S = superior; T = temporal).

Li et al. Page 21

J Cataract Refract Surg. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 

Box-and-whisker plots of pachymetric, epithelial, and stromal PSD variables in normal and 

subclinical keratoconic eyes. The bottom and top of the box marks the first and third 

quartiles, the band inside the box is the median, and the whiskers represent the minimum 

and maximum of the data. The dashed lines mark the cutoff value of PSD variables (PSD = 

pattern standard deviation).
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Figure 6. 

Venn diagram showing the overlap between abnormal pachymetric, epithelial, and stromal 

PSD variables in normal eyes and subclinical keratoconus eyes. Abnormalities were detected 

by cutoff values listed in Table 3 (PSD = pattern standard deviation).
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Table 2

Descriptive statistics of OCT-based keratoconus diagnostic indices.

Group Corneal PSD Epithelial PSD Stromal PSD
Pachymetric Map–

Based KC Risk Score

Normal* 0.011 ± 0.004 0.022 ± 0.007 0.012 ± 0.004 1.7 ± 1.9

Subclinical KC* 0.026 ± 0.009 0.080 ± 0.030 0.023 ± 0.007 4.1 ± 3.0

P value† <.001 <.001 .049 <.001

KC = keratoconus; PSD = pattern standard deviation

*
Mean ± SD

†
The 2-tailed t test compared the means of the normal group and the subclinical keratoconus group. The fellow eye was excluded from t tests to 

eliminate the correlation between the 2 eyes of a subject.
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Table 3

Diagnostic accuracy of OCT-based keratoconus diagnostic indices.

Parameter Pachymetric PSD Epithelial PSD Stromal PSD KC Risk Score*

Criteria >0.017 >0.041 >0.015 >4

Sensitivity 92.0 96.0 92.0 50.0

Specificity 92.0 100.0 80.0 90.0

AUC 0.941 0.985 0.924 0.735

AUC 95% CI 0.88, 0.98 0.94, 1.00 0.85, 0.97 0.63, 0.82

AUC = area under the receiver operating characteristic curve; CI = confidence interval; KC = keratoconus; PSD = pattern standard deviation

*
Pachymetric map based
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Table 4

Repeatability of PSD variables.

Normal Subclinical KC

Diagnostic
Parameter ICC SD ICC SD

Pachymetric PSD 0.836 0.0018 0.92 0.0021

Epithelial PSD 0.932 0.0024 0.982 0.0033

Stromal PSD 0.838 0.002 0.90 0.0022

ICC = intraclass correlation; KC = keratoconus; PSD = pattern standard deviation; SD = pooled standard deviation

J Cataract Refract Surg. Author manuscript; available in PMC 2017 February 01.


